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Abstract

Experimental research has been completed using a custom designed and built
4m diameter wind turbine in a university operated wind facility. The primary goals
of turbine testing were to determine the power production of the turbine and to
apply the particle image velocimetry (PIV) technique to produce flow visualization
images and velocity vector maps near the tip of a blade. These tests were completed
over a wide range of wind speeds and turbine blade rotational speeds. This testing
was also designed to be a preliminary study of the potential for future research
using the turbine apparatus and to outline it’s limitations. The goals and results of
other large scale turbine tests are also briefly discussed with a comparison outlining
the unique aspects of the experiment outlined in this thesis.

Power production tests were completed covering a range of mean wind speeds,
6.4 m/s to 11.1 m/s nominal, and rotational rates, 40 rpm to 220 rpm. This testing
allowed the total power produced by the blades to be determined as a function of
input wind speed, as traditionally found in power curves for commercial turbines.
The coefficient of power, Cp, was determined as a function of the tip speed ratio
which gave insight into the peak power production of the experimental turbine. It
was found, as expected, that the largest power production occurred at the highest
input wind speed, 11.1 m/s, and reached a mean value of 3080 W at a rotational
rate of 220 rpm. Peak Cp was also found, as a function of the tip speed ratio, to
approach 0.4 at the maximum measurable tip speed ratio of 8.

Blade element momentum (BEM) theory was also implemented as an aerody-
namic power and force prediction tool for the given turbine apparatus. Comparisons
between the predictions and experimental results were made with a focus on the
Cp power curve to verify the accuracy of the initial model. Although the initial
predictions, based on lift and drag curves found in Abbot and Von Doenhoff [I],
were similar to experimental results at high tip speed ratios an extrapolation of the
data given by Hoffman et al. [2] was found to more closely match the experimental
results over the full range of tip speed ratios.

Finally PIV was used to produce flow visualization images and corresponding
velocity maps of the chord-wise air flow over an area at a radius ratio of 0.9, near the
tip of a blade. This technique provided insight into the flow over a blade at three
different tip speed ratios, 4, 6 and 8, over a range of wind speeds and rotational
rates. A discussion of the unique aspects and challenges encountered using the
PIV technique is presented including: measuring an unbounded external flow on a
rotating object and the turbulence in the free stream affecting the uniform seeding
and stability of the flow.
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Chapter 1

Introduction

1.1 Wind Energy

With a current social and economic drive to develop alternative energy sources the
extraction of power, using wind turbines, from renewable wind resources around the
world represents an alternative to current non-renewable power sources. Worldwide,
wind turbine power capacity was increased by 26% in 2007 over the capacity in 2006.
This increased capacity represented a nameplate power increase of approximately 13
GW [3]. Canadian 2008 energy statistics [4] indicated that Canadian wind turbines
produce 1.7 TWh of energy which represents 0.29% of the total Canadian utility
energy production. In contrast, Denmark has 1.7 times the installed wind turbine
capacity of Canada but the energy these turbines produce accounts for 19.9% of
their energy production [3]. Although this comparison does not account for the
respective populations of the countries it does represent the level at which wind
energy can become a part of a country’s energy mix.

Despite the continuing growth of the wind energy industry improvements to the
design and operation of turbines are always possible. Experimental studies of wind
turbine aerodynamics have the potential to improve the operation and efficiency
of turbines and the initial prediction of their output. These improvements can
ultimately aid in the adoption of these products and help to increase their part in
the world’s energy mix.

Modern grid connected wind turbines are predominately three-bladed horizontal-
axis machines. While the internal design varies between manufacturers a basic tur-
bine consists of four major parts: the blades, hub, nacelle and tower. The blades
are typically made of a fibreglass composite structure and range in length depend-
ing on the designed power rating of the turbine. The blades are the component
which extracts the energy from the wind and transfers it into rotational motion.
The hub is the component which connects the blades to the nacelle and, depending
on the design, can incorporate active blade pitch control. The nacelle contains all
of the mechanical components which, depending on the design, can include: a gear
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box, generator, braking system and yaw control. Finally, the tower is the structure
which supports the nacelle, hub and blades and is typically mounted on a rein-
forced concrete base. A typical modern turbine is shown below in figure [LL1] with
the major components labeled and a person standing approximately 50 m from the
base for reference.

Figure 1.1: Example of a modern turbine with major components labeled

1.2 Goals and Objectives

The goal of this project was to gain a better understanding of the unique charac-
teristics of wind turbine aerodynamics through experimentation. Specifically this
experimentation was completed on a rotating large scale 4.3 m diameter wind tur-
bine in a University operated wind facility. This project was broken up into three
distinct, but related, areas of study: i) the completion of an experimental study
which determined the power generation of a wind turbine over a range of rotational
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rates and wind speeds; ii) the development of a numerical, momentum based, model
which was used to predict turbine blade loading and power generation; and iii) proof
of concept experimental flow measurements around a turbine blade using a laser
based velocity measurement technique. For organizational purposes each area of
study is presented in separate sections within each relevant chapter. In addition to
the major areas of study, a discussion of improvements which can be made to the
wind turbine apparatus and wind facility and recommendations for further studies
was made.

For the experimental portions of this project a wind turbine apparatus, designed
to test various turbine blade configurations, was commissioned for use in a Univer-
sity operated wind facility. The commissioning process involved final assembly of
various components of the apparatus as well as it’s instrumentation. Ultimately one
set of turbine blades was tested on this apparatus and the power they produced at
varying wind speeds and rotational rates was quantified. The flow close to the tip
of a rotating blade was also visualized and quantified using a laser based technique.



Chapter 2

Background and Theory

This chapter will present a brief background and discuss the theory related to the
work completed for this thesis. The first topic includes a discussion of previous large
scale wind turbine experimentation which includes an outline of: the experimental
equipment used, the results of the testing and the contribution the testing made
to further wind turbine research. Secondly, there is a discussion of the momentum
based model which was used to predict the output of the wind turbine tested in
this experiment. Finally, there is an introduction to the laser based method used
to quantify the blade flow near the tip and a discussion of the unique aspects of it’s
application in this experiment.

2.1 Previous Large Scale Wind Turbine Tests

Due to the scale of commercial wind turbines, with rotor diameters on the order
of 100 m, testing of scale models under controlled conditions, like those found in
a wind tunnel, has been limited to a very small number of experiments. Two
major projects that have been completed will be discussed in this section: the first
completed by the National Renewable Energy Laboratory (NREL) in the National
Full-Scale Aerodynamics Complex at NASA’s Ames research facility [5]; and the
second project, MEXICO, was coordinated by the Energy Research Center of the
Netherlands (ECN) with tests completed at the large scale low speed wind tunnel
(LLF) which is part of the German-Dutch Wind tunnel (DNW) network [6]. While
the goals and objectives of these two tests were not identical they represent the
foremost large scale wind tunnel testing of wind turbines to date.

2.1.1 NREL

Based on testing by NREL in the NASA Ames wind tunnel the research community
was provided with experimental data which covered blade pressure measurements
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Table 2.1: Turbine and tunnel conditions varied during NREL testing [5]
‘ Test Variable ‘ Range of Values ‘

Wind Speed 5t039.3m/s
Rotational Rate 0, 72, 90 rpm
Blade Pitch 3 to 79 degrees

Yaw Angle -180 to 180 degrees
Cone Angle 0, 3.4, 18 degrees

and power production data with which to compare predictive models. The wind
facility used and the turbine tested are briefly described below.

Research that has been completed based on the results of this testing are also
discussed with a focus on three dimensional flow effects and the improvement of
numerical models used to predict turbine power and loading. These two topics were
relevant to the research completed for this thesis due to the power prediction that
was completed and the effect that the three dimensional effects could have on the
PIV measurements.

Overall 30 different tests were completed utilizing different turbine configura-
tions which varied: the wind input speeds, yaw angle, blade tip design, upwind
or downwind rotor, three rotational rates, pitch angle, teetering or rigid hub and
finally coning of the rotor. A brief summary of the turbine and tunnel conditions
used during the NREL testing outlined in table 2.1]

2.1.1.1 Turbine and Tunnel overview

Completed in 2000, testing of the NREL unsteady aerodynamics experiment (UAE)
wind turbine, in NASA’s 24.4 m by 36.6 m wind tunnel, provided the wind turbine
research community with information on the flow and power characteristics of a
wind turbine under controlled wind conditions. Prior to this testing information
on UAE turbine performance had been gathered in outdoor conditions where wind
direction, wind speed and turbulence could not be controlled. The turbine tested
was a two bladed constant rotational rate, primarily 72 rpm, stall regulated design
with a 10 m rotor diameter and a rated power of 20 kW. The turbine blades used
the S809 airfoil along the entire span with the airfoil designed and tested by Somers
[7] for NREL. The majority of physical parameters of the turbine and wind tunnel
and test conditions relevant to the NREL testing are contained in a report produced
by Hand et al. [5]. Figure 2] depicts the NREL UAE wind turbine installed in the
wind tunnel.

2.1.1.2 Instrumentation

In addition to instrumentation monitoring wind tunnel conditions, such as atmo-
spheric pressure and wind speed, the turbine was instrumented to measure blade

5
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Figure 2.1: NREL UAE turbine in the NASA Ames wind tunnel [§]
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Figure 2.2: Sample surface pressure distribution from a point 30% from the blade
root on the UAE turbine as presented by Schepers and Rooji [9]

flow characteristics as well as turbine loading and power production as described
by Hand et al. [5]. Specifically a blade was outfitted with surface mounted pressure
taps, aligned chord-wise, at five radial locations, along the blade. These surface
mounted taps would provide pressure distribution data, and thus loading, along
the blade. A sample pressure distribution, shown in figure was presented by
Schepers and Rooji [9] in a comparison to CFD output and was produced using the
surface pressure measurements.

Five hole probes were also mounted to a blade which could measure pressure
ahead of the leading edge to provide information on the dynamic pressure and
inflow angles at five radial locations. Strain gauges were also mounted to each
blade root in order to measure bending moments on the blades. Finally, the tower
was mounted to a load balance to measure the forces and moments applied to the
entire apparatus. It should be noted that the instrumentation implemented in the
NREL testing could not quantify the velocity field around the blades.

