ABSTRACT

SANYER, WOLFGANG EMMANUEL. The Development of a Wind Turbine for Residential
Use. (Under the direction of Dr. Ashok Gopalarathnam.)

This report focuses on the design of a wind turbine for residential use. Residential areas are
plagued by low, erratic wind speeds, which makes them non-ideal for wind turbine operation.
Nonetheless, homeowners have an interest in wind power, which is what has motivated this ef-
fort. An analysis was carried out using a multiple streamtube model to predict the performance
of a NACA 0012 turbine at various wind speeds and in different geometries. A program, py-
Dart, was developed as an implementation of the multiple streamtube model. This program was
written using the python programming language using an object-oriented approach, in order
to make it easier to incorporate future features and as well as its use in other, larger programs.
The core component of the program, which solves the velocity of a streamtube iteratively, was
optimized using a C profiler.

Wind tunnel experimentation was done to validate the model at low tip-speed ratios and for
high solidity turbines. A wind turbine was designed and built which allows for multiple turbine
geometries to be easily tested. Further, the turbine allows for the blades to be pitched inwards
or outwards in 4° increments up to 12°. This feature was added to test an experimental feature
which was added to the original multiple streamtube model which attempts to account for a
fixed-pitch blade. Experiments were run for a range of wind speeds from 35 mph to 51 mph.
These experiments found that the model is indeed very accurate at predicting the turbine’s
performance, even in the high-solidity, low tip-speed ratio regime. The results for the pitched
blades were varied, thus the simple addition made to the multiple streamtube model cannot be
relied on to provide accurate performance predictions. It was found, however, that by pitching
the blades outward an increase in turbine performance could be gained in the form of a lower

minimum operational angular velocity and increased torque production.
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Length of moment arm in clutch base

Force applied to moment arm to produce torque
Angular acceleration of the system

Net external torque
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force which causes vibration

Mass moment of inertia of the system

torque lost due to oscillations

Tangential speed of the airfoil



Chapter 1

Introduction

1.1 Background

Wind energy is a source of renewable energy that has been used in some form or another since
at least the tenth century A.D. [4]. The original inventor of the wind mill, the predecessor
to the wind turbine, is actually greatly debated amongst historians, but the ‘first accepted
establishment of the use of windmills’ is dated as ‘the tenth century in Persia’ [4, p7]. The
Chinese developed a vertical axis windmill as early as 1219, though it was not very widely
adopted. Around the same time, a horizontal axis windmill was developed further west in
Europe. This windmill gained popularity very quickly, as David Spera describes in Chapter 1
of his book Wind Turbine Technology, and was much more widely adopted than the Chinese
vertical axis wind turbine. Spera explains that “it’s adoption is readily explained by the fact
that it was so much more efficient” [4, p14]. He goes on to explain that this increased efficiency
was a result of the horizontal axis windmills (inadvertently) using lift rather than drag to extract
energy from the wind, which is a much more efficient process. These primitive designs have
evolved over time, especially with the advent of the science of aerodynamics at the end of the

nineteenth century, into the wind turbines that we are familiar with today.

1.2 Lift vs. Drag Devices

One of the simpler wind turbine devices is the drag-type device. This device, as its name
implies, relies on drag to produce power. An example of such a device is the Savonius Vertical
Axis Wind Turbine (VAWT). This device uses a scooped blade to catch the wind and translate
it into torque about a central shaft. The Savonius turbine is able to produce large amounts of
torque at low tip-speed ratios due to the large surface area that is put into contact with the

wind. The problem with this drag-type device, however, is that the same drag which is used



to produce power also works against the turbine, minimizing the maximum amount of power
that can be extracted. In the case of the Savonius turbine, the convex portion of the scoop is
always producing negative torque, whether it be from an induced velocity or the free-stream
itself. Mohamed et al. [5] have proposed a partial solution to this problem: place an obstacle
in front of the turbine such that the free-stream velocity never acts on the convex portion of
the scoop. Using this obstacle, Mohamed was able to design a turbine that has an efficiency
of 25.8%. This is listed as a 27% relative improvement compared to the non-shielded design.
Despite these results, however, this optimized design does not begin to approach the maximum
theoretical efficiency of 59% predicted by Betz! . For this reason, drag-type devices have not
been very widely adopted for large-scale use: their relatively low efficiencies do not warrant the
resources needed to develop them further.

Lift-type devices, on the other hand, use airfoil sections to capture wind energy in the form
of lift. This lift is used to produce torque on a shaft, which can then be connected to a generator
to produce electricity. There are two main configurations for this shaft: a Horizontal Axis Wind
Turbine, or HAWT, has its axis of rotation parallel to the free-stream. A Vertical Axis Wind
Turbine, or VAWT, has its axis of rotation perpendicular to the free-stream. The lift-type
VAWT was originally pioneered and patented by Georges Jean Marie Darrieus? , after whom
the design is named. Each configuration has its pros and cons which Ion Paraschivoiu [3] helps
to summarize in a table which he provides a table in Chapter 9 of his book Wind Turbine Design
comparing the advantages and disadvantages of each design. HAWTs benefit from more mature
technology, as historically more money has been invested in them. They are also exposed to
slightly higher winds due to their tall free-standing towers, which take up less ground space than
the guy wires required with Darrieus turbines. Finally, HAWTs have ‘constant aerodynamic
loading with constant angle of attack,” [3, p. 378] which greatly simplifies the aerodynamics
governing their performance, thus simplifying the analysis of their performance. On the other
hand, HAWTSs require ‘expensive and troublesome yaw mechanisms’ to keep their rotational
axis parallel to the wind flow. Also, keeping track of the wind direction becomes difficult, due
to the blades’ effect on the flow. Further, HAWTSs place their drive trains and generators at
the top of the turbine in order to reduce power losses due to re-directing the torque down the
tower. This makes repairs difficult and somewhat dangerous on tall towers.

VAWTSs, whether lift or drag, produce power regardless of the direction that the wind is
coming from, eliminating the need for a yawing mechanism. Some VAWT designs, in particular
certain variations of the Darrieus turbine, do need to be aware of the direction of the wind,
for example to pitch the blades in an effort to maximize aerodynamic performance. This can

be accomplished quite easily by placing a sensor above the turbine, where the wind flow is not

!This theoretical limit, known as the Betz limit, is discussed in more detail later in this report.
2Throughout this report, the term ‘Darrieus Turbine’ will be used in place of ‘lift-type VAWT’.



affected by the blades. Also, the VAWT’s drive train and generator can easily be placed at
ground-level, simplifying the design and making maintenance easier. Paraschivoiu states that
VAWTSs ‘may be quieter due to lack of blade tips and ground mounted drive trains. [Further,]
unexplored technology may offer more potential for cost reductions’ [3, p. 378]. Some of the
drawbacks of the VAWT design are as follows: first, a lower rotor height results in lower wind
speeds seen by the turbine; also, a VAW'T’s peak performance occurs at a lower tip-speed ratio
than for a HAWT, resulting in losses in generator efficiency since generators generally perform
better at higher RPMs; Finally, a Darrieus turbine’s blades experience a large range of angles
of attack, from 0° to 180°, depending on the tip-speed ratio. Not only that, but the change
in angle of attack is so rapid that the blades experience dynamic stall, a phenomenon that
is not yet fully understood in aerodynamics. This complicates the flow through the turbine

immensely, which in turn complicates the prediction of a Darrieus turbine’s performance.

1.3 Self-Starting

Baker [6] provides an excellent discussion of Darrieus turbine self-starting: he discusses and
illustrates the angles-of-attack that an airfoil section experiences throughout a rotation (his
Figure 3) for varying tip-speed ratios (TSRs), as well as the corresponding C; values (his Figure
2) at these alphas. Further, he shows an explicit ‘dead band’ in which the airfoil experiences
a negative Cy over a majority of its journey, which results in a net negative power production
(his Figure 4). He concludes that that there is a range of TSRs at which a given airfoil section
will not produce power, and which must be overcome in order to produce appreciable power.
Below this range, the airfoil will produce positive power but not to the full extent of its ability.

Of course, when multiple blades are introduced to the system, this problem becomes more
complex: as one blade is entering the negative C} alpha-range, another may be leaving it, and
vice-versa. Despite this fact, Baker’s findings still illustrate an important aspect of VAWTs,
namely that a given blade will at times produce lift in such a way that it produces negative
torque about the axis of rotation. At very low TSRs, the amount of time spent producing
negative power is slightly lower than the amount of time spent producing positive power. This
is followed by a range of TSRs in which the blade spends a majority of its time producing
negative power, which he calls the dead band. Finally, starting at a TSR of about 4.0, the
blade no longer spends any time producing negative power and can go on to reach its peak
performance.

Dominy et al. [7] have developed a simulation that predicts the self-starting capabilities of
a wind turbine. They find that ‘a lightly loaded, three-bladed rotor always has the potential to
self start under steady wind conditions, whereas the starting of a two-bladed device is dependent

upon its initial starting orientation.” These findings are based on a NACA 0012 blade profile.



1.4 Pitching Blade

Nahas [8] and Erickson et al. [9] have each proposed a straight-bladed VAWT with blades that
vary in pitch based on their azimuthal position. By varying the pitch, the turbine’s blades
can be made to have a more favourable angle of attack. This can help alleviate the effects of
the ‘dead band’ discussed above. Erickson et al. discuss the fact that turbines with varying
pitch blades are ‘invariably found to provide greater efficiency than fixed pitch VAWTSs.” This
is an interesting and exciting area of research right now, which could result in VAWTSs that
perform well for a large range of TSRs and can also self-start on a consistent basis. Providing a
pitch-varying mechanism increases the complexity of a turbine, however, which must be taken
into consideration during the design process.

Erickson et al. tested a high-solidity VAWT in MIT’s Wright Brothers Wind Tunnel. They
found that ‘a tuned first-order sinusoidal actuation system can achieve a maximum absolute
efficiency of 0.436, an increase of 35% over the optimal fixed-blade baseline configuration, with
self starting capabilities and drastically improved performance at a wide range of suboptimal
operating conditions.” The 0.436 efficiency is very good, compared to the 0.59 maximum effi-
ciency predicted by Betz. Also, the increased performance at varying operating conditions is

very promising for residential use, an environment in which winds are sporadic and inconsistent.

