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1. Abstract

The goal of this project was to design and build a dynamometer for the WPI kite system that was
previously built in 2006. The WPI Kite System harnesses wind power using a large kite to produce
electricity. Kite power has certain advantages compared to wind turbines in producing electricity
including low cost and relatively small space required to operate. The system has lot of potential since
the kite reaches high altitudes where the wind speed is higher. The WPI Kite System was designed to
convert the oscillating tether tension caused by the vertical motion of a kite into rotary shaft motion to
drive at generator in order to produce electricity. The designed dynamometer was designed for the
system to apply a load. The dynamometer will be manually operated and free weights will be used as
the load. A dynamometer is basically a torque and power measuring device that can absorb energy. The
dynamometer puts a force on the system, acting like a brake. In this project, a torque power
dynamometer was designed which will absorb energy (put a load on the system). It will serve as a
system calibrating device and can be used for further system development and testing in future. Prior to
development of this dynamometer, there was no simple method for applying a mechanical load to the
WPI Kite Power System. The dynamometer consists of a rotor, a bar for holding load weights and
applying force to the rotor, and connecting parts which were designed in SolidWorks. Multiple
simulations in SolidWorks were used to achieve optimal and safe design for all parts. With the addition

of the dynamometer, a gearing mechanism may also be added in following years.
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4. Introduction

The goal of WPI Kite Power projects in the past several years' *has been to build a low cost wind
energy-system that produces electricity for developing nations. In this project a dynamometer was
designed and built as an addition to the previously developed kite power system. Usage of electricity
increases exponentially each year with the increasing population of the world. A chart of the world’s

total electricity consumption can be seen in Figure 1 as well as the numerical data in Figure 2.
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Figure 1 World Electricity Consumption Chart



Year Electricity - consumption Rank Percent Change | Date of Information
2003 13,810,000,000,000 0 2001 est.
2004 13,940,000,000,000 0 0.94 % 2001 est.
2005 14,280,000,000,000 0 2.44 % 2002 est.
2006 15,450,000,000,000 0 8.19 % 2003 est.
2007 16,330,000,000,000 0 570 % 2004 est.
2008 16,880,000,000,000 0 3.37 % 2007 est.

Figure 2 World Electricity Consumption (in kWh)3

With the development of new technologies and continuing population encreases, electricity
consumption will increase each year. For example, many new factories open each year to satisfy a
population’s needs. The world has a limited resource of fossil fuels including oil, coal and natural gas. If
the current consumptions rate remains the same, oil reserves will last approximately 40 years. Natural
gas will be depleted in 65 years and proven coal reserves will last 155 years, but if we run out of gas and
oil, coal reserves will last 100 years”. In addition, fossil fuels damage the environment, causing global
warming. Under these circumstances, people need cheaper and healthier alternatives. In past decades,
many countries have started investing in renewable energy production which includes wind power,

hydropower, solar energy, biofuel, hydrogen/fuel cells and geothermal energy’.

Wind power is a clean energy source and has no effect on global warming. According to BP
Statistical Review 2008°, wind power is currently the 4™ most utilized renewable energy source after

solar energy. Renewable energy usage and production for year 2008 can be seen in Figure 3.
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Figure 3 Renewable Energy 2008’

The focus of this project is energy production using wind power. Most of the electricity
produced by wind comes from the wind turbines. Despite the production of clean energy, there are
some disadvantages of wind turbines. Manufacturing of the blades gets very expensive when the
turbine tower height and blade length increase since the tower and blades are made from carbon fiber
and the tower is usually made from steel. When the wind turbine tower height is increased, higher wind
speeds can be accessed, which leads to more electricity production. However, in that case the turbine
needs a bigger generator (more cost) to produce a higher amount of electricity. There are also limits to
wind tower height in addition to wind turbine noise problems. To ensure the World Health Organization
recommendation of less than 30 dB inside a bedroom and that low-frequency noise (as measured in dB)
should not be 20 dB above the dB level?, they recommend that large wind turbines be sited at least 2
kilometers from homes. Similarly, the U.K. Noise Association and the French Academy of Medicine

recommend a distance of 1 mile or 1.5 kilometers, respectively’ °. A wind farm can be seen in Figure 4.