2.1.1.3 Three Dimensional Flow and Performance Prediction

A common use of the NREL test results were for the comparison and validation
of numerical models which attempted to quantify three dimensional effects on a
rotating turbine blade. These comparisons were typically used to gain a better
understanding of the complex flow over a wind turbine blade which can ultimately
improve power and load prediction for design purposes. Based on past and current
work it was found that models still have difficulty consistently predicting power
output and blade loading on turbines and as such cannot be the only tool used for
design purposes.
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One of NREL’s goals was to determine the efficacy of models in predicting the
power output of the the UAE turbine when the researchers had no prior knowledge
of the UAE experimental results. This was called the aerodynamics code blind
comparison, discussed by Simms et al. [L0], and involved many researchers with
19 models ultimately implemented in an attempt to predict turbine loading and
output. Researchers were given the same set of input data such as two dimen-
sional aerodynamic airfoil properties and tunnel conditions at 20 operating points
but all experimental output results were unknown to researchers. The goal of this
project was to determine not only the prediction uncertainty but also the affect
that the assumptions made by the researchers had on the accuracy of their model.
Ultimately model predictions resulted in a wide range of results which never con-
sistently matched experimental results. It was also found that some models could
predict gross blade loading or power output at some test conditions but the span-
wise power or loading distributions did not match experimental results.

After the blind comparison study was complete, Coton et al. [IT] attempted,
among other goals, to determine the affect of aerodynamic property inputs on the
accuracy of model predictions against the NREL UAE data. It was found that
the results did vary with different input aerodynamic properties which were the
result of two dimensional wind tunnel testing of the same S809 airfoil but under
different Reynolds numbers or in different facilities. As only one model was used in
their study it was not possible to state with confidence that inconsistent predictions
were the results of the model itself or of the input data but it was clear that three
dimensional effects needed further study.

Breton et al. [12], using the same model implemented by Coton et al. [11],
attempted to determine the effect of various models used to correct two dimensional
aerodynamic airfoil data for three dimensional stall delay. It was found for these
models that corrections produced a wide range of predicted blade loading. It was
suggested that overprediction of lift near the tip was a dominant factor in poor
prediction of experimental results as tip forces, due to their increased moment arm,
have a larger power production potential.

In an attempt to rule out the effect of aerodynamic properties of the airfoil
on the accuracy of a model Laino et al. [I3], as part of their study, determined
liftt and drag properties based on measured inflow angles and forces on the blades
during the NREL tests. While this should provide the most accurate aerodynamic
properties for the prediction of blade loading the model did not accurately predict
the angle of attack that was measured by the probes mounted on a blade. As the
angle of attack was not accurately predicted, the accuracy of the blade load pre-
diction was not improved using this method. Further work was done to modify the
aerodynamic properties for the model input to match the calculated experimen-
tal force coefficients. While this modified property input improved the accuracy
of the model in both yawed and unyawed cases it ultimately required knowledge
of the experimental data to do so. However, three dimensional stall effects, in the
yawed flow comparison, still affected the accuracy of the model which indicates that
modeling these events still required improvements independent of the aerodynamic
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properties.

In order to quantify three dimensional flow fields present around wind turbine
blades Schreck et al. [I4] used a numerical model tool to predict boundary layer
separation and impingement points and identify areas of the blade which experi-
ence radial flow. Surface pressure data from the NREL tests was used to determine
the normal force coefficient during rotating and non-rotating cases at various wind
speed inputs. This pressure data was also used to determine boundary layer sep-
aration and impingement for verification of the numerical model. The resulting
numerical study provided the flow field around the blade, concentrating on the
suction side in the results. At lower wind speeds much of the blade continued to
experience two dimensional chordwise flow with radial flow confined primarily to
the root end of the blade. The flow field results determined that increases in wind
speed resulted in more of the blade experiencing radial flow. As suggested by the
numerical results the experimental force data confirmed that rotational effects in-
creased the normal force on the blades at higher wind speeds where the radial flow
was present along the blade. As the paper only used data from one rotational speed
it was only possible to determine the rotational flow field effects due to wind speed.

2.1.2 MEXICO

Completed in late 2006, with planning started in 2001, the Model EXperiments
In COntrolled conditions (MEXICO) project was a wind turbine test conducted
in a large scale European wind tunnel. Few results have been released to date
but preliminary data has been presented by Schepers and Snel [6] and by Snel
et al. [15]. The goals and objectives for this research concentrated on improving
the uncertainty of the design stage estimates of power production and turbine
loading by providing well documented and controlled experimental results. As this
project was completed after the NREL testing the MEXICO experimental plan
was designed to build on the previous work. Using the apparatus, outlined below,
approximately 950 different test runs were completed to measure blade pressure
distributions and loading by varying: wind speed, rotational rate, blade pitch and
yaw angle. Additionally, some tests dynamically changed the pitch or rotational
rate to determine the transient effects of these variables on the measured properties
[15]. An overview of test conditions used for the MEXICO project can be found in
table Additionally, PIV tests were completed which gathered 100 image pair
data sets in each of approximately 700 test runs. Figure 2.3 depicts the MEXICO
wind turbine installed in the wind tunnel.

2.1.2.1 Turbine and Tunnel Overview

Testing on the MEXICO turbine was completed in the large scale low speed wind
tunnel (LLF) at the German-Dutch wind tunnel (DNW) in the Netherlands. The
tunnel measured 9.5 m by 9.5 m and was capable of wind speeds between 0 to 62
m/s although testing was only completed up to 30 m/s.

9
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Table 2.2: Turbine and tunnel conditions varied during MEXICO testing [6]
‘ Test Variable ‘ Range of Values ‘

Wind Speed 5.5 to 30 m/s
Rotational Rate | 0, 324.5, 424.5 rpm
Blade Pitch -5.3 to 90 degrees
Yaw Angle -30, 15, 30, 45

«

Figure 2.3: MEXICO turbine in the German-Dutch wind tunnel [6]

10
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The wind turbine used for the MEXICO project was designed specifically for
their experiment and utilized a 4.5 m diameter three bladed rotor which was very
similar in scale to the turbine apparatus used in the experimentation for this thesis.
Although the rotational rate was not fixed testing was only completed at three
states: 424.5 rpm, 324.5 rpm and parked. Additionally, the adjustable pitch blades
were milled from aluminum to provide rigidity and repeatability between the blades.
The profile of the blades varied along the radius and as such was a blend of three
separate airfoils [6].

2.1.2.2 Instrumentation

In order to expand on data gathered during the NREL tests pressure sensors were
placed chordwise at five radial locations. In all 148 sensors were used and due
to space constraints, within the blades, the sensors were spread amongst all three
blades with two blades measuring at two radial locations and the other blade at
one radial location, although a small number of sensors were placed in at identical
points along each blade to ensure repeatability. Loads and bending moments were
calculated at the blades, using strain gauges, and at the base of the tower, using a
load balance built into the wind tunnel.

The significant difference from the NREL testing came from the MEXICO
projects PIV implementation. A three dimensional two camera PIV system was
used to measure flow: around the rotor plane, upstream and downstream of the
rotor plane, and near the blade tip to measure vortex structures. The PIV appa-
ratus was able to move 10 m in the streamwise direction and 1.2 m radially along
the blade. The area which could be measured by the PIV apparatus measured 337
mm by 394 mm. The laser sheet used for these measurements was projected hori-
zontally, in a plane parallel to the ground, from a point 270 degrees from vertical,
in the clockwise direction.

2.1.2.3 Preliminary MEXICO Results

Current data from the MEXICO project is limited to preliminary results released
by Snel et al. [15] and by Schepers and Snel [6]. The results presented by Snel et
al. concentrate on the PIV results, likely due to the unique nature of these results.
Results based on the pressure measurements are also given but are limited, in the
Snel et al. paper [I5], to blade pressure distributions at various angular positions
in yawed flow to demonstrate dynamic stall effects.

The PIV results concentrated on induction, rotor plane velocity, tip vortices,
and the wake region but do not provide a great deal of comparison or analysis due
to the preliminary nature of the paper. The decrease in the free stream velocity,
due to induction, when approaching the rotor plane was presented and found to
be measurable using the PIV technique. A sample of the free stream velocity data
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Figure 2.4: Sample of the induction measurements based on the MEXICO PIV
data [15]

collected at two radial locations can be found in figure 2.4 which was produced by
Snel et al. [15].

The velocity immediately upstream and downstream of the rotor plane was also
measured, using PIV, to determine the effect of the blade passing through the free
stream flow. It was also found that the PIV technique could be used to capture tip
vortex structures and determine the path they travel in the streamwise direction.
Circulation calculations on a vortex, from PIV measurements, were also made and
compared to pressure distribution based circulation measurements from the blade
with reasonable success for one test case.

It should be noted that the current results, presented in Snel et al. [15] and
Schepers and Snel [6], do not measure the relative flow immediately surrounding
the blades, with the blades in the imaging plane. Measurements of the flow over
the blades would have been challenging with the MEXICO PIV apparatus which
did not utilize a chord-wise laser sheet. Due to the orientation of the laser sheet
the entire blade surface at a given radial location was not illuminated and therefore
could not be measured. This presents a unique opportunity to be the first known
experiment to measure the relative flow over a rotating wind turbine blade in a
large scale wind facility.

In general the MEXICO results, while preliminary, do indicate that the PIV
technique can be successfully applied to a wind turbine flow and yield results which
can help to understand the unique aspects of wind turbine aerodynamics. With
the knowledge that the MEXICO experiment could produce useful PIV data on
a scale wind turbine there was motivation to attempt using the PIV technique
on the University wind turbine within the Universities wind facility. Additionally,
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the opportunity to gather velocity data at a radial location along a wind turbine
blade was seen as a unique application of the PIV technique when compared to the
MEXICO project.

2.2 BEM Theory and Implementation

2.2.1 Overview

Blade Element Momentum (BEM) theory is a tool used to estimate the aerody-
namic forces on a turbine blade and, from this, estimate overall turbine loading and
power production. This technique can be employed in order to estimate the forces
that blades could exert on a support structure prior to the blades being tested
experimentally.

2.2.2 Assumptions

The BEM theory implemented in this analysis utilized a basic model which relied on
a few basic assumptions, typical for a basic BEM implementation [16], to simplify
the problem to a suitable level for initial turbine analysis. The first assumption was
that there is no flow radially along the blade between elements. This assumption
implies that adjacent elements have no effect on each other. It also implies that the
force on each element is based on the lift and drag from a 2D airfoil under conditions
with identical relative velocity and angle of attack. While this assumption ignores
the radial flow which is likely present under certain experimental flow conditions, as
discussed in section 2.1.1.3] it was necessary in order to simplify the model; however,
the error this assumption may introduce should be considered when analyzing the
output of the model.

The other main assumption, in this model, was that the incoming wind speed
did not vary based on the position of a blade in it’s rotation. This effectively
assumes that there is no wind shear or yawed flow present. Based on the tunnel
design, sectionB.2] the wind shear assumption was considered valid due to the speed
control of the six fans and thus the wind distribution. The yawed flow condition was
directly controlled by orienting the rotor plane to be perpendicular to the incoming
wind from the fans which results in zero yaw. Since the yaw results directly from
the physical orientation of the wind turbine apparatus in the wind facility and the
zero yaw assumption was valid.

