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Abstract

Wind tunnels are used to study airflows around objects like cars, airplanes and ice-skaters.
This is done, simulating the real world, by blowing an airflow over a fixed body. In the
real situation an object moves through the air, while in a wind tunnel it is the air that is
moving. So a wind tunnel needs to generate an airflow. In this airflow, at the walls of the
wind tunnel, an undesired effect occurs called boundary layer development. A thin layer of
air is retarded due to friction of the airflow with the walls of the tunnel. In an automotive
wind tunnel, which simulates airflows around cars, this boundary layer will also develop over
the ground plane under the car. Because this boundary layer is not present on the road, this
ground plane boundary layer should be minimized for accurate simulations. To minimize the
ground plane boundary layer many techniques are implemented in wind tunnels and one of
them is boundary layer suction. With boundary layer suction, a suction section in the wind
tunnel floor removes, or partly removes, the boundary layer by sucking air away from the
main airflow. This suction section is the main subject of this master thesis. Research will be
done on a new suction system with an adaptive suction duct geometry. It will explore the
possibilities to control the suction speed distribution on this suction system by adapting the
geometry of the duct by actuators.

A model of a system with an adaptive geometry is made based on the physical properties of
the airflow in the duct. This model is verified by measurements on a test setup. It is found
that different control techniques can be used to control the suction speed distribution of the
airflow through a porous material. The capabilities of the controlled system are quantified
for wind tunnel integration.
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This research is done as a master thesis project for the master Embedded Systems at the Delft
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Chapter 1

Introduction

Wind tunnels are used to study airflows around objects like cars, airplanes and ice-skaters.
This is done, simulating the real world, by blowing the airflow over a fixed body. In the real
situation an object moves through the air, while in a wind tunnel it is the air that is moving.
So a wind tunnel needs to generate an airflow. In this airflow, at the walls of the wind tunnel,
an undesired effect occurs called boundary layer development. A thin layer of air is retarded
due to friction of the airflow with the walls of the tunnel. In an automotive wind tunnel,
which simulates airflows around cars, this boundary layer will also develop over the ground
plane under the car. Because this boundary layer is not present on the road, this ground
plane boundary layer should be minimized for accurate simulations. To minimize the ground
plane boundary layer many techniques are implemented in wind tunnels and one of them is
boundary layer suction. With boundary layer suction, a suction section in the wind tunnel
floor removes or partly removes the boundary layer by sucking air away from the main airflow.
This suction section is the main subject of this master thesis. Research will be done on a
new suction system with an adaptive suction duct geometry. It will explore the possibilities
to control the suction speed distribution on this suction system by adapting the geometry of
the duct by actuators.

1.1 system description

The proposed system consists of a suction duct. The upper side of the duct consists of a
porous material. At the end of the duct a hose with a pump is attached. When the pump
is activated it generates an underpressure in the channel, and airflows through the porous
material. The rigid bottom plate of the duct can be adjusted in height and in angle in order
to locally change the cross section area of the suction channel. This will adjust the pressure
gradient in longitudinal direction in the duct and thus the airflow velocity through the porous
material. This is illustrated in figure 1.1. When the system is implemented into a wind tunnel,
with the porous upper side leveled with the wind tunnel ground plane, it can be used as a
boundary layer suction system.
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Figure 1.1: examples of suction distributions

1.2 research goals

Before the system can be produced as a wind tunnel suction system, the capabilities of the
system need to be clear. Therefore, to study the system’ s behaviour, a verified model of the
system is needed. This model can be used for control and simulation of the system. The
knowledge gained can be used to design a wind tunnel suction system based on the controlled
system. Three research goals are recognized here:

1. a verified model for the system (chapter 5 and 6)
A verified model of the proposed system is needed to study the behaviour of the suction
system.

2. comparison between control techniques (chapter 7 and 8)
A founded decision on the most suitable control technique for this system needs to be
made.

3. capabilities for wind tunnel integration (chapter 9)
The capabilities of the system integrated in a wind tunnel need to be quantified.

This report consists of two parts. The first part describes the context of the research on the
new suction system. The second part describes the research itself.
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Research context
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Chapter 2

General airflow properties

In any wind tunnel an effect called boundary layer development occurs. Because boundary
layer reduction is one of the main objectives of this research, this chapter will explain this
boundary layer development. Also some basic airflow properties are presented.

2.1 basic airflow properties

The most interesting property of an airflow is its velocity field. In a velocity field a velocity
vector (u, v, w) is associated to (x, y, z) points in an airflow. Because most other properties
follow directly from the velocity field, determining the velocity field of a flow is often sufficient
to solve a flow problem [14]. The velocity field interacts closely with the thermodynamic
properties of an airflow;

1. Pressure p

2. Density ρ

3. Temperature T

4. Viscosity µ

Next to the velocity field, the pressure is the most dynamic variable in an airflow. Differences
or gradients in pressure often drive an airflow. Density and temperature are directly related.

To describe the mechanical behaviour of a flow, the viscosity of the flow medium is also an
important property. The viscosity relates the local stresses in a flow to the strain rate of the
fluid element. The viscosity µ of air is 1.8e−5 kg

m·s at 20 oC at atmospheric pressure. The
viscosity varies with temperature and pressure. It changes only weakly with pressure, and
in most problems these variations can be neglected [14]. The temperature however has a
stronger effect on the viscosity; the viscosity increases with T for gases, and decreases for
liquids.
Especially for wind tunnels, the behaviour of the airflow along the walls is of interest. At the
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walls shear stress decreases the speed of the airflow. In common linear or Newtonian flows the
applied shear stress τ is proportional to the velocity gradient. The constant of proportionality
is the viscosity.

τ = µ
du

dy

Figure 2.1: velocity profile of a flow near a solid wall

Figure 2.1 illustrates a velocity profile of a flow near a solid wall. The shear stress is propor-
tional to the slope of the velocity profile. At the wall the velocity u is zero relative to the wall.
This is called the no slip condition and is also characteristic for any Newtonian viscous-fluid
flow.

2.2 boundary layer development

Figure 2.2: boundary layer development over a solid wall

Due to the shear stresses at a plate or a wall parallel to an oncoming flow, a boundary layer
develops along the plate as shown in figure 2.2. The velocity of the flow at the wall is zero.
Slowly moving particles retard their neighbours so a significant retarded shear layer develops.
The oncoming flow of uniform velocity is called the free stream U∞. The boundary layer
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thickness, δ, is specified relative to this free stream. In other words the boundary layer is the
part of the flow near to the wall where the velocity differs significantly from the free stream
velocity. This is quantified by the quotient of the local flow velocity and the free stream
velocity u/U∞. In a wind tunnel, values of 0.99 (99 % of the free stream) are significant.
To quantify the boundary layer also the displacement thickness, δ*, is used. The mathematical
definition of the displacement thickness for incompressible flow is given by:

δ∗ =
1

U∞

δ∫
0

(U∞ − u)dz =

δ∫
0

(1− u
U∞

)dz

where U∞ is the free stream velocity, u is the local flow velocity and z is the height above the
ground. The displacement thickness is the deficit of mass flux in the flow due to the velocity
loss in the boundary layer of the flow[7]. This is illustrated in figure 2.3.

Figure 2.3: displacement thickness

Furthermore, in a wind tunnel, boundary layers develop along the walls of the test section.
In case of simulating an airflow around a car, the boundary layer on the ground plane of
the wind tunnel prevents a good road simulation. Therefore in automotive wind tunnels this
ground plane boundary layer, GPBL, needs to be minimized [4]. Techniques to achieve this
reduction are explained in the next chapter.
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Chapter 3

Wind tunnels

This chapter will explore the existing boundary layer reduction systems. These systems try
to improve the airflow quality in a wind tunnel. The parameters in a wind tunnel that are
important for this airflow quality are explained. But first an overview of different wind tunnels
and their different test sections is given.

3.1 wind tunnel lay-outs

In basic there are two types of wind tunnels, open and closed circuit wind tunnels. In an
open circuit wind tunnel environmental air is being accelerated over a test section by a fan,
and at the other end the air is exhausted into the environment. This can be seen in figure
3.1. In a closed circuit wind tunnel the air circulates with no or little exchange of air with
the environment. This gives the the following advantages over an open circuit wind tunnel
[3]:

1. a closed circuit is more energy efficient, not all the momentum of the airflow is lost into
the environment.

2. the flow can be controlled independent of environmental properties like the weather.

3. noise levels can be minimized, as noise and sound waves are undesired pressure fluctua-
tions. Also some aerodynamic measurement techniques are based on sound production
(aeroacoustic). For such measurements a closed circuit wind tunnel can be made with
less additive noise.

On the other hand, an open circuit wind tunnel is in most cases less expensive to build.
Therefore they are mostly seen in schools and universities [3]. Some aerodynamic testing can
be done by visualizing airflows with smoke. In this case an open wind tunnel can also have
an advantage, because the smoke is exhausted to the environment and does not have to be
filtered out.
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Figure 3.1: open circuit wind tunnel with closed test section

3.2 Test section lay-outs

A wind tunnel test section is the section in which the objects to be tested are placed. Because
in this section all the measurements are done, the airflow quality in the test section is most
important.

3.2.1 open and closed test sections

Basically both a closed and open circuit wind tunnel have two types of test sections, an open
or a closed test section. Figure 3.2 shows a wind tunnel with a closed test section, the test
section has solid boundaries. Figure 3.3 shows a wind tunnel with an (semi) open test section
where the test section has no solid boundaries, except for the wind tunnel floor [15].

Figure 3.2: closed circuit wind tunnel with closed test section
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3.2 Test section lay-outs 11

Figure 3.3: closed circuit wind tunnel with open test section

When a car is placed in a closed test section, the walls of the test section have an influence on
the airflow. On the road the car does not have these influences besides the influences of the
road. One of the influences of the side walls, when an aerodynamic body is placed in the test
section, is called the blockage effect. This blocking effect causes lower pressures around the
aerodynamic body because the airflow in between the body and the walls is accelerated.[13].
On measurements corrections for this blockage effect need to be done. An open test section
can reduce this blockage effect, but many open-test section tunnels have experienced severe
flow fluctuation problems that require extensive corrective actions [3].

3.2.2 slotted-wall test sections

In between open and closed test section lay-outs, there exist slotted-wall test section lay-outs.
In this case multiple slots of constant width are present in the side walls and ceiling of the
test section. Under relatively high area blockage levels, the substantial blockage corrections
which would be present with solid walls can be effectively eliminated with slots of sufficient
open area ratio[13]. A slotted wall configuration is illustrated in figure 3.4. As an example
slotted walls are used in wind tunnels of Porsche and Volvo [1].

3.2.3 adaptive-wall test sections

As an alternative, adaptive-wall test sections exists [2]. In this configuration the test section
walls may be adapted mechanically to simulate a free-air stream line. This is shown in figure
3.5.
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Figure 3.4: slotted wall test section configuration

Figure 3.5: adaptive wall test section configuration

3.3 Airflow quality in wind tunnels

All wind tunnels are dealing with blowing air over and around aerodynamic bodies. Gen-
erating an airflow can be done by a fan or compressor and is not to complex for low-speed
airflows (U∞ < Mach 0.7). The problem however is to deliver a high quality airflow at the
test section. A high quality airflow for most wind tunnels is a flow with uniform velocity and
pressure distributions at the test section.