Figure 4 Wind Farm™

In this project the WPI Kite System will be improved since kite powered wind energy production
has fewer disadvantages than wind turbines. Most importantly, they are cheaper than the turbines; in
addition kite power systems have lower maintenance costs. For example, a new residential wind
turbines costs $6,000-$22,000 and may have a yearly maintenance cost of approximately 10-15%
increasing to at least 20-35% by the end of turbine’s lifetime™ . On the other hand, kite power systems
cost much less than turbines therefore, the maintenance costs will be cheaper. Also kite power systems
occupy less space, noise produced is significantly less than the turbines and there is no shadow flickering
problem which can be very disturbing. Residential wind turbines height varies between 80 ft.-120 ft. and
for the kite system, the total height of the system depends of the length of the kite tether required to

reach a desired altitude.



Wind speed varies with the altitude and can be calculated with the equation below®

= - (1)

where, v,, is velocity of the wind at height. v, is velocity at the ground, h is the altitude and a is

the Hellman exponent which varies from 0.06 to 0.6

Kites can reach higher altitudes that wind turbine towers. Therefore, higher altitude means
higher wind speeds, and with higher wind speeds more power can be produced. Power is proportional

to wind velocity cubed and it can be calculated from the equation below™.

3 (2)

N

Where P is power in watts, p is the air density which is 1.225 kg/m?, A is the rotor swept area

which is exposed to the wind in m? and V is the wind speed in m/s.

Wind turbine power can be calculated from the equation below™.

3 (3)

N~

Where P is power in watts, p is the air density which is 1.225 kg/m?>, A is the rotor swept area
which is exposed to the wind in m?, V is the wind speed in m/s, C; is the coefficient of performance
where 0.35 is possible for a good design, N, is the generator efficiency and N, is the gearbox/bearings

efficiency.
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Expected wind velocity, power and altitude for kite power systems can be seen in the graph in Figure 5.
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Figure 5 Power Output for Kite system17

The 2006-2007 Kite Power MQP Team was the first student group to work on kite power at WPI.
This team had three possible concepts for the system: Pumplack, Sprag Cluch and a combination of
these two. They evaluated all three and the turned out to be the Pumpjack/Sprag Cluch combination.
Criteria for the evaluation were the potential, scalability, practicality, autonomy, manufacturing,

prototype cost and complexity. The design of this MQP team can be seen in Figure 6.

11



Sprag Chich

Figure 6 2006-2007 Kite Power Team First Design

The main structure was wooden which cost significantly lower than steel and did not require
skilled labor. Turnbuckle assembly and balanced arm assembly were added after the construction of the
main structure. A beam fulcrum point assembly was used to attach top of the wooden structure to the
aluminum beam (arm assembly). An angle of attack change mechanism was added fallowed by the
gear/axle addition. Multiple steady state simulations were made in order to find the kite tether tension
created by the kite. After, dynamic modeling simulations were developed to predict the power
production and overall operation of the entire mechanism which includes the arm oscillation time.
Multiple stress analysis tests were also made for the beam to determine whether it can withstand the

full force of the kite pulling.

The 2007-2008 MQP kite power team designed a fully working prototype of a one kilowatt kite

power system which was capable of harvesting wind energy. Also, they improved existing structure from

12



the 2006-2007 project adding a control mechanism which was able to turn the control bar to control the

motion of the kite. The control mechanism can be seen in Figure 7.

Figure 7 Kite Control Mechanism

In addition, a sprag clutch used in the system was adapted from a rowing machine. Also, a
power train was developed with a gear ratio of approximately 6:1. A flywheel was also added for
continuous power creation between the powered and freewheel cycles. A few structural improvements

were also made including an arm lockout mechanism and safety paddings.

The 2008-2009 MQP kite power team also made some improvements. They focused on
instrumentation to the system, including a force meter to record the force exerted on the kite,
inclinometer to measure the angle of the rocking arm, a torque-meter for the gear assembly. Some
safety precautions, including reinforcements added to A frame and acrylic covering the gearing

mechanism®,

13



5. Project Goals

The main goal of this project was to design and construct a dynamometer for the existing WPI
Kite Power System. Multiple simulations and finite element analysis were performed with SolidWorks in
preliminary design work. The dynamometer is usually used to determine torque and power produced by
the system. Since the built system has a toque-meter, load cell and a tachometer installed from previous
years, the dynamometer will be introduced as a braking mechanism. When the wind speed increases,
the dynamometer will slow the rotational speed of the system by exerting force on the main shaft. The
dynamometer system added will also allow possible gear additions to the power conversion system in

the future.
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L.

6. Design Process

Material Selection

The dynamometer system will consist of two components:

i Rod: It will be attached to the A frame structure of the WPI kite power system
and will apply force to the rotor when needed. Force will be obtained by putting free weights on the top
of the rod end. A photo of complete dynamometer can be seen in the Conclusion section.

i Rotor: The rotor will replace the generator on the main power producing shaft
of the WPI kite power system. Information obtained from previous MQP reports® stated that the main

shaft rotation rate is 1200 RPM. A photo of complete dynamometer can be seen in Conclusion section.