2.2.3 Procedure Overview

The BEM procedure first divides the blade into a user specified number of elements
which do not aerodynamically interact with each other. The incoming wind speed
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Chardline

Figure 2.5: Velocity triangle for a rotating airfoil

and relative angle of attack were then determined using an iterative process. Based
on the incoming velocity the coefficient of lift and drag were calculated for each
element and then, based on the air density and element area, the lift and drag
forces were found. These forces were translated into two components: one that was
in the rotor plane, tangential, and the other perpendicular to the rotor, normal.
This translation was done to calculate the torque and power produced; as the only
forces that provide rotational work were those in the tangential direction. The
normal forces were absorbed by the rig and were estimated to ensure that the
design forces and moments on the tower and base were not exceeded.

2.2.4 BEM Implementation

Each step of the BEM process was completed using Matlab [I7] which allowed for
the handling of large arrays and simplified the iterative process required to solve
the various equations for each element. The Matlab [17] code was designed to allow
for flexibility in the inputs such as: the lift and drag characteristics of the blade; the
number of blades; tip radius; incoming wind speed; and the number of elements.
This was done so that the code was not specific to any one test case or blade design.
A sample of the main section of the code can be found in appendix [Al

For this procedure values such as: radius; density; airfoil lift and drag data; and
chord and twist distribution were all kept constant. Figure shows the velocity
triangle used in the analysis and the relevant angles used in the equations outlined
below. (3, a, and ¢ represent the blade set angle, relative angle of attack and the
relative inflow angle respectively.

The first step was to find the local speed ratio, \,, found using equation 2.1]
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with the tip speed ratio and as a function of the radius ratio of a given element.

,

= \p—o 2.1

>\T’ ATRT ( )
wR

Ap = T: (2.2)

The next part of the code determined initial values for all parameters in each
blade element using an optimum rotor as outlined by Burton et al. [I6]. These
values were used as a first guess and then iterated using the procedure outlined
below to find the actual values. The optimum axial induction factor, a, was found
by maximizing the coefficient of power which is derived in appendix [A.1l This
analysis resulted in the axial induction factor initially set to 1/3 which theoretically
results in the maximum coefficient of power of 59.3% which is called the Betz limit
[16]. The induction factor, as shown in figure 2.3 effectively represents a reduction
of the incoming wind speed due to the presence of a blade.

Due to rotation in the wake of the rotor plane a tangential induction factor,
a’, was used which effectively adds to the incoming tangential velocity due to the
rotation of the blades. Equation 2.3 given by Burton et al. [16], can be used
to calculate @’ as an initial value for an optimal rotor; however, for simplicity the
initial value was set to zero.

1 —

o = % (2.3)
The inflow angle, ¢, was then found, using equation [2.4] which is based on the
velocity triangle geometry. Finally the relative angle of attack for each blade section
can be calculated, shown in equation [2.5] using the blade set angle and inflow angle;
with the blade set angle known by measuring the actual blade geometry. Since
these values depend on the velocity triangle geometry the derived equations are
not dependent on an optimum rotor assumption, as such they are applicable at all

levels of this analysis.

¢ = tan ™! {1;6’)] (2.4)

a=o¢-p (2.5)

With the initial values set, the following equations were placed in an iterative
loop until convergence, based on the induction factor value, was reached. The
convergence criteria was selected as a change of less than 0.01% in the axial in-
duction factor based on a convergence study using the axial induction factor, with
results in section Although the chord and blade set angle distributions were
set by the blade geometry the inflow angle could still change based on induction
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factor values and the introduction of the tip loss factor. The tip loss factor is
introduced to attempt to mimic the losses that exist at the tip of the blade. Equa-
tions 2.6l through 210l below, were calculated for each blade element, with the code
shown in appendix [A], and the relevant values were placed in an array in order to be
used in force and power calculations. The equations outlined in this section were
summarized by Martinez et al. [18] which is based on work by Glauert [19] and
Prandtl, given by Shen et al. [20]. The tip loss factor approaches zero at the tip,
as outlined in section [5.2.3] which can cause error in the code. This error can be
avoided by setting the tip loss factor at the tip to the calculated value from the
previous element.

1

4% Fxsin?(¢)
1+ o[C, cos(¢)+Cp sin(¢)]
1
/
a = 4xFxsin(¢) cos(¢) -1 (27)
o[Cy, sin(¢)—Cp cos(¢)]
2 4
F = =cos '[exp(—1% f)] (2.8)
T
N T
Y () i 29
NC
=_- 2.10
g 2mr ( )

2.2.5 Force and Power Determination

In order to determine the power produced by the rotor and the resulting power
coefficient, Cp, found using equation 2.11], various assumptions must be made. The
first is that the lift and drag, generated at the halfway point between element
stations, acts across the whole width of the element. This assumption becomes
increasingly valid as the area of the discrete element is reduced. Lastly, the inner
portion of each blade was assumed to be effectively non-aerodynamic and thus does
not detract or contribute to the overall power of the rotor.

PBlade
Cp = %WpUg’oR% (2.11)
The first step to calculate the power produced was to find the relative velocity
over the blade which was then used to find lift and drag forces, represented by the lift
and drag coefficients, C;, and Cp defined by equations 2.13] and 2.14] on each blade
element. The forces were then translated into the tangential and normal directions,
geometry shown in figure[2.6] with the tangential force used to calculate torque and
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Chordline

Figure 2.6: Blade force geometry

power. These values were then integrated along the whole blade and multiplied by
the number of blades on the turbine to find the total power produced. These
calculations are found in equations through [2.21] which were, where relevant,
based on the blade and velocity triangle geometry.

dA = CdR (2.12)
Lift
o = It 2.13
" IpUzdA (2.13)
Drag
= 2.14
O = Lz 21
U (I —a)
W= (2.15)
1 2
dL = 5CLpW*dA (2.16)
1 2
dD = §CD,0W dA (2.17)
dFpr = dLsin (¢) — dD cos (¢) (2.18)
dFy = dLcos (¢) + dDsin (¢) (2.19)
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dT = r x dFy (2.20)
ap = 2% gy (2.21)
Ry

The final step taken in the process was to complete the entire BEM procedure
for a range of tip speed ratios. This allows the ideal rotational speed for a given
wind speed to be found which maximizes Cp and thus the power output of the
turbine.

2.3 Particle Image Velocimetry

In this section basic particle image velocimetry (PIV) theory is outlined to ac-
quaint the reader with the technique utilized in this experiment with additional
information on the technique found in the FlowMap user’s guide produced by Dan-
tec Dynamics Inc. [2I]. PIV is typically used in bounded flow conditions, provided
by wind tunnel walls or the object being tested, and with the object being tested
typically in a stationary position; however, in this experiment PIV was used to
visualize and quantify the flow over a rotating turbine blade which was inherently
unbounded, external and three-dimensional flow. This experiment represents a
unique application of the PIV technique and as such a focus on PIV techniques for
measuring the flow on a rotating object is also presented below.

2.3.1 PIV Theory

Particle image velocimetry (PIV) was developed to measure the velocity field of
a fluid flow without directly probing the flow with instrumentation. A basic PIV
experimental setup requires a high intensity two dimensional light sheet, a camera
and seeding particles in the flow. The technique captures two images, or frames,
of the flow in short succession and divides each image into a user specified number
of “interrogation areas”. Through numerical cross-correlation, between the two
captured frames, a representative particle displacement in each interrogation area
is estimated. If the particles are assumed to travel in a linear motion, the particle
displacement divided by the time that elapsed between the captured images will
determine the most probable velocity for each interrogation area. As the motion of
the particles within the flow is being estimated, as opposed to the flow itself, this
technique also assumes that the particle motion matches that of the flow. Ideally
through careful selection of seeding particles and the method used to introduce the
particles into the flow, as outlined by Melling [22], the error introduced by this effect
can be mitigated. Finally, when the velocity vectors for all interrogation areas are
calculated an instantaneous velocity vector map is produced.
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Double-
pulsed
laser

Figure 2.7: Schematic of PIV experimental setup and processing [24]

In order to limit the displacement of particles between frames and to mitigate
the effects of acceleration, the time between frames, or interframe rate, is kept
short, for this experiment under 100 pus. Additionally, to prevent blurring of the
particles the exposure time of each frame is short, on the order of 3 to 5 ns [23].
Both of these limitations require a camera capable of capturing two images in short
succession and a high intensity laser sheet to provide an adequate level of light
to properly expose the frames. A schematic of the basic PIV concept is shown in
figure 277 [24] with the laser light sheet parallel to the flow direction and the imaging
sensor perpendicular to the flow. Also shown in this image are the interrogation
areas which divide the image.

2.3.2 Application of PIV to rotating objects

The basic PIV technique outlined above assumes that the flow will be two dimen-
sional and thus the particles will remain within the projected light sheet. Bounding
the flow in a small cross-section closed loop wind tunnel typically aids in the even
distribution of seeding particles which should yield more accurate results. An ex-
tension of this bounded flow can exist for rotating objects as found in the MASc
thesis by Altaf [25] which studied impeller flow with seeded water as the working
fluid or Sante et al. [26] which studied rotating channels with a smoke injected air-
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flow. Both of these studies bound the flow within rotating channels which helps to
contain the seeding particles for an even distribution. Bounded flow also provides
an increased knowledge of the expected flow which can help predict flow patterns
and validation of the results. Typically in rotating flows a triggering mechanism is
used to allow images to be captured at specific points in the objects rotation.

Unbounded external flow measurements using PIV presents unique seeding and
validation issues. Unlike bounded flow the seeding particles are not constrained or
forced to travel within the imaging area. This can produce PIV images which have
limited seeding particles with which to produce velocity data. Validation of the
results is also challenging as the flow is not confined to a set path since the flow
around the blades is inherently complex as previously discussed in section 2.1.1.3
Two experiments involving rotating objects with external flow using PIV will be
discussed: the first on a rotating airfoil within a small wind facility and the second
on a large scale rotating wind turbine blade.

Work by Ferreira et al. [27] on a vertical axis wind turbine (VAWT) model in
a small scale wind tunnel produced PIV results on a rotating airfoil. This work
was able to yield flow measurements at various azimuth angles and estimates of pa-
rameters such as vorticity. This paper also discusses the uncertainty present when
phase averaging the flow which is a technique also used in this experiment to build
an average velocity map from numerous PIV data sets. While their results concen-
trated on vorticity, it was found, as expected, that phase averaging can remove or
reduce the apparent effect of small flow structures that are present in complex time
dependent flows. This effect will also be present in the experimentation completed
for this project and should therefore be considered when analyzing the significance
of any PIV results from a complex flow.