As a base for the airflow quality different parameters are considered [1] [3] [13] :

1. velocity uniformity / boundary layer thickness

2. flow angularity

3. static pressure gradient
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4. velocity fluctuations in time

5. turbulence level

6. noise levels

3.3.1 velocity uniformity

The velocity uniformity is defined as the percentage deviation of local stream wise velocity,
u from the average, free stream velocity value, U∞.

∆u
U∞

· 100% =
u− U∞
U∞

· 100%

Figure 3.6: velocity uniformity requirement

The maximum relative difference between the average flow velocity and local flow velocities
is used as a quantification of the velocity uniformity. This is illustrated in figure 3.6. Typical
values of deviation are between ±0.1 and ±1%. These velocity variations are mostly caused
by the wind tunnel geometry [1].

3.3.2 boundary layer thickness

As a special case of velocity deviation, the decrease in velocity of the airflow at the walls of
the test section is recognized. As said before a wind tunnel facility is a test environment that
tries to simulate a real world situation. In a simple wind tunnel, both the model and the
ground plane are stationary. In this case a boundary layer develops over the ground plane
as explained in section 2.2, in wind tunnel terms called the Ground Plane Boundary Layer
(GPBL), which is illustrated in figure 3.7. This shear layer, or boundary layer, is not present
on a road and therefore needs to be minimized for automotive wind tunnel simulations to
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Figure 3.7: the Ground Plane Boundary Layer (GPBL)

obtain correct test results.

Different techniques are developed to reduce the ground plane boundary layer, these are
explained in section 3.4.

3.3.3 flow angularity

Velocity components in an other direction than the flow direction, u, can cause undesired
forces on the body in the test section of the wind tunnel. This is illustrated in figure 3.8.
Pitch angles (w direction) can cause undesired pitch effects on the vehicle. Angles in the yaw
direction (v direction) can also generate undesired forces, but can in some circumstances be
compensated by yawing the vehicle itself. Acceptable pitch and yaw angles should are below
0.15 degrees in the test section [13].

Figure 3.8: local pitch variations in the flow
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3.3.4 static pressure gradient

Figure 3.9: static pressure variations in longitudinal direction

Ideally in longitudinal direction of the test section no pressure gradients exists. This is closely
related to longitudinal velocity deviations in the flow. Slowing down or speeding up the flow
in x direction, causes pressure gradients. The local static pressure variation is defined as the
deviation in pressure coefficient from a reference pressure, in the longitudinal direction:

Cp =
(px − p∞)

q∞

with px the local static pressure, p∞ a reference static pressure and q∞ the reference for the
dynamic pressure. The variation of the static pressure coefficient, Cp, is acceptable when less
than 1% over the test section (∆ Cp < 0.01)[1]. This is illustrated in figure 3.9.

Causes for static pressure gradients are influences from the boundary layers on all the walls
of the tunnel. Also the blockage effect, mentioned in section 3.2.1 can cause static pressure
gradients [13].

3.3.5 velocity fluctuations in time

Velocity fluctuations are local variations of flow speeds over time. These are mostly caused
by the fan’s design and operation. It is derived from pressure measurement with pitot-static
probes.

3.3.6 turbulence level

The turbulence level, Tu, is defined as the ratio of the root mean square of the local velocities
and the free stream velocity, U∞.

Tu =
urms
U∞

· 100%

With urms the root mean square of the velocity components.

urms =

√
1
3

(u′2 + v′2 + w′2)
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The turbulence level quantifies the velocity fluctuations in three directions.

3.3.7 noise levels

Noise consists of pressure fluctuations. The goal is to keep the background noise as low as
possible. The noise is mostly generated by the fan and fan motor. In some cases aero-acoustic
measurement techniques are used to study flows around bodies. In this case the sound waves
that are generated by the airflow around the body are evaluated. A wind tunnel in which
these aeroacoustic measurements are done needs to be free of environmental noise.

3.4 Boundary layer control techniques in wind tunnels

In a wind tunnel 3 zones of different near ground flow control can be described [10] This is
shown in figure 3.10.

Figure 3.10: flow control techniques in different regions of a wind tunnel

The first zone, referred as the upstream zone, is the area upstream of the test section where
the boundary layer starts to develop. The second zone is the test section itself where the
body to be tested is placed and a boundary layer develops (further) under the object. The
third zone, downstream the test section is also an important zone for the behaviour of the
airflow, but less interesting in terms of boundary layer reduction.

In this research boundary layer control at the upstream zone (I) is of special interest. However
because it affects the flow at the test section itself also techniques used to control the airflow
at the test section are globally explored. At the test section the term ground simulation is
mostly used, in the upstream zone the term boundary layer control is preferred although the
two are closely related [10].
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3.4.1 test section ground simulation

moving belt

At the test section the relative motion between the road and the vehicle has to be simulated.
This is almost perfectly achieved by means of a moving belt [10][6], which is shown in figure
3.11. This technique however, requires the removal of the approaching boundary layer in front
of the belt in order to avoid boundary layer relaxation on the moving belt.

Figure 3.11: location of ground simulation by a moving belt

Although a moving belt is a very good simulation of the real world movement between a car
and a road, it is complex to construct and needs intensive maintenance. Other problems are
due to finite belt dimensions, belt stability (flutter) and dynamic pressure calibration. As an
alternative, tangential blowing or distributed suction is used [1].

distributed suction

Distributed suction uses a stationary ground plane, but in this case the ground plane is made
porous and air from the boundary layer is sucked away from the test section, which can be
seen in figure 3.12. At the test section (II) these systems are tuned for ground simulation
which includes some form of boundary layer control. This research is mostly concentrated on
systems controlling the boundary layer in front of the test section (I). This boundary layer
control is further explored in the next section.
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Figure 3.12: location of ground simulation by distributed suction

3.4.2 upstream zone boundary layer control

To minimize the approaching boundary layer several techniques are applied in different wind
tunnels including [9]:

1. boundary layer scoop

2. tangential blowing

3. boundary layer suction

boundary layer scoop

Figure 3.13: boundary layer control by scoop

For many applications without special interest in the vehicle’s underside, it is generally suffi-
cient to use a stationary ground board with a scoop to peel off the oncoming boundary layer
[1] as can be seen in figure 3.13.
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tangential blowing

With tangential blowing a thin high-momentum wall jet is blown into the lower part of the
boundary layer. Depending on the momentum ratio between jet and boundary layer the
displacement thickness of the combination can be adjusted to zero. However, this technique
requires costly technical effort in full scale facilities [10]. This is mainly because the velocity of
the jet has to be multiple times the velocity of the free stream velocity [1] [7]. The tangential
blowing technique is illustrated in figure 3.14.

Figure 3.14: location of ground simulation by tangential blowing

boundary layer suction

Boundary layer suction in front of the test section is often referred to as boundary layer
pre-suction. Air from the boundary layer is sucked away by a suction section at one location
illustrated in figure 3.15. The boundary layer can be removed completely (after the suction
section) when enough air is sucked away. Of course after the suction section, a new boundary
layer will start to develop [5].

Removing the boundary layer by suction has some side effects. The consequence of boundary
layer pre-suction is an additional pressure gradient in front of the model [7] [16]. This is
illustrated in figure 3.16. To minimize the additional pressure gradient the model could be
moved toward the diffuser and therefore away from the additional gradient. Alternatively the
relative suction velocity could be reduced. Both these measures have the disadvantage of a
thicker boundary layer[16].
Another consequence of boundary layer suction is undesired flow angles relative to the stream
direction. Air that is removed from the boundary layer is replaced by free stream air from
above and this causes pitch angles in the main air stream.

To reduce the undesired pressure gradient and angularity effects, another approach could be
chosen. As said before these effects could be reduced by placing the vehicle further away
from the suction section. The disadvantage of this approach is that a new boundary layer
develops in between the suction section and the vehicle. This boundary layer, could be sucked
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Figure 3.15: basic boundary layer suction

Figure 3.16: additional static pressure gradient in front of the test section due to boundary layer
pre suction

away again, at a lower suction speed. A suction section with a gradient in suction speed could
minimize the angularity and pressure gradient effects, and find a balance between those effects
and the boundary layer thickness. This is illustrated in figure 3.17.

The balance between undesired effects and boundary layer thickness can be different for
different measurements. Also the gradient needed is hard to compute. A system which is
capable of producing different suction speed distributions, and can be adapted to tune the
system is the subject of the the research described in the second part of the report.
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Figure 3.17: gradient flow speed boundary layer suction
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The research
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Chapter 4

System description

In the first part of this report the context of boundary layer suction systems in wind tunnels
is explained. A description of a system that can be adapted to generate different suction
distributions is presented in this chapter. A test section of the system is build for the research
on the adaptive system. This test setup is also described in this chapter.

4.1 proposed system

The proposed system consists of a suction duct. The upper side of the duct consists of a
porous material. At the end of the duct a hose with a pump can be attached. When the
pump is activated it generates an underpressure in the channel, and airflows through the
porous material. The rigid bottom plate of the duct can be adjusted in height and in angle
in order to locally change the cross section area of the suction channel. This will adjust the
pressure gradient in longitudinal direction in the duct and thus the airflow velocity through
the porous material. The system is illustrated in figure 4.1. When the system is implemented

Figure 4.1: examples of the suction distribution
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into a wind tunnel, with the porous upper side leveled with the wind tunnel ground plane, it
can be used as a adaptive boundary layer suction system.

4.2 test setup

For this research a test channel is built. Besides this test duct the complete test setup consists
of a sensor system, and actuating system. The test setup is illustrated in figure 4.2.

Figure 4.2: test setup

4.2.1 sensor system

The sensor system measures the underpressure at 16 places under the porous material. It
uses a Scanivalve digital sensor array, software is written to read out this sensor array at 10
Hz with an accuracy of 0.2 % in a range from 0 to 2500 Pa.

4.2.2 actuator system

The two actuators used are linear actuators that can be speed controlled in two directions.
Inside the actuators a variable resistor produces a variable voltage signal proportional to the
position or stroke length of the actuator.
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4.2.3 duct composition

An exploded view of the construction of the duct is given in figure 4.3.

Figure 4.3: exploded view of the construction of the duct

The sides of the duct are made of transparent plastic, so the positions of the plates can also be
visually checked. The upper side of the duct is made of a porous plastic. The two actuators
can change the positions of the movable plates, changing the geometry of the duct.

In the following chapters a model for this suction system is implemented and verified with
the test setup described above.
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Chapter 5

Geometry model

Figure 5.1: render of the actual suction duct

To be able to control the movable plates in the test section, a model of the geometry of
the suction duct is made. This model has the actuator strokes or lengths as inputs and the
positions of the two movable plates, and thereby the geometry of the duct as output. The
duct geometry is defined as shown in figure 5.2. It is defined as the space between the movable
plates and the porous upper side of the test section. The duct geometry is an input for the
airflow model described in the next chapter.

