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Abstract 
 In the last decades there has been rapid growth of renewable energy technologies in lout 
of societies increased energy demand. Among these technologies, wind generators are among the 
most widely used type of energy harvester, in particular large wind turbines. However, wind 
turbines require large areas of land and extensive support structures. For this reason, there has 
been substantial focus on the development of Airborne Wind Energy Systems (AWES) due to 
their high potential of power capacity per unit of land area. My E90 project focuses on a 
particular subset of AWES that utilizes kites to drive a generator on the ground. The goal of this 
project is to design a testing system in the Singer wind tunnel to measure the force, potential 
energy generated, and flight dynamics of various kite designs. In addition to the system design, 
characterization of the flow velocity and uniformity of the Singer wind tunnel is included in this 
report. In this work, I provide an overview of the system design and its sub-components and lay 
out a framework for fabrication and implementation.  
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1. Introduction 

Growth of society, especially with regard to sustaining larger populations is heavily co-
dependent on the availability of energy. Electricity in particular is critical to providing basic 
needs like food, water, communication, and healthcare. The mainstream method of capturing 
wind energy is through large wind turbines. Wind turbines are one of the largest producers of 
renewable energy due to the vast number of wind farms spread throughout the country and in 
offshore locations. However, wind farms are unable to access the fast-moving jet streams and are 
limited to earth’s slower moving boundary layer of air near the surface. The infrastructure and 
material that it would take to increase the heights of these turbines would be infeasible. Wind 
turbines and their blades have to be strong enough to withstand both the rotational motion of the 
blades and bending motion of the wind. The tower in turn needs to be strong enough to hold the 
weight of the structure and resist the bending load of the wind. In addition, all of this needs to be 
supported by substantial foundation both on land and sea.  
 

 
Fig. 1. Concept of a kite energy floating platform tied to the sea floor (left) vs. An offshore wind 

turbine’s underwater support structure (right). 
 

Among novel technologies for manufacturing electricity from renewable resources, a new 
category of wind energy converters is being developed under the name of Airborne Wind Energy 
Systems (AWES) [1]. This new generation of systems employs flying tethered wings to succeed 
in capturing high altitude winds that are inaccessible by conventional wind turbines. 
Investigation into AWES’s first started in the 1970’s, with rapid growth in the last decade. A 
variety of systems have radically different designs and continually being analyzed and tested. 
Many prototypes are developed everywhere on the planet and also the results from early 
experiments are beginning to form a strong contribution this area of research . 
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The term AWES can be applied to any system that converts the kinetic energy of wind 
into electrical energy through an electro-mechanical system. AWES’s usually consist of two 
main parts, a ground system and a tethered flying craft. There are two types of AWES concepts, 
the first is a Fly-Gen where the conversion of mechanical energy into electrical energy happens 
on the aircraft itself, whereas Ground-Gen systems the conversion takes place in a generator on 
the ground.  
 

 

 
Fig. 2. Examples of Ground-Gen (a) and Fly-Gen (b) AWES’s [1] 

 
The test system in this paper focuses on modeling a Ground-Gen AWES (GG-AWES). Electrical 
energy on the ground is created through work done by the tension force transferred from the 
aircraft to the generator through one or more tethers. Within GG-AWES’s we can separate 
between fixed-ground-station generators, where the ground station is in a fixed position and 
moving-ground-station generators, where the ground station is a moving entity. Fixed-ground-
station GG-AWES or commonly known as Kite Energy Systems convert energy in a two-phase 
cycle that is analogous to a rowing machine. The first phase is the generation phase where the 
kite produces lift and flies in a given path to a higher altitude, subsequently creating tension in 
the tether that unwinds a spool that the induces rotation of electrical generators. During the 
generation phase most market available kite energy systems take advantage of crosswind flight 
by flying in a circular or figure 8 type path to a higher altitude. In the recovery phase the kite 
flies back down to its starting altitude by changing its angle of attack. By reducing the kite’s 
angle of attack its lift force is reduced. This consequently reduces the tension in the tether in 
order to minimize the energy consumed by the motor to reel it back and maximize the net energy 
produced by the system.  
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Fig. 3. Diagram of GG-AWES’s two phase energy generation cycle. (a) The generation occurs 
when the kite pulls the tether out and rotates the generator. (b) The recovery phase occurs when 
the kite reaches its max altitude and changes is aerodynamics to fly back down to the initial 

altitude. [1] 
 

 
 