1.5 Prediction Models

There are many different prediction models that have been developed over the years for VAWTs.
Most of them use either a conservation of momentum method or a vortex method for deter-
mining the forces on a blade. The former method includes prediction models such as the single
streamtube, multiple streamtube, and double multiple streamtube methods. These approaches
all model the airflow through the turbine as if through a tube, with each one adding progressively
more tubes. The single streamtube model, as its name implies, models the airflow through the
turbine as if through a single streamtube. The multiple streamtube model adds more stream-
tubes in the plane perpendicular to the airflow. Finally, the double multiple streamtube model
takes the multiple streamtube model and uses it twice, once upstream and once downstream of
the rotor. These methods each provide increasingly more accurate performance predictions, as
shown by Paraschivoiu [3], at the cost of increased complexity in the underlying equations.
The vortex methods used to predict turbine performance are generally classified as either
‘free-wake’ or ‘fixed-wake’ models. Parashivouiu provides an excellent, detailed overview of
both of these models. The vortex methods provide more detailed information of the airflow
around the turbine. This information is desired when multiple turbines are placed next to each

other, such as in a wind farm. This additional data comes at a cost, however, as the vortex



prediction models require considerably more processing power than the streamtube models, and

are also fundamentally more complex.

1.6 Residential Use

To date, most of the design studies for wind turbines have focused on constant, high wind
scenarios. This makes sense, as the more consistent the wind supply and the higher the wind
velocity, the more power is available to harness. Of late, however, there has been an increasing
interest in smaller-scale solutions. Homeowners are looking for ways to decrease their power
bills, by installing solar panels or wind turbines on their properties. The current effort attempts
to design a wind turbine specifically for residential use: that is, a wind turbine which will operate
well in the low, erratic winds commonly found in residential areas. To this end, a performance
prediction method will be used to find an optimum configuration which maximizes performance

at low wind speeds.



Chapter 2

Theory

2.1 Background

J. H. Strickland’s 1975 paper [2] describes a multiple streamtube model for predicting the
performance of a Darrieus turbine. The multiple streamtube model is an extension of the single
streamtube model, which was originally developed by R. J. Templin in 1974 [10]. The single
streamtube model is itself based on the well known actuator-disk theory which is used in HAWT
and propeller performance prediction models. Hansen [1] provides an excellent description and

derivation of actuator-disk theory.

2.2 Actuator Disk Theory and The Single Streamtube Model

In his derivation of the equations governing actuator-disk theory, Hansen [1] shows that:

u= %(Voo—i—ul) (2.1)

where u, V, and u; are as shown in Figure 2.1. He then uses this concept to derive the

following equation for the thrust, T', on the actuator-disk due to the wind:
T =2apV2(1 —a)A (2.2)
where A is the surface area of the actuator-disk and p is the density of the air. In this equation,

a represents the axial induction factor and is defined as:

u
=1-—— 2.3
a=1- 5= (23

In chapter four of his book, Paraschivoiu [3] uses these fundamental concepts along with
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Figure 2.1: Tllustration of the streamlines past an actuator disk. (Based on Hansen [1], Figure
6.1)

blade element theory to show the development of the single streamtube prediction model. This
prediction scheme models the airflow through the turbine as constant everywhere, as if through
one large tube that envelops the rotor. This assumption is used to determine the forces on the
blades, which in turn gives the power absorbed by the system. This power is equated to the
loss in momentum of the air in the streamtube, which allows for a closed-form solution.
Paraschivoiu shows that this model predicts the performance of a 3-bladed NACA 0012
Darrieus turbine rather well at high tip-speed ratios (T'SRs). At lower TSRs, the model begins
to deviate from experimental data. Paraschivoiu states that ‘the reasons for this discrepancy
are unclear’ but suggests that inaccuracies in the airfoil data post-stall could be the culprit.
Paraschivoiu also suggests that ‘it is possible that values of rotor solidity much above N¢/R =
0.2, should be avoided’ in order to avoid unsteady flow effects and structural problems with the

turbine. Solidity can be defined as:
Nc

R

where N is the number of blades on the turbine, ¢ is the chord of the airfoil section used (or

S (2.4)

the average if multiple sections are used spanwise) and R is the radius of the turbine. It is used
as a means of normalizing a turbine’s geometry. Paraschivoiu goes on to show the effects of
changing the solidity on the maximum power coefficient, C),, of the turbine; the maximum C,
peaks at a solidity between 0.3 and 0.4, after which it begins to fall. This peak value is not
much higher than the C), at the suggested solidity of 0.2, therefore Paraschivoiu concludes that
not much is to be gained from exploring these higher solidities. Finally, Paraschivoiu suggests

that a maximum C), approaching 0.7 should be attainable, a value which is ‘directly comparable



with the very best conventional horizontal-axis windmills for which aerodynamic measurements

are available.’

2.3 The Multiple Streamtube Model

2.3.1 Advantages Over The Single Streamtube Model

The simplicity of the single streamtube model is also its greatest flaw. By assuming that the
velocity through the turbine is everywhere equal, any variations across the rotor (perpendicular
to the air flow) are lost. Indeed, Fujisawa & Shibuya [11] and Ferreira et al. [12] show, empiri-
cally and computationally respectively, that there are quite complex interactions between shed
vortices on the upwind blade and the downwind blades. These interactions cause nonuniformity
in the flow across the rotor, an effect which the single streamtube model does not take into
consideration. It is in response to this shortcoming that Strickland proposed and developed the
multiple streamtube model. Strickland took Templin’s single streamtube and broke it up into
component streamtubes in the plane perpendicular to the airflow. While the induced velocity
through a single streamtube would still be taken to as constant (which prevents any downwind
effects from being observed!), the solution for each streamtube is independent of the other
streamtubes, allowing for variations in induced velocities in the plane perpendicular to the flow
to be observed. This additional data comes at a cost though: the multiple streamtube model is
inherently more complex than the single streamtube model and requires an iterative approach
to solve for the induced velocities in the streamtubes. The single streamtube model, on the
other hand, provides a single equation which can be used to predict the performance of the

turbine at a given TSR.

2.3.2 Derivation

This section, which has been adapted from Strickland [2], will derive the equations and algorithm
used in the multiple streamtube model. Strickland defines a single streamtube as shown in
Figure 2.2, adapted from his report. As in Equation 2.2, u represents the velocity through the
rotor, which in this case happens to be equivalent to the velocity in a given streamtube. Because
there are many streamtubes, it is necessary to have a way to differentiate one streamtube from
another. Strickland accomplishes this by using the azimuthal angle 8 to locate the streamtube
in the x-y plane and Af to define its width. Figure 2.3 shows a zoomed in version of Strickland’s

geometry. The shaded region represents a single streamtube located at §. The widths of the

1A double-multiple streamtube model is later developed, in which each of the streamtubes from the multiple
streamtube approach are divided into an upstream and downstream portion. This division allows for these effects
to be seen.
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Figure 2.3: Streamtube Geometry

short and tall triangles are, respectively:

x1 =1rcost (2.5)

x9 =rcosf + Af (2.6)

The width of the streamtube can be found by taking the difference between these two values,
ie.:

x1 — x3 = r(cosf — cos (0 + AB)) (2.7)

Using the following trigonometric identity, as well as the small angle assumption (shown for

completeness),

cos(u + v) = cos(u) cos(v) — sin(u) sin(v)
sin Af ~ Af (2.8)
cosAf ~ 1

the width of the streamtube can be reduced to Strickland’s published value:

x1 — x9 = r(cos @ — cos 6 cos Af + sin 6 sin Af)
= r(cos — cos 6 + sin(0)A0) (2.9)
=rAfsinf

10



The last piece of information needed to fully define a single streamtube is its height, which
Strickland defines as Ah. This value does not need to be derived because it is part of the input
to his program.
The first step to Strickland’s solution is to expand Equation 2.2 by substituting in Equa-
tion 2.3. This results in:
T =F, = 2pAu(Vyo — u) (2.10)

Strickland denotes Hansen’s thrust as F, indicating that it is the time-averaged, streamwise
force exerted by a blade element due to all the streamtubes that it passes through. This
distinction is important, as the thrust term is more accurate when only the actuator disk is
being considered. The time-averaged force can also be described in terms of its constituent
forces:

F, = NFZ,% (2.11)
where F) is the streamwise force exerted by a blade element due to a single streamtube. Equa-
tions 2.10 and 2.11 are used to eliminate the time-averaged force value, which puts everything

in terms of a single streamtube. This elimination results in,

NF, U U
= —(1—-— — 2.12
2nprAhsinOVZ Vi ( Vo ) ( )
U U
=t

where F); is used for convenience. Notice that the only unknowns in Equation 2.12 are F), and
U.

Next, Strickland goes on to derive another expression for F}, this time by using the stream-
tube velocity u and the aerodynamic properties of the airfoil. First he breaks the resultant

force F, into a component perpendicular (F}) to the airfoil and one parallel (F},) to it, giving:
F, = —(F,sin8sinf + F; cos0) (2.13)

Notice that throughout his report Strickland uses 8 to denote the yaw of the blade in order to
account for his turbine’s troposkein shape. This report focuses on a straight-bladed design, i.e.
B =90, which ends up reducing all the sin 8 terms in Strickland’s report to 1. For this reason,
they have not been included in the subsequent equations.

In aerodynamics, forces on a wing are non-dimensionalized using the dynamic pressure of

the free-stream and the planform area of the wing. Therefore, we can define tangential and
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normal force coefficients as follows:

Fy

Gt = T apvican (2.14)
Fy,

Cn = 1/2pV2cAh

where V is the velocity experienced by the airfoil section. In a Darrieus turbine, the airfoil
experiences a resultant velocity which is the vectorial summation of the freestream velocity and
the induced velocity due to the turbine’s rotation. This relative velocity will be represented by
Vgr and takes the place of the V' term in Equation 2.14. These formulae can be rearranged such

that substitution into Equation 2.13 is made simpler:

Fy = 1/2C;pAWVE (2.14)
F, = 1/2C,pAhVE

The C; and C,, coefficients can be defined in terms of the more common airfoil lift and drag

coefficients by the following relations:

Cy = Cisina — Cycos (2.15)

C, =Cjcosa+ Cysina

where the angle of attack « is defined between the airfoil’s chord-line and the relative velocity
vector Vg, not V4, as is typical in aerodynamic analyses. Strickland non-dimensionalizes these
normal and tangential forces using the tangential speed of the airfoil, V;, as opposed to Vg for

reasons that will be discussed shortly, giving:

Ve 2
Fr = —= 2.1
=a () (216
Vi) 2
Ef=Cn|—
n C(V)

Substituting Equations 2.13 and 2.16 into Equation 2.12, the following relation between F); and

the two airfoil properties can be obtained:

e NF,
T 27mrAhsin V2

Nc (Vg 2 cos 6
_4m«<voo) (C”‘Ctsme)

where the transformation done in Equation 2.16 allows for this succinct notation.

