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Abstract—We look at the design of an horizontal-axis wind
turbine (HAWT) and the building of a model. The wind turbine
is gear-less with three blades. Theory behind the construction
and design of the blades and generator is presented. The
construction and assembly of the device is described. Finally,
results are presented and then discussed. Theoretical power
output is calculated to be 72 W. Measured power output from
wind tunnel testing was 4.9W, but the rotor was detached from
the tower during testing.

I. INTRODUCTION

Understanding how to use the energy available from envi-
ronmental flows such as wind, tidal and waves is one of the
keys to solve the energy transition from an oil dependent world
to a green world. TEP4175 is a course held at NTNU which
provides knowledge about the different technologies available.
We have been able to use this knowledge through a large
project which consisted of building a wind turbine. The only
criteria was that the device should use wind speed at 10 m/s
from an area of one meter in diameter and produce electrical
power. Our objective in this project has been to design and
construct an innovative and simple device and make it as
compact as possible. Our different backgrounds helped us
make good components, and discussion has been a key to
succeed.

II. DATA

A. Data for the wind tunnel

The wind speed in the wind tunnel was set to 10m
s . We

assume that the temperature in the wind tunnel was approxi-
mately 15◦C.

B. Air properties

The Reynolds number:

Re =
ρUL

µ
=

inertial forces
viscous forces

(1)

where U is the relative wind speed and L is the specific length.

Table I
AIR PROPERTIES AT 15◦C .

density(ρ): 1, 225
[

kg
m3

]
viscosity(µ): 1, 81 · 10−5

[
kg
ms

]
Speed of sound(a): 340, 4

[
m
s

]

III. CHOICE OF WIND TURBINE TYPE

There are several types of wind turbines. We have decided to
design our wind turbine as a horizontal-axis wind turbine since
this type of wind turbine shows increased power generation
efficiency compared to other types and are the dominating
type of wind turbine on the market [1, page 114].

IV. WING PROFILE

A. Introduction
This chapter will first present the airfoil theory, and steps

taken to develop our airfoil. The calculations done to achieve
our final airfoil will be presented after the theory.

B. Airfoil theory
1) How to proceed: When designing the rotor we have used

the generalized rotor design procedure from J.F. Manwell and
J.G. McGowan[1, page 133] to calculate the chord length.
Then we chose a wing profile based on the chord length,
lift and drag ratio and limitations due to the construction. In
turn we have divided the blade into 10 sections according
to the blade element theory and calculated the shape for the
following sections of the blades using parts of the "blade shape
for optimum rotor with wake rotation"[1, page 131].

Instead of designing our wind turbine to generate a certain
amount of power, we have designed it to generate as much
power as possible from a certain area.

2) Decide a TSR and number of blades: We started by
choosing a tip to speed ratio (TSR), λ. Because we did not
have a gearbox nor a specific frequency to consider we could
choose our TSR based on structural problems for different
numbers of blades. Our aim was to build a gear-less wind
turbine with the generator embedded into the hub. If we
had two blades, then we would have to build a teetering
hub. A teetering hub with an embedded generator would
have become a very complicated structure. Our choice was
therefore to build a rigid hub with three blades. After deciding
the number of blades we chose a suitable TSR from table II:

Table II
TABLE 3.4 FROM J.F. MANWELL AND J.G. MCGOWAN[1, PAGE 134]

λ B(number of blades)
1 8-24
2 6-12
3 3-6
4 3-4
>4 1-3



2

A high TSR will lead to low solidity, and less total blade
area. In real life, a high design TSR will reduce the amount
of material which results in less weight and cheaper blades.
When the TSR increases, the thickness of the blades decreases.
Thinner blades are often more flexible. If the blades are too
flexible, they can cause a tower-blade impact. But since we
need a certain thickness for our blades to be able to fix them
to the hub, they will not be that flexible. To achieve the right
thickness, the TSR cannot be too large. With a higher TSR
the blade needs to have a more sophisticated blade profile. It
is also important to notice that the TSR has a direct influence
on the chord length and the twist of the blade. Therefore we
choose our TSR to be 5 which we consider as a medium high
TSR.

3) Choosing a profile: After selecting the TSR we chose a
profile. The profile should have a high lift to drag ratio, which
is preferred to be stable for a range of angles of attack. This is
to increase the chance of getting a high lift to drag ratio for our
model, even if our rotor does not get the exact same angular
velocity as in our calculations. Another consideration is that
the angle of attack should not be too close to the stall angle.
To do calculations on different profiles we have used QBlade
which is an open source wind turbine blade design simulation
software. This software is integrated into the XFOIL design
software developed by Mark Drela at Massachusetts Institute
of Technology(MIT)1.