As previously discussed, the MEXICO project [6] [I5] was able to produce PIV
results on a rotating wind turbine which had a similar scale to the turbine used
in this experiment. Although only preliminary results have been released it was
found that it was possible to quantify values such as induction from PIV results as
well as identifying tip vortex structures using a three dimensional PIV apparatus.
While this turbine and the wind tunnel used for the MEXICO project were more
advanced than available for this experiment it served as a basis for the types of
research that can be performed using the PIV technique on a wind turbine blade.

With no previous research concentrating on the chordwise flow over a large scale
rotating blade there was a unique opportunity to contribute a unique data set to
the research community.
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Chapter 3

Experimental Equipment

3.1 Equipment overview

The experimental setup within the wind facility was comprised of numerous com-
ponents that are discussed in detail within this chapter. The six areas of interest
were: the wind facility, turbine assembly, turbine blades, PIV equipment, instru-
mentation and electrical components. For reference an overall schematic of the
outlined equipment can be found in figure B.Il with the solid model of the nacelle
and tower produced by McWilliam [28]. Each of these areas of interest are outlined
in proceeding sections within this chapter.

3.2 Wind Facility

The wind facility which was used in all experiments is an open-looped tunnel with
six identical fans driving the flow [29]. The six fans were capable of being operated
independently with variable frequency drives. This capability allowed for wind
shear to be introduced into the flow; however, this was not utilized in any of the
testing completed for this experiment. The fan exit plane is rectangular with a 8.0
m width and 5.9 m height with a photo of the fan exit area shown in figure [3.2]
Within the control room adjacent to the test area a fan control panel allowed for
the precise control of the fan speeds through a variable frequency drive connected
to each fan motor.

This facility was capable of producing nominal wind speeds between 0 and 11
m/s but with relatively large turbulence intensities ranging from 10% to 15%. As
this facility was open to the atmosphere environmental conditions could also affect
the wind speed as found by an increase in the mean wind speed during some of the
PIV testing. A discussion of the characterization of this facility for this testing is
found below in section B.2.11
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Figure 3.2: Fan exit looking from downstream
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Figure 3.3: Sample velocity data at a fan setting of 60 Hz measured using the sonic
anemometer, with single sample error shown, mean velocity of 11 m/s

3.2.1 Wind Velocity Characteristics

The data collected with the sonic anemometer was used to determine the correlation
between the frequency settings on the fan and the wind velocity as well as to
estimate the turbulence levels in the wind tunnel. A sample of the data collected,
shown in figure B3] demonstrates the streamwise velocity fluctuation due to large
scale turbulence when the fans are operating at their full speed of 60 Hz. Single
sample error bars are also shown in figure B.3] based on an error analysis of the data
found in appendix

3.2.2 Fan Frequency to Velocity Correlation

The data given in table 3.1l also allows a correlation between the frequency setting
and the velocity produced. This relationship, shown in figure B.4] shows a strong
linear relationship between the frequency and velocity, with error bars shown to
demonstrate the variability in the raw anemometer output. The linear fit given in
equation 3.1 with a R? value of 0.997, had an assumed zero velocity intercept due
to the characteristics of the system.

Uso = 0.1844 X fan (3.1)
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Figure 3.4: Relationship between fan frequency and streamwise velocity

3.2.3 Turbulence Intensity

This figure demonstrates the high level of fluctuation within one second of data.
Based on an analysis of data collected the free stream turbulence intensity could also
be calculated using the mean velocity for a given fan frequency and the standard
deviation of the sample in equation

I =22 (3.2)

The turbulence intensity was then calculated for a range of fan settings from
10 Hz to 60 Hz in 5 Hz increments. The results of this testing are summarized
in table B.Il with each velocity data set typically comprised of more than 60000
samples. This table shows that the turbulence intensity was on the same order of
magnitude during all tests. The variance in the data, notably at 10 Hz and 50 Hz,
could be due to environmental changes in testing or changes in fan operation at
specific settings.

3.3 Turbine Assembly

The turbine assembly is comprised of all major components of the wind turbine
test apparatus including: the tower, nacelle, blades, generator and the drivetrain.
The tower consists of two poles connected at the top and bottom via plates and
I-beams; a set of axial braces to provide thrust load bracing; and guy wires for
torsional stiffness. The tower poles were designed to carry the static loading from
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Table 3.1: Turbulence intensity over a range of fan settings

Freq Uy oy I

(Hz) | (m/s) | (m/s) !
10 1.49 0.19 12.73%
15 2.58 0.27 10.38%
20 3.55 0.36 10.18%
25 4.53 0.47 10.45%
30 5.48 0.58 10.60%
35 6.35 0.68 10.71%
40 7.31 0.78 10.67%
45 8.39 0.93 11.07%
50 9.15 1.37 14.93%
55 10.40 1.16 11.16%
60 11.14 1.25 11.27%

the turbine as well as the dynamic loading from aerodynamic forces on the blades
and structure.

The nacelle provides the structure and support for the blades, generator and
drivetrain. The nacelle was designed with current and future work in mind and
was bolted together, instead of welded, to allow for relatively easy dis-assembly
and modification. This nacelle and the tower support structure were designed
by Michael McWilliam and this design process was extensively documented in his
MASc thesis [28]. A detailed schematic of the turbine assembly can be found in
figure along with photos of the installed assembly in figures through B.71 A
detailed description of the installation and decommissioning process can be found
in Appendix

3.3.1 Modifications

Some modifications were made to the original design in order to accommodate a
different blade arrangement than was originally incorporated into the nacelle and
tower design. A solid model of the modified blade mounting system is shown
in figure 3.8 Also safety concerns lead to the design and implementation of a
emergency brake system. The blade diameter was also increased from the original
design and thus thrust bracing was installed to compensate for loads that could
exceed original design limits. A more detailed discussion of the brake system and
thrust bracing can be found in the following sections.

3.3.1.1 Brake Design

An emergency brake was designed and connected to the low speed shaft on the
nacelle. This brake was incorporated in order to have an alternative method of
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Figure 3.5: Turbine assembly CAD model: profile view [28]
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Figure 3.6: Turbine assembly photo: Angled view with load bank, camera and laser
system in place

Figure 3.7: Turbine assembly photo: Profile view of nacelle
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Figure 3.8: Exploded view of mounting plates

stopping the rotation of the blades if the connection between the generator and the
blades was broken. This could happen if any one of the three belts in the drivetrain
broke during testing or if any of the six pulleys began to slip on their shafts. Since
the drivetrain is the connection between the blades and the generator, and thus
the primary electrical load device, if the connection was severed during a test the
blades could potentially over-speed and fail.

Calculations were made by a member of the wind turbine research group to
determine the torque necessary to stop the blades and a system was developed
around these required values. Due to it’s compact nature and load capabilities a
hydraulic brake system from a motorcycle was adapted to the test apparatus.

The initial design criterion for the actuating the brake was a system which under
any failure would apply the brake. It was ultimately decided that spring force would
be used to apply the force to the brake cylinder. Release of the brake was provided
by an air cylinder which was used to extend two springs, thus removing braking
force, from a naturally closed state. In this configuration, pressure was vented from
the air cylinder system, through an air valve, in order to provide braking force
and if an air line were to be accidentally disconnected the brake was also applied.
This configuration was almost fail safe as the only brake failure mode would be
the springs becoming disconnected from the actuator. An overall schematic of this
system can be found in figure with photos of the major components found in

figures B.10] to B.11

3.3.1.2 Thrust Bracing

With the increase in rotor diameter and number of blades from the original design
the estimated aerodynamic thrust loading, based on the same criteria outlined in
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Figure 3.11: Brake system photo: Calipers and disc mounted on the low speed shaft

McWilliam [28], exceeded the original design limit. The original apparatus was
designed for a maximum thrust of 1 kN with a safety factor of 2. The original
design criteria was calculated for: a wind speed of 13 m/s; a coefficient of thrust,
Cr found in equation B.3] of 1.2; and air density of 1.2 kg/m?. Using these same
variables the estimated thrust loading for the new blade design was found to be
1.8 kN. In order to compensate for potentially higher loading members of the wind
turbine research group designed and constructed axial bracing which extended from
the back of the original rig to the footing.

Fn

Cp=— "
T InpV2Re

(3.3)

3.4 Turbine Blades

The blades manufactured for and used in this experiment were made from an ex-
isting blade mould and design. A local company, Composotech [30], had a blade
mould in their possession which could be successfully adapted to the existing appa-
ratus. Composotech could not positively identify the turbine for which the blades
were designed; but, based on a qualitative comparison between specifications and
photos, they closely resembled a blade manufactured for Southwest Windpower [31],
which is a company based in Arizona. The blade outlined on the company website
matched the blade length of the manufactured blades as well as the expected energy
output of a two bladed design, based on a BEM analysis. Southwest Windpower
could not comment on this blade specifications due to the proprietary design but
through a procedure, outlined in section B.5] the aerodynamic properties were de-
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Figure 3.12: Measured chord distribution of the manufactured turbine blades

termined. A detailed description of the blade manufacturing process can be found
in appendix

3.5 Blade Geometry

In order to effectively model the performance of the wind turbine, the blade ge-
ometry of the manufactured blades were determined. The blade parameters which
were determined include the chord, twist and airfoil distribution.

3.5.1 Chord and Twist Measurements

Measurements at nine points along the blade length were made to determine the
chord and twist distribution. Due to the design of the blades the aerodynamic
section of the blade did not start until a radius ratio of approximately 23% and the
root section was thus ignored in aerodynamic analysis. The chord distribution was
measured and found to be linear which was expected for a basic blade design which
considers ease of design and mould construction. The linear curve fit for the chord
is shown in equation [3.4] with the distribution shown in figure 3.12

C(r/Rr) = —0.174 x (r/Rr) + 0.220[m)] (3.4)
The twist distribution was found by measuring the relative height between the

trailing and leading edge when the blade was laid flat on a table. Based on a
right angled triangle, with the chord as the hypotenuse, the blade set angle at
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Figure 3.13: Twist distribution of the manufactured turbine blades

that point can be found and the twist found based on the tip § as a reference.
The resulting distribution was found to be irregular which could be due to mould
irregularities or measurement error due to challenges determining the exact location
of the leading and trailing edge. Due to the irregularities a polynomial curve fit
was not appropriate so analysis was completed with a look-up table which listed
the blade set angle at regular radial points along the blade. The resulting twist
distribution can be found in figure 3.13] This irregular distribution also resulted
in irregular calculated values from the BEM model which is discussed in the BEM
results, section [5.2.4l

3.5.2 Airfoil Distribution

The airfoil distribution was determined at three points along the blade: root, mid-
section and tip; in order to select a suitably representative airfoil to be used in C7,
and Cp calculations. In order to determine the airfoil coordinates three moulds of
the blade were made using cardboard casings which were injected with expanding
foam. Once this was allowed to cure the casings were removed from the blade and
resulting moulds were cut at their midpoint to reveal the airfoil shape. An image
of these moulds was copied into a CAD package, SolidWorks [32], and coordinates
along the outside of the airfoil shape were taken. Through trial and error, NACA
four digit series blades were compared to the blade shape until a reasonable ap-
proximation was found. This process ultimately will result in some error but it still
allowed for a reasonable approximation to be found for each section. To illustrate
the airfoil shape process images of the casings on the blade and a completed mould
can be found in figures B.14] and B.15l
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Figure 3.14: Mould casings in place along a finished blade at the root, mid-section
and tip

Figure 3.15: Tip mould casing removed from blade and cut at midpoint
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Figure 3.16: Measured blade coordinates compared with NACA profiles: a) the tip,
b) middle and ¢) root

The resulting profiles for each blade section from tip to root are shown in fig-
ure with the best fit NACA four digit series profiles being the 4415, 5621 and
the 8619 respectively [33]. The root and the mid-section had the highest error in
the comparison due to their high camber and thickness. In all profiles the upper
section near the trailing edges seem to have the worst fit while the root also had a
poor fit on the lower part of the trailing edge and the upper leading edge.