(2.17)
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2.3.3 A note about the relative velocity

The relative velocity is defined as the vectorial sum of the free-stream velocity Vo, and the

tangential speed of the airfoil V4, which is defined by:
Vi =rw (2.18)

Using this value and the geometry of the system, the angle of attack (as defined above) can be

found as:

u sin 0
t = — 2.1
ana ucosf + Vi (2.19)

This angle of attack is used to define the relative velocity as:
sin @

Ve=u (2.20)

sin «

2.3.4 Solution Algorithm

By substituting the axial induction factor defined in Equation 2.3 (Strickland refers to this
value as an interference factor) into Equation 2.12 the following relation is obtained, which

‘forms the basis for an iterative solution of the streamtube momentum equation’.[2]
a=F}+d* (2.21)

An iterative approach is required due to the fact that Equation 2.21 cannot be solved explicitly
(when F and a are expanded). Strickland suggests the following procedure for solving a for a
particular streamtube? :

1. “a” is set equal to zero which indicates that u = V.
« is obtained from Equation 2.19.
C,, and C; are obtained from airfoil data.

Vg is obtained from Equation 2.20.

BAREE -l O

Using the present value of “a” and F); in the right hand side of Equation 2.21,

a new value of “a” is computed.
6. u/Vy is obtained from Equation 2.3

7. The process is repeated starting with the calculation of « until the desired

(1P}

accuracy in “a” is obtained.

2The proceeding list is taken verbatim from Strickland’s report, with changes made to account for differences
in equation numbers and notation.
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Figure 2.4: Sample pyDart output

2.3.5 Output

Strickland’s multiple streamtube model and FORTRAN implementation provide performance
data in the form of a C, vs TSR curve for a turbine of a given solidity. Figure 2.4 shows a

sample of the type of data that can be expected from this implementation. Here, C), is defined

as:
Pturbine Tw
C. = = 2.22
P Pyind 1/2:0‘4‘/0% ( )
and TSR as: Vi
TSR = et _ ¥ (2.23)

Vfreestream Voo

where w represents the angular velocity of the turbine. The power coefficient is a ratio of the
power produced to the power available, and thus represents the mechanical efficiency of the
system. TSR is used as a normalized value of the free-stream velocity. Note that a maximum
limit of 15/27 exists for the C),, know as the Betz limit. Hansen derives this in chapter 6 of his
book. This is important to note because a 100% efficient turbine will have a C), of approximately
0.59, not 1.00. In other words, it is theoretically impossible to extract all of the available wind
energy in a given surface area.

Strickland’s method provides a way to solve for the induced velocity in a single streamtube,
for a given TSR. This solution allows for the calculation of the torque produced by the blade as
it passes through that streamtube, based on the aerodynamic properties of the airfoil section.
In order to obtain a total torque value to use in Equation 2.22, the torque provided by a given

blade element is time averaged over its journey through each streamtube.
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2.4 XFOIL-Generated Airfoil Data

In his report, Strickland cites two different sources from which he compiles the airfoil data of the
NACA 0012 airfoil for the « = 0° to o = 180° angle-of-attack range that is needed. These airfoil
data are provided for Reynolds numbers of 0.3 x 105 and 3.0 x 10°. In order to accommodate
a greater range of Reynolds numbers, Mark Drela’s [13] XFOIL program was used to obtain
the necessary pre-stall airfoil data. XFOIL outputs data in the form of the more common lift-
and drag-coefficients for the airfoil. These data are parsed along with Equation 2.15 in order to
produce the necessary C; and C),, data. Strickland’s post-stall data was superimposed onto the
XFOIL data, since a reliable method of predicting post-stall airfoil data was not found. This
decision is supported by the fact that Strickland’s data converges post-stall, as can be seen in
Figure 2.5, irrespective of the Reynolds number. This change allows for wind speed-specific
data to be used in the performance prediction model, which should result in more accurate

results.
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Figure 2.5: Strickland’s accumulated airfoil data. (Based on Paraschivoiu [3] Figure 4.2)
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Figure 2.6 shows a comparison between Strickland’s data® and that obtained using XFOIL.
The graph is of the same form as Figure 2.5, i.e. the upper curve represents C,, data while the
lower curve represents Cy data. Figure 2.6a shows that the XFOIL-generated C, data agree
very well with Strickland’s published data until about o = 10°. The discrepancies after this
point are assumed to be caused by XFOIL’s well-documented tendency to over-predict Cj, . .
Figure 2.6b shows that the XFOIL-produced data reflect a definite increase in both the C),-«
and Ci-a curves with increasing Reynolds number. The C; data is what is most important,
as this is what produces the torque on the wind turbine: the small differences between the
xfoil-produced C; data and Strickland’s published data are hoped to provide for more accurate

performance prediction results.

3Note that this data has been graphed from Table 1: Airfoil Data in Strickland’s report. Figure 2.5 was
adapted from Paraschivoiu’s Figure 4.2, which is assumed to have come from the same source, but this hasn’t
been confirmed. This fact is questionable due to the indication that in Paraschivoiu’s figure that the upper curve
represents the ‘C,, for Re = 1.8 x 10®”. This is believed to be a typo.
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Chapter 3

Wind Tunnel Experiments

3.1 Turbine Description

A VAWT was designed, developed and built in order to gather experimental data to compare
with results from the multiple streamtube model. The tests were conducted in the North
Carolina State University subsonic wind tunnel. This wind tunnel has a cross-sectional test
area of 30" x 30", which restricted the size of the turbine . Figure 3.2 shows an exploded CAD
assembly of the final wind turbine design. The final design consists of three main components:
the two turbine base plates, the center shaft, and the six blade sections. Additional pieces
to hold these three main components together are the two lock collars, two clevis pins, three
pivot shafts, and three holding shafts. A turbine configuration, as defined by the multiple
streamtube performance prediction model, is determined by the turbine’s radius, height, the
shape and number of blades, and airfoil cross-section. In designing this turbine, versatility
in changing these parameters was desired. The final turbine design allows for at least two
variations in each of these parameters except for the shape of the blades; the design is limited
to a straight-bladed turbine.

3.1.1 Center Shaft

The center shaft acts as the drive train of the turbine, as well as its main form of structural
support. The turbine blades were not relied upon for structural support in order to maximize
their longevity as well as to simplify changing between different configurations. This being the
case, a (rather large) 1.5" diameter aluminum 6061 shaft was chosen to serve as the turbine
shaft. This shaft was chosen primarily based on the method chosen to attach the base plates
to the center shaft: this method consists of passing a cotter pin through both a lock collar
(which is rigidly attached to a base plate) and the center shaft, in order to restrict the collar’s

movement in the z-direction and to prevent it from rotating. A 3/4 " clevis pin was picked out
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(b) Turbine Outside of Wind Tunnel

Figure 3.1: Wind Turbine
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Figure 3.2: Exploded assembly
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for this task, and so a 1.5" diameter shaft was chosen in order to allow a sufficient amount of
material on either side of the 3/4" hole that would be drilled through it. These holes determine
the span of the blades on the turbine. Four holes were drilled into the final shaft in order to
allow for both a 10" and 20" blade turbine: four holes were chosen instead of three (which
can be accommodated if one of the holes is used for both configurations) in order to keep the

turbine centered in the wind tunnel regardless of which configuration is used.

3.1.2 Base Plates
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Figure 3.3: Drawing of Lock Collar used in Turbine Assembly

The purpose of the base plates are to act as a means of rigidly attaching the blades to the
center shaft at a set radius, as well as to allow the blades to be pitched to a constant value.
A solid plate was chosen as opposed to arms radiating from the central shaft due to ease of
manufacture; the disk can easily have the necessary holes cut out with a CNC router whereas
arms would have to be fabricated and then either welded to the center shaft or to some sort of
ring that can slip over the center shaft. Although feasible, it made more sense to take a solid
piece of stock and remove the necessary material as opposed to building up component pieces.

The final design includes a center hole to accommodate the center shaft as well as three
smaller holes (equally spaced around this center hole) used to rigidly attach a lock collar to
the base plate. A drawing of this lock collar can be seen in Figure 3.3. When the lock collar

is slid onto the center shaft, its movements in the x- and y-directions are restricted (assuming
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that the center shaft is held in place vertically). The final two degrees of motion are eliminated

when the cotter pin is slid through the center shaft, as discussed in Section 3.1.2.

Center of Rotation ——— 5 @

MACA 0012 Blade

«— Blade Arm

2128

<

S,
%

127

Figure 3.4: Example of Pitched Blade

The base plate also allows for two different turbine configurations, one of 6" radius and one

of 12" radius. For each of these configurations, the base plate allows for 7 different variations

of pitch; the pitch can be set to a constant value between —12° and 12° in 4° increments. Pitch
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can be described as shown in Figure 3.4.
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Figure 3.5: Cross-Section of airfoil used in Turbine Blades

The airfoil used in this turbine is the NACA0012 shape. This airfoil shape was chosen for

two reasons:

1. Strickland provides a set of airfoil performance data from 0° to 180°, which is needed for

the solution algorithm to function properly
2. Initial results can be compared to those published by Strickland.

Figure 3.5 shows a cross-sectional drawing of the final airfoil design. The blades were produced
using a Dimension 3D Printer, and thus the larger the planform of the blade, the more expensive
each blade would be; based on this, the volume of the blade was minimized as much as possible
by minimizing the cross-sectional area of the airfoil. The 3/4” and 1/8" holes are used as the
means to attach the blades to the base plates: each have a corresponding shaft that will be run
through them, with threaded ends. These ends protrude from the far side of either base plate,
and allow for the blades to be held in place firmly. The 1/8 " shaft serves two purposes: first, it
prevents the blade from rotating; second, it allows for a fixed pitch to be applied to the blade,
depending on where it is attached to the base plate. The 1/ 2" shaft serves primarily to give
the blades structural support and to restrict their movement in the x-y plane.

Based on the multiple streamtube implementation developed in this project, the optimal
three-bladed turbine of radius 12" would be one with a solidity of about 0.35, as seen in
Figure 3.6. Based on Equation 2.4, this would result in a turbine with a chord of 1.4". It was
decided that a NACA 0012 airfoil with this chord length would be too small, as it would have a
thickness of only 0.168 " inches. A minimum chord of 5.0 was decided upon, which results in a

solidity of 1.25. As seen in Figure 3.6, this solidity still results in a reasonable power coefficient.
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Figure 3.6: Performance over range of solidities at Re = 0.077 x 106

3.2 Instrumentation

The properties of the air were obtained from instruments built into the wind tunnel. The gauge
pressure of the air was given in units of pound per square inch (psi) while the temperature was
given in degrees Fahrenheit (°F). The accuracy and precision of these instruments is assumed to
be within the range of the displayed values: the pressure display contained two decimal values

while the temperature display contained one decimal value.