Figure 5.2: the duct geometry
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5.1 constructing the geometry model

A closer look on the geometry of the test section is shown in figure 5.3. Here point S0 and
point S1 are the positions of the begin and end of movable plate 1. S1 and S2 are the begin
and end positions of plate 2. These points define the current geometry of the duct, and the
volume in the duct through which the air will flow.

Figure 5.3: a closer look on the geometry of the test section

With known actuator strokes the positions of the plates (S1 and S2) can be calculated. S0
is fixed, so has always the same position (0, 0). S1 is influenced solely by actuator 1, while
point S2 depends on the position of S1 and the stroke of actuator 2. In the geometry model,
with known length of actuator 1, and help of the triangles I and II, the angle of plate 1, α is
calculated. The angle of plate 1 together with the length of plate 1, defines the (x, y) position
of S1 as in 5.1 and 5.2.
Knowing the (x, y) position of S1, the angle of movable plate 2, β, can be calculated in an
analogue way with help of triangles III and IV . Again from this angle and the length of the
second plate, the (x, y) position of S2 can be calculated as in 5.3 and 5.4.

S1x = cosα · Lplate1 (5.1)

S1y = sinα · Lplate1 (5.2)

S2x = S1x+ cosβ · Lplate2 (5.3)

S2y = S1y + sinβ · Lplate2 (5.4)

5.2 simulation of the geometry model

From calculations on all possible actuator strokes, it can be seen that not all pair of actuator
settings produce plate positions which are inside the duct geometry. Those actuator pair
values are noted as unsafe because they can damage the duct by pushing the movable plates
against the upper side and the bottom of the duct. The vertical position of the end of the
second plate (point S2) is always the closest to the duct upper side and bottom and can
therefore be used as a reference point to determine the safe domain of the actuators. Figure
5.4 shows an example of S2 being out of its safe domain.
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Figure 5.4: unsafe geometry

To determine the range of safe actuator positions the y positions of S2 are simulated on the
whole actuator stroke domains. The stroke domain of actuator 1 is 0 to 115 mm and of
actuator 2 is o to 170 mm. The vertical (y) positions of the plates have to stay within the
height of the duct, meaning within 0 and 220 mm.
A 3d plot of these calculations can be seen in figure 5.5. A contour plot of this graph can be
seen in figure 5.6, here the darker area is the safe area. From this plots can be seen that the
strokes of both the actuators need to be considered to determine the allowed plate positions.
This information is used later on to control the plate in a safe way without destructing the
test section.

Figure 5.5: graph of critical plate positions at different actuator strokes
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Figure 5.6: contour plot of the critical plate positions (0 to 220 mm) at different actuator strokes

5.3 implementing the geometry model

Besides the safe positions of the two movable plates, with known actuator strokes, all duct
geometries can be calculated. To determine the current actuator strokes a potential meter
inside the actuators is used as a position feedback. A voltage signal produced by these
variable resistors is proportional to the actuator stroke. This signal is read out and the stroke
is determined. A real time visualization of the geometry of the duct is made to visually
compare the positions of the plates in the model to the real plate positions, at all time.
A visualization is shown in figure 5.7. This visualization is used to quick check the plate
positions while doing measurements on the duct.

Figure 5.7: real time visualization of the current duct geometry
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Figure 5.8: measurement positions in duct geometry

5.4 correctness and accuracy of the geometry model

5.4.1 measurements

The accuracy of the geometry model is determined by manual measurements on different plate
positions with a caliper rule (dutch: schuifmaat). The measurements are done on different
locations in the length (x) direction of the duct as shown in figure 5.8. This is repeated for
different actuator settings, and thus for different duct geometries. The plate position data
from the model on these locations are used to determine the deviation from the real positions.

5.4.2 results

mean absolute error 0.9 mm
mean relative error 1.56 %
arithmetic mean error -0.55 mm

Table 5.1: geometry model accuracy

Table 5.1 gives a summary of the measurements on the geometry. An absolute error mean is
used to quantify the errors , the arithmetic mean of the error is used to check if the error is
on average positive or negative.

From the table can be seen that the mean error is +/- 0.9 mm. Also a normalization of the
error to the average duct height is given. From the arithmetic mean can be seen that the
heights of the duct in the model are on average 0.55 mm to low. The errors occur random as
can be seen in the error distributions of figure 5.9.

5.4.3 error causes

The errors in the geometry model are mainly caused by the play of the mechanical components
and flexing of the two plates. They are also caused by the actuator read out non-linearity
and drift but these values are much lower (within 0.1 mm).
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Figure 5.9: error distributions of the geometry measurements
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Chapter 6

Airflow model

To get insight into the behaviour of the air flowing through the porous surface and in the
duct another model is made. This model has two inputs, the geometry of the duct and the
pressure generated by the pump. The outputs of this model are the flow speed of air through
the porous surface, the flow speed of air in the duct, and the pressures under the porous
surface as shown in figure 6.1. In this model the different system parameters are referenced
as in table 6.1.

Figure 6.1: inputs and outputs of the flow model

The aim of this research is to study control techniques of the suction distribution and therefore
the pressure distribution along the length of the duct. Therefore the model must be able to
produce the values of these parameters at different locations in the duct. The test section
itself, which will be used to check the models, is able to measure the pressure at 16 different
locations in x direction (the length of the duct). The model should at least be able to produce
accurate pressure values at these 16 places in the duct.

description parameter units
area of the porous surface As m2

area of the duct cross section A m2

pressure in the duct p Pa
airspeed in the duct V m/s
airspeed through the porous surface V s m/s

Table 6.1: flow model unit table
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6.1 modeling method

To study fluid motion in basic two methods are used:
(1) seeking to describe the detailed flow pattern at every point (x, y, z) in the field, or
(2) working with a finite region, making a balance of flow in versus flow out, and determining
gross flow effects such as the force or torque on body.[14]

In this research little interest is in knowing the detailed flow pattern at every point of the flow.
The flow parameters at different regions in the duct geometry are of interest. Therefore the
second method or ’control volume method’ is used. This method uses fixed volumes through
which the airflows. Each of these volumes has its own system boundaries with air flowing in
and air flowing out of the volume. All the pressure forces work on these region boundaries.
In this research the fixed regions are constructed by dividing the duct geometry in discrete
cells. This is shown in figure 6.2.

Figure 6.2: the duct geometry divided into discrete cells

Basic laws of physics are to some extent applicable on these discrete cells, such as mass
conservation and Newton’s force laws. In addition a relation exists between the pressure in
the cell and the air flowing through the porous surface of the cell. In the next sections the
equations of the above relations are derived. They form the basis for the airflow model. In
this airflow model the underpressures,pi, in the duct are defined as positive underpressures
or pressure differences. In this way loss of pressure in the duct, will represent a decrease in
underpressure. Furthermore in the model the following assumptions are made:

1. the system is in steady state

2. the velocity of the flow through a cell surface is constant

3. the flow is incompressible, with a constant density ρ

4. the air surrounding the duct is constant

6.2 a discrete model of the duct

An abstraction of the cell division is given in figure 6.3. The pressures p in the duct, are
specified on all cell boundaries. The airflow speeds V in the duct are defined in one direction
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on the cell boundaries. The speed of the airflow through the porous upper side of the cell Vs
is specified in the same direction as the airflow speed in the cell. At first the equations for
a duct with equal cell heights, and rectangular cells, are derived. Later on, an addition for
different cell geometries is done.

Figure 6.3: flow model

6.3 deriving the equations

6.3.1 conservation of mass

Contrary to a mechanical system with forces working on fixed masses, when dealing with
control volumes and flows the mass conservation is of great interest. In equilibrium the mass
of the air flowing out of the volume has to be equal to the mass of the air flowing into the
volume. This is illustrated in figure 6.4.

Figure 6.4: mass balance for an individual cell

The mass flow is denoted as ṁ in kg/s. In the case of the different cells in the duct, the
airflows in from a neighbour cell and from its own porous upper side. It flows out to the other
neighbour cell. This is described by equation 6.1 with ṁi+1, being the mass flow out of the
cell, ṁi, the mass flow into the cell from inside the duct, and ṁsi, the mass flow through the
porous surface.

ṁi+1 = ṁi + ṁsi (6.1)

Because of the relative low expected velocity of the flow, the flow is expected to behave as
an incompressible flow, with constant density. With constant flow density, the mass flow ṁ
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equals ρ ·A · V and equation 6.1 becomes:

ρAi+1Vi+1 = ρAiVi + ρAsiVsi (6.2)

With the density constant, ρ is divided out of the equation:

Ai+1Vi+1 = AiVi +AsiVsi (6.3)

Equation 6.3 will be used in the model later on.

6.3.2 a momentum balance

Besides the balance of the masses, a momentum balance exists in equilibrium. To derive this
momentum balance all different forces working on the control volume have to be explored. In
basic three different forces work on the cells:
1. the momentum flux of the airflow, Fm
2. pressure forces, Fp
3. friction forces, Fd

The net sum of each particular force is the sum of its components. In equilibrium the net force
of these different forces has to be equal to the momentum flux of the airflow as in equation
6.4. ∑

Fp +
∑

Fd =
∑

Fm (6.4)

In the next sections equations for these different net forces are derived. Then these force
equations are substituted in equation 6.4 to obtain the momentum balance equation.

momentum flux

The net force on a fixed control volume equals the rate of change of momentum within the
control volume plus the vector sum of outlet momentum fluxes minus the sum of inlet fluxes
as in equation 6.5[14].∑

Fm =
d

dt
(
∫
V ρdV ) +

∑
(ṁiVi)out −

∑
(ṁiVi)in (6.5)

Again with ṁ being the mass flow, in kg/s. Equation 6.5 is an application of Reynold’s
transport theorem and Newton’s second law, F = ma = d

dt(mV ) [14]. The equation should
be used with care however, the term

∑
Fm is a vector sum of all forces working on the control

volume.
In equilibrium, the rate of change of momentum within the control volume is zero, and 6.5
becomes equation 6.6. ∑

Fm =
∑

(ṁiVi)out −
∑

(ṁiVi)in (6.6)
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With two inlets and one outlet, the momentum flux terms are illustrated in figure 6.5.

Figure 6.5: momentum flux terms in an individual cell

The terms in figure 6.5 can be expressed in the model parameters as in equations 6.7.

∑
Fm = ṁi+1Vi+1 − ṁsiVsi − ṁiVi (6.7)

= ρAi+1Vi+1Vi+1 − ρAsiVsiVsi − ρAiViVi (6.8)
= ρAi+1V

2
i+1 − ρAsiV

2
si − ρAiV

2
i (6.9)

Equation 6.9 will be used as approximation for the net momentum flux in the model.
In the next section the forces driving the air to flow in the duct, the pressure forces, are
explored.

pressure forces

The net forces working on the control volume by the pressures on the boundaries of the cell,
for a rectangular cell are shown in figure 6.6.