4) Choosing design conditions: From the simulations we
have chosen the Cl,i and αi that gives the highest lift to drag
ratio. Then we chose a Cl,design based on these values. The
Cl,design were then used to calculate the chord length.

5) Calculate the chord length: To find the chord length we
have used the following equations[1, page 134]:

λr,i = λ
(ri
R

)
(2)

ϕi =
2

3
tan−1

(
1

λr,i

)
(3)

ci =
8πri

BCl,design,i
(1− cosϕi) (4)

6) Verify the dimensions of the root profile: After calculat-
ing the chord length of the root profile we could calculate the
rest of the dimensions for the profile as well. As mentioned
we need a certain thickness to be able to fix the blade to
the hub. By checking the thickness of the root profile versus
the necessary thickness for the construction we could verify
our choice of profile. When we failed to choose a profile that
fulfilled the criterias we repeated the steps by choosing a new
profile, new design conditions and a new chord length until
we got a suitable profile.

7) Decide the angles of attack and lift coefficients: We
decided the angles of attack, α, and lift coefficients, Cl, based
on simulations done by the QBlade software. By simulating
each sections at different angles of attack we chose the angles
with a high lift to drag ratio, Cl/Cd, and angles that are not
to close to the stall angle.

1Version v0.51 is available at: http://qblade.de.to

8) Calculate the power output: Finally we calculated the tip
loss factor, Fi, and the angle of relative wind to calculate the
power coefficient, Cp. We have used equation (5) to calculate
the tip loss factor.

Fi =

(
2

π

)
cos−1

[
exp

(
−
[
(B/2)[1− (ri/R)]

(ri/R) sinϕi

])]
(5)

Because we have divided our blades into N sections with
equal length we have used equation (6) to calculate the power
coefficient [1, Page 137].

Cp =
8

λN

N∑
i=k

Fi sin
2 ϕi(cosϕi − λri sinϕi)

(sinϕi + λri cosϕi)

[
1−

(
Cd

Cl
cotϕi

)]
λ2ri (6)

The power output is calculated by using equation (7).

P = Cpη
1

2
ρπR2U3 (7)

9) Calculation of the axial thrust: The axial thrust on the
disc was calculated by using equation (8).

T = (1/2) · ρ · U2 · [4a(1− a)] (8)

Where ρ is the air density, A is the cross-sectional area and
a is the mean value of axial induction factors ai.

To calculate the axial induction factors we also needed to
calculate σ′i and Cl,i. Equation (9) and (10) were used to
calculate these values.

σ′i =
Bci
2πri

(9)

Cl,i = 4Fi sinϕi
(cosϕi − λr,i sinϕi)

σ′i(sinϕi + λr,i cosϕi)
(10)

For the axial induction factor we used equation (11).

ai = 1/[1 + 4sin(φi)
2/(σ′i · Cl,i · φi)] (11)

Equations (8), (9), (10) and (11) can be found from J.F.
Manwell and J.G. McGowan [1, pages 95 and 135].

C. Calculations
Based on the lift coefficient values from multiple simula-

tions we have chosen our Cl,design to be 0,8. The Cl,design is
then used in equation (4). Table III contains the values given
by equation (2), (3), (4) and (5).

Table III
THIS TABLE CONTAINS VALUES BASED ON EQUATION (2) (3), (4) AND (5).

section: ri [mm]: λr,i ϕr,i ci[mm] Fi

(root) 1 96,3 0,963 29,7 132 1,00
2 138,8 1,388 23,6 121 1,00
3 181,3 1,813 19,2 105 1,00
4 223,8 2,238 16,0 91 1,00
5 266,3 2,663 13,7 79 1,00
6 308,8 3,088 12,0 70 0,99
7 351,3 3,513 10,6 63 0,98
8 393,8 3,938 9,5 57 0,95
9 436,3 4,363 8,6 51 0,85

(tip)10 478,8 4,788 7,9 47 0,58
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The root chord length from table III has been used to verify
the dimensions of the chosen profile. By following the first
3 steps in the theory; trying different tip to speed ratios,
and different profiles, we have concluded that the NACA5525
profile is suitable for our conditions (see figure 1). NACA5525
is a profile with a maximum chamber of 5 percent of the chord
length positioned 5

10 of the chord length from the leading edge,
and having a thickness of 25 percent of chord length. To make
the calculations less complicated and the building of the model
easier, we have chosen to have the same profile for the whole
blade.