Table 3.1: Purchased Equipment

Manufacturer Model # Serial # Description Precision
Mastech DT-2234C  Not Available Tachometer 0.01rpm
Placid Industries C35-24 09-103 Magnetic Particle Clutch n/a
Placid Industries PS-24-MG16 09-A40 Constant Current Power Sup- 001 mA
ply
CCi HS-15 Not Available Digital Scale 0.011b

Table 3.1 summarizes all the equipment that was purchased and used during wind tunnel
testing. In addition to the use of the tachometer, angular velocity was also calculated manually
using a digital stopwatch and separate digital counter: the counter used was a phone application
downloaded from the Android Market named Click Counter; the stopwatch used was found
online as a flash application [14]. The procedure used with these instruments is discussed

further in Section 3.3.
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3.2.1 Clutch Base

Figure 3.7: Clutch Base

The digital scale and magnetic particle clutch are mounted on the clutch base, pictured in
Figure 3.7. The clutch is setup such that the input comes from the wind turbine and the output
goes to a 5 aluminum moment-arm. This moment arm is attached to the hook on the digital
scale, such that the output shaft’s rotation is restricted by the digital scale. As the current
through the clutch is increased (by means of the constant current power supply), the input and
output shafts become more coupled. This increases the torque seen by the output shaft, which

in turn increases the load read on the digital scale. This load is then used with the following
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equation to find the torque in the system:
T=1,F (3.1)

where [,, and F} are the length of the moment arm and the force applied to it, respectively.

3.3 Procedure

Each data point consists of the following measurements taken from various instrumentation:
AP between the wind tunnel and ambient (psi), temperature of the air in the wind tunnel (°F),
angular velocity of the wind turbine (rpm), and the load over a 5" moment arm (Ib). A data
set consists of torque vs. RPM values at a given wind speed. The procedure for obtaining these

values was as follows:

1. Set up the wind turbine for a particular configuration

2. Ensure that shafts on the magnetic particle clutch are completely decoupled, i.e. the

constant current power supply is set to 0 mA
3. Turn wind tunnel on, and set to particular AP value

4. Allow wind turbine to spool up to a steady-state condition, or spool it up by hand if it is

not self-starting
5. Once the wind turbine has reached a steady-state condition, record the following data:

e AP between the air in the wind tunnel and ambient
e Temperature of the air in the wind tunnel
e The load produced on the output shaft of the magnetic particle clutch

e The rotational velocity of the wind turbine
6. Increase the current supplied to the clutch by some value, to slow down the wind turbine.

7. Repeat steps 5 - 6 until the wind turbine slows down to a stop

At the end of this run, a complete data set will have been obtained. For a given configuration,
this procedure was repeated for as many wind velocities as was practical in order to maximize
the amount of data with which to compare to the theory. It should be noted that the maximum

angular velocity that the turbine could be assisted to (step 4 above) was about 70 rpm.
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3.4 Possible Sources of Error

A few possible sources of error are presented in the sections below.

3.4.1 Wind Speed

First, wind speed for a given data set was not consistent. This is attributed partly to the fact
that the pressure in the wind tunnel was not constant throughout a run: this value varied from
as little as 0.00 psi for the 12°-pitch, 12" radius case at 3.53 psi to 0.11 psi for the 0°-pitch, 12"
radius case at 5.73 psi (initial). Aside from this varying value, the temperature of the air in the
wind tunnel also increased gradually throughout a run. This is attributed to the power input
to the air by the fan in the wind tunnel, which is not removed by any form of a heat exchanger.
Temperature varied from as little as 0.5 °F for the —4°-pitch, 12" radius configuration (though
only 4 data points were collected at this configuration) to as much as 7.4°F for the 4°-pitch,
12" radius configuration.

These two properties directly affect the wind velocity. The atmospheric pressure also directly
affects the wind velocity calculations. This value was not recorded for every data point, as this
would have greatly increased the amount of time needed to compile a set of data. Instead, the

value was recorded after every few runs; variances in the 0.03 inHg range were observed.

3.4.2 Torque Measurement

Even with no current being applied to the magnetic particle clutch, the input and output shafts
are still slightly coupled, i.e. a small amount of torque is being applied to the turbine. This
can be verified by viewing the data sheet [15] for the C35 magnetic particle clutch. This torque
was consistently measured at around 0.04 ft-1b, therefore this is the bare minimum torque that
turbine will have to work against. On top of this, frictional losses in the system must be
accounted for.

These frictional losses were approximated using the following procedure: first the DART
code was run for each set of data, at their particular (average) wind speeds. These data
were then compared, and an average value of 0.25 ft-lb was recorded as an offset between the
emperical and theoretical values, supposedly due to the friction in the system. Next, the
mass moment of the turbine was calculated, both by hand and using SolidWorks'®© built-in
capabilities. These two methods result in mass moments within 0.009 slug-in? of each other,
which corresponds to a torque of 0.003 ft-1b at the measured average angular deceleration due to
friction. The hand-calculated value was used, since the material properties used were looked up
individually as opposed to relying on SolidWorks’ built-in data. A deceleration value was found

by first disconnecting the magnetic particle clutch from the wind turbine and then measuring
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how long it took to come to a complete stop from a slow angular velocity of about 15rpm! .
Finally, the mass moment and deceleration values were used with Equation 3.2 to calculate the
torque on the turbine due to friction. These calculations resulted in an average torque value
of 0.24 ft-1b. The discrepency between this actual value and the predicted value of 0.25 ft-1b is
attributed to inadequecies in the method used to measure deceleration. Nonetheless, the values
are close enough (0.041 % difference) to warrant the use of the multiple streamtube model to

predict the friction in a system, based on output torque.

T=1a, (3.2)

3.4.3 Angular Velocity

It was difficult to get a consistent angular velocity reading for a given torque value using the
hand-held tachometer. One possible reason for this is not allowing the turbine enough time
to reach a steady-state condition. A majority of the time, a 0.051b load increment was used,
which results in 0.0208 ft-Ib of additional torque on the turbine. Given a mass moment of
0.692 slug-ft?> and Equation 3.2, this change in torque can be shown to result in a deceleration
of 0.0301 rad/s2 which is equal to 0.287rpm/s. This means that a 10 rpm change in the turbine’s
rotational velocity, which is in the range of the changes observed per 0.0208 ft-1b torque step,
should take approximately 3 seconds to stabilize. This assumes that the turbine stabilizes in
one pass, i.e. the system is critically damped. Whether or not this is the case is unknown.
Even giving allowances for a non-critically damped system, the system can be expected reach
a steady-state condition after a few minutes. At the very least, 1 minute was allowed between
data points, sometimes much more depending on whether or not atmospheric pressure was being
read, among other things. Therefore, it is unlikely that this is the reason for the inconsistent
angular velocity measurements.

More likely is the fact that the tachometer was not rigidly attached to the clutch base, which
resulted in measurements being taken from varying angles and distances from the reflective tape.
An attempt to minimize this was made, but an emphasis was placed on the ease of gathering
the data in order to allow the most data to be obtained. Also, the tachometer was dropped
at one point, after which it ceased to work. As an immediate replacement was not available,
some of the data was taken by counting the number of revolutions over a span of time, and
manually calculating the number of rotations per minute. Although somewhat primitive, this

method of calculating angular velocity yielded very consistent results, on the order of £0.3 rpm.

!Larger angular velocities resulted in much slower decelerations. This is assumed to be due to the lift produced
by the turbine blades, though this hasn’t been investigated thoroughly.
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This consistency is attributed to the fact that revolutions were counted over the course of 50-
60 seconds, which allows for an averaging of varying angular velocity to be done. This suggests
that perhaps the tachometer takes a more instantaneous angular velocity measurement, and
that the value oscillates back and forth around some final value.

After these discoveries were made, the manual method of determining angular velocity was
used, even after a replacement tachometer was found. The replacement was only used when it
became too difficult to count the number of rotations, i.e. for angular velocities greater than
about 120rpm. In light of these complications and developments and in order to assure the
most accurate data, angular velocity was measured repeatedly at a particular torque reading
until three consistent values were obtained, to within #0.3 rpm. This criteria was chosen after
giving the turbine an extended amount of time to obtain steady-state (about 35 minutes) and
then taking angular velocity measurements using both of the described methods.? This resulted
in values consistently within the aforementioned range, although the tachometer readings would

jump outside of that range periodically.

2This was done early in the tests, well before the original tachometer broke. Nonetheless, both methods were
used to measure angular velocity (despite the knowledge that the manual method yielded more consistent data)
in order to have something to compare the tachometer’s readings to.
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Chapter 4

Experimental Results and Discussion

4.1 Comparison to Strickland’s Results
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Figure 4.1: Comparison of new pyDart to Strickland’s DART

Figure 4.1 shows a comparison between the new pyDart code and Strickland’s original
DART code for a 2m, troposkein-shaped turbine, as described in Strickland’s [2] report. As
can be seen, the newer code replicates the older one almost exactly, as would be expected. It
was not, however, straightforward to achieve this agreement. Strickland’s Table 1 airfoil data

was used to generate this prediction; the data that he provides is (), and ‘C; + Cy,,” which
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suggests that some sort of correction was made to the C; data using the zero-lift drag coefficient
data. This correction is not discussed in Strickland’s paper aside from the mentioning of the
fact that the C4, data were obtained at the “test Reynolds number instead of the ‘effective

29

Reynolds Number.”” What is interesting, however, is that for angles of attack less than 30°,
it was necessary to subtract Strickland’s published Cy, from his Cy + Cy, value, effectively
reducing the predicted amount of torque produced at these angles of attack. The reasoning for
this is unclear, though Strickland does mention that the data before and after o« = 30° were
obtained from different sources. The best explanation that this author can come up with is that
drag effects are ignored in the post-stall data, and thus the zero-lift drag coefficient is added
directly to the Cy term, effectively adding a thrust (or torque, depending on how you look at
it) component to the airfoil’s performance. For completeness, Figure 4.2 shows the effects of

not incorporating this correction.

e o DART
e e pyDart
® e pyDart no correction

—01 | | | | | | | |

Figure 4.2: Effects of not including the Cy, correction to Strickland’s published airfoil data

4.2 Experimental Results: 0° pitch, 12" radius configuration

Figure 4.3a shows the raw data that was obtained for the 0 pitch, 12" radius wind turbine
shown in Figure 3.2. The empirical data show trends consistent with the prediction model,

except the data seem to be shifted down by some constant value. This shift is assumed to be
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caused by the friction in the system, which is not accounted for in the torque measurement.
Figure 4.3b shows the same data with the 0.25 ft-1b offset incorporated, which was derived in
Section 3.4.2. This offset has been applied to all subsequent data presented in this report.