Figure 6.6: pressure forces working on an individual cell

The pressure surrounding the complete duct is uniform (atmospheric). All pressures inside
the duct are pressure deviations from this uniform pressure. Again the net pressure force is
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the sum of all the pressure forces working on all boundaries of the control volume. However
the upper side and underside of the cells have equal pressures and equal surface areas on
which this pressures work. These vertical pressure forces are the same and work in opposite
directions. Therefore the net pressure force on the cell is only influenced by the horizontal
pressure forces working on the left and right side of the cell:∑

Fp = pi+1Ai+1 − piAi (6.10)

For a rectangular cell this pressure model is correct, however the movable plates can generate
geometries in which the cell are not rectangular but have a geometry as shown in figure 6.7.

Figure 6.7: pressure forces working on an individual non rectangular cell

In this case the pressure at the underside of the cell works in another direction as in the
rectangular case. The direction of the pressure force working on the sloped underside of the
cell can be divided into an horizontal component, px and a vertical component py. The force of
the pressures vertical component is the same in size and opposite in direction as the pressure
force working on the upper boundary of the cell, therefore the vertical component can be left
out of the equation for the net pressure on the cell.1

The x component of the force working on the underside of the cell however is influencing the
net pressure force in horizontal direction. This force is equal to px · c. Being the pressure
component , px, times the area of the sloped underside of the cell, c in figure 6.7. This force
component, px · c, has to be expressed in the model parameters. By angle equivalence for
corners (∠p, px) and (∠a, c) equation 6.11 holds:

cos(∠px, p) =
px
p

= cos(∠a, c) =
a

c
(6.11)

So the force component in x direction, px · c, can be expressed by, pcell ·a. This is the pressure
inside the cell, times the difference in height between the left and right side of the cell. This

1 By angle equivalence for corners (∠p, py) and (∠b, c): cos(∠py, p) =
py

p
= cos(∠b, c) = b

c
and so py ·c = p·b,

which is the same as the force on the upper side of the cell.
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factor is easier to express in the model parameters because a = Ai+1 − Ai. For the pressure
in the cell, pcell, the linear average, between pi and pi+1 is used. In reality this pressure
distribution will not at all times be linear, but when a sufficient amount of cells is used it will
be a good approximation.
So with a = Ai+1 − Ai and pcell = pi+1−pi

2 the pressure force working in x direction on the
sloped underside can be expressed in the model parameters:

Fpx−underside = px ·Ac (6.12)
= pcell · (Ai+1 −Ai) (6.13)

=
pi+1 − pi

2
· (Ai+1 −Ai) (6.14)

With equation 6.14 added to equation 6.10, the net pressure force on the cell or control volume
is now defined as in 6.15.

∑
Fp = pi+1Ai+1 − piAi −

pi+1 − pi
2

· (Ai+1 −Ai) (6.15)

This equation also holds for the rectangular cell case with the Ai+1 − Ai component being
zero.
Equation 6.15 is used in the model, again with the note that the pi+1−pi

2 is a linear average. A
sufficient number of cells has to be used to overcome the error caused by this approximation.
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friction forces

Besides the pressure and momentum forces, also friction forces from the duct walls work on
the airflow in the duct. These friction forces are influenced by roughness of the material of
the walls and the flow characteristics (referenced by its Reynolds number). The volume of
air flowing in a particular way over the surfaces, over a particular distance, determines the
amount of friction in the duct. This friction causes an additional pressure loss. To estimate
these pressure losses, multiple mostly empirical models are available. However, most of these
models deal with fully developed flows in closed ducts, in which the flow speed distributions
have a predefined shape. In our case however the flow speed distribution is constantly changing
because air is added from the upper side of the duct. To get a basic idea of the flow speed
distribution a CFD (computational fluid dynamics) simulation of a duct with a porous surface
is shown in figure 6.8.

Figure 6.8: cfd simulation of velocity distribution in the duct

The flow speed distribution in the duct with porous surface is, according to this CFD simu-
lation, very different from the fully developed flows in closed or non porous ducts. Therefore
it is not sound to use the available models to determine the friction losses in the porous duct.
In the model we can only assume that the friction forces are very low at the relative low
velocity of air in the duct. In this model this assumption is made however, and the airflow is
modeled with zero friction force.

equilibrium equations

From the momentum equation 6.7 and pressure force equation 6.15, with zero friction, equa-
tion 6.16 is derived for the momentum flux balance in a cell in equilibrium.

pi+1Ai+1 − piAi −
pi+1 − pi

2
· (Ai+1 −Ai) = ρAi+1V

2
i+1 − ρAsiV

2
si − ρAiV

2
i (6.16)
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Equation 6.16 will be used in the flow model later on.

6.3.3 speed and pressures over the porous skin

The last physical property of the air flowing in the duct, is the speed of air flowing into the
duct through its porous upper side. This speed is proportional to the pressure difference over
the porous skin. It is defined by the manufacturer of the porous material but with a rather
low accuracy (speed +/- 10 %). For this model however the relation between the pressure
over the porous skin and the speed of air through the skin is of high importance. So for this
research the manufacturer’s specification is inaccurate. To overcome this measurements on
the porous skin are done and an accurate emperical model of the speed/pressure relation of
the porous material is made. This model is defined as shown in equation 6.17.

∆p = R1V
2
si +R2Vsi (6.17)

In the model ∆p is defined as the average cell pressure being approximated by (pi + pi+1)/2.
Again with a sufficient number of cells this approximation is accurate. In the model param-
eters equation 6.17 becomes:

(pi + pi+1)/2 = R1V
2
si +R2Vsi (6.18)

The coefficients R1 and R2 are different for different porous materials. For the porous material
on the test section these values are 543 and 343 for R1 and R2 resp. In this model however
these constant values can be used as input parameters so the model can be used for different
porous materials.
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6.3.4 equation summary

In the previous section the following equations of the physical processes in the suction duct,
in equilibrium, are derived:

mass balance:

Ai+1Vi+1 = AiVi +AsiVsi (6.19)

force balance:

pi+1Ai+1 − piAi −
pi+1 − pi

2
· (Ai+1 −Ai) = ρAi+1V

2
i+1 − ρAsiV

2
si − ρAiV

2
i (6.20)

skin airflow speed:

(pi + pi+1)/2 = R1V
2
si +R2Vsi (6.21)

These are the equations used in the model. In the next section a method to solve these
equations for different inputs will be developed.

6.4 solving the equations

6.4.1 proof of solvability

First it is proved that the set of derived equations is solvable with the given input parameters
of the model. To be a solvable set the number of unique equations has to be equal to the
number of unknown parameters. The input parameters are defined by the pump pressure
being the pressure at the last cell n, pn and the geometry of the cells, (A1...An). Furthermore
in the test section the duct is closed at cell 1 and therefore, the speed of the air, V1 will be
zero at the first cell.
To prove the solvability of the set first it is proved that the set of equations of 3 cells is
solvable. Later on this proof is extended for the general case. For the 3 cell case the set of
equations is given by:

mass balance:

A2V2 = A1V1 +As1Vs1 (6.22)
A3V3 = A2V2 +As2Vs2 (6.23)
A4V4 = A3V3 +As3Vs3 (6.24)

force balance:

p2A2 − p1A1 −
p2 − p1

2
· (A2 −A1) = ρA2V

2
2 − ρAs1V

2
s1 − ρA1V

2
1 (6.25)

p3A3 − p2A2 −
p3 − p2

2
· (A3 −A2) = ρA3V

2
3 − ρAs2V

2
s2 − ρA2V

2
2 (6.26)

p4A4 − p3A3 −
p4 − p3

2
· (A4 −A3) = ρA4V

2
4 − ρAs3V

2
s3 − ρA3V

2
3 (6.27)
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skin pressure loss:

(p2 + p1)/2 = R1V
2
s1 +R2Vs1 (6.28)

(p3 + p2)/2 = R1V
2
s2 +R2Vs2 (6.29)

(p4 + p3)/2 = R1V
2
s3 +R2Vs3 (6.30)

boundary conditions:

V1 = 0 (6.31)
p4 = pumppressure (6.32)

The number of equations is 11 (with the boundary conditions), and equals the number of
unknown variables, therefore this set of equations for 3 cells is solvable.

By adding a cell, 3 equations are added to the set, as well as three unknown parameters,
pi, Vi and Vsi. The number of equations will stay equivalent to the number of variables.

In general the number of equations, NOE = 3 · n and the number of unknown variables,
NOV = 3 ·n+ 2. So generally for n cell holds that NOE−NOV = 2. With n the number of
cells. By the 2 boundary conditions the number of equations will always become equivalent
to the number of variables. So the set is proved to be generally solvable for any number of
cells.

6.4.2 implementing the model

Because of the quadratic terms in the force balance and the cross terms of almost all param-
eters, the derived set of equations is far from linear. So solving methods for linear sets of
equations are not applicable. To solve this set of non-linear equations the model is imple-
mented in the program environment of Matlab, and solved by the optimization toolbox of
Matlab. Matlab solves these sets of equations iteratively. It starts with a guess and tries to
iterate to a solution of the problem.

To avoid programming errors and to remain transparency, the implemented Matlab model,
has to be recognizable as the physical model derived before. Therefore the implemented model
uses the already available and tested Matlab solvers as much as possible.

First a Matlab model was made to solve sets of a predefined number of cells, and thus with a
predefined number of equations. Later on a model was developed to generate sets of equations
for the general case with different number of cells. In this step all the variables were vectorized.
By this vectorization a certain amount of transparency was lost, on the other hand it made
the program more powerful. However the physical equations can still be recognized in the
code. The Matlab solver and optimizers can only solve to one vector of unknown parameters.
For usability the tool is expanded with a wrapper function, which returns not all the solved
parameters in one vector, but returns three vectors with parameters of the same units.2

2The total Matlab model consists of 2 short functions in 2 different m files, a function generator, a function
solver, and a wrapper function to return the values in an organized way, they are attached in Appendix B
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6.5 data visualization

To be able to solve the equations with multiple duct geometries and pump pressures a visual
user interface is made in C++. Basically this program is an interface to the Matlab model.
In this program a geometry can be selected as well as a pump pressure. It then generates
the intersections of the wanted number of cells. All the input parameters for the model are
passed to a Matlab Runtime Environment in which the model is solved. Then the calculated,
speed and pressure values are returned by Matlab. This data is presented in the visual C++
interface in a graph, and stored in a text file.

Figure 6.9: diagram of the measurement setup for the flow model

With the program coupled to the actuator outputs, also the current real time geometry model
can be generated. In this case the pressure and speed distributions can be calculated real
time at 1Hz.3. This is illustrated by figure 6.9.

6.6 correctness and accuracy of the airflow model

To verify the airflow model, measurements are done on the test setup, the results of this
measurements are presented in this section.