To find the best components material for the various components, all the kinematic frictions of
the materials were compared. Higher kinematic friction means, with less load weight inserted on the

bar, force exerted on the system will be higher. In Figure 8 comparison of materials can be seen.

Material 1 Material 2 Kinematic p
Aluminum Aluminum 1.4
Aluminum Mild Steel 0.47

Cast Iron Cast Iron 0.15

Nickel Mild Steel 0.64

Mild Steel Mild Steel 0.57

Figure 8 Material Properties20
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It is clearly seen in Figure 9 that the best combination of materials for the dynamometer system
(rod and rotor) with a higher friction of coefficient leading to higher resultant force on the rotor is
aluminum to aluminum. It is also the cheapest among all the materials considering stress, durability and

friction coefficient.

Dynamometer Materials Comparison
30
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15 | ~@—Al-Mild Steel
#( / Cast Iron-Cast Iron
10 Nickel-Mild Steel

==ie=Mild Steel-Mild Steel
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0 50 100 150 200 250 300 350 400

Force (N)

Figure 9 Dynamometer Material Comparisons

With a kinematic friction coefficient of 1.4, aluminum to aluminum was found to be the best
material for the components. A higher kinematic friction coefficient is needed because with less weight

more force will be exerted on the system.
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A. Hollow, Square tube Rod
The following bullets summarize the geometry and material properties of the rod component.
i Length: Displacement between the main shaft and the A frame support is
20.25”; therefore, a rod of 36” will be sufficient.
i Length tolerance: It is a physical distance or space that varies without affecting

the function of the material. In this case it’s }4”.

i Wall thickness: %4”

1 Wall thickness tolerance:+0.037”

q Height x width: 2”x 2”

i Height/width tolerance:+0.044”

i Hardness: 95 Brinell. The property in the solid phase that resists to applied
forces.

i Yield strength: 35000 psi: The maximum stress at which a material begins to
deform.

i Temperature range:-320F to +300F: Aluminum can be used within this
temperature.

0 Analytically, deflection of the rod was calculated with a range of load weight of 0 to 500 Ib;.

3

= (4)

where W is force, L is length, E is modulus of elasticity in psi, and | is second moment of inertia.

0 The moment of inertia can be calculated from
3

=0 (5)

where A is width, B is thickness.

Values for deflection using equation (4) are presented in Figure 11.
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B. Solid, Cylindrical Rotor

Figure 10 Rotor

The specifications of the braking rotor are:

i Multipurpose Aluminum (alloy 6061)
1 Unpolished finish

q 8”+0.054” of diameter

q 1”4+0.015” of length

i 95 Brinell hardness

il 35000 psi yield strength

il -320F to 300F temperature range

18
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Figure 11 Deflection-Force of Aluminum Rod

Bending stress at the rod pivot attached to the A frame structure was computed from:

o
a1

Where W is force, L is length, | is second moment of inertia, and h is height.

Bending stress as a function of applied load presented in Figure 12.
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Figure 12 Bending Stress-Force for aluminum rod

Maximum bending stress analytically calculated is 14000 PSI with a force of 500 lb;. Aluminum’s
yield stress is 35000 PSI, therefore, the material that will be used in the rod are safe for the system with

a factor of safety of 25 since the design was made for a disk rotating at 1200 RPM and a 50 Ib; load.
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II.  Analytical Calculations

Required statics calculations were made using measured distances and approximated weights

during preliminary design work.

A Free-Body Diagram is presented in Figures 13 and 14.

Figure 13 Dynamometer Schematic

In Figure 13 L, is the distance between two connection holes, L, is the length of the rod and r is

the diameter of the disk.
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Figure 14 Dynamometer Free-Body Diagram

In Figure 14 A is the point where the bar connects to the wood column. Fs is the support force of
the structure. @ is the angle , Where B is the friction point of the bar and the rod and C is the center
point of the rotor. Fy, is the force from extra load weight which will be added manually. Fg is the weight

of the bar and, Fp is the force done applied by top of the dynamometer rotor on the bar.

22



Figure 15 Disk Schematic

In Figure 15, O is the center point of the rotor disk, w is the rotor rotation in RPMs and F is the

tangential force produced by the friction between the rotor and the rod. The following values were used

for the various parameters in the analysis.