Figure 4.4a shows the pyDart output for the turbine described is Section 3.1 at both 40 mph
and 50 mph. These two values were chosen because they encompass the range of wind speeds
for which wind tunnel data was taken, which is also shown in the same figure. It should be
noted that the experimental data shown in Figures 4.4a and 4.4b have been manipulated from
those shown in Figure 4.4c, which is the actual data obtained through experimentation. That
is to say, power and C,, data was not measured directly, but rather was obtained based on the
data which was measured. The same is true of the pyDart data: those shown in Figures 4.4b
and 4.4c have been manipulated from the data output by the program, which is that shown
in Figure 4.4a. Equations 2.22 and 2.23 were used to perform these manipulations. A utility
program, plot_dart.py, was developed which takes the output of pyDart and, using parameters
specified in an input file, performs the necessary calculations to produce the power and torque
data shown in the figures.

The non-dimensional data show some interesting trends: first, it seems that at very low
TSRs, both pyDart and the wind tunnel data converge, regardless of the wind speed! . At a
TSR of about 0.125, however, the data (both empirical and theoretical) begin to diverge: the
pyDart data continue to increase, as was the trend with Strickland’s DART implementation,
however the higher wind speed data result in a slightly higher C),. For comparison, a wider view
of the pyDart output for a range of wind speeds is shown in Figure 4.5. It appears that the
corrections made using XFOIL for the airfoil data produce a distinct change between 46 mph
and 48 mph. These wind speeds correspond to Reynolds numbers of 0.198 x 10% and 0.207 x 10°.
These are relatively low Reynolds number, so it could be that the change in performance is
concurrent with a change in flow regime.

An interesting phenomenon is that, regardless of wind speed, the turbine seems unable to
sustain positive power production below an angular velocity if about 40 rpm. The mechanics
behind this are not completely understood by this author, but this observation does help shed
some light on the minimum wind speed at which the turbine will continue to operate, namely
40 mph for this configuration. Notice that the maximum angular velocity, regardless of wind

speed, corresponds to a torque value of:

Tmin = deluteh + Tfrz'c (41)

where T,jytcp corresponds to the minimum torque that is able to be applied to the turbine based

on the capabilities of the magnetic particle clutch used and T',;. corresponds to the torque

!Note that a change in wind speed results in a change in Reynolds number.
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experienced by the turbine due to friction. This makes perfect sense: in order for the turbine to
reach a steady state, the torque produced must exactly equal the torque acting against it, which
in the case of this turbine is a minimum of about 0.29 ft-lb. As can be seen in Figure 4.6, the
lowest wind speed (according to pyDart) at which the necessary minimum torque is produced
at an angular velocity less than 70 rpm and greater than the 40 rpm minimum observed earlier?
is about 38 mph. At 36 mph the turbine needs to either achieve an angular velocity less than
about 25 rpm or greater than 550 rpm in order to produce the torque necessary to reach a steady
state condition. The intervening angular velocity region is thought to analogous with Baker’s
‘dead band’. The discrepancy between the predicted and actual minimum operational wind
speed is attributed to the various error sources discussed in Section 3.4.

Notice that at 50 mph, pyDart predicts that the turbine will always produce more torque
than T},;,. Indeed, at this wind speed, with very minimal assistance, the turbine spooled up
to 300 rpm and showed no indication of slowing down. The test was stopped at this point for
fear that the system would fail at such high velocities. Figure 4.7 suggests that the system
would not have stabilized until the turbine reached an angular velocity of about 2250 rpm. It
is thought that some other factors would have prevented it from reaching such a speed. Based
on these observations, it seems that the multiple streamtube model can accurately predict the
self-starting capabilities of a wind turbine, assuming that the amount of friction in the system

and the minimum angular at which the turbine will operate are known.

2This was the fastest angular velocity to which the turbine was able to be assisted. See Section 3.3
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A final observation that should be noted from the data presented in Figure 4.4 is that at the
higher TSRs, the experimental data seem to ‘sag’ compared to the pyDart predictions. This
is particularly noticeable in Figure 4.4a with the non-dimensional data. This is thought to be
caused by excessive vibrations in the system at these higher TSRs. The worst ‘sag’ appears to
occur at the highest recorded TSR, and equates to about 0.125 ft-1b of torque. The support
structure was observed to shake about once per revolution of the turbine, with increasing
magnitude as the rotational velocity of the turbine increased. The oscillations were observed to
have a maximum amplitude of about 1.5”. Given these figures, the amount of force necessary

to cause these vibrations can be calculated by:

Pvibration = Plost
Fydw = Tiw (4.2)

F,=-t

where F,, is the force which causes the vibration, d is the magnitude of the vibration and 7j is
the predicted torque lost due to these oscillations. These calculations result in a force of 11b
being necessary to cause the losses seen in the 49.96 mph run at 180rpm. This force seems
very reasonable, especially when the observed oscillations are replicated manually by pushing
on the support structure. These losses can be minimized by minimizing the magnitude of
the vibrations: in other words, the stiffer the support structure, the less power is lost due to

vibrations.

4.3 Experimental Results: Pitched Blades

Figure 4.8 shows the wind tunnel data for the 12" turbine with the blades pitched out 4°. It
should be noted that for a given wind speed the pitched-blade configuration produced more
torque than it’s non-pitched counterpart. On top of this, it appears that the pitched configu-
ration allows for the turbine to operate at a lower minimum angular velocity, closer to 30 rpm
as opposed to the 40 rpm limit for the non-pitched turbine. These two phenomena both con-
tribute to the fact that for a given wind speed the pitched turbine produced more power than
the non-pitched turbine. These findings agree with Baker’s predictions.

Wind tunnel data was also compiled for a 12" turbine pitched out at 8° and 12°, as well
as pitched in at —4°. These data are presented in Figures 4.9-4.11. The turbine would not
operate with pitch values less than —4°. Also, the turbine did not produce enough power at
the 6" configuration to overcome the frictional torque in the system, which is why data for this
configuration are not presented.

Due to time constraints, these additional configurations were unable to be studied in-depth.
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Ideally, each configuration would be studied at equivalent wind speeds, so that direct compar-
isons in performance could be made. As this is not the case, the collected data has been plotted
on the same scale for each configuration, so that at the very least a general comparative analysis
could be made. Based on the data collected, it seems that as the pitch angle is increased the
wWmin value gets closer and closer to Orpm. This does not continue indefinitely, however: at a
pitch angle of 12°, the wy,s, value jumps back up: in fact, at this pitch angle a consistent wy,;y,
was not observed. Based on these phenomena, it would seem that there is some optimal pitch
value at which the turbine will produce maximum torque at a minimal angular velocity.

Conversely, as the pitch angle is decreased, the opposite affect is observed. In fact, the only
negative pitch value for which data was able to be collected was at —4°. Notice that for this
configuration, wy;, seems to be equal to about 70rpm. Indeed, for these runs, the turbine
needed to be assisted up to this angular velocity before it would pick up speed and produce
power on its own. This assistance, as discussed earlier in this report, was provided manually,
and was limited to this angular velocity range. Therefore, it makes sense that data was unable
to be collected for blades pitched to angles less than —4°, as the wy,;, would be expected to
rise well above this 70 rpm range for these cases.

PyDart predictions are not present in any of these pitched-blade cases due to the fact
that Strickland’s original implementation does not allow for a pitched blade. When the blade is
pitched, this changes not only the calculations for angle-of-attack but also changes the definition
of Cy and C),: instead of these values being tangential and normal to the airfoil chord-line, they
must now be defined as tangential and normal to the circular path that the airfoil takes. Further,
some early investigations suggest that the geometric relationships used by Strickland to define
the angle-of-attack and C; and C,, break down when the blade is pitched; it is believed that
allowances must be made for how the pitch affects these values at different azimuthal positions.
These changes would probably best be made by changing Strickland’s geometric approach to

one that uses vector quantities.

4.4 A Practical pyDart Use-Case

The amount of energy available in wind is dependant on the area over which the wind is
captured, described by:

Therefore, the amount of power that a wind turbine can produce is directly related to its size
and the wind speed at which it is operating. Further, the wind speed has a cubic effect on the
power that a wind turbine can produce, whereas the size of the wind turbine (represented by

its wetted area with respect to the wind, A) only has a linear effect. Finally, the ideal turbine
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will only be able to extract about 59% of the power described in Equation 4.3, as described by
the Betz Limit discovered by Albert Betz.

Based on these observations, a wind turbine that is designed to work at very low wind speeds
will need to be very large in order to capture an appreciable amount of power. Figure 4.12
shows how the size of a turbine changes based on the wind speed it is operating at in order for
it to produce a certain amount of power. These graphs were made assuming that C), = 0.54,
based on the peak predicted value shown in Figure 4.13. This power coefficient was used along
with Equation 2.22 to create the plots shown. The numerator in Equation 2.22 is represented

by the power value indicated for each line.
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Figure 4.12: Turbine size as a function of wind speed at 0.54% efficiency, for various Piyrpine
values

Figure 4.13 was graphed based on pyDart data which was run using Strickland’s published
airfoil data at Re = 0.3 x 105. As Strickland observed in his report, the optimal turbine seems
to be one with a solidity between 0.20 and 0.30 (he estimated this value to be at 0.27). This
optimal turbine, however, performs best at a relatively high TSR in the 4.5 to 5.5 range. As
seen in Figure 4.13b, the lower solidity turbines perform very poorly at low TSRs. At the
expense of lower peak efficiency, a higher solidity turbine can be constructed which gives much
better performance in the low TSR range, better by many orders of magnitude than the higher
solidity turbines at TSRs as low as 0.025. Based on this, a dual-turbine system is proposed.
This system would have one low-solidity turbine which would be the primary power producer
and another higher solidity turbine which would be used to help the more efficient turbine get

up to an operating TSR. These two turbines will be joined by a clutch mechanism: a magnetic
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Figure 4.13: Power Coefficient Trends for varying solidities

particle clutch like that used in the wind tunnel experiments is suggested.