3.6 Airfoil Aerodynamic Properties

Due primarily to the availability of its C, and Cp curves, and ease of implemen-
tation in a basic BEM model, a NACA 4415, which matched the tip profile, was
used to represent the entire blade. While this simplification could introduce errors
this was deemed acceptable in order to simplify the model. Multiple sources of two
dimensional NACA 4415 lift and drag curves were found and represented a variety
of Reynolds numbers, aspect ratios, surface roughness’s and angle of attack (AOA)
ranges.
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Table 3.2: Aerodynamic property data sets used for BEM calculations with original
data parameters and the method used for data extrapolation

AOA Range

(deg) He

Data set title Original data used

Abbot Original
Abbot Cp Viterna
Abbot Cp Flat Abbot and Von Doenhoff. [I] -14 to 20 3 x 10°
Abbot Viterna

Abbot Flat

Hof fman Viterna Raw
Hof fman Flat Raw
Hof fman Viterna
Hof fman Flat

Hoffman et al. [2] -20 to 40 7.5 x 10°

Ostowari Raw
Ostowari Viterna Ostowari et al. [34] -10 to 108 | 7.5 x 10°
Ostowari Flat

X foil Viterna

: ) 5
X foil Flat Xfoil [35] 18 to 17 1 x 10

While other data exists, the primary sources of experimental and computational
NACA 4415 lift and drag used in this analysis were given by: Abbot and Von
Doenhoff [1I], Hoffman et al. |2], Ostowari and Naik [34] and Xfoil [35]. Where
available the lowest Reynold’s number data set was selected but it should be noted
that the lowest Reynold’s number within the literature experimental data sets was
typically on the order of 1 x 10% whereas the maximum expected Reynold’s number
for the experiments was on the order of 1 x 10°. Additionally, while some of the
selected data sets quantified surface roughness and aspect ratio affects, the data
used assumed no roughness and an infinite aspect ratio.

Except in the Ostowari data set the AOA range covered was not sufficient to
provide lift and drag values for the BEM solver. The absence of data over the
required AOA range was corrected by extrapolating the original data using the
AirfoilPrep [36] preprocessing Excel worksheet, prepared by NREL, to estimate the
lift and drag through an AOA range from -180 to 180 degrees.

In total fourteen data sets were developed and tested within the BEM model:
five models were based on the Abbot’s data, four on Hoffman’s, three on Ostowari’s
and two on the Xfoil analysis. The aerodynamic property data sets used for BEM
calculations are each discussed in detail in the sections to follow and are summarized
in table which includes: the original source of each data set, the angle of attack
range covered by the original data and the Reynold’s number.
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3.6.1 Lift and Drag Extrapolation

The AirfoilPrep worksheet was able to provide the tools necessary to extrapolate
a given data set to encompass a full AOA range of -180 to 180 degrees. The
worksheet also contains tables to correct for three dimensional flow but this was not
utilized for this basic analysis. Original AOA ranges prior to extrapolation were
typically between -10 and 20 degrees while typical AOA values required for this
BEM analysis were between -10 and 90 degrees. AirfoilPrep relies on extrapolation
methods outlined by Viterna and Janetzke [37] to predict C, and Cp beyond a
given data sets maximum AOA, defined as vy.

Aerodynamic property extrapolations, given in equations and 3.6] were de-
veloped by Viterna and Janetzke [37] and were used to extrapolate the aerodynamic
properties to an AOA of 90 degrees. These coefficients are based on a user input
of the maximum Cp,,,, which, by default, was calculated, using equation 3.7. The
Cbmaz value was based on the aspect ratio (AR) of the blade, found using equa-
tion 3.8 to be 14.5.

o CDmax . 0082 (Oé)
CL = B Stn (20&) + AQW (35)
Cp = Cpmazsin® (a) + Bycos () (3.6)
where,
Comar = 111 + 0.018AR (3.7)
R2 2Ry
AR=—L ="+ 3.8
ICRy ~ C (3.8)
o CDma:c . sin (aref>

A2 = CLref — 9 sin (2aref) W (39)

_ 2
B2 _ C1D7“ef CDmaxSZn (aref) (310)

cos (Qer)

Beyond 90 degrees and below the data sets minimum AOA the lift and drag co-
efficients are calculated based on the original Viterna calculations but are reflected
and scaled, as required, with the details of this process outlined in the AeroDyn
theory and user manuals [38] 39].

Alternatively, the user has the option to calculate the C'p value, based on flat
plate theory given in equation [B.11], which relates Cp to C, using the airfoil’s AOA,
with the Cp still calculated based on the Viterna equation.

CDflat = C’Ltan (Oé) (311)
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Figure 3.17: Coefficient of drag as a function of the coefficient of lift [I]

3.6.2 Lift and Drag Data sets
3.6.2.1 Abbot and Von Doenhoff [1]

Five of the fourteen functions used were based on the Abbot and Von Doenhoff [I]
lift data which was limited to an AOA range of -14 to 20 degrees. This data set was
unique in that the C'p values were based on the C, instead of as a function of AOA,
as shown in figure 317l A sixth order polynomial fit to the drag coefficient data was
first found based on the coefficient of lift, shown in equation B.12] and was used in
three of the functions based on the Abbot data. This polynomial fit was also used
to determine the drag as a function of AOA based on the lift coefficient at a given
AOA, in order to use the AirfoilPrep worksheet. While this technique resulted in
irregular C'p data at low AOAs it was still implemented for completeness.

Cp = 0.0077C% —0.0063C3 —0.0054C7 +0.0024C% +0.0045C7 — 0.0024C}, +0.0076
(3.12)

The first function, referred to as Abbot Original, utilized a linear extrapolation
from the final data point at 20 degrees to the theoretical zero lift at an AOA
of 90 degrees and below -14 degrees the lift was assumed constant, as shown in
equation B.I3t while the drag was modeled using the polynomial curve fit. This
model was expected to poorly match low TSR experimental data as this is the
regime which, in theory, would experience high angles of attack, which was the
area at which this model was weakest.

The second and third functions, referred to as Abbot C'p Viterna and Abbot Cp
Flat, used the AirfoilPrep extrapolation of the Abbot data set for the lift data while
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using the polynomial curve fit for drag calculations. The final two functions, Abbot
Viterna and Abbot Flat, fully utilized the AirfoilPrep worksheet to extrapolate the
lift and drag data over the entire AOA range.

0.084615 x a +0.285 —ld4<a <14

) ={ o= (3.13)
o) = .
L 00125 x a+1.45 14 <a <20

—0.01728 x v +1.555 «a > 20

3.6.2.2 Hoffman et al. [2]

Four functions were based on the Hoffman et al. data set [2] which extended from
-20 to 40 degrees for both lift and drag. While the purpose of their study was to
determine the effects of surface roughness the data used in this study was for a
clean airfoil at a Reynold’s number of 0.75 x 10°, which was the lowest Reynold’s
number available. All four data sets used the AirfoilPrep worksheet to extrapolate
the data; however, two of the sets used the full range of available data while the
other two were extrapolated from the data covering -10 to 17 degrees. Based on
the outlined criteria, the first two sets, extrapolated from the full available data,
were referred to as Hoffman Viterna Raw and Hoffman Flat Raw with the other
two named Hoffman Viterna and Hoffman Flat.

3.6.2.3 Ostowari and Naik [34]

Three functions were based on the Ostowari data set [34] which covered a range
of -10 to 108 degrees for both lift and drag. The purpose of Ostowari’s study
was to determine the affects of varying the aspect ratio over a range of Reynold’s
numbers. The data set used in this BEM study were for an infinite aspect ratio and
at a Reynold’s number of 0.75 x 105. Since the raw data from Ostowari covered a
sufficient AOA range it was used in it’s raw form, referred to as Ostowari Raw, for a
BEM study. To correct for aspect ratio effects the AirfoilPrep worksheet was used
to extrapolate data from the -10 to 17 degree data range with the output referred to
as Ostowari Viterna and Ostowari Flat. Completing the extrapolation also allows
a comparison of data before and after the AirfoilPrep corrections to understand it’s
effects.

3.6.2.4 Xfoil [35]

Two functions were based on the Xfoil [35] computational results which covered an
angle of attack range from -18 to 17 degrees for lift and drag. A viscous model was
used with a Reynold’s number of 1x 10° and a mach number of 0.1. The AirfoilPrep
worksheet was used to extrapolate the data with the output called Xfoil Viterna
and Xfoil Flat.

38



3.6. Airfoil Aerodynamic Properties Experimental Equipment

15

| ﬁ’. adst
ge " ’A‘ >0,
A, 4 o
10 | 4 *

A @

134

o)
o4
o

[ 4

| @)

o o4
00k ol Abbot
Hoffman
Ostowari

Xfoil

Oe»rm

je)
(o

s
-05F

A
*

..
_10\l\l\l\l\l\l\l\l\l\l\l\l\l

20 10 0 10 20 60 70 80 90 100 110

Alpha (deg)

Figure 3.18: Lift coefficient as a function of « [II, 2 34 35]

3.6.2.5 Data Comparison

The raw data from the four sources was compared to determine the differences in
the source material. In the three experimental sources the Reynolds number in
the testing varied from 3 x 10° for the Abbot data to 0.75 x 10° for the Hoffman
and Ostowari data. Figure B.I8 shows the lift coefficient data as a function of the
angle of attack over the full range of available data in the original sources. This
figure demonstrates that from -10 through to 15 degrees the lift is similar in all
four data sets while the stall characteristics of the Ostowari data set differs from
Abbot, Hoffman and Xfoil.