Figure 1. The NACA5525 profile

When we had decided the profile we did simulations in
QBlade for each section of the blade. The values from the
simulations are given in table IV.

Table IV
THIS TABLE CONTAINS NUMBERS FROM THE SIMULATIONS FOR

NACA5525.

section: Re Mach Cl,i Cd,i Cl/Cd αi[deg]
(root) 1 124359 0,04 0,956 0,035 27,520 6,4

2 140447 0,05 1,039 0,028 36,934 6,2
3 147422 0,06 1,105 0,029 37,974 7,2
4 150906 0,07 1,154 0,028 41,261 7,3
5 152864 0,08 1,139 0,028 41,126 7,2
6 154067 0,10 1,148 0,028 41,550 7,2
7 154856 0,11 1,131 0,028 41,060 7,1
8 155401 0,12 1,137 0,027 41,392 7,1
9 155793 0,13 1,135 0,028 41,092 7,1

(tip) 10 156084 0,14 1,120 0,028 40,583 7,0

By using equation (6) we get a power coefficient of 0,5.
We have assumed a blade and generator efficiency, η, of 0,3
based on lecture notes. The power output for our wind turbine
is given by equation (7).

P = 0, 5 · 0, 3 · 1
2
· 1, 225

[
kg

m3

]
· π · (0, 5[m])2 ·

(
10
[m
s

])3
≈ 72[W ]

The equation (8) for axial thrust on the disc results in a
force of 41,9 N.

The section twist angles, θT , and the section pitch angles,
θp, are given in table V. For the blade pitch angle, θp,0, we
have used the tip of the blade as reference. This means that
θT equals zero for the tip section. θp,0 is calculated by using
equation (12). As angles of attack, αi, we have used the values
given by the QBlade simulations for each section (see table
IV).

θp,0 = ϕ10 − α10 = 0, 9◦ (12)

Table V
TWIST AND PITCH ANGLES FOR THE BLADES.

section: θT [deg] θp[deg]
(root) 1 22,4 23,3

2 16,5 17,4
3 11,1 12,0
4 7,3 8,2
5 5,6 6,5
6 3,9 4,8
7 2,6 3,5
8 1,5 2,4
9 0,6 1,5

(tip) 10 0,0 0,0

V. GENERATOR

A. Introduction

The aim of the generator is to convert mechanical energy
(in our case wind energy) into electrical energy. In order to
achieve this goal, properties of electro magnetism is used and
before designing the generator we need to understand the
theory behind. The following presentation is based on lecture
notes from TET4115[2].

B. Electro magnetism theory - The basics

Figure 2. Right hand rule for a coil

1) Current i: If a coil is put into a magnetic field, current
is produced according to Ampere’s law:∫

H dx = N.i (13)

where i is the current produced by the magnetic field
intensity H and N is the number of turns. Using the "Right
Hand Rule" shown in Figure 2, direction of the current i can
be found.

2) Magnetic field and magnetic flux: The magnetic flux
density is proportional to the magnetic intensity H:

B = µ.H (14)

where µ is the permeability of the region. Moreover we can
calculate the magnetic flux φ:

φ =

∫∫
B dACoil (15)

where ACoil is the area of the coil.
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3) Faraday’s law: From Faraday’s law, it is well known that
a moving magnetic field in a coil creates an induced voltage
and a current:

u = −N dφ

dt
(16)

Practically, it means that with a permanent magnet moving
past a coil an induced voltage will be created and therefore
a current. A generator uses this property in order to produce
electricity.

Table VI
ANALOGY BETWEEN AN ELECTRIC AND A MAGNETIC CIRCUIT

Electric Magnetic
Voltage (u) Magnetomotive Force (F = N.I)
Current (i) Flux (φ)

Resistance (r) Reluctance (R)
Conductance (g) Permeance (P )

4) Analogy between an electric and a magnetic circuit:
There is an analogy between electric and magnetic circuits. It
means that all equations which are known in an electric circuit
can be transposed in a magnetic circuit and vice-versa. The
equivalence is shown in table VI.

C. Magnets

As mentioned above, permanent magnets can be used to
create the magnetic field. For small wind turbines such as
the one that we have built, permanent magnets have one big
advantage: wires are not needed to create the magnetic field.
The permanent magnets used are made of Neodymium N42
which means that Bpeak ≈ 1.3T .

D. Coils

The shape of the coils can have an impact on the current
produced. However, in this project we made circular coils
only for practical reasons and also it is commonly used in
literature. These coils were arranged in a circle so that the
magnets moves in front of their center.