Figure 4.14 shows the size that a turbine needs to be in order to overcome varying amounts
of torque due to friction over a range of wind speeds. The 0.01% efficiency was taken from
Figure 4.13b. Again, Equation 2.22 was used to generate the plots. The power in the numerator
of this equation was calculated based on the torque values indicated applied at an angular
velocity of 50rpm. This value was chosen based on observations made during wind tunnel
testing of the minimum angular velocity at which the turbine can be expected to operate.
Although 0.01% may seem like a very small efficiency (and it is), it should be noted that
efficiency has been sacrificied in order to have the turbine operate at lower TSRs. This 0.01%

value is much higher than the =~ 0.001% efficiency experienced by the 0.27 solidity turbine at
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these very low TSRs.

A minimum operational wind speed of 10 mph will be used in this analysis. This value was
chosen based on wind data provided by the U.S. Department of Energy [16]. According to their
published wind maps, at an altitude of 80 m the Martha’s Vineyard island of Massachusetts
recieves on average a minimum of 6.0 m/s (13.4 mph) winds throughout the course of a year; the
coastal areas recieve as much as 8.0m/s (17.9 mph) winds on average. This location was chosen
due to the local population’s interest in installing low-profile VAWT's on their home properties.
The lower 10 mph value was chosen to compensate for the fact that a homeowner will likely not
install an 80 m (262 ft) tower on their property, therefore lower winds can be expected.

Referring back to Figure 4.12, a 62.5 ft? turbine is suggested for the larger, power-producing
turbine. This turbine will be built with a solidity of 0.27 in order to maximize the amount
of power extracted from the wind. This turbine will optimally produce 150 Watts of power
in 10 mph winds, which should at the very least be able to power two light bulbs. In 20 mph
winds, this turbine should be able to produce at least 1.0 kWatt of power, assuming minimal

losses in the drive-train and generator.

0.24 ft-Ibs
1.0 ft-lbs
2.0 ft-lbs
5.0 ft-lbs
10.0 ft-lbs

A, ft?

13318

Figure 4.14: Turbine size as function of wind speed at 0.01% efficiency, for various Ty, values

Based on the data presented in Figure 4.14, a surface area of 23ft? will be used for the
smaller turbine. This area corresponds to a T’ of 1.0ft-1b, which allows some wiggle room
regarding the amount of friction in the final design (recall that the turbine built for wind
tunnel testing in this report had a Tf,;. value of 0.24ft-1b). At 10 mph and an angular velocity
of 50 rpm, this turbine will need to have a radius of 1.40ft in order to obtain a TSR of 0.5.
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This value was obtained using Equation 2.23 as follows:

_ TSR -V
N W
0.5 14.666 1t/

5.236 rad/s
= 1.40ft

r

Based on this radius and the 23 ft? area needed, this turbine will need to have an 8.2 ft span.
The radius of the larger turbine can be found using the same methods, but the limiting T’
and angular velocity will ultimately be determined by the transmission (or generator if a direct-
drive system will be used) that it is attached to. For this reason, a radius of 4.0ft has been
arbitrarily chosen, which results in a 7.81 ft turbine.

The final dual-turbine assembly will be 16.01 ft tall and have a maximum width of 8.0 ft.
The smaller turbine will have a solidity of 2.00; this value was chosen based on Figure 4.13b,
as this solidity gives a nice balance between higher efficiency at low TSR and higher minimum
efficiency in the dip that is seen in higher TSRs. Using Equation 2.4, this means that a 3-bladed
turbine will need to have a chord length of 0.93ft. The larger turbine will have the optimal
solidity of 0.27. This results in a 3-bladed turbine with a 0.36 ft chord.
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Chapter 5
Concluding Remarks

This paper has summarized the many different streamtube models available for predicting
VAWT performance and has implemented the multiple streamtube model in a python applica-
tion called pyDart. This implementation was then used to design a wind turbine for residential
use. This design resulted in a dual-turbine system being proposed: a high solidity turbine would
be used to assist a more efficient, lower solidity turbine in spooling up to an operational TSR.
The smaller turbine should have the ability to self-start in winds as low as 10 mph. If these
winds persist long enough for the smaller turbine to help the larger one get started, pyDart
predicts that the larger turbine should produce 150 Watt of power at this wind speed; this value
is 54% of the available power in the wind, 5% lower than the maximum 59% that is available
for extraction. In 20 mph winds, pyDart predicts that the larger turbine should produce about
1,000 Watt of power.

The usefulness of this final design would be in maximizing the power extracted from low
winds while minimizing the size of the entire turbine assembly. It could be argued that the
smaller ‘helper’ turbine could also be built at the optimal solidity of 0.27 in order to maximize its
power extraction as well. Assuming the same 50 rpm minimum angular velocity, such a turbine
would need an 11 ft radius in order to achieve the requisite &~ 4.0 TSR value that corresponds
to the peak C),. Although a very small height could be used (as small as 0.55", actually, using
the same techniques as were used in Figure 4.14) in order to overcome the same 1.0 ft-1b T,
as was discussed earlier, at 22 ft in diameter this turbine would still be too cumbersome to put
on the roof of a house. The final design suggested in this report uses a much larger solidity
than 0.27 which sacrifices efficiency for a decrease in size.

As for future work, there is quite a bit that is yet to be done. For starters, the double turbine
system which has been described should be constructed and tested so that its performance can
be compared to the predicted values. Further, different airfoil sections should be studied to see

their effect on performance. This is complicated by the necessity of airfoil performance data
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post-stall, which is not easily obtained. Sheldahl [17] has compiled a set of airfoil performance
data for 6 different airfoil sections, including one that was tailor-made for VAWT performance.
These data should be used with the pyDart code to test the effects of airfoil profile on overall
performance. Such a study was not included in this report due to time constraints. It is
thought, however, that using these (and similar) data will yield much more accurate results
than the Xfoil method used in this report.

Further, the underlying reason for the ‘dip’ seen in performance at high solidities should
be explored. This dip is likely caused by the airfoil experiencing large amounts of stall in high
solidity and/or low TSR situations. Given the nature of the pyDart output, this data can be
easily compiled and studied. It would simply be a matter of writing out the data to a file, then
compiling the data accordingly into a plot in a method very similar to the way in which the C),
vs. TSR data is currently plotted. In fact, the plotting code used to plot these curves could
itself be modified to accomplish this task. This sort of analysis could add immensely to the
understanding of the underlying aerodynamics in these multi-blade turbine systems.

Finally, this pyDart implementation could be used as part of a larger software suite which
focuses on the design of Darrieus turbines from the ground up. Its modularity makes it easy
to automate any number of tasks, which makes it an excellent candidate for such a program.
Indeed, the current implementation makes use of this modularity through various scripts and
small programs to accomplish complex tasks such as gathering the large amount of data pro-
duced and plotting them to produce most of the plots seen in this report. This same approach
could be used to integrate pyDart into an application which, say, asks the user for their pre-
ferred turbine geometry and target operational wind speed and takes that data to produce
graphs similar to those seen in this report. This would, of course, require that the user provide
the necessary airfoil data if an airfoil other than the NACA 0012 is desired, but again, the
modularity of the pyDart implementation makes this very easy to incorporate.

One of the goals of this report was to explore the validity of Strickland’s [2] multiple stream-
tube model at high solidities and low tip-speed ratios. The reason for this is that his initial
report focused on higher TSR values, as the experimental data that he had available was ob-
tained from a rather large turbine. Higher solidity turbines perform markedly worse than the
optimal turbine, but in exchange they show superior performance at very low TSRs. The wind
tunnel tests performed to verify the multiple streamtube model in this regime showed that his
model indeed does a very good job at predicting performance in this regime, and thus can be
relied on for design purposes. It was found that pitching the blades outward on a turbine re-
sulted in increased performance. This phenomenon should be further explored, as a fixed-pitch

turbine could be a nice compromise between a non-pitched and a varying-pitch turbine.
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Appendix A

Program Description

A.1 Introduction

Figure A.1 shows a flowchart of pyDart, a python implementation of Strickland’s [2] DART code.
This implementation is much more complex and versatile than Strickland’s FORTRAN code:
where his program relied on basic loops to accomplish its tasks, pyDart has been abstracted
using an Object-Oriented Programming approach. This method was chosen in order to increase
the ease of extensibility for future researchers, by delegating key tasks to individual classes.

Python was chosen for this implementation mainly because of the following;:
e Python’s inherent Object-Oriented approach to programming

e Python’s extensibility by means of imported modules, of which numpy and matplotlib

were the main two used.

e Cross-platform compatibility: python is an interpreted program language, therefore any

computer for which a python interpreter is available can run the same python code.

e Cost: python is a free, open-source programming language, and thus is freely available

and re-distributable.

The python programming language is actively developed and is expected to remain so for the
foreseeable future. In this way, it is expected that pyDart could be run on both personal and
research workstations for many years to come.

Being an interpreted programming language, python takes a performance hit over compiled
programming languages (such as C and FORTRAN). This loss of performance was accepted as
negligible, especially given the lowering costs of processing power. Further, python is described

as ‘a programming language that lets you work more quickly and integrate your systems more
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Figure A.1: Flowchart of run.py Class
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effectively’ [18], which was found to be the case for this author. Given certain time constraints,

this familiar, easy-to-use yet powerful programming language seemed the best choice.

A.2 Main Flow

The main flow of the program is depicted in Figure A.1: three primary pieces of information are
input to the run_dart.py script, which subsequently implements the C_val and calcCpl classes
appropriately to produce the requested data. This data is then output in the form of sim-
ple text files, one file for each solidity, each containing x-y data pairs corresponding to TSR
and C), respectively. A helper class, runparser, is provided which allows for many different
configuration options to be passed through the command-line or specified in a configuration
class. This runparser class is a subclass of a more general parser class, which uses the Con-
figParse and argparse python modules to accomplish the aforementioned configuration tasks.
This configuration class is not included as a part of the main pyDart implementation due to
the suspected volatility (by this author) of the ConfigParse and argparse modules; it seems
that to-date, a single module providing configuration-file or command-line parsing capabilities
cannot be decided upon by the python community.

Taking these inputs, the run.py scripts creates two instances of the C_val class, one each
for the airfoil in question’s Cy and C), data. It then enters into the main nested loop, in which
the provided solidity and TSR ranges are iterated over and solved appropriately. For each
solidity, the (), vs. TSR data is written out to a plain text file, which can be further processed
or plotted as needed. Many of the parameters governing these tasks can be controlled using
the aforementioned configuration file or command-line options. Please refer to the sample
configuration files and/or run run_dart.py with the -h or --h option to get a summary of all

available command-line options.