The drag characteristics of the four data sets are shown in figure The
Hoffman, Ostowari and Xfoil data sets show similarities and common trends whereas
the Abbot data does not demonstrate the increase in C'p that would be expected
at high and low angles of attack.

Finally a comparison can be made between the Ostowari original data and
the AirfoilPrep extrapolations based on the data from -10 to 17 degrees. Fig-
ure shows the lift data from the raw data and the Viterna extrapolation, note
that the Ostowar: Flat data is not shown as the lift data is identical for both
extrapolation methods. The lift coefficient comparison demonstrates the extrapo-
lation maintaining the same values as the raw data through to 17 degrees where
the Viterna equations take affect. Also of note in this comparison is the raw data
having a higher lift coefficient through most of the high angles of attack which has
the most effect at low TSRs.

The drag coefficient comparison between the Ostowari data and the Viterna and
Flat plate extrapolations is shown in figure B.2T] which demonstrates a large degree
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Figure 3.21: Drag coefficient comparison between raw data and the AirfoilPrep
extrapolations [34]

of variability in the expected value. Again in this comparison the raw data has a
higher drag coefficient at high angles of attack.

3.7 PIV Equipment

In order to complete the flow measurement portion of the experiment a PIV system
was utilized. In order to perform measurements on the rotating system in the
large wind facility some auxiliary components were added primarily to facilitate
the timing of the image capture over a range of rotational rates. The components
used and the existing PIV system are outlined in the following sections.

3.7.1 Control

The PIV process required the precise timing and control of a laser and camera sys-
tem in order to produce results. A preassembled control box from Dantec Dynamic
systems, P1100, was utilized to provide this control. The P1100 communicated,
through a local network connection, with a computer in the control room and then
relayed commands to the camera and laser to match the settings input by the user.
This requires a software interface for the user’s PC, Flow Manager [40], which al-
lowed the user to specify all aspects of the experiment from equipment being used
to the timing of the images to be captured.

The user first specified the laser and camera to be used in the experiment which,
for this experiment, are discussed in sections B.7.21and B.7.3l The firing method was
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then selected as triggered firing; this setting will only fire the system when a trigger
pulse from the experimental setup was received. This firing method was utilized in
this experiment as the blades were rotating and this would limit the system to fire
only when the blade was at a specific point in it’s rotation.

3.7.2 Camera

The camera used in the PIV setup was a Kodak Megaplus ES 1.0 camera [41]. The
purpose of the camera, in this experiment, was to capture the seeding particles
as they traveled around the turbine blade. The PIV method required two frames
to be captured with a relatively small time between the frames. This particular
camera utilizes frame straddling to achieve rapid frame rates. Instead of having
rapid shutter speeds, on the order of microseconds, this process controls the firing
of a laser, the light source, to be near the end of one frame and the beginning of the
next frame. Essentially removing the control of the frame rate from the camera’s
shutter and using the laser to finely adjust the inter-frame time.

For this experiment the camera was held in the stationary domain while the
blade rotated through the field of view. Ultimately the camera was placed 20 cm
from the tip and was imaging an area at a plane located 22.1 cm inboard from the
blade tip which translates to a point at a radius ratio of approximately 90%. The
overall image area was approximately 16 cm by 16 cm with the camera having a
resolution of 1008 by 1018 pixels.

Additionally a wavelength notch filter was placed on the camera to filter out
ambient light from the sun and ambient lighting in the wind facility. This filter
will only allow the wavelengths of light at 532 nm, the laser wavelength, to reach
the imaging sensor. Due to the nature of the wind facility, with large areas open
to the outside atmosphere, it was crucial to remove sunlight from the images and
only image the area of interest at the blade.

3.7.3 Laser

The laser in a PIV setup is the light source and must be able to output two laser
pulses close together with each laser pulse lasting a short duration. As described
above, section [B.7.2] the laser is effectively used as a shutter which is why the pulse
duration must be short to avoid the particle motion being blurred. In order to
have two laser pulses close together the lasers utilized in PIV setups often have two
independent lasing cavities. In this system a New Wave Gemini dual Nd:YAG was
originally used. This laser had two laser cavities each of which could produce a 130
mJ laser pulse with a pulse width between 3 and 5 ns. Ultimately this laser had
a critical failure and was replaced with a lower energy laser. The laser used was a
New Wave Solo II dual Nd:YAG [23] with 30 mJ energy output and a pulse width
between 3 and 5 ns. This laser was used as it was made by the same manufacturer
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Figure 3.22: Final seeding method smoke generator and condensate collector

and shared a common trigger wiring system which allowed it to adapt to the existing
system setup.

3.7.4 Seeding

A smoke generator is typically used to seed air flows with particles in order to track
the flow in the area of interest. Achieving a homogeneous smoke distribution within
a closed loop wind tunnel can often be a simple process as the flow, by definition,
recirculates which means that injected smoke does not easily disperse. In this
experiment the challenges experienced in seeding the flow were mainly attributed
to: the open-loop wind facility which required constant flow seeding; high levels of
turbulence; and the external flow inherent to the area being imaged.

Numerous methods for mixing the smoke with the free stream flow and con-
taining it in the area of interest were attempted along with placement of the smoke
outlet. As a reference for potential future work methods which failed to produce
useful results are outlined in appendix [El

Ultimately a high volume water-based smoke generator was placed upstream
with a 2.54 cm hose attached to the generator output with a beaker to collect con-
densation generated in the hose during use. The hose outlet was adjusted until the
area of interest was, on average, being seeded. Due to turbulence a larger area than
required was seeded to allow some smoke particles to be in the area of interest at all
times. Examples of this final seeding setup can be found in figures and
This final method did not achieve adequate seeding in all images so validation tech-
niques, outlined in section [£.2.6] had to be utilized in an attempt to extract useful
information from the captured images.
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Figure 3.23: Final seeding method

3.8 Power Supply and Loading of the Motor/Gen-
erator

3.8.1 Overview

In order to both rotate the wind turbine blades and absorb the power it generated
an electrical system needed to be designed. The generator used in this system
was the basis for the electrical design of the system. It was selected due to it’s
availability within the University and it’s power ratings which matched the work
to be done within the scope of this project. As it was a DC generator it was also
able to act as a motor without any modification or electrical switching. Due to the
dual-mode nature of the generator/motor the generator will also be referred to as
a motor if the net power consumption was positive. This dual-mode aspect made
it ideal for preliminary testing as well as the relative ease with which the speed
can be controlled. The generator was rated for 3.6 kW at 240 VDC and 15 A and
required a field current up to 0.76 A as it did not contain a permanent magnet.

With the generator selected, the electrical system required to control it’s speed
and absorb power generated by the system needed to be built around the gener-
ator specifications. This required the design of a system to provide high voltage
DC power to the generator as well as a load bank to absorb the power generated
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Figure 3.24: Electrical system wiring schematic

by the blades which are outlined in sections and B.8.3l A schematic of the
entire electrical system is shown in figure [3.24] with each of the components shown
discussed in further detail.

3.8.2 Motor Power Supply

In order to provide energy to the motor, which was attached to the drivetrain, the
three phase power in the wind facility needed to be converted to a DC variable
power source. The facility was equipped with three phase delta 208 VAC power
with each leg rated for 30 A. As the power was AC it was rectified to DC using a
silicon diode bridge prior to reaching the generator.

For the purpose of speed control an AC variac was utilized to changed the voltage
being fed into the rectifier from 0% to 100% of the grid voltage. This allows the
DC voltage to be adjusted which gave the user fine control over the motor speed
as the speed of a DC motor is proportional to the armature voltage, as shown in

equation 3.14

‘/a/l"m
Wmotor X T (314)
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A similar system was used to power the field with grid voltage being fed into
an independent variac and then into a silicon diode bridge before going to the field
windings. If further speed control was required the field voltage could be lowered,
referred to as field weakening, which results in the speed increasing. This increase
in speed is due to the reduction of the magnetic flux produced by the field when
the field voltage is decreased. This decrease in magnetic flux results in an increase
in the motor speed, as given by the inverse relationship in equation B.I4l Care
must be taken when the field is weakened as the armature current will increase to
compensate for the loss in flux in order to maintain constant torque, as given by
equation [3.15] and could exceed the motor’s rated current if not monitored.

Trnotor € Lapm® (3.15)

3.8.3 Generator Loading

Generator loading was achieved by using a network of resistive elements, referred to
as a load bank, to dissipate the energy generated by the turbine blades as heat. If
the load bank is disconnected from the generator the power produced by the blades
can not be dissipated and the blades could spin out of control and potentially fail.
The load bank was comprised of various heater bars, heat coils and light bulbs,
which each had a fixed resistance, in order to provide a variety of loading configu-
rations for future experiments. In this experiment the six heater bars available were
used exclusively as they were rated for 500 W each giving a total rated absorption
of 3000 W. A schematic of the load bank can be found below in figure which
demonstrates the numerous input points to connect the leads from the motor to the
load bank. As previously mentioned input points one and two were used exclusively
for this experiment as they allowed all desired ranges of wind speed and rotational
rate to be tested.

3.8.4 Wiring Box

A wiring box was mounted to the motor in order to allow easy connection to the
armature and field leads attached to the motor. This also allowed for fusing, to
prevent damaging components due to high currents, on each of the positive and
negative leads to the armature and field windings as well as the output leads going
to the load bank. In this experiment the negative leads were not common with
ground and as such both positive and negative leads needed to be fused to avoid
a short to the grounded chassis. With reference to the overall schematic of the
electrical system, shown in figure B.24], all of the electrical components within the
wiring box are contained within the solid lines.
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3.9 Instrumentation

Various instruments were used to quantify the variables associated with this ex-
periment. The instrumentation, hardware and software used are outlined in this
section.

3.9.1 Data Acquisition Hardware

Two instruments were used to collect data from the experimental apparatus. The
first was a Keithley 2700 [42] multimeter and switch system which was located at
the base of the tower within the wind facility. The other data acquisition hardware
which was used was a NI (National Instruments) high speed 6251 pci card [43].
The NI card was mounted in the control room within a computer which was used
to run the data acquisition software.

The Keithley 2700 was used to collect data for any sensors that may be exposed
to high voltage as it is protected for over-voltage up to 1000 VDC. This ultimately
meant that the Keithley 2700 was monitoring the motor input voltage and current
and the load bank voltage and current. The current shunt resistor output, although
only in the microvolt range, could potentially ground to a chassis which would then
send line voltage to the data acquisition hardware which is why the Keithley was
used for these measurements too. The main disadvantage of the Keithley 2700 was
that it was unable to monitor multiple channels simultaneously and as such must
physically switch channels in sequence. As the signals being monitored by this
device were not changing significantly with time this was not considered a large
source of error. The NI 6251 pci card was primarily used to monitor the rotational
speed of the low speed shaft as this card had a digital counter hardwired it was
able to monitor the rotational speed.