Ly L Ls Fo Fw Fs Fa
Horizontal Length of the Length from | Force done by Force from Force from Weight of the
distance bar =36" the pin point | dynamometer | extra weight | the structure bar =27N
between to the center Is calculated =varying assumed =
center of the of weight input zero since
dynamometer =32.5" moment is
to the pivot taken about
point A= pivot point A
20.25"
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Assumptions:

9 Bar approximated as a rigid body

 Line Ato Cis horizontal

Known: Fy, Fs

Need:

Fo moment will be about about point A.

First, the angle ® was calculated from equation:

+A

1

= tan™?! =12.5° (7)

where r is the radius of the rotor, Ay is the vertical displacement of rotor and the bar,

and L, is the horizontal distance between center of the dynamometer to the pivot point.

2M, can be calculated with equation:

= - cos + 3C0S - 1=0 (8)

Therefore,

72 cos +  3CO0S

To find the tangential force on the dynamometer rotor following equation can be used:

= (10)

24



And finally power generated by the dynamometer using equation:

= (11)

Theoretically, without any loss, the designed dynamometer can absorb 0.25kW power with rod

end load of 30lb. The predicted dynamometer power is shown in Figure 16.

Dynamometer Power
300

250 /

200 / /
150 /
100

.~
_

0 5 10 15 20 25 30 35

Power (Watts)

Power

Weight (Ib)

Figure 16 Dynamometer Power

Data for Figure 16 points can be found in the Appendix section of this report.
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III. Final Design

A drawing of the rod created in SolidWorks shown in Figure 14. All the dimensions for the rod

are indicated in Figure 17. The dimensions are all in Sl units (meters).

Figure 17 SolidWorks Aluminum Rod

At point A, the rod will be attached to the supporting column. Point B is where a small bar is

located, the load weights are placed at point B. Point C is where the rod touches the rotor.

= 0514 -l
‘ yloo+51 =i oc§51
o ) C- |
? -
@0.017 0254 0.254

‘r‘ 0.914 -1‘

Figure 18 Aluminum Rod dimensions
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Drawings for the rotor are shown in Figures 19 and 20 including the dimensions in meters.

Figure 19 SolidWorks Drawing for Aluminum Rotor

In Figure 19, point is where the rotor connects to the main power shaft and B is where the rod

and rotor contact each other.

2 _l:[fﬂ‘}

Figure 20 Aluminum Rotor Dimensions
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The rotor main power shaft with the connecting parts is shown in Figure 21.

Figure 21 Rotor and main shaft

The complete dynamometer system is shown in Figure 22.

Figure 22 Dynamometer System
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IV. Simulation Xpress Finite Element Analysis

A finite element analyses was conducted using Simulation Xpress software to further analyze
the proposed design. The simulation program can only simulates one part a time because license

limitations. In the simulation displacement and Von Mises stresses were determined.

Figure 23 Rotor Displacement analysis

In Figure 23, the software found that the maximum displacement on the rotor would be

5.624*10°mm which considered small.
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Figure 24 Rotor Von Mises Stress test

In Figure 24, the software showed that the von Mises stresses are negligible. Simulation tests
the parts and at the end it gives a safety factor. If the safety factor is less than 1 then the part fails, and if
the safety factor is higher than 1 then it is safe. Therefore, the rotor needed to have a safety factor
higher than 1 and the simulation gave a score of 22.16. It can be concluded that the rotor will not fail

when a force of 500N is exerted.
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Max: 7.971e-004 .

Min: 0.000e+000

Figure 25 Bar Displacement analysis

In Figure 25, it can be clearly seen that the maximum displacement was found to be 7.97*10*m

at the location of the load. The simulation was conducted using a load weight of 500N.
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Min: 1198.8 .

Max: 22967890.0

Figure 26 Bar Von Mises Simulation

In Figure 26, von Mises simulation in the rod is presented. A load weight of 500N was used and
the safety scale score was found to be 16.54. It can be concluded that the bar can safely handle any load

weight exerted up to 500N.
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V. System Construction

The final fabrication of the dynamometer began with further material selection beyond that
introduced in section 6.1 by selecting aluminum alloy 6061. A rotor of 8" of diameter and a 36” hollow,
squared rod were selected. A hollow rod was selected instead of a solid rod because the hollow rod was
much lighter and was also easier to drill and operate. After the parts were delivered, and all the final
measurements were, fabrication (drilling) of the parts began. The rod was easy to drill since it had only 2
%" thick aluminum areas. Two holes of %” were drilled, one for the connection with the supporting
column and the other for putting free weights on the edge. The difficulty was with the rotor since it had
a thickness of 2”; the process needed more attention and time. Since the WPI machine shop did not
have a drill larger than 1.75”, the last 0.25” was drilled with a precision of 1/1000” using a lathe as can

be seen in Figure 27.