3The Matlab runtime environment uses about 1 second to solve the model with 62 cells
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6.6.1 measurements

With the test setup, the calculated pressures from the flow model are compared to measured
pressures at the 16 locations in the test section. This is done for multiple duct geometries and
multiple pump speeds. The measured duct pressures are visualized in a program and plotted
together with the calculated pump pressures in one graph. This is shown in figure 6.10. All
graphs of the measurements done are in Appendix A.

Figure 6.10: screen shot of the measurement program

A general root mean square error over the 16 positions, and an arithmetic mean error is cal-
culated. This is done for the pressures and for the flow speed through the porous material at
these 16 positions. To calculate the pressures and flow speeds at the 16 locations through the
model, at least 15 cells are needed. In the model used to compare with the measurements,
62 cells are used. Expanding the number of cells in the model does not produce different
outcomes.

The results in table 6.2 are the overall errors of 36 measurements 4 on 16 points in the duct.
So in total 576 measured pressures were compared to the pressures produced by the model.
The effect of the pressure error on the suction speed through the porous material is also given
in table 6.2. These implications for the suction speeds are calculated with the empirical model
from 6.3.3. From this calculations can be seen that the error on the suction speeds, V s, is
lower than the error on the pressures. Both the RMS error and the arithmetic mean error
are given. The RMS (root mean square) error is calculated as in 6.33. The arithmetic mean
error is calculated as in 6.34. To get the relative errors in %, these values are devided by
the mean measured pressures. The RMS errors in table 6.2 give an indication for the mean

46 different geometries were measured with 6 different pump pressures
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RMS errors pressure units suction speed units
overall 17.2 Pa 0.016 m/s

3.66 % 2.45 %
highest 50.4 Pa 0.032 m/s

6.05 % 3.45 %
arithmetic mean errors pressure units suction speed units

overall +14.8 Pa +0.014 m/s
+3.02 % +2.11 %

Table 6.2: flow model accuracy

absolute deviations from the measured values and are within 4 %. The arithmetic mean errors
are lower because here the negative and positve errors cancel each other out. Therefore the
arithmetic mean is not very usable to determine the absolute errors. However it can be used
to see that the model produces pressure values that are on average 3 % too high.

RMSerror =

√√√√ 1
16

16∑
i=1

(pi model − pi measured)2 (6.33)

Ameanerror =
∑16

i=1(pi model − pi measured)
n

(6.34)
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6.6.2 error causes

Figure 6.11: rms error distribution of all measurements

The errors generated by the flow model have different causes:

1. There exists an error in the geometry model (about 1mm in duct height), this causes
an error up to 1 % on the average flow model pressure output5.

2. The pressures in the test duct are not completely stable, they vary about 2 Pa at low
underpressures to 10 Pa at high underpressures in the duct, generating an error of 0 to
1.5 % on the average duct pressure.

3. A third cause are the neglected friction forces in the duct. Figure 6.11 shows an increase
in error when the air speed in the duct increases. This could be an indication for friction
losses, but with the other random error causes from the geometry and air flow instability
the friction losses cannot be quantified by these measurements.

4. A fourth error cause is the assumed direction of the airflow through the porous material,
which is chosen in x direction. (section 6.6.3)

5. A last cause could be the discretion in cells in the model itself but test have been done
with a higher number of cells, and no significant change in outcome of the model can
be seen. So the discretion itself does not contribute to the errors.

5this is measured by adapting different geometry settings by 1 mm and comparison of the pressure mea-
surements
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6.6.3 model optimization

In the model of the suction duct the assumption was made that the direction of the flow
through the porous material is in flow (x) direction. The momentum of the velocity of this
incoming flow was therefore added to the momentum of the flow in the duct. In reality the
incoming flow direction will not be the same as the direction of the flow in the duct. Although
the precise direction of the incoming flow through the porous material is not known, it will
be closer to perpendicular to the duct flow direction than parallel to the duct flow direction.

In the perpendicular case the momentum of the air flowing into the duct only works in y
direction, because the speed is chosen in y direction. It does not contribute to the momentum
of the flow inside the duct. To test and quantify this property, the model of previous sections
is adapted. Therefore the momentum flux term for the incoming flow is chosen to be zero(for
the perpendicular flow). In this case the force balance in equation 6.35 becomes equation
6.37. Here the speed in x direction is chosen zero, for the in flow through the porous material.

pi+1Ai+1 − piAi −
pi+1 − pi

2
· (Ai+1 −Ai) = ρAi+1V

2
i+1 − ρAsiV

2
si − ρAiV

2
i (6.35)

pi+1Ai+1 − piAi −
pi+1 − pi

2
· (Ai+1 −Ai) = ρAi+1V

2
i+1 − ρAsi02 − ρAiV

2
i (6.36)

pi+1Ai+1 − piAi −
pi+1 − pi

2
· (Ai+1 −Ai) = ρAi+1V

2
i+1 − ρAiV

2
i (6.37)

As more force is needed to accelerate the incoming air, the pressure drop over the duct in the
model will increase.
The model is implemented again in Matlab and compared against the already tested model.
Pressure profiles on different geometries are calculated with both the models. An output is
given in figure 6.12.

As expected the pressure drop has increased in the new model. On average the pressure at
the left side of the duct is decreased by 2.01 %. To check whether the new force balance will
improve the model, for all measured cases the model outputs are recalculated. The model
outputs are then compared to the measured pressure values as in section 6.6.1. The accuracy
of that comparison are given in table 6.3.

RMS errors pressure units suction speed units
overall 13.8 Pa 0.013 m/s

3.01 % 1.95 %
highest 40.3 Pa 0.032 m/s

4.83 % 3.18 %
arithmetic mean errors pressure units suction speed units

overall +10.6 Pa +0.010 m/s
+2.08 % +1.41 %

Table 6.3: improved flow model accuracy
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Figure 6.12: pressure output from the flow model and the improved flow model

From comparing table 6.2 to table 6.3 it can be seen that the overall error on the pressure
curves of 3.66% is reduced by 0.65%, wich is a reduction of the error of 17.8%.
The error on the suction speed curves of 2.45% is reduced by 0.5%, which is an improvement
on the error of 20.4%.
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Chapter 7

Open loop control

One of the two controllers compared in this research is an open loop controller based on
a mathematical model of the total system. The other is a closed loop control that uses a
feedback optimization based on measurements. In this chapter the research on the on the
open loop controller is described.

7.1 control method

The previous chapter describes a developed and tested model to calculate the flow speeds
and pressures in the duct, when a geometry is given. This model is used in an adapted form
to control the movable plates in the duct on a given pressure distribution, or suction speed
distribution.
An open loop controller or non-feedback controller uses no feedback of the set point parameters
from the real system, it only uses a model to calculate the expected system settings [8].

7.2 implementation controller

The calculations in the previous chapters were done to verify the correctness of the model
with measurements. The calculated input and output data of the geometry model and flow
model were as shown in figure 7.1. Here a read out voltage signal of the actuator positions
eventually leads to a calculated pressure distribution.

Figure 7.1: data flow used during measurements to check the the models
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Now to use these verified models in a controller, the input and output of the geometry model
and of the flow model need to be reversed. This is illustrated in figure 7.2. The inputs
become the wanted pressure distribution and the geometry needed for pressure distribution
is calculated. The next sections describes each step in this reversed calculation chain.

Figure 7.2: data flow used for controlling the pressure distribution

7.2.1 generating input pressure set points

First a pressure distribution along the duct needs to be given in. To generate different pressure
curves, a small user interface is made. Here two parameters can be entered; one to control the
pressure loss from the begin to the end of duct, and one to change the shape of the pressure
curve in between. An illustration is given in figure 7.3.

Figure 7.3: pressure distribution input interface

The start pressure is a percentage of the end pressure. The shape of the curve is generated
by different polynoms set by the second input parameter. The input of pressure curves is
constraint by the end pressure at the pump side of the duct. There the underpressure will be
highest. Along the duct underpressure is always lost (by the porous material on the upper
side), and never gained.

7.2.2 using the flow model to calculate the geometry

As said before the main input and outputs, of the flow model need to be reversed. It has to
generate a geometry with a given pressure distribution in the duct. To do this the Matlab
model is adapted. The known parameters are now the pressures at different discrete positions

Jeroen Bink M.Sc. thesis



7.2 implementation controller 55

in the duct. To the unknown parameters, the duct heights at these positions are added as in
figure 7.4.

Figure 7.4: inputs and outputs of the flow model with pressure input

This does not change the number of unknown parameters in the set of equations for the
discrete cells. And thus this system is also solvable by the model programmed in Matlab. It
will now generate a free (unbounded) geometry when a pressure profile is given. Figure 7.5
shows a few examples of free geometries calculated by the model.

Figure 7.5: example geometries generated by the flow model

7.2.3 using the geometry model to calculate the actuator strokes

Also the geometry model implementation is adapted. Now a duct geometry is specified and
the actuator strokes to set the plate positions need to be calculated as in figure 7.6.
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Figure 7.6: inputs and outputs of the geometry model with geometry input

But first another function in the geometry model implementation has to be added:
The flow model now produces a free, unbounded geometry. The test section is only equipped
with two movable plates and two actuators to produce this geometry. Therefore the plates
have to be fitted into the free geometry. To search for the best fit an optimization of the plate
positions is done. It uses a least square optimization (Gauss,1794 ea); the sum of square
position deviations from the calculated free curve is minimized. Some examples of the fitted
plates into the calculated free curves are given in figure 7.7.

Figure 7.7: example fittings of the plates into the geometries

The plate fitting will of course generate errors, when the input pressure distributions are
unconstrained. The suction duct can not produce the geometries calculated but it will find
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the best fit. The contribution of these errors to the total control system error, is further
explored in section 7.3.
With the plate positions calculated the geometry can produce the actuator strokes to set the
position of the plates in the duct.

7.2.4 controlling the actuators

To actually put the plates into position, the actuators have to move to their calculated strokes.
The actuators however are controlled with a speed driver and a direction control. It can either
go forward or backward at a desired input speed. A position controller is implemented in a
controller interface with a small processor. It uses a proportional feedback controller which
uses the position read out of the actuators as feedback input parameters. The position
controller is illustrated in figure 7.8.

Figure 7.8: a feedback position controller to control the actuator positions

The controller will drive the actuators until the desired calculated positions are reached. The
speed is proportional to the error between the current position and the desired position set
points.

VA = Kp · (SA − Sf ) (7.1)

Here VA is the actuator speed, Kp, is the amount of error response. SA-Sf is the current
position error. So when the actuator is far away from its position set point, it will move
faster. It will move slower when reaching its set point.

The position controller will reach its calculated set point very accurate and produces only
marginal errors to the present errors of the geometry model of section 5.4.
With the ability of positioning the plates to its positions, the controller is finished, and
measurements on the accuracy of the total controller can be done. The results are in the next
section.
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7.3 correctness and accuracy of the controller (measurements)

To determine the accuracy of the controller again pressure measurements are done. The
plates in the suction duct are controlled to produce 20 different given pressure curves. The
pressures are measured again at 16 places in the duct and compared to the desired pressure
distribution. The overall results of these measurement are given in table 7.1.