3.9.2 Tunnel Velocity Measurements

Velocity measurements were made using two independent sensors. The primary
sensor used was a CSAT3 sonic anemometer produced by Campbell Scientific [44],
shown in use within the tunnel in figure .26l which can monitor the velocity in
three directions. This anemometer allowed for data to be collected independently
of the data acquisition PC at a rate of 60 Hz. Although, due to this independence,
the velocity data could not be directly linked to power data from the turbine it
allowed for a more detailed picture of the turbulence present in the wind facility
and did not rely on the acquisition speed of the Keithley 2700 [42].

3.9.3 Rotational Speed

The rotational speed was monitored by the NI 6251 pci card [43] using it’s built-in
digital counter capabilities. The sensor used was the same sensor mounted to the
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Figure 3.26: Sonic anemometer placed in tunnel air flow

low speed shaft which sent the trigger pulse to the PIV system. This sensor simply
outputs an alternating high or low signal, determined by the excitation voltage and
ground, which can be interpreted as a pulse. As there was only one metal tab
connected to the low speed shaft this sensor will output one pulse per revolution.
The counter was able to monitor this pulse and output the frequency in hertz which
was then converted to revolutions per minute.

3.9.4 Voltage, Current and Power

The voltage coming from the grid and into the load bank from the generator was
monitored directly by the Keithley 2700 multimeter system [42]. The current mea-
surements, again at the motor and load bank inputs, were made by two shunt
resistors. The shunt resistors were made of a small strip of metal, in this case a
copper alloy, with a low resistance. This shunt resistor was placed in-line on the
positive lead. As the shunt has a low resistance it will have a low voltage drop which
is directly proportional to current flowing through it as given by Ohm’s law found
in equation B.I6l It typically has a low resistance in order to decrease the power
which it dissipates, which is given by modifying Ohm’s law to give equation B.17]
Additionally current sensors were mounted in the control box to detect the presence
of current, by a hall effect sensor, in order to quickly identify electrical problems
such as a blown fuse or broken connection.
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Figure 3.27: Power generation schematic

V=1IR (3.16)

P=VI=1IR (3.17)

Power was calculated using equation B.I7] from the two measured quantities at
the grid and the load bank. As seen in electrical schematic from figure the
load bank and motor are both connected, in parallel, to the grid DC input. As such
the load bank is always drawing current from the grid as it is essentially a resistor
connected to a voltage source. In order to determine the amount of power that the
motor was absorbing or producing the difference in power between the grid input
and the load bank was determined as shown in equation B.I8. The power gener-
ated can be either positive, when generating power, or negative, when motoring.
Figures and show the generation and motoring modes schematically.

Prowi = Peria + Poen

3.18
Poen = Proad — Parid (3.18)

3.9.5 Labview [45]

Labview [45] was used to control the data acquisition hardware and to save the
collected data into files to be analyzed with Excel. As the Keithley 2700 was an
external system not manufactured by NI, who also produce Labview, the commu-
nication with it required more code and could not be accomplished, entirely, with
built in virtual instruments. The NI 6251, however, was monitored with a built-in
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Figure 3.28: Motoring schematic

“data-acquisition assistant” which allowed for simple user inputs to determine what
was to be monitored and which physical channels to connect the signal to.

In order to communicate with the Keithley 2700 it was connected to the data
acquisition PC with a 15 pin serial cable which was able to carry the signal from
the base of the tower to the control room. Within Labview the user specified: the
physical channels that the signals were connected to on the Keithley 2700; the signal
resolution required; and a title to identify each channel in the data file header.

A front end interface allowed the user to quickly see the various parameters
being monitored by both sets of hardware in order to monitor the experiment on
the go. The primary parameters shown were: the motor and load bank voltages
and current; the calculated power at each point; and the low speed shaft rotational
rate.
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Chapter 4

Experimental Procedure

4.1 Performance Measurements

All performance measurements were taken using the electrical setup outlined in
section 3.9.4l Both drivetrain loss and overall power production were measured as
they were key measures for future work on this experimental apparatus. Drivetrain
loss was important to quantify in order to estimate the power produced at the blades
as opposed to the power measured at the generator. This relationship between
the measured power and the estimated power produced at the blades is found in
equation Il Ideally the blade power would be determined using a torque and
speed sensor at the point the blades connect to the drivetrain, instead of electrical
measurements at the generator, but this method was not feasible with the available
materials and test rig design.

PGEN = PAero + PDM’ve + PBlade (41)

4.1.1 Drivetrain Loss Estimation

The procedure to estimate the overall power losses from rotating the blades was
completed after all performance measurements were completed on every testing day.
This procedure was completed daily in order to compensate for mechanical differ-
ences due to part wear or environmental differences due to pressure or temperature
changes, which may affect the results.

The first step in this procedure was to ensure that the large doors at both ends
of the wind facility, surrounding the test section, were closed. This was done to
ensure that there would be no air movement, other than self-generated, around the
test apparatus. The blades were then rotated from 40 rpm to 220 rpm in 10 rpm
increments being allowed to attain a steady state, based on power measurements,
at each speed setting. As there was no wind energy input to the wind turbine,
power must be drawn from the grid in order to rotate the blades. This procedure
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measured the power loss due to aerodynamic effects and drivetrain losses, as shown
in equation .11

PGE'N(nowind) = Pacro + Pprive (42)

The same test outlined above was completed with the blades removed from
the apparatus. This test was done in an attempt to measure the losses due only
to the drivetrain, Pp,i., as shown in equation 4.3l This particular test was only
completed once due to the time required to remove and reinstall the blades from the
apparatus; the results were therefore presented as a percentage difference from the
losses found with the blades attached due to the day to day environmental changes.

PGEN(noblade) = Pprive (43)

The aerodynamic losses, due to the blade rotation, could also be quantified
by combining the results found with and without the blades attached. Equa-
tion 4.4], derived from equation Il demonstrates that, with no power produced
at the blades, aerodynamic drag losses can also be found as the difference of the
power measured at the motor and the drivetrain losses. The results of this testing
can be found in section [5.1.21

Phero = PGEN(nowz’nd) — Pprive (44)

4.1.2 Power Production

The power production measurements were found over a wide range of TSRs but
since the TSR was a function of both wind speed and rotational rate there are
numerous combinations of each which can result in the same TSR. Ultimately
the number of combinations was limited due to: the wind speed limitations of the
facility; the mechanical limitations of the apparatus; and the instrumentation limits
of the speed sensor. The wind speed was limited to a mean value of approximately
11 m/s, the rotational speed was limited to 220 rpm before mechanical vibrations
became excessive and the speed sensor could not accurately determine speeds below
40 rpm. Wind speeds below 6.4 m /s, while tested, were largely ignored as the results
contained an unacceptable level of inconsistency, likely due to the data acquisition
limitations, as shown in the raw power curves from experiments at 3.5 m/s and
6.4 m/s in figure LIl Low Cp values at high TSRs in this figure are likely due to
erroneous rotational rate data artificially increasing the TSR, in the final results
many of these outliers were removed using statistical criteria.

The general procedure for power measurements was to set a common fan speed
for all six fans which would result in a relatively constant wind speed across the
rotor plane. As the fans were variable frequency drives, which were adjustable from
0 to 60 Hz, the wind speed was changed in 5 Hz increments over this range. At
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Figure 4.1: Raw power curve for data collected at U, =3.5 m/s (above) and
Us = 6.4 m/s, demonstrating high levels of variability at low velocities
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each wind speed setting the rotational speed was changed from 40 rpm to 220 rpm
in 10 rpm increments, as in the loss estimation procedure. This method resulted
in a higher density of data at lower TSR values due the rotational rate limitation
of 220 rpm. This meant that as the wind speed was increased the TSR range was
decreased so that a common TSR range at all wind speeds was not achievable. As
an example of this: at a rotational rate of 220 rpm and at wind speeds of 5 m/s
and 10 m/s the respective TSRs for this apparatus were 10 and 5. In this example
in order to achieve a TSR of 10 at a wind speed of 10 m/s the rotational rate would
need to be 440 rpm. This problem can only be solved by fundamentally changing
the mechanical design of the apparatus and balancing of the blades in order to
minimize mechanical vibrations.

4.2 Experimental PIV Procedure

Due to the experimental nature of PIV an involved process, discussed below, is
required in order to achieve acceptable results. The first step of this process involved
determining an area of interest in the flow which will be measured. A laser was then
aligned to produce a light sheet to illuminate the area of interest. A camera was then
placed perpendicular to the illuminated area of interest. The flow was then seeded
with an appropriate level of smoke. A point in the blades rotation was also selected
to correspond to the camera and laser positioning while also considering flow effects
from the ground and surrounding structures. With the physical setup complete the
timing of the image acquisition was selected through a trial and error process. A
correlation of the images was then made to determine the velocity field within the
area of interest and validation of the data was completed to remove erroneous data.
Due to movement of the blade within the area of interest during testing, for reasons
discussed in section [4.3] post-processing of the images was required to shift the PIV
results to a common reference.

4.2.1 Area of Interest

The area of interest refers to the area within the experimental setup which has the
flow conditions which are being investigated in a particular test. For this experiment
the suction, or lift, side of one of the blades was examined at approximately 90% of
the tip radius. This side of the blade was selected due to the stall effects that could
be present on the suction side that are not typically present on the pressure side
of a blade. This area was not ideal as there is a potential for tip effects, discussed
in the BEM results in section [5.2.3] which could introduce complex flow patterns.
This, however, could not be avoided due to the limitations of the camera and lens
available.

The maximum dimensions of the area being imaged as well as its distance from
the tip were limited by the resolution of the camera, the available lens and distance
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Figure 4.2: Calibration image, with a ruler in the frame, used to focus the camera
and determine image scale

from the camera to the tip of the blade to avoid physical contact. The camera lens
was ultimately placed approximately 10 cm from the tip of the blade which allowed
an area of 16 cm square to be imaged approximately 21 ¢m inboard from the tip of
the blade.

4.2.2 Focus and Alignment

The focus and alignment process involved both the camera and the laser. The laser
sheet was illuminating the area of interest and would be the focal plane on which
the camera would image. The camera was placed perpendicular to the laser sheet
in order to avoid the need to apply corrections to the data in post processing which
could introduce error.

Initially a ruler with crisp markings was placed on the blade at the point which
was being imaged, as shown in figure The blade was also placed, statically,
at the point in its rotation where the images would be taken. The ruler served
two purposes: first, the crisp markings allow the focus to be determined easily;
second, the ratio of physical distance to CCD pixels, image scale, would need to be
determined for velocity calculations and could be calculated using this test image.