 
2. Background 
 
2.1 Modeling GG-AWES  
The modeling system in this paper focuses on the tension force generated by different types of 
kites that could be implemented in GG-AWESs. Since the model test system will be 
implemented in a wind tunnel where space is limited trying to mimic the crosswind flight that 
full size systems use is not possible. Therefore, we limit the model kite to non-crosswind flight. 
Non-crosswind flight will limit the kite’s motion in a static angular position in the wind tunnel 
test section. The static angular position is determined by the length of the tether, wind speed and 
angle of attack. All of these variables will be controllable by the user. Tethers attached to the 
body of the kite will allow us to manipulate the angle of attack in order to simulate the lift forces 
that would be present in the generation and recovery phase of the cycle. The tethers will be 
controlled through a system of motors beneath the test chamber which is discussed later in the 
Kite Testing System Design section. Future students would then be able to test models of 
different kite designs such as the ones in Figure 4 to see which designs are optimal for a given 
set of constraints.  
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Fig. 4. Different types of kites used in Ground-Gen systems. (a) Leading Edge inflatable 

Supported Leading Edge (LEI SLE); (b) LEI C-kite; (c) Foil kite; (d) Glider design; (e) Swept 
rigid wing; (f) Semi rigid wing. [1] 

 
 
 
 
 
2.2 Wind Tunnel Characterization 
Before the kite testing system could be implemented the Singer wind tunnel had to be 
characterized. In January of 2020 a brand-new open flow wind tunnel was installed in the 
basement of Singer hall, this is where the system is designed to be implemented in. The tunnel 
has a test section of about 0.27 m3 (Figure 5) and came with a LabView user interface that 
allowed for input and control over the turbine’s RPM. However, there was no active 
measurement tool or chart that described the flow velocity as a function of the RPM. There was 
also no verification that the flow, especially in the test section, was cross sectionally uniform. A 
honeycomb grid is built into the intake nozzle to assist in straightening out the flow, but this 
gives us no quantitative measurement about the uniformity. Thus, Dr. Carr Everbach and I had to 
characterize the flows velocity as a function of the turbine’s RPM input as well as the cross-
sectional uniformity of the flow in the test section [Appendix A.]. We also did a brief analysis of 
the boundary layer thickness of the walls in the test section. We decided that it was best to use 
multiple methods for each characterization parameter in order to verify our data. We used all the 
methods described in Appendix A to measure the flow velocity by starting at 0 rpm and 
increasing in increments off 100 to the turbines safe maximum operating limit of 1800 rpm. We 
found that the turbines RPM has a linear relationship with the wind velocity, approximately .025 
m/s per rpm (Appendix A Fig. 15). To characterize the cross-sectional uniformity, we used the 
hotwire anemometer to traverse sideways perpendicularly to the direction of the flow from one 
wall of the test section to the opposite wall. Each time we traversed across the section the RPM 
was held constant at 1600 rpm. All of the instruments used to characterize the flow were 

a) LEI SLE Kite b) LEI C- Kite c) Foil kite 

d) Sailp lane e) Swept rig id wing t) Semirigid kite 

n 
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mounted on the motion stage above the test chamber and fed through a small port in the 
plexiglass which was sealed to prevent a drop in the test chamber pressure.  

 
Figure 5. The test section of the Singer wind tunnel. 
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Fig. 7. A model kite flying in the wind tunnel anchored with a primary tether. The dotted red line 
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3.2 Pulley Design 
A series of low friction pulleys was conceptualized in order to connect the tethers from the kite 
down to the motors beneath the wind tunnel. To get the tethers through the floor of the test 
chamber there is a circular base plate (Figure 8) that small holes can be drilled into. The first 
pulley for each tether would be as far forward in the test chamber a possible (Figure 9) so that 
the anchor point of the kite on the ground would be far forward and give it room to fly behind in 
the chamber.  The second set of pulleys would be right in front of the holes drilled into the base 
plate to direct the tethers to the motors directly below. In order to fix the pulleys in their 
conceptualized positions in the chamber I had to create a structure they could be embedded in.   
 