E. Design of the generator

According to S.Fahey[3, page 7] , in an alternator producing
three phase power there is 1.33 magnets for every coil.
Therefore, we chose to have 6 coils and 8 permanent magnets.
Then comes the winding of the coils and we chose to have
a star connection in order to get a 3-phase power. Figure 3
shows the winding used in the generator.

In an ideal generator (i.e. same coils), Va = Vb = Vc and
also Ia = Ib = Ic

Figure 3. Winding of the coils

F. Electrical Power Output

Table VII
INPUT DATA.

Magnets Number of magnets, NMagnet = 8
Maximum magnetic field, BPeak = 1, 3[T ]
Radius of each magnet RMagnet = 0, 01[m]

Coils Number of coils, NCoils = 6
Number of turns in each coil, NTurns = 100
Fill factor, εCoil = 0, 4
Radius of the cross section, RCross = 0, 005[m]
Current density, JCoil = 2[A/mm2]

Generator Wind speed, UWind = 10[m/s]
Tip to speed ratio, TSR = 5
Radius of the blade, RBlade = 0, 5[m]

1) Input Data: The generator is designed to deliver elec-
trical power and we can estimate its maximum value with
different input data shown in table VII. Different values have
been assumed in order to get an estimation of the power
output: BPeak, εCoil and JCoil.

2) Equations and theoretical results: Each permanent mag-
net produces a magnetic flux, φMagnet, following equation
(17)

φMagnet = AMagnet ·BAverage = 2, 6 · 10−4[Wb] (17)

with AMagnet, area of one magnet and BAverage, the
average magnetic field.

Then in each coil, an induced voltage, URMS , and a current,
ICoil, will be produced and their values can be estimated using
equations (18) and (19):

URMS = NTurns ·φMagnet ·2·π·felec ·2/
√
2 = 14, 7[V ] (18)

ICoil = JCoil · (εCoil · π ·R2
Cross)/NTurns = 0, 63[A] (19)

with felec, electrical frequency which depends on the me-
chanical frequency.
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Power output of the generator can be calculated using the
tip speed ratio, TSR and the wind speed UWind.

UGenerator = TSR · UWind/RRotor = 954[rpm] (20)

POutput = ICoil ·NCoils · URMS = 55, 4[W ] (21)

It means that the generator which has been designed is able
to deliver up to 55, 4W .

VI. BUILDING THE PROTOTYPE

After the theoretical calculations, the next step is to build the
model. To improve the design and to make the prototype more
compact, we have decided to integrate the generator by fixing
it onto the hub. However, the construction of the generator and
the rotor were done separately.

A. Airfoils and hub

According to the calculated profile of airfoils, the design
can start. For this prototype of wind turbine, we decided
to make a turbine with three blades. The three blades are
designed separately and assembled at the end on the hub in
order to simplify the construction. For the construction of the
blades and the hub we have used a material called ebazell
260 which is well workable and dimensionally stable. For the
manufacturing of the blades, a bandsaw is used to rough the
shape of the blade. Then, they are sanded to refine their shape
until the final form.

At the end, the three blades are fixed on the hub. The chord
length of the root section is made to fit the hub. To strengthen
cohesion of the rotor and blades, we decided to make two
holes in each blade and in the hub as seen in figure 4. Then,
we used metal rods coated with glue to attach the three airfoils
onto the hub.

Figure 4. Assembly of the airfoils and the hub.

B. Generator

To make a more compact turbine we made the hub and
the generator with the same diameter. But the diameter of the

discs are relatively small, that is why we have used small
round magnets.

Figure 5. Showing process of assembly. Length of axle and distance between
components are exaggerated

As seen in figure 5, the generator consists of two main parts:
a moving part (rotor) which is the metal disc with magnets
attached to it and a fixed part (stator) which is the plexi glass
disc with coils. The disc with the magnets is attached to the
hub and the hole is made large so that the ball bearings can
pass trough. For the stator six coils are made by winding wire
of copper around an axis. We have done 100 turns to achieve a
cross section area which is large enough. Glue and tape were
used to keep the wires of copper tight enough. Following the
design in figure 3, the 6 coils and the permanent magnets are
distributed around the central hole respectively on the steel
disc and on the plexi glas disc. S.Fahley [3] recommends that
the magnets are disposed North-South-North-South to create
alternating voltage.

Finally, the coils are interconnected by welds made with tin.
The ends of the three output wires are also coated with tin to
improve connection and conductivity.