A.2.1 A note about encapsulation

The configuration dilemma stated above provides an excellent example of one of the advantages
of object-oriented programming, namely encapsulation. By keeping each logical piece of code
in its own class, it becomes easy to add or remove additional functionality. In this case, the
ability to parse configuration data isn’t inherently necessary: indeed, sane defaults are built-in
and can be adjusted directly in the run.py script without the need of any configuration details.
This becomes cumbersome, however, when many different configurations are used. This is the
reason for including the parser classes. If ConfigParse and/or argparse become obsolete in the
future, however, all of pyDart will not need to be rewritten, just the configuration portion of
it. As long as the new configuration implementation provides the same data as the old one, it

can be used an a drop-in replacement for the current implementation.
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A.3 The parser Class

As already stated, the parser class uses the ConfigParse and argparse modules to parse a
configuration file and command-line options, respectively. A single module that allowed for both
forms of configuration was not found, thus this class was written. The init method of the parser

class takes four parameters, described in Table A.1, two of which are optional: A distinction

Parameter Description Default

cmdln_settings Dictionary of command-line settings, passed to none, required

argparse
all_settings Dictionary of all settings, both from the configu- none, required
ration file and command-line
descript A description of the program, which is displayed blank
when the program is run with the —help or -h
options
post Text which will be displayed when the program blank

is run with the —help or -h options. This text is
displayed after the list of arguements, unlike the
description which is displayed first

Table A.1: parser Class init-method Parameters

needed to be made between the command-line settings and those provided in the configuration
file due to the requirements of the argparse module, which requires much more information
than the ConfigParse module; this is why there is a separate cmdin_settings dictionary. The
intricacies of the two dictionaries can be observed in the runparse implementation, and will not
be discussed here. The parser class takes these data and uses them appropriately to create one
unified location to access the data provided.

Preference is given to command-line arguments, therefore if a value is given at the command-
line and in a configuration file, the command-line value will be used. If a configuration file is not
specified at the command-line and a default value was provided in the all_settings dictionary,
then that file will be used. Note that in order for this feature to work, the key in the all_settings
dictionary corresponding to the configuration file name must be CONFIG_FILE NAME. This is the
only option which must have a particular name. If this is not the case, the parser instance will
only be able to parse command-line options.

The built-in __getattr__ python method is overwritten in order to extend the file-types that
a parser instance can return. Namely, it allows for a list to be specified by separating list items

with a comma. If the list consists solely of numbers, they are converted from the string data
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type to floats. Further, if a list item of length one is found, the item is returned as a string
instead of a list of length one. This functionality may not be desired in all cases, and can be
removed if necessary. Finally, if a ‘None’ value is found for a string option, the python None

type is returned instead of the string ‘None’.

A.4 run.py Script

The run.py script was one of the first utilities written in this program suite. It was originally
meant as a means of using the calcCpl class to verify the algorithm implementation against
Strickland’s [2] published DART output. It was originally intended to eventually create a
separate, fully functional program to replace run.py. Instead, in the process of debugging the
caleCpl class using run.py, enough functionality was added to it that it did not make sense to
create a separate application. For this reason, the run.py code-base is a little erratic and not
really object-oriented in nature.

Despite this, it is fully functional in its use of runparser and calcCpl: it is able to take a
number of user-defined parameters and apply them to the use of calcCpl in order to obtain
performance data for a variety of configurations. It is also able to store these data in a sane,
user-defined matter. Nonetheless, this script should ultimately be replaced by a class in order
to keep it in line with the overall goals of this project.

The first portion of run.py instantiates a runparser instance. It uses this myvals object to
obtain all of the user-specified information needed to complete its execution. The runparser
class provides defaults for all of the needed parameters, such that run.py can be run without any
user-defined options. This should result in the same data as Strickland has published for a 2m
turbine with a solidity of 0.27 at a Reynolds number of 0.3x 10%. The TROPOSKEIN configuration-
file option allows for either a troposkein-shaped turbine or a straight-bladed turbine to be
studied. It should be noted that the capabilities of run.py to produce accurate data for a
troposkein-shaped turbine have not been studied outside of the aforementioned case. Every
other case in this report was run for a straight-bladed turbine. For this reason, some further
development of run.py may be needed in order to allow for an arbitrarily sized troposkein-
shaped turbine to be studied. Also, the troposkein shape was approximated by a sine function,
as in Strickland’s report.

As already mentioned, the main loop iterates over first the solidity range and then the TSR
range that is provided by the user. Take note of the method used to allow for non-integer
ranges to be specified by the user. This portion of the code could have been simplified by using
a numpy array, but it was thought that by using simple python lists as often as possible a
performance gain could be obtained. The reality of this assumption has not been tested.

Once the TSR loop is entered, a calcCpl object is instantiated as myiterator, after which two
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more loops are entered: the first loops over a range of z/h values, where z is a vertical position
between zero and h, the turbine’s height. This loop is only relevant when a troposkein-shaped
turbine is being studied, as a straight-bladed turbine will have no variation in performance in
the z-direction. The next loop iterates over a range of azimuth angles, theta. These values must
range from 0 to 180, and the user can specify the resolution between these values. Strickland
uses a 10° azimuthal interval. This report uses 1° intervals, due to the increased amounts of
processing power available versus what Strickland had available.

Finally, the myiterator class is called with a particular set of data describing one streamtube,
and the returned data is stored appropriately. It should be noted that python allows for any
defined class to be ‘callable’ by defining a __call__ method, thus the myiterator class is called

directly, as if it were a function, with all the parameters required by its __call__ method.
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Appendix B

Code

B.1 iterate.py

from math import radians, degrees, atan, pi, sin, cos
class calcCpl:
def __init__(self, A_TOLERANCE=0.001, SOLIDITY=1.0, TSR=1.0,
MAX_ITER=1000, ALPHA_MAX=15.0, CD0=0.0):
self .A_TOLERANCE = A_TOLERANCE # tolerance for ’a’ convergence

self .SOLIDITY = SOLIDITY # N*C/R_mazx
self .TSR = TSR # Tip-speed ratio,ti.e. U_t / U_infinity
# where U_t = omega * R_mazx
self .NTRY_MAX = MAX_ITER # Max number of times to loop through
# trying to solve for the tube wvelocity.
self .ALPHA_MAX = ALPHA_MAX # Alpha at which stall occurs
self.CDO = CDO # CD at alpha=0deg

def __call__(self, theta, beta, gamma, r_R, Cn_int, Ct_int):

nimnn

Return Cp wvalue at a given theta and z/h.

T_R = r_local / R_maz

theta = theta in radians (azimuthal angle)

beta = beta in radians (tilt of blade)

gamma = gamma in rTadians (pitch of blade)

Cn_int = A callable function which returns a Cn value

when given a theta in degrees.
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Ct_int = same as Cn_int, except for Ct instead.

mnn

if theta == 0.0 or theta == pi or r_R < 1.0e-12:

#-— Return 0 Cpl and a for really —-#
#-- small values of r_R. Or azimuthal-#
#-- angles of 0 and 180 degrees -—#
# aCpl, a, Ur_U, Ct, alpha
return 0, 0, O , 0, O

a=0

ntry = 0O

while True:
#-- I have pretty much followed Strickland’s -—#
#-- Code here to a T. Please see his appendizx --#
#-- as the old FORTRAN stuff is fairly readable ——#
U_Uinf = 1.0 - a # U/ U infinity

#if U_Uinf < 1.0e-12:
#U_Uinf = 1.0e-12
Ut_U = r_R * (self.TSR / U_Uinf)
#print "sin(theta) = {0:6.3f}, sin(beta) = {1:6.3fF,"\
#"cos(theta) = "{2:6.3f}". format (sin(theta),
#sin(beta),
#cos(theta))
if cos(theta) + Ut_U == O:
print ’theta = ’, theta
return 0 , 0, O , 0, O
alpha = atan((sin(theta) * sin((beta)))/(cos(theta) +
Ut_U))
alpha += radians(gamma)
if alpha < 0.0:
alpha += pi
#print "alpha = ", degrees(alpha)
Cn
Ct = Ct_int(degrees(alpha))
#if alpha <= radians(self.ALPHA_MAX) :
#Ct —-= self.CDO

Cn_int (degrees(alpha))
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Ur_U = (sin(theta) * sin(beta)) / sin(alpha)
Ur_Uinf_sq = (Ur_U * U_Uinf)**2
F_x_star = (self.SOLIDITY * Ur_Uinf_sq) / (4.0 * pi * r_R) * \
(Cn - Ct * cos(theta) / (sin(theta) * sin(beta)))
a_new = a**2 + F_x_star
ntry += 1
if ntry > self .NTRY_MAX :

#-- Value hasn’t converged? --#

#print "TSR = {0:.1f}, theta = {1:.3f}, z_h = "\

#"{2: . 1f}". format (self.TSR, degrees(theta), z_h)

n

#print "ntry = ", ntry,

#print " a_new = ", a_new

U_Uinf = -U_Uinf

Ur_U = (sin(theta) * sin(beta)) / sin(alpha)

Ur_Uinf_sq = (Ur_U * U_Uinf)**2

#a = a_new

break

if a_new > 1.0:

#print "a > 1.0 : TSR = {0:.1f}, theta = "\
#"{1:.3f}, z_h = {2:.3f}, r_R = {3:.3f},"\
#"sin(beta) = {4:.3f}". format (self.TSR,

#degrees (theta),
#z_h, r_R, sin(beta))

#print "ntry = ", ntiry,

#print " a_new = ", a_new

U_Uinf = 0O

Ur_U = (sin(theta) * sin(beta)) / sin(alpha)

Ur_Uinf_sq = (Ur_U * U_Uinf)**2

#a = a_new

#raw_input ()

break

if abs(a_new - a) < self.A_TOLERANCE:
break
else:
a = a_new
#if ntry > 50:

#print "took ", niry," turns”
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dCpl = (self.SOLIDITY / (2.0 * sin(beta))) * self.TSR * (
Ur_Uinf_sq * Ct * r_R)