 
Fig. 8. Base plate of test chamber        Fig. 9. Schematic of pulleys inside the cowling 
 
 I used AutoCAD Fusion 360 to design a cowling that the pulleys would attach to with 
axles drilled through the cowling walls. The shape is designed to be as streamlined as possible. 
Reducing disturbance to the uniformity of the flow downwind from the cowling is the primary 
motivation for the elongated tapered shape. The head of the cowling is bulkier due to the first set 
of pulleys having to be placed higher than the secondary pulleys to ensure the tethers do not get 
touch each other as they wrap around the secondary set of pulleys. The rear of the cowling has 
two slots on either side of the secondary chamber to allow screws to fit in order to secure the 
housing to the base of the test chamber. The length of the cowling was determined by the 
distance from the holes drilled in the base plate to the front edge of the test chamber, which is 
depicted in Figure 11. Along the top of the cowling is a slit to slow the tethers to move freely as 
the kite changes positions while in flight. In the Figure 10 the cowling was printed using a 3D 
printer in the maker space to allow for rapid prototyping. However, the final version should be 
made out of aluminum which can be fabricated using two siding machining methods in the 
Singer HAAS machine. In the upper regimes of testing the larger sized kites can generate around 
50 N of tension force which the cowling and pulleys must be able to withstand during testing.  
 
 
  

First pulleys Second pulleys 

<- Front of tunnel Rear of tunnel -> 
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Fig. 10. Fusion 360 3D model of pulley cowling for only a primary tether. 

 

 
Fig. 11. An 3D printed draft of the pulley cowling. 
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3.3 Measurement Techniques 
 
As mentioned previously the goal of this system is to measure the force generated by the kite as a 
function of the angle of attack and wind speed. To measure the tension force in the tethers we 
conceptualized using a cantilever force balance that utilizes a Wheatstone bridge. The motor that 
both tethers are attached to are mounted on top of the cantilever directly below the test chamber 
(Figure 12). As the kite flies in the chamber it creates a tension force which acts upward on the 
motors, effectively causing the cantilever flex. The Wheatstone bridge converts the bending of 
the beam into a change in resistance, that then changes the output voltage of the circuit, which 
we can then convert into a force measurement (Figure 11).  

 
Fig. 11. Diagram of a Wheatstone bridge implanted as a cantilever strain gauge. [9] 

 

 
Fig. 12. Schematic of cantilever force balance using a Wheatstone bridge.  

 
  
 The second measurement that the system has to make is the kite’s angle of attack. The 
angle of attack is the angle between the oncoming flow relative to the reference line of the kite or 
chord of the wing. Since we are assuming the flow is parallel to the walls of the test section the 
angle of attack in Figure 12 is represented by a. In order to find this angle, we not only have to 
know the length of the tethers but the height of the kite in the chamber as well. The length of the 
tethers can easily be measured with encoders on each motor. However, there is no way that we 
can know the height of the kite from just the tether lengths. We can predict the arc the kite will 
move in given the lengths of each tether but depending on the windspeed and angle of attack we 
do not have enough information to measure the height. Thus, Professor Everbach and I 

Motors 

Cantilever force balance 

Tension force 

(-) 
Bridge unbalanced 

t 
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Appendix 
 
Appendix A. Wind Tunnel Characterization Methods 

 
A.1 Pitot Tube 
The first method we used was measuring the flow velocity with a static pitot tube. A static pitot 
tube measures static and dynamic pressure. We can then use Bernoulli’s equation to solve for the 
flow velocity. The opening at the nose of the pitot tube is placed in the direction of the oncoming 
flow.  

 
Fig. 14 Diagram of a static pitot tube with nose opening facing the oncoming flow. [4] 
 
Using Bernoulli’s equation, we can solve for the flow velocity as a function of the difference in 
pressures and fluid density.  
static pressure + dynamic pressure = total pressure 
𝑝! + 𝜌 ∗

"!

#
=	𝑝$ (1) 

 
Solved for flow velocity: 𝑉# =	 #(&"'	&#	)

*
 

  
A.2 Tunnel Sensor 
The tunnel sensors are a set of pressure sensors inside of the nozzle and near the test section 
connected to a pressure transducer. Like the pitot tube, the tunnels pressure sensors utilize the 
Bernoulli equation and the conservation of energy to determine the velocity of the flow.   
A.3 Vortex Shedding 
   
A.4 Hotwire Anemometer 
The hot wire anemometer is a thermal anemometer with an exposed wire. This type of 
anemometer measure the heat loss as the wire is cooled by the wind, which is then converted to a 
fluid velocity. The hot wire anemometer was used to measure the flow velocity as we varied the 
turbine RPM. We also used it to go to sideways through the flow using the motion stage to 
measure the velocities at discrete points as the turbine was at a constant 1600rpm (42 m/s). We 
found that the maximum difference in velocity was 3 m/s with and error of 1 m/s.  
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Figure 16. Chart of the wind tunnel flow velocity as a function of the turbine rpm. Measurements 
made by a Pitot tube, the built in Tunnel pressure sensors, Vortex shedding techniques, and a 

hotwire anemometer. 
 