RMS errors pressure units suction speed units
overall 28.6 Pa 0.029 m/s

6.08 % 4.36 %
highest 72.9 Pa 0.06 m/s

12.85 % 8.98 %
arithmetic mean errors pressure units suction speed units

overall +6.5 Pa +0.003 m/s
+0.94 % +0.23 %

Table 7.1: open loop controller accuracy

Again here the arithmetic mean errors looks very promising, but are not very useful to define
the deviation from the wanted set point pressure curve. In the arithmetic mean error the
positive and negative errors cancel each other out. Figure 7.9 gives an example of a good
arithmetic mean error, but a inaccurate pressure shape. The negative and positive errors
cancel each other out when a mean error is calculated. Again here the RMS (root mean
square) is a much better base to define the quality of the control system.

Figure 7.9: example geometry and curve with low mean error and relative high rms error

One of the causes of the error in this control system is due to the fitting of the two plates
into the free geometry calculated by the model. To determine the contribution of this error,
the pressure distribution is also calculated by the model. This pressure calculation is based
on the geometry of the fitted plates. This error is calculated in the same way as in section
6.6.1. But now for these specific measurements. When subtracting these model errors from
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the total errors, the contribution of the error caused by fitting the plates can be calculated
as in figure 7.10. The results are in table 7.2.

Figure 7.10: fitting error contribution calculation

pressure RMS errors total error model error fitting error units
overall 28.6 18.7 9.9 Pa

6.08 3.82 2.25 %

suction speed RMS errors total error model error fitting error units
overall 0.029 0.018 0.011 m/s

4.36 2.61 1.75 %

Table 7.2: error contribution of the fitting of the movable plates in the calculated geometry

The normalized RMS errors in the model itself are overall 3.82% for the pressures and 2.61%
for the suction speeds, from these measurements. The total measured errors are 6.08% for
the pressures and 4.36% for the suction speeds, this gives an additional 2.25% error for the
pressures and 1.75% for the suction speeds, caused by the plate geometry deviation from the
calculated geometry by the model.
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7.4 error causes and optimization

The Matlab implementation calculates an unconstrained geometry given a pressure distribu-
tion or suction distribution. Because it is unconstrained the solution will iteratively converge
to a geometry solution for every monotonically decreasing pressure distribution in the duct.
In the duct however the geometry is constrained by the two movable rigid plates. The fitting
of these plates in the unconstrained geometry causes errors, as seen in the previous section.
When the Matlab implementation of the model is adjusted for the constrained geometry, this
errors can be reduced. However it will not converge to a solution for every input, so also the
available input pressure and suction distributions have to be further constrained.

The fitting of the position of the two plates will generate a geometry of the duct that is
closest to the calculated geometry. This is not necessarily the optimum with the smallest
error on the pressure distribution. A better strategy would be a best fit optimization of the
pressure distribution or suction speed distribution. However in this case processor capacity
problems occur. The available pressure and suction distributions need to be calculated over
the plate position domain. To calculate this real time, over the actuator domains, with 1 mm
accuracy, more than 10,000 calculations of the flow model implementation are needed. With
the iterative solver this takes even on a fast processor over two hours of processing time.
The geometry fit of the plates can be found with a fast processor within 200 ms.
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Chapter 8

Closed loop control

This chapter will study the usability of a small feedback system to control the pressure
distribution. This is done with a simple optimization technique.

8.1 control method

The controller in the previous chapter uses the model of the system as a base to control the
movable plates in the duct. The controller explored in this section will not use this model,
but uses the real time measured pressure distribution to optimize the plate positions. These
measurements are used as a feedback input for the controller. It will use the error between the
desired pressure distribution and the measured pressure distribution as a base for its control
as illustrated in figure 8.1.

Figure 8.1: diagram of a feed back controller for the system

To study the usability of a feedback controller in the suction duct system, a simple opti-
mization program is written. The controller uses two state machines as illustrated in figure
8.2, one for each actuator. The simple optimization program will increase the length of one
actuator, state I, if this search direction is converging to a smaller error, it will search further
in this direction, until no further improvement is found. Then, in state II, it has to step one
step back to get back to the lowest error in this search direction. In state III it will try the
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other search direction by decreasing the length of the actuator, then again until no further
improvement in state IV it has to step back to its previous position. This process is then
repeated for the other actuator, and further repeated until no further improvement on the
error is found.1

Figure 8.2: simple state machine used for the feedback optimization

8.2 implementation controller

To compare the usability of a feedback controller to the open loop controller of the previous
chapter, the optimizer is implemented in the same (small) processor as the position controller
from section 7.2.4. This controller reads out the current pressures, calculates the current error,
and positions the actuators according to the state machine in figure 8.2. For testing purposes
it gets a desired input pressure distribution from a computer, and sends back information
about its system state. This information is used in the next section for comparison and to
determine the accuracy of the controller.

8.3 correctness and accuracy of the controller (measurements)

To determine the accuracy of the feedback controller, the measurements of the previous
chapter with the open loop controller are repeated. In addition also the feed back controller
will try to find a geometry of the plates which generates the smallest rms error over the
pressure curves. In this way the performance of the feed back controller can be compared
to the performance of the open loop controller. The results of these tests on 40 different
pressure distributions are in table 8.1. In addition also the feed back controller will try to
find a geometry of the plates which generates the smallest rms error over the pressure curves.

1In the optimization chosen, the controller always starts in the same direction, when progression is made
is will continue optimizing in that direction. As an alternative the controller could look around first to all its
neighbours, and determine which direction converges fastest. But for this control system it would slow down
the controller, because with every step it has to actually move to all its neighbour positions to get information
on the converging speed. So for this controller the naive approach is chosen.
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In this way the performance of the feed back controller can be compared to the performance
of the open loop controller. The results of these tests on 40 different pressure distributions
are in table 8.1.

pressure errors feed back open loop
overall 19.7 Pa 31.6 Pa

3.35 % 5.94 %
highest 47.62 Pa 72.91 Pa

8.08 % 12.85 %

suction speed errors feedback open loop units
overall 0.019 m/s 0.029 m/s

2.67 % 4.67 %
highest 0.056 m/s 0.092 m/s

7.61 % 11.26 %

Table 8.1: feedback controller accuracy and comparison to the open loop controller accuracy

In table 8.1 can be seen that for these measurements the open loop accuracy of the open loop
controller is 5.94 % error on the pressure curve and 4.67 % on the suction speed distribution.
This is consistent, within about 0.5 %, with the previous measurements done with only the
open loop controller (section 7.3 and table 7.1). But more important, from the table can
be seen that the feedback controller is more accurate than the open loop controller for these
measurements. With 3.35 % overall rms error on the pressure distributions and 2.67 % for the
suction speed distributions, the feedback controller is almost twice as accurate as the open
loop controller on the measurements done.

8.4 error causes and optimization of the controller

The simple hill climbing algorithm used tries to find pairs of actuator positions in which the
error is in a minimum. While searching for minima it uses only the information of the current
error, and the previous errors. When the system arrives at a position with a minimum error,
the system does not have the information on this position pair being a local or global error
minimum. To study this problem, the model from previous chapter is used to simulate the
optimizer in Matlab.
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8.4.1 simulation of the controller

To simulate the controller first the search domain of the controller has to be defined. This
domain consists of the safe actuator positions from section 5.2. The first actuator has, with
an accuracy of 1 mm, 116 different positions. The second actuator with a stroke length of
172 mm can be at 172 different positions. As a result the plate positions can form 116 · 172,
or about 20,000 different geometries. Half of these geometries are denoted unsafe, so about
10,000 positions are within the search domain of the controller.

Figure 8.3: error distribution on different actuator strokes

The flow model is used to calculate all pressure distributions on these 10,000 different geome-
tries. This dataset is used to simulate the optimization of the controller. Given a desired
pressure distribution, all potential or possible pressure distributions are defined by the data
set. So all potential or possible errors can be calculated. For an arbitrary desired pressure
distribution input, the distribution of rms errors is visualized in figure 8.3. Again here differ-
ent actuator position pairs (on the x and y axis) generate different errors (contour plot). In
this error data the optimizer is simulated.
The simulation paths of different optimizations are shown in figures 8.4 and 8.5. They are
representatives of all duct shapes that can be produced by the movable plates.
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Figure 8.4: optimization through error distribution 1

In the contour plots can be seen that multiple local error minima exist. To avoid optimizations
to these local minima, the start positions of the actuator strokes were chosen 172 and 116
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Figure 8.5: optimization through error distribution 3

mm. Here the actuators are in their maximum positions with the movable plates at the upper
side of the suction duct. In the contour plots can be seen that this is also the area with the
steepest error response. The optimization paths beginning in this starting position are also
plotted in the contour plots.
From the simulations it is found that not all optimization paths end in the global minimum.
The results of simulations with 2000 different input pressure distributions are in table 8.2.
The simulations are done with input pressure curves which can be produced by the duct
geometry. So every simulation has a global minimum error of 0%.

4 direction search 8 direction search
average minimum found 3.18 % 2.49 %
highest minimum found 26.79 % 19.00 %

Table 8.2: minima found by the simulations of the optimization controller

In table 8.2 also the simulation results for an optimization controller which can search in all
8 possible directions is given. This controller can move both actuators in and out, giving
4 search directions illustrated in figure 8.6a. In addition it can move both actuators at one
time; both up, both down, one up one down, and vice versa. This gives another 4 search
directions as illustrated in figure 8.6b.

Figure 8.7 gives the distribution of the found minima on the different actuator settings. The
highest found minima are all in the same area. For this area the simple optimization technique
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Figure 8.6: the search directions of the optimizers

used, will find relative large local minima (above 10% error). The duct geometry and pressure
profile shape in this high area are given in figure 8.8.

Figure 8.7: found minima for 4 direction optimization (left) and 8 direction optimization (right)

For the geometry shapes as in figure 8.8 the simple optimization technique finds relative high
minima. For all other geometries is will find minima ≤ 3% in the simulations done. This is
consistent with the measurements done in the previous section (3.35 % overall error) for the
4-direction controller.
The model can be used to explore optimization techniques, and optimization starting points.
It is already learned that for example the 8-direction controller performs better than the 4-
direction optimizer. Furthermore it is seen that for a specific pressure distribution and duct
geometry this optimizer is not useful (figure 8.8).
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Figure 8.8: geometry and pressure distribution shape with relative high found minima
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Chapter 9

Wind tunnel integration

In this chapter the usability of the tested model and measured test section in a wind tunnel
is further explored.

9.1 wind tunnel requirements

When the system is to be integrated into a wind tunnel floor, the system can be tuned and
calibrated for different requirements:

1. maximum additional pressure gradient caused by the boundary layer suction system
2. maximum angularity effect caused by boundary layer suction.
3. amount of boundary layer after the suction system.
4. amount of boundary built up between the suction system and the test section.

These requirements are explained in section 3.3. They may vary for different wind tunnels or
different test scenarios in the same wind tunnel.