#print "dCpl = ", dCpl

return dCpl, a, Ur_U, Ct, alpha

#This makes it so that the following code only runs <f the program s
#invoked directly. If 4t is imported into another program, the
#following code i1s not executed. Therefore, I have included my
#verification code below such that I can import the class into an
#external program and use it without having to worry about this test
#case being run. Bastcally, ©f you import this class, everything below
#here will be ignored. You can, however, call this file directly to run
#this test case

if __name__ == "__main__":

from numpy import array
import matplotlib.pyplot as plt
from airfoil_data import C_val
from os import getcwd, path
def run_case():
for solidity in solidity_range:
print "solidity = ", solidity
solidity_file_name = ’cp_re’+Re+’_strick_sol’+\
str(int (100*solidity))+".csv"
contour_file_name = ’contour_re’+Re+’_sol’+\
str(int (100*solidity))+".csv"
print "writing to ", solidity_file_name
print "contour to ", contour_file_name
range_file_dir = path.join(base_dir,
outputs_dir,
solidity_file_name)
contour_file_dir = path.join(base_dir,
outputs_dir,
contour_file_name)
range_file = open(range_file_dir,’w’)
contour_file = open(contour_file_dir,’w’)
for tsr in tsr_range:
myiterator = calcCpl(TSR=tsr,SOLIDITY=solidity)
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total = 0O
rr_sum = 0
for z_h in zrange:
#r_R = sin(pi*z_h)
rR=1.0
#r_R = 0.5 * r_R
#beta = atan(h_r / (pi * cos(pi * z_h)))
beta = 90.0
rr_sum += r_R
dTotal = 0.0
#print "preTotal = {0:6.3f}". format (total)
for theta in thetas:
theta = radians(theta)
dCp, a, Ur_U, Ct,alpha = \
myiterator (theta=theta,
beta=beta,
r_R=r_R,
Cn_int=Cnvals,
Ct_int=Ctvals)
total += dCp
dTotal += dCp
Y = 0.5 * r_R * cos(theta)
U_Uinf = 1.0 - a
[z_h,Y,U_Uinf]

contour_out = [str(i) for i in contour_out]

contour_out

contour_file.write(’,’.join(contour_out)+"\n")
Nt = len(thetas)
total = total / (Nt * rr_sum)
if total < -0.02:
break
to_write = [tsr,total,total*2]

to_write = [str(i) for i in to_write]
range_file.write(’,’.join(to_write)+"\n")
print "at tsr = {0} Cp = {1:7.4} "\

"and 2*Cp = {2:7.4}".format(tsr, total, 2+total)
#raw_input ()

range_file.close()
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contour_file.close()
def plotCps(solidity=0.27):
hisfileloc = path.join(base_dir,outputs_dir,’his_graph.csv’)
solidity_file_name = ’cp_re’+Re+’_strick_sol’+\
str(int (100*solidity))+".csv"
range_file_dir = path.join(base_dir,outputs_dir,

solidity_file_name)

plotfile = open(range_file_dir,’r’)

hisfile = open(hisfileloc,’r’)

hisx = []
hisy = []
myx = []
nyy = []

for item in hisfile:
parsed = item.split(’,’)
hisx.append(float (parsed[0]))
hisy.append(float (parsed[1]))
for item in plotfile:
parsed = item.split(’,’)
myx . append (float (parsed[0]))
myy .append (float (parsed[1]))
hisfile.close()
plotfile.close()
#for index,item in enumerate(myz):

#myxz[index] = ttem + 0.1

hisx = array(hisx)

hisy = array(hisy)

myx = array(myx)

myy = array(myy)
plt.plot(hisx,hisy,’ro’,label="his’)
plt.plot(hisx,hisy,’r’)
plt.plot(myx,myy, ’bo’,label="mine’)
plt.plot(myx,myy,’b’)
plt.xlabel(’TSR’)

plt.ylabel(’Cp’)

plt.grid()

plt.legend()
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plt.show()

#-- Some constants up top, to make it easier to change ——#
Re = ’0.3’

HEIGHT = 2.0 # meters

RADIUS
h_r = HEIGHT / RADIUS
base_dir = getcwd()

1.0 # meters

data_dir = ’data’

outputs_dir = ’output’

loc_dir = path.join(base_dir,data_dir)
testfile_name = ’testfile.csv’

testfile_loc = path.join(base_dir,outputs_dir,testfile_name)

Cnvals = C_val(’cvals.dat’, base_dir=loc_dir, col=’C_n’)

Ctvals

C_val(’cvals.dat’, base_dir=loc_dir,
col="C_t’, Cd0=0.0085)
#Cnvals C_val(’Cn_re’+Re+’.csv’, base_dir=loc_dir)

#Ctwvals

C_val(’Ct_re’+Re+’.csv’, base_dir=loc_dir)

solidity_range = [0.27]
#solidity_range = [0.30]

tsr_range = [1/100.0 for i in range(10,900,1)]

#tsr_range = [28,30,32]
#tsr_range = [3.5]
#tsr_range = [40]

zrange = range(0,11,1)

zrange = [0.05, 0.15, 0.25, 0.35, 0.45,

0.55, 0.65, 0.75, 0.85, 0.95]
zrange = [1/100.0 for i in range(1,51,1)]
#zrange = [1/1000.0 for © in range(450,550,10)]
#zrange = [1/100.0 for % im range(1,100,1)]

zrange = [0.05, 0.15, 0.25, 0.35, 0.45]
#zrange = [0.45,0.5,0.55]
zrange = [1.0]
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thetas = range(0,181,10)

import cProfile

cProfile.run(’run_case()’, ’iterate.prof’)
#plotCps ()

B.2 run_dart.py

#!/usr/bin/env python

#NOTE: this program has been hard-coded to rTun for a straight-blade
#case. It was originally written to verify our implementation of the
#multiple streamtube model against Strickland’s results, which uses a
#troposkein-shaped blade (or rather a crude approzimation using a
#sine-curve.) This verification was done, and can be re-run with slight
#modifications to the code as it s now. After the wverification,
#however, the code was changed to focus exclusively on the
#straight-blade design. This being the case, this code ts not natively
#useful for mon stratight-blade cases. It can be modified to work, but I
#don’t provide any guarantees as to its accuracy or wvalidity.

from os import path, makedirs, getcwd

from math import radians, cos, atan, pi, sin

from numpy import array

from iterate import calcCpl

from airfoil_data import C_val

from runconfig import runparser

myvals = runparser ()

profiler_file_name = myvals.PROFILER_FILE_NAME
troposkein = myvals.TROPOSKEIN

base_dir = myvals.CURRENT_WORKING_DIRECTORY
data_dir = myvals.DATA_DIR

outputs_dir = myvals.OUTPUT_DIR

contour_dir = path.join(getcwd() ,outputs_dir,"contours")

try:
makedirs(contour_dir)
except OSError:
pass

#print ’base_dir = ’, base_dir

65



#print ’outputs_dir =’, outputs_dir
cval_filename = myvals.AIRFOIL_DATA_FILE
c_cols = myvals.COL_NUMS
try:

cn_col = int(c_cols[0])

int(c_cols[1])

ct_col
except ValueError, e:

cn_col = c_cols[0]

ct_col = c_cols[1]
data_dir_loc = path.join(base_dir,data_dir)
Cnvals = C_val(cval_filename, base_dir=data_dir_loc, col=cn_col)
Ctvals = C_val(cval_filename, base_dir=data_dir_loc, col=ct_col)
CDO = myvals.CDO
ALPHA_MAX = myvals.ALPHA_MAX

print ’CDO = ’, CDO
print ’ALPHA_MAX = ’, ALPHA_MAX
HEIGHT = myvals.HEIGHT

RADIUS = myvals.RADIUS
GAMMA myvals.GAMMA
#print ’gamma = ’, GAMMA

solidity_params = [int(i) for i in myvals.SOL_RANGE]
solidity_range = [i/float(solidity_params[-1]) for i in
range(solidity_params[0], solidity_params[1] + 1,
solidity_params[2])]

tsr_params = [int(i) for i in myvals.TSR_RANGE]

tsr_range = [i/float(tsr_params[-1]) for i in range(tsr_params[0],
tsr_params[1] + 1,
tsr_params[2])]

theta_params = [int(i) for i in myvals.THETA_RANGE]

thetas = [i/float(theta_params[-1]) for i in range(theta_params[0],
theta_params[1] + 1,
theta_params[2])]

h_r = HEIGHT/RADIUS

solidity_prefix = myvals.OUTPUT_FILE_NAME

contour_prefix = myvals.CONTOUR_FILE_NAME
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if troposkein:
[0.05, 0.15, 0.25, 0.35, 0.45]

zrange

else:

zrange = [1.0]
#zrange = [0.25]

def run_case():
global solidity_prefix
global contour_prefix
for solidity in solidity_range:
solidity_filename = "{0}{1:01.2f}.csv".format(solidity_prefix,
solidity)
#print "solidity = {0}, writing to file "\
#"{1}". format (solidity,soltdity_filename)
contour_filename = "{0}{1:.0f}.csv".format(contour_prefix,
100*s0lidity)
#print "writing to ", solidity_filename
#print "contour to ", contour_filename
range_file_dir = path.join(base_dir,outputs_dir,solidity_filename)
contour_file_dir = path.join(base_dir,outputs_dir,
"contours",contour_filename)
range_file = open(range_file_dir,’w’)
contour_file = open(contour_file_dir,’w’)
alpha_max = 0O
for tsr in tsr_range:
#print TSR = ’, tsr
myiterator = calcCpl(TSR=tsr, SOLIDITY=solidity,
ALPHA_MAX=ALPHA_MAX, CDO = CDO)
total = 0
rr_sum = O
for z_h in zrange:
if troposkein:
#2_h = z / float (HEIGHT)
r_R = sin(pi*z_h)
beta = atan(h_r / (pi * cos(pi * z_h)))
else:
rR=1.0
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beta = 90
rr_sum += r_R
dTotal = 0.0
#print "preTotal = {0:6.3f}F". format (total)
for theta in thetas:
theta = radians(theta)
dCp, a, Ur_U, Ct,alpha = myiterator(theta=theta,
beta=beta,
gamma=GAMMA,
r_R=r_R,
Cn_int=Cnvals,
Ct_int=Ctvals)
if alpha > alpha_max:
alpha_max = alpha
total += dCp
dTotal += dCp
Y = 0.5 * r_R * cos(theta)
U_Uinf = 1.0 - a
contour_out = [z_h,Y,U_Uinf]

contour_out = [str(i) for i in contour_out]
contour_file.write(’,’.join(contour_out)+"\n")
Nt = len(thetas)
total = total / (Nt * float(rr_sum))
if total < -0.02:
break

to_write = [tsr,total,total*2]

to_write [str(i) for i in to_writel
range_file.write(’,’.join(to_write)+"\n")
print ’maximum alpha seen was {0}’\
’for solidity {1}’.format(alpha_max,solidity)
range_file.close()
contour_file.close()
import cProfile

cProfile.run(’run_case()’, profiler_file_name)
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