Appendix 2. Sensor Data 
 
Sensor RPM Q (INWC) Error  m/s 
Pitot Tube 0 0 0.01 0 
Pitot Tube 200 0.06 0.01 4.96773058 
Pitot Tube 400 0.26 0.01 10.3411558 
Pitot Tube 600 0.59 0.01 15.5778822 
Pitot Tube 800 1.06 0.01 20.8802331 
Pitot Tube 1000 1.64 0.01 25.9719365 
Pitot Tube 1200 2.4 0.01 31.4186869 
Pitot Tube 1400 3.29 0.01 36.7858129 
Pitot Tube 1600 4.3 0.02 42.0549031 
Pitot Tube 1800 5.46 0.03 47.3891294 

     
Tunnel 
Sensor 0 0 0.01 0 
Tunnel 
Sensor 200 0.06 0.01 4.96773058 

RPM vs. Velocity 
60 0 

• 50 0 
I • 
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Tunnel 
Sensor 400 0.26 0.01 10.3411558 
Tunnel 
Sensor 600 0.6 0.01 15.7093434 
Tunnel 
Sensor 800 1.05 0.01 20.781508 
Tunnel 
Sensor 1000 1.66 0.01 26.1298221 
Tunnel 
Sensor 1200 2.39 0.01 31.3531629 
Tunnel 
Sensor 1400 3.25 0.01 36.5615071 
Tunnel 
Sensor 1600 4.2 0.02 41.563016 
Tunnel 
Sensor 1800 5.37 0.03 46.9969368 
 

Vortex 
Shedding RPM 

Frequency 
(Hz) Strouhal# Reynolds# 

Hotwire 
(V) 
953067 

 0 0   1.7 

 200 81 0.207 4235 2.58 

 400 164 0.201 8816 2.89 

 600 240 0.196 13392 3.1 

 800 315 0.192 17717 3.28 

 1000 391 0.191 22276 3.44 

 1200 470 0.190 26729 3.57 

 1400 551 0.190 31169 3.7 

 1600 626 0.189 35433 3.82 

 1800 705 0.189 40066 3.94 
 
The Z and Y coordinates were not recorded for these tests, but the instruments were 
approximately in the center of the chamber.  
 
 
 
 
Hotwire  RPM Voltage 

(V) 
Error m/s 

 
0 1.43 0.01 -1.1212687 
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200 2.19 0.01 1.67839067  
400 2.48 0.01 4.03345687  
600 2.68 0.01 6.73844469  
800 2.84 0.01 9.69478884  
1000 2.97 0.01 12.6802084  
1200 3.09 0.01 15.9367212  
1400 3.24 0.01 20.723425  
1600 3.3 0.01 22.8694742  
1800 3.9 0.01 52.0007613  
*1600 @ 
y=0 

3.18 0.01 
 

 
Hotwire traversing y-axis z-axis 

(stepper 
units) 

y-axis 
(stepper 
units) 

RPM Voltage 
(V) 

Error 

 
N/A 0 1600 3.27 0.01  
N/A -6.49 1600 3.2 0.01  
N/A -9.03 1600 3.24 0.01  
N/A -10.7 1600 3.33 0.01  
N/A -15.17 1600 3.27 0.01  
N/A -17.5 1600 3.26 0.01 

the z coordinate was approximately at the mid-height of the chamber but was not recorded. y=0 
is the right most point (door side) in the chamber. y=-9.03 is the approx. y axis midpoint of the 
chamber. y=-17.5 is the farthest left the stepper will go. Does not touch the left wall. The 
coordinates are the stepper motor units read on the LabView UI.  
 
Hotwire Boundary Layer Test 

    
 

16.78 N/A 1600 2.8 0.03  
16.48 N/A 1600 3 0.03  
16.22 N/A 1600 3.23 0.03  
15.3 N/A 1600 3.32 0.03  
7.55 N/A 1600 3.46 0.01  
0 N/A 1600 3.35 0.01 

Hotwire boundary layer test started at the top of the chamber and the z coordinate was recorded 
when a significant change in the voltmeter was observed. The y coordinate was approximately in 
the middle of the chamber but was not recorded. Z = 7.55 is approximately the mid-height of the 
chamber. Z = 0 is the lowest the stepper motor went but is not the bottom of the chamber. 5mm 
was determined to be the maximum thickness of the boundary layer. 
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Appendix 3. Autodesk Fusion 360 pulley cowling images 

 
Appendix 3.1 Fusion 360 sketch of pulley cowling 

 
 
Appendix 3.2 Fusion 360 pulley cowling 3D rendering 
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