The system studied in the previous chapters is a system in which the pressure distribution
and suction distribution can be controlled over the suction surface. In an ideal situation
for a given wind tunnel a test scenario, this distribution can be calculated, with the above
requirements satisfied. More likely, the distributions will be found by measurements of the
above parameters in the wind tunnel. Examples of wind tunnel measurement techniques can
be found in Appendix C.

9.2 system scaling

9.2.1 width scaling

For the integration in a wind tunnel the system needs to be scaled to a size that is appropriate
for a wind tunnel floor. All models and flow properties studied in this research are studied
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without the friction from the side walls of the suction duct. The model used can therefore
be scaled in width without loss of accuracy. However it is important that the underpressure
generated by the pump has no gradient over the width of the suction section as in figure 9.1.

Figure 9.1: suction duct with no pressure gradient over the width of the section

9.2.2 length scaling

The length of the duct has a major influence on the system’s behaviour. The suction section
of the duct studied in the previous chapters has a length of 1600 mm. For a system design in
a wind tunnel, different duct lengths can be studied with the flow model produced, but it is
not verified by measurement, for other duct lengths than the 1600 mm of the test section1.

1The model can be used for calculating flow properties is longer and shorter ducts, large differences in
accuracy are not expected
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9.3 system control inputs

The wind tunnel section should have an easy to control suction distribution, so the suction
system can be tuned iteratively. In a first test the tuning can be done manual, in a later
stadium this tuning can be automized. As an example the total volume of air that is sucked
away can first be controlled, where after the suction distribution of this volume is adapted by
two set points. In total three set points are defined:

1. total suction volume control

2. suction drop factor B/A

3. suction drop curvature from A to B

Here A and B are defined as in figure 9.2

Figure 9.2: suction gradient control inputs

The measure of curvature from A to B is defined here as the area under the suction curve
normalized to the area under the suction curve of the linear case as in figure 9.3
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Figure 9.3: curvature definition

9.4 design parameters

For a full scale wind tunnel section the following design parameters are of interest:

1. the ranges of the system control inputs as in figure 9.2
2. the available height in the wind tunnel to build in the system (available space under or on
a wind tunnel floor)

The range of the system control inputs has to be chosen and will determine the range of
suction volume flows as well as the range of suction distributions that can be generated. Fur-
thermore, the height of the system determines the range of geometries that can be made, and
influences the range of suction distributions as well. The height of the system together with
the available pump characteristics (volume flow and underpressure) determines the range of
suction distributions that can be produced by the system.

For the wind tunnel suction system, again the model can be used to choose between dif-
ferent control input ranges, system heights and pump characteristics needed. As a base for
this selection again the flow model can be used, to generate all flow parameters on the actu-
ator stroke domains. The design parameters with a pump underpressure of 400 Pa are given
in figure 9.4. The data in plots like figure 9.4 can be used to see which suction distributions
can be made with a specific system height and pump underpressure (in this case 400 Pa).
An example design specification is generated in this way in the next section for the Audi
Aeroacoustic Wind Tunnel.
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Figure 9.4: contour plots of the different design parameters @ 400 Pa pump underpressure
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9.5 example design case

9.5.1 the Audi Aeroacoustic Wind Tunnel

As an example design case an integration of the system in the Audi Aeroacoustic Wind Tunnel
is given in this section. A detailed description of the wind tunnel can be found in reference
[15]. This tunnel is a wind tunnel with an open test section and a nozzle exit of 3.94 m in
width. At the end of the nozzle exit in the ground plane of the tunnel, a boundary layer
suction system already exists. The volume flow needed to remove the boundary layer coming
out of the nozzle are given in table 9.1.

suction volume flow section length section width suction speed
existing suction system 6.04 m3/s 0.80 m 3.94 m 1.92 m/s
adaptive suction system 6.04 m3/s 1.60 m 3.94 m 0.958 m/s

Table 9.1: volume flow properties of suction systems in the Audi Aeroacoustic Wind Tunnel

So when the air in the wind tunnel flows with 160 km/h (44.4 m/s) in this wind tunnel, a
volume flow of 6040 l/s (6.04 m3/s)isusedtoremove2theboundarylayeroverawidthof3.94m.

The volume flow of the existing suction system of 800 mm in length, will be used to get an
indication of the suction speeds needed on a system with a length of 1600 mm. Here the
assumption is made that the total volume flow of air needed to be sucked away is the same
on suction systems of different length and equal width. This gives only an indication on
suction speeds and suction volumes of a longer suction system, but it is usable to select duct
geometries and to determine pump capacity ranges.
For the adaptive system a length of 1.6 m is chosen and a width of 3.94 m. To reach the same
volume flow as in the existing suction system (6.04 m3/s), anaveragesuctionspeedof0.958m/sisneededoverthenewsurfacearea.Thesevaluesarealsopresentedintable9.1.

9.5.2 choice of system input ranges

So an estimate for the required average suction speed over the full scale adaptive suction sec-
tion is 0.958 m/s. For system flexibility, the range of the suction volume is chosen to be 0.8
to 1.1 m/s. As a result, the system is able to reach suction volume flows from 5000 to 6900 l/s.

To be able to produce this suction speed range, the needed underpressure of the pump has
to be found. The model of the system is used to generate information on different pump
underpressures, and suction speed ranges as shown in figure 9.5. It can be seen from figure
9.5 that at 1000 Pa the required suction speed range of 0.8 to 1.1 m/s can not be reached.
Therefore pump underpressure is increased to 1200 Pa. In the second contour plot of figure
9.5 can be seen that at 1200 Pa the full suction speed range is available.

2the velocity of air at the downstream end of the section at 2 mm above the ground plane is 99% of the
free stream velocity in the tunnel
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Figure 9.5: suction speed ranges at 1000 Pa (top) and 1200 Pa (bottom)

When the contour plots of all the design parameters are combined, the other available ranges
of the design parameters can be read out; the height of the system needed to produce this
suction speeds can be read from figure 9.6. Here can be seen that a duct height of about 120
mm can produce the specified suction speed range at 1200 Pa pump pressure. The available
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Figure 9.6: height needed, available drop factor, available curvature, at suction speeds from 0.8
to 1.1 m/s at 1200 Pa

drop factor and curvature ranges can be read from the other graphs of figure 9.6. It can be
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seen that the drop factors in this range lie in between 0.4 and 0.8, and the curvature factors
between 0.3 and 1.1. A visualization for the total case is given in figure 9.7.

Figure 9.7: summary of the system input ranges in the Audi Wind Tunnel case at 1200 Pa
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Chapter 10

Conclusions and recommendations

As an overall conclusion from this research, it is found that a suction distribution over a
porous material can be controlled by the adaptive geometry of the proposed system, with an
accuracy of <4% in suction speed error.

10.1 conclusions

10.1.1 context

It is found that in a wind tunnels different techniques are used to reduce the boundary layer
on the ground plane of the wind tunnel test section. One of these techniques is boundary
layer suction. As a disadvantage of this technique it is noticed that the systems generate
undesired pressure gradients and angularity effects in the airflow.
An adaptive suction system is introduced that can reduce the undesired effects by controlling
the suction distribution over the surface of a suction duct. This is done by adapting the
geometry of the suction duct with two actuators.

10.1.2 models

A mathematical model is derived for the airflow in a suction duct of different geometries with
one porous side. The model is implemented in Matlab in a transparent way, and contains
4 parameters sets; the duct geometry, the pressure distribution inside the duct, the velocity
distribution of air through the porous side, and the velocity of air in the in the duct. When one
of these parameter sets is given, the implemented model will produce the other 3. This model
is verified by pressure measurements in the duct and it is found to be accurate within 5% for
the pressures inside the duct. This generates errors within 4% in suction speed distribution.

10.1.3 control

To control the duct geometry a position controller for the actuators is implemented. Two
techniques are studied to control and adapt the geometry of the duct. One is an open
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loop control that uses the flow model as a base for its control and calculates on a given
pressure profile inside the duct, the required duct geometry. The other is a feedback control
which uses measured pressure data to optimize its geometry. The open loop control uses a
computer and a lot of processing power to calculate the geometries. The feedback control uses
a small processor with a simple optimization algorithm. The feedback controller was, based
on measurements done, at least as accurate as the model based open loop control. The model
however is found to be very useful for simulation and optimization of the feedback controller.
With a closed loop controller that is as accurate as an open loop controller, the most suitable
control technique for this system will be the closed loop controller. It requires less processing
power, and does not necessarily need model updates, when changes in the system occur.

10.1.4 wind tunnel integration

To produce this system as a wind tunnel suction system, the control input ranges for this
system are specified. They represent the capabilities of the suction system. They include, a
pump pressure range, a system height, a suction volume range and a drop range in suction
speed from one side to the other side of the suction system. Again the model of the system
can be a powerful tool for designing a wind tunnel suction system.

10.2 recommendations

10.2.1 production

For the production of the system some improvements can be made by increasing the stiffness
of the mechanical components used, so the play and flexing of the plates are reduced. Also
the effect of dust in the porous surface can be studied to specify the needed maintenance on
the system.

10.2.2 model improvement

The accuracy of the model used in this research can be improved further by adding an
empirical or mathematical friction model for the airflow in the duct. The terms for the
friction forces can be added to the force balance in the model.
The current model uses a uniform pressure surrounding the duct. For most applications,
however, the pressure surrounding the duct will not be uniform, in addition also the suction
itself will cause pressure gradients over the suction section. This effect should be studied
further, and can be added to the model by correcting the relation between the pressure and
velocity of air through the porous material for the outside pressures. The open loop control
based on the model can be improved further by adapting the Matlab implementation for a
constrained geometry.