C. Final assembly
Once the generator, the airfoils and the hub are built, we

made our own fixture in order to position all components of
our wind turbine on a horizontal axis. At one end of the axis,
we placed the disc with coils and then, the rotor (hub and
airfoils) with the disc with magnets. We used two rings to
make the space between the magnets and the coils as small
as possible. Finally to ensure the stability of the rotor, two
bearings were inserted into the hole drilled in the rotor.

Figure 6. Assembly of hub, plate with magnets, plate with coil and metal
plate for attaching the rotor to the tower
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VII. TESTING

The testing of the wind turbine took place in the NTNU
wind tunnel. We also tested the generator with an oscilloscope
on a prior occasion.

Figure 7. Picture taken from the wind tunnel testing of wind turbine

A. Results

Table VIII
FROM WIND TUNNEL TEST

Retrieved values
Power [W ] 4.9
Thrust [N ] 16
Voltage [V ] 3,8
Current [A] 1,3

RPM Not measured

Figure 8. Screen shot of the oscilloscope.

B. Comments

Figure 9. Wind turbine at the end of the test

The rotor came loose from the tower during testing due
to not have been attached to the tower well enough. We did
not have time to optimize performance of the turbine through
adjusting the load since the rotor came loose before this was
possible. This also meant that we were not able to measure
RPM. We chose not to do the test again since the generator
was permanently damaged as the distance between the coils
and the magnets had increased.

The test of the three-phase using an oscilloscope showed a
close to perfect three-phase power generation.

VIII. DISCUSSION

Since the rotor came of during testing it obviously impacted
the results, but in which grade is unsure. Vibrations caused
from irregularities in the turbine combined with the wind
turbine not being fastened tight enough to the tower, gave
combined a multiplied effect where the result was that the
rotor came loose from the tower. We did not tighten the
screws enough when mounting the rotor onto the tower and
when the wind turbine started vibrating, this became obvious.
Stabilizing it with tape could also have helped keeping the
vibration under control. By using retaining nuts we could
have avoided the problem of the nuts coming off.

The theoretical power output was 72W, but as we only
achieved 4,9W it is clear that several factors must have
played a part in keeping the wind turbine from reaching
its potential. The axial thrust calculated was at 41.9N and
the measured value from the wind tunnel was at 16 N, a
significant difference. The fact that the rotor came off most
likely had an impact on values measured, but comparing our
results to the results of the other groups of similar design
it is realistic to assume that we would not have achieved a
significantly higher power output anyhow. The main sources
of errors are to be found in the design and manufacture of
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the blades and generator.

A. Blades

The blades were handmade and it is challenging to
create a perfect airfoil shape as the blades twists. It is
easy to get irregularities in the shape between the three
blades. Getting the correct θp,0 is another challenge and the
way we had chosen to attach the blades to the hub made
it impossible to change the position afterwards. This is
likely the biggest source of vibrations as we suspect that one
of the blades ended up with a different θp,0 to the other blades.

B. Generator

In the generator the main issues are the coils and the
magnets. In an optimal generator the coils are identical and
this is likely the biggest source of error in the generator as
the coils are handmade. This also impacts the fill factor as
it is difficult to achieve a good fill factor by hand. Distance
from the coils to the magnets is also affected as it is difficult
to get the surface flat enough. We decided to make round
coils as this shape is easy to manufacture by hand, but a more
optimal shape would maybe have been a triangle. It would
also have been more optimal to use rectangular magnets. We
decided to create a generator with three phase power and errors
here are also possible, but we tested this up front of the wind
tunnel testing and the result was close to a perfect three-phase
(see figure 8). The magnets’ magnetic field could have had a
minor impact as we did not measure the peak of the field and
only went with values given from the producer. These values
might have been different from the ones we calculated with as
oxidation from contact with air could have lowered it. Another
source of errors could be paint on magnets which could have
disturbed the magnetic field.

IX. CONCLUSION

Our objective of this project was to start of with a design
visually resembling a traditional HAWT wind turbine and
be creative with the design and technical solutions within
this framework. We feel that we succeeded in designing
and manufacturing a wind turbine matching these objectives.
However, the results achieved at the wind tunnel testing were
lower than expected. The rotor coming off did most likely
impact the result, but other sources of errors discussed in this
report have also had a major impact on the power output.
The most important mistake done was not properly tightening
the screws. Exploring other ways of attaching blades to hub
to avoid different θp,0 could decrease vibrations and help
achieving a better result. Blade manufacturing as source of
errors is more challenging to optimize as they are made by
hand.
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