Figure 27 Drilling Process
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A total of 5 holes needed to be drilled in the rotor, one 2” and four 1/8” holes, which can be
seen in Figure 28. The need for the additional four holes was to connect the rotor with a locking
mechanism used previously on the flywheel of the WPI kite power system. The purpose of using existing
parts was to lower the dynamometer cost since the locking part individually costs around $40-$50.

Secondly, this set-up the rotor can be replaced with the 25lb flywheel to produce more torque.

Figure 28 Completed Rotor
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7. Conclusions

The main goal of this project was to design and build a dynamometer for the WPI kite
power system. Alternative designs were considered at the beginning of the project, and in the end, a
dynamometer that was simple to build and easy to use was developed. The cost of the dynamometer
was $120 including the aluminum rod, aluminum disk, and other parts. The material used was aluminum
which is comparatively much easier to machine than other materials considered in alternative designs.

A total of 5 hours were spent to drill the parts to construct the dynamometer.

A weight of 5lb (2.26kg) was used to test the dynamometer after installing the
dynamometer on the WPI kite power system. The dynamometer was able to absorb enough power
energy to stop the rotating shaft which was manually pulled. The weight can be increased when using
the kite to absorb more power. The dynamometer will be further tested within the laboratory and
during kite power system field tests during the spring of 2010 by another MQP team. Complete

dynamometer can be seen in Figure 29.
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Figure 29 Complete Dynamometer for the Kite Power System

Finally, the dynamometer can be removed and a multi-gearing mechanism can be

introduced to the system in following years.
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Appendix

Data for Figure 16.

Fd

71.95639881

| 75.90656246

79.85672611

| 83.80688977
| 8775705342
| 91.70721707

95.65738072

| 99.60754437

103.557708

| 107.5078717
| 111.4580353

115.408199

| 119.3583626
| 123.3085263

127.2586899

| 131.2088536

135.1590172

| 139.1091809

143.0593445

| 147.0095082

150.9596718

| 154.3098355

158.8599991

| 162.8101628

166.7603264

| 170.7104901

174.6606537

| 178.6108174

182.5609811

| 1865111447

Diameter Pi
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032
0.2032

3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415
3.1415

Aomega friction .weiéht(kﬁg) .Powerr(rwatts)‘

50

75
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
525
550
575

625
650
675
700
725
750
775

14
1.4
14
14
14
1.4
14
14
14
1.4
14
14
14
1.4
14
14
14
1.4
14
14
14
1.4
14
14
14
1.4
14
14
14
1.4

0.454
0.908
1.362
1.816
2.27
2.724
3.178
3.632
4.086
4.54
4.954
5.448
5.902
6.356
6.81
7.264
7.718
8.172
8.626
9.08
9.534
9.988
10.442
10.896
11.35
11.804
12.258
12.712
13.166
13.62

Figure 30 Dynamometer Power Calculation Data_1
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6.430699612
10.175585
14.27349412
18.72442696
23.52838352
28.68536381
34.19536782
40.05839556
46.27444701
52.8435222
59.7656211
67.04074373
74.66889009
82.65006017
90.98425397
99.67147149
108.7117127
118.10495777
127.8512664
137.9505788
148.402915
155.2082748
170.3666584
181.8780658
193.7424968
205.9599516
218.53043
231.4539323
244.7304582
258.3600079



EForce

| 100.7389583
| 106.2691874
| 111.7994166
117.3296457
122.8598748
| 128.3901039
| 133.920333
139.4505621
144.9807912
| 150.5110203
| 156.0412495
| 161.5714786
167.1017077
172.6319368
178.1621659
183.692395
189.2226241
194.7528532
| 200.2830824
| 205.8133115
| 211.3435406
| 216.8737697
| 222.4039988
| 227.9342279
| 233.464457
| 238.9946861
| 244.5249152
| 250.0551444
255.5853735

weight(lb’ L2

1 0.9144 31.784 0.8255

2

3 tetha

4

WO 0 N o »n

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

12.5

Fs

36.237
40.691
45.145
49.599
54.052
58.506

62.96
67.414
71.867
76.321
80.775
85.229
89.682
94.136

98.59
103.04

107.5
111.95

116.4
120.86
125.31
129.77
134.22
138.67
143.13
147.58
152.03
156.49

L3

Fw

27.33

Figure 31 Dynamometer Power Calculation Data_2
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