10.2.3 wind tunnel measurements

Research must be done on the required suction distributions and input ranges required to
reduce the undesired effects of conventional suction systems (pressure gradient and angular-
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ity effects). In addition measurements on the system in a wind tunnel need to be done to
quantify the value of the adaptive system. A feedback controller can be optimized further for
the needed suction distributions and control input domains. Again model output data can
be used for simulation and optimization of the controller.
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Appendix A

Flow measurements

geometry:

measured pressure profiles:

Figure A.1: flow measurements geometry 1
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geometry:

measured pressure profiles:

Figure A.2: flow model pressure measurements geometry 2
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geometry:

measured pressure profiles:

Figure A.3: flow model pressure measurements geometry 3
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geometry:

measured pressure profiles:

Figure A.4: flow model pressure measurements geometry 4
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geometry:

measured pressure profiles:

Figure A.5: flow model pressure measurements geometry 5
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geometry:

measured pressure profiles:

Figure A.6: flow model pressure measurements geometry 6
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Appendix B

Matlab code flow model

1 %************************************************************************

%* Description: function generator for a ductflow with a porous side *

%* author: Jeroen Bink *

%* context: Master Thesis TuDelft @ Actiflow B.V. *

5 %* date: June 2008 *

%* version: 0.4 *

%* *

%************************************************************************

10 function F =. . .
generateEquationsA ( x , A , As , rho , R1 , R2 , endpressure , startspeed , cc )

%-------------------------------------------------------------------------

% x: vector with airflow parameters

15 % 1 to cellcount +1 = speedvalues through pipe , V(i)

% cellcount +2 to 2* cellcount +1 = speedvalues through porous skin , Vs(i)

% 2* cellcount +2 to 3* cellcount +2 = pressurevalues , p(i)

%

% A: vector with pipe geometry (hights or surfaces from intersections)

20 % 1 to cellcount +1 = cellhights(z) or cellsurfaces , A(i)

%

% As: cell length(x) or cellsurface (in case of surface , A must be surfaces)

%

% rho: density of flow medium

25 % R1,R2: friction coefficients from porous skin

% endpressure: pressure at the last cell

% startspeed: inlet speed at the first cell (0 for closed duct)

% cc: celcount , the number of cells in the model

%-------------------------------------------------------------------------

30

F = [
%function specification in form F(x)= 0, x a vector

%massbalance

35 A ( 2 : cc+1) .∗ x ( 2 : cc+1)−A ( 1 : cc ) .∗ x ( 1 : cc )−As .∗ x ( cc+2:2∗cc+1) ;
%A(i+1)*V(i+1)-A(i)*V(i)-As*Vs(1)=0

%forcebalance

A ( 2 : cc+1) .∗ x (2∗ cc+3:3∗cc+2) . . . % p(i+1)*A((i+1)

40 − A ( 1 : cc ) .∗ x (2∗ cc+2:3∗cc+1) . . . %-p(i)*A(i)

− ( ( x (2∗ cc+3:3∗cc+2)+x (2∗ cc+2:3∗cc+1) ) . / 2 ) . . .
. ∗ ( A ( 2 : cc+1)−A ( 1 : cc ) ) . . . % -((p(i+1)+p(i))/2)*

. . . %(A(i+1)-A(i))

+ rho∗As .∗ x ( cc+2:2∗cc+1) .ˆ2 . . . %+rho*As(i)*Vs(i)^2

45 + rho .∗ A ( 1 : cc ) .∗ x ( 1 : cc ) . ˆ 2 ; %+rho*A(i)*V(i)^2

M.Sc. thesis Jeroen Bink



90 Matlab code flow model

%=0

%skinpressure

( x (2∗ cc+3:3∗cc+2)+x (2∗ cc+2:3∗cc+1) ) . /2 . . . % (p(i+1)+p(i))/2

50 − R1∗x ( cc+2:2∗cc+1) .ˆ2 . . . %- R1*Vs(i)^2

− R2∗x ( cc+2:2∗cc+1) ; %- R2*Vs(i)

%=0

%initial conditions

55 x (3∗ cc+2)−endpressure ; %p(end)=endpressure

x (1 )−startspeed ; %v(1) =startspeed

] ;
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1 %************************************************************************

%* Description: pressure and speed calculator for a duct flow *

%* author: Jeroen Bink *

%* context: Master Thesis TuDelft @ Actiflow B.V. *

5 %* date: June 2008 *

%* version: 0.1 *

%* to compile: mcc -B csharedlib:flowmodellib flowmodel.m *

%************************************************************************

10 function [ V , Vs , p ] = . . .
solveEquationsA (A , As , rho , R1 , R2 , endpressure , startspeed , cc )
%-------------------------------------------------------------------------

% return arguments:

% V: vector with cellnumber +1 ductspeeds

15 % Vs: vector with cellnumber speeds through porous skin

% p: vector with cellnumber +1 pressures in the duct

%

% input arguments:

% A: vector with pipe geometry (hights or, surfaces from intersections)

20 % 1 to cellcount +1 = cellhights(z) or cellsurfaces , A(i)

%

% As: cel length(x) or cellsurface (in case of surface , A must be surfaces)

%

% rho: density of flow medium

25 % R1,R2: friction coefficients from porous skin

% endpressure: pressure at the last cell

% startspeed: inlet speed at the first cell (0 for closed duct)

% cc: celcount , the number of cells in the model

%-------------------------------------------------------------------------

30

%initial guess for fsolve optimalisation

x0=ones ( cc ∗3+2 ,1) ;
x0 (2∗ cc+2:3∗cc+2)=100;

35 %optimalisation routine

x= . . .
fsolve ( @ ( x ) solvecellsuniversal (x , A , As , rho , R1 , R2 , endpressure , startspeed , cc ) , x0 ) ;

%mapping output of optimalisation to correct return parameter vector

40 V= x ( 1 : cc+1) ;
Vs=x ( cc+2:2∗cc+1) ;
p =x (2∗ cc+2:3∗cc+2) ;

M.Sc. thesis Jeroen Bink



92 Matlab code flow model

Jeroen Bink M.Sc. thesis



Appendix C

Airflow quality measurement
techniques in wind tunnels

To determine the quality of boundary layer suction, different airflow properties are to be
measured. Most important the amount of boundary layer reduction of the system needs to
be determined. Local dynamic pressure measurements are needed at a small distance from
the ground plane of the test section to determine the near ground air speeds.
The undesired effects of ground plane boundary layer suction in a wind tunnel are also a
measure of the quality of such a system. Most important they include static pressure gradients
and flow angularities. Methods used in wind tunnels to measure static pressure, dynamic
pressure and flow angularities are explored in this section.

C.1 Static pressure measurement

One of the oldest devices for measuring pressures, and one of the easiest to build, is a manome-
ter, a term normally applied to a device used to measure differential pressure [3]. Figure C.1
shows a U-tube manometer. A glass tube is bend in a u-shape and filled with a liquid. The
pressure difference at the two ends of the tube can be measured by the difference in height of
the liquid.

Figure C.1: U-tube manometer

A pressure measurement device which generates an electrical signal, is called a pressure trans-
ducer. The term transducer is explained by the conversion of a pressure difference, into an
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electronic signal [11]. This conversion is needed to build systems in which the pressure infor-
mation needs to be processed without human intervention. The most common used pressure
transducers are of the diaphragm type, which means that the basic sensing mechanism is a
thin sheet of material that deforms as the pressure across it changes [3]. A diaphragm is
illustrated in figure C.2.

Figure C.2: bended diaphragm due to a pressure difference

These diaphragms can be made with a piezoresistive material like silicon or metal. The
most frequently used silicon pressure sensors are based on piezoresistors diffused into a thin
silicon diaphragm, which is obtained by chemical etching technologies [11]. The resistivity is
a function of the deformation of the piezoresistive layer. When a piezoresitive material bends
the length, L increases while the cross section, O, decreases. This causes an increment of the
resistance, R.

R =
ρL
O

Ω

This effect can also be seen in metal, however the specific resistivity, ρ, in silicon also has
a positive strain sensitivity. This leads to a larger resistance response to the deformation in
silicon than in metal. The response factor to deformation of the diaphragm is called the gauge
factor, K.

K =
dR/R

εL
with dR/R, the relative difference in resistance, and εL the relative increase of the length.

So silicon diaphragm-type pressure sensors can be made cheaper than metal ones, also the
higher gauge factor of silicon can be an advantage. A disadvantage however is that sili-
con pressure sensors are more susceptible to drift than the typical stainless steel diaphragm
transducers. Therefore the silicon sensors needs a higher frequency of calibration [3].

In addition to pressure transducers with a resistive output, pressure transducers with a ca-
pacitive output can be made. A diaphragm also forms an electrical capacitance with its
surroundings. When the diaphragm bends, due to a pressure change, this capacitance also
changes. This change can be determined and is a measure of the pressure change. A sensor
can be built with a parallel plate capacitor as shown in figure C.3. The capacitive effect
is between 10 to 20 times more sensitive than the piezoresistive effect, but needs additional
circuitry to turn the change in capacitance into an electronic signal [11].

C.2 Dynamic pressure measurement

Flow speed uniformity is as said before an important property of a wind tunnel test section.
Differences in flow speed due to boundary layer development over the ground plane of the
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Figure C.3: diaphram with bended capacitor

test section is of special interest in this research. In most wind tunnels flow uniformity is
measured by pitot static (Prandtl) tubes. A pitot static tube measures the total pressure and
the static pressure. When these two are subtracted, the result is an estimate of the dynamic
pressure q.

q = 1

2
ρV 2

with q the dynamic pressure and ρ the density of air. The flow speed, V, can be derived from
the dynamic pressure. A pitot-static tube is shown in figure C.4.

Figure C.4: pitot-static tube

For boundary layer measurement a rake with multiple pitot tubes can be constructed and
placed in a wind tunnel as shown in figure C.5. Because the flow speed near the ground plane
is of special interest the pitot tubes in this area are closer to each other, the higher situated
tubes are mainly measuring the free stream velocity. The tubes can be placed as close as 1
or 2mm to a surface. At 2 mm above the ground plane, typical flow speed values would be
98 or 99 percent of the free stream velocity.
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Figure C.5: a pitot tube configuration in a wind tunnel test section

C.3 Angularity measurement

To measure flow angularity different types of devices are used in wind tunnels, including yaw
heads, claws and thermal anemometers. Yaw heads and claws make use of 2 or more pressure
tubes placed in a fixed angle to each other. When a flow with no angularity is applied, the
difference between these tubes should be zero. Calibration to this zero value is required. From
the relative pressure differences the flow angularity can be derived. Thermal anemometers
use hot wires or hot films, in which the temperature response is a function of the air speed.
Multiprobe anemometers can be used to detect flow angularities [3].
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Specifications of the used hardware

D.1 duct composition
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D.2 pump characteristics
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D.3 actuators
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D.4 actuator drivers

The MD03 is a medium power motor driver, designed to supply power beyond that of any of
the low power single chip H-Bridges that exist. Main features are ease of use and flexibility.
The motor’s power is controlled by on-board Pulse Width Modulation (PWM) generators
driving the H-Bridge Transistors.

Features Voltage - 5v logic supply and 5v - 50v for the motor
Current - 50mA Max for logic and up to 20A for the motor
Control 1 - 0v - 2.5v - 5v
Analogue for Reverse - Stop - Forward
Control 2 - 0v - 5v (or PWM equiv.) with separate direction control Control 3 - RC Mode
- Controlled by standard Radio Control system. Direct connection to RC receiver. (1mS -
2mS pulse with 1.5mS center off).
Control 4 - I2C Interface, full control, acceleration and status reporting. Up to 8 modules on
bus. SCL speed up to 1MHz
Current limiter - Preset at 20A
Temperature limiter - Reduces power gracefully if module overheats
Size - 113mm x 52mm x 30mm
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D.5 digital pressure array
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D.6 controller used for position control and feedback control

EX9188A8D Support 8 RS232/485 devices
COM1 can be used to download program and can be RS232 port
Watchdog support for system recovery
CPU 80188, 40MHZ
SRAM 256KB
FLASH ROM 512KB
EEPROM 2KB
RTC
EMBEDDED OS RomDos(Datalight)
3000V Isolation option
Advantech / ICP fully compatible
Series: EX9188A8D-512, EX9188B8D, EX9188B8D-512, EX9188C8D, EX9188C8D-512
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