With the camera focused on the area of interest the laser is fired at a low power
to ensure that the laser sheet is projected at the correct position along the blade.
Adjustments can be made to the laser sheet width using optics attached to the laser
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head. The laser sheet width used was on the order of 1 to 3 mm in order to capture
acceptable images. With any complex flow there could be flow in and out of the
laser plane so a trial and error process to adjust the laser width must be used to
increase the accuracy of the results.

4.2.3 Seeding

Seeding the incoming flow with water based smoke was required to allow particles
to be visualized within the flow field. As previously discussed, in section 2311
the challenge with the seeding process was to create a smoke stream with a particle
density which would not over or under expose the images. Numerous iterations were
completed using a variety of smoke generators and injection manifolds which are
outlined in sections B.74] and in appendix [El With the smoke apparatus selected,
the smoke outlet position was found using a trial and error process, to optimize
image quality, and was adjusted whenever the wind speed or rotational rate was
changed.

With the fan and the rotational speed set the smoke was observed to ensure that
it was traveling within the area of interest with adjustments in height and location
made if required. Once the smoke was traveling in the area of interest test images
were captured with the laser firing at approximately 90% of full power. These
images were evaluated for the strength of the PIV correlations, based on the number
of rejected vectors. Additionally, the raw images were subjectively evaluated for
exposure levels in the regions containing smoke particles. If the correlations were
strong, again based on the number of rejected vectors, then the setup was used
for the remainder of the images collected for the particular test case. If the images
were over-exposed either the power of the laser could be reduced or the smoke being
produced could be reduced. Typically the ideal setting would require a combination
of both laser power adjustments and smoke density; but laser power was inherently
easier to adjust and was the preferred method for exposure correction.

4.2.4 Trigger Timing

Triggering of the PIV equipment, for this particular experiment, was required in
order to capture images at a certain point within the blade rotation. This was
accomplished by generating a trigger pulse using a metal tab on the low speed
shaft which passed through an optical sensor. This sensor was a light detector
with an LED source which would output a TTL signal if the path between the
detector and source was blocked. Initially this signal was not registered by the
control system possibly due to it’s relatively long rise time. The other drawback
was that the metal tab on the shaft needed to be physically moved in order to
adjust the point in rotation that the images were captured. To provide the PIV
system with an adjustable input pulse which it would recognize a signal generator
was placed in-line between the sensor output and the controller input. This signal
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Input Signal
From Low
Spesd Turbine
Shafl

Signal
Ganerator
{ho dalay)

Signal

Generator

{Dalay)

Figure 4.3: Pulse schematic

generator produced a pulse output with nanosecond rise time and also allowed for
a delay to be placed between the time it received a signal from the sensor and when
it output a signal to the controller. Thus by adjusting the delay in the output the
rotational position when the image was captured could be finely adjusted. This
process is shown in the schematic in figure 3]

With the triggering system, outlined above, the rotational location of the blade
when the images were captured was held constant. As the rotational speed was
changed the signal generator delay was adjusted to compensate for the distance
the blade will travel in the time between receiving a signal and the camera and
laser firing. Since there was a shadow in the frame on the pressure side, due to the
laser sheet optic location, the blade was intentionally placed in the left third of the
frame. Vertically the blade was centred in the frame to capture both leading and
trailing edge phenomenon.

The settings on the signal generator, which affect the pulse width and pulse
delay, were adjusted to position the blade in the same place within the frame at
each rotational rate. The settings for various rotational speeds can be found in
table 1] with a plot of these results found in figure [£4] with the 111 rpm data
removed as it was at a different range setting. For data with the range of 167.5
rpm and 220 rpm, when the range setting was constant at 5 msec, a linear curve
fit can be used to estimate the required setting for further testing. This estimate,
equation 4.5l could be used to reduce the time required to achieve the correct trigger
timing.

multiplier = 0.0066 x Q + 0.0046 (4.5)
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Table 4.1: Signal Generator settings for PIV
| Speed (RPM) | Multiplier | Range (msec) |

111 1.450 50.0
167.5 1.100 2.0
180 1.200 2.0
195 1.300 5.0
220 1.450 5.0
15
14 F
8 ol
=
g 12 F
11 F
1'0160 ‘ 1;0 ‘ 1E130 ‘ 15130 ‘ 260 ‘ 2;0 ‘ 2£o
Omega (RPM)

Figure 4.4: Signal Generator settings for PIV
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Table 4.2: Theoretical and experimental interframe rates

Fan Speed Velocity Max Theo. Rate Exp. Rate
(Hz2) (m/s) (1s) (1s)
35 6.4 200 75
45 8.4 152 60
60 11.1 115 40

4.2.5 Interframe Rate

The user specified the inter-frame timing which refers to the time between the two
frames, or image pairs, which are captured in each burst. The exact time between
frames must be known in order to convert the distance a particle cloud travels to a
velocity. The total number of image pairs to be captured can also be specified by
the user.

The theoretical interframe rate was calculated for all wind speed and rotational
speeds which would be used in testing. Based on theory the maximum interframe
rate would allow a particle to move 8 pixels, 25% of the interrogation area width,
from the first to the second frame [2I]. With the pixels per metre and overall
camera resolution known from the final focus image taken previously the maximum
interframe rate could be found using equation from section B.7.2l In practice
the experimental interframe rate was far below the recommended maximum value
and was found through trial and error until acceptable correlations were found for
each test case. The resulting maximum theoretical and experimental frame rates
used can be found in table

~0.00128

maxr —
Uso

(4.6)

Additionally, the time which will elapse between bursts can be specified. This
value can either be a minimum time or based on a set number of trigger pulses.
Alternatively the user can also specify the system to capture images as fast as
possible which then limits the time between bursts to the physical capabilities of
the camera and laser. Although the system literature [41] 23] states that the camera
and laser are capable of capturing images at 15 Hz; experimentation found that the
acquisition rate, on average, was between 1 Hz and 0.5 Hz. This discrepancy is
likely due to the time the system requires to transfer the image data from the
camera, through the processor and into the user’s computer.

4.2.6 Image Correlation

The Flow Manager software was able to take the images captured during each test
and perform the cross-correlation on the image pair to produce a velocity vector
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Figure 4.5: Sample correlation surface plot

map. The user then selected the interrogation area size and the overlap of these
areas. For the tests completed a 32 by 32 pixel interrogation area was selected with
50% overlap. This resulted in the image being divided into 3844 interrogation areas
for the cross-correlation process.

After each image pair had been processed the raw vector maps were then val-
idated using two methods: magnitude and peak to peak ratio. These validations
would remove erroneous velocity vectors which could be produced due to a lack of
smoke particles or image exposure problems in certain regions within the images.

The magnitude validation parameter which removed vectors with a magnitude
greater than a user selected threshold, was selected to be 30 m/s for all tests as this
velocity was deemed to exceed any reasonable experimental velocity magnitude.
Finally, the peak to peak ratio referred to the ratio of the heights of the first and
second correlation peaks produced. This validation step removed data if the highest
peak was not a user defined multiple of the height of the second peak. In all tests
this value was set to the highest allowable value of 2 in order to remove all but the
strongest correlations. A sample of a correlation surface plot indicating the first
and second peak is shown in figure for reference.

Although high rejection criteria did remove a substantial number of vectors from
each image correlation; the goal was, over 1000 images, to produce an accurate
representation of the flow when all the images were averaged. Since the averaged
velocity vector did not use rejected data the sample size of each point was different
and could be used as a measure of the confidence of the data in a given region.
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Figure 4.6: Master image used to determine the shift vector for each raw image
pair

4.3 PIV Post-Processing Technique

4.3.1 Concept

Due to movement of the blade within the area of interest during testing, likely due
to observed vibrations in the blades and turbine structure in addition to wind speed
fluctuations, post-processing of the images needed to be completed to shift the PIV
velocity data to a common reference. The first step of the post-processing was to
extract the image pairs and their correlations from the Flow Manager program.
Using a custom program written using Matlab [17], shown in appendix [E.1] the
first image of each pair was correlated to a master image, depicted in figure
This master image was of the blade in the ideal position with no smoke particles
in the flow and was taken from the timing images captured during the calibration
phase. The correlation of the two images would produce a “shift” vector which
would indicate how many pixels the image would need to be shifted in the x and y
direction in order to align with the master image, conceptually shown in figure [L.71
The orientation of the camera results in the x axis being in the free stream flow
direction and the y axis tangential to the blade rotation. This shifting in the x
axis position of the blade was the results of aerodynamic effects and mechanical
vibrations which combined to cause the blade to “flutter” in the x direction. Shift
in the y axis position was likely due to signal error from the trigger output placed
on the low speed turbine shaft. This correlation process was then completed for all
of the images from a specific test case.

The maximum and minimum shifts, in the x and y direction, for all collected
images from a test case was then calculated. These values determined the area

62



4.3. PIV Post-Processing Technique Experimental Procedure

1*I'Shiﬂ I

Shift
Vector

[

XShiﬂ
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that was common in all images. This concept is shown in figure 4.8 with the cross-
hatched area representing the common overlap area. The cross-hatched area would
later be used to crop the PIV data for averaging. In order to limit the loss of
PIV data from images that were closely aligned with the master image, during
the cropping process, two criteria were implemented to removed data. The first
criterion was based on Chauvenet’s criterion [46] which rejected data with x or y
shifts that exceeded limits based on the mean, standard deviation and sample size.
The second criterion removed data with a calculated shift in the x or y direction
of more than 100 pixels. Both of these methods were applied in order to increase
the common area of the results. A sample of a shifted image is shown in figure [£.9]
this particular image was shifted 26 pixels in the negative x direction and 50 pixels
in the negative y direction.

With the shift vector for each image pair determined, the PIV data from Flow
Manager could be shifted to match. However, this presented a problem as the PIV
correlation vectors are stored for each interrogation area, which were each 32 pixels
square, and the shift results were calculated in pixels. Due to the 50% interrogation
area overlap, defined by the user, each vector represented an area 16 pixels in width.
The calculated shift in pixels for each direction was therefore divided by 16 and
the results was rounded to the nearest integer; this value represented the number
of interrogation areas to move the vector prior to averaging. For example if the
shift was calculated to be 36 pixels in the X direction and 57 in the Y direction
the velocity vector would get moved 2 interrogation areas to the right and 4 areas
up prior to averaging. This rounding could introduce more error but with an
interrogation area every 16 pixels the maximum rounding error will be 8 pixels
which represents approximately 1 mm. this was deemed acceptable in order to
avoid the added complexity that interpolation would have added.
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Figure 4.8: Common area found after determining the shift vector for all images
within a test case
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Figure 4.9: Shifted image, before (left) and after (right)

64



4.3. PIV Post-Processing Technique Experimental Procedure

The rounded shift vector was then applied to the raw PIV data which theo-
retically resulted in with multiple sets of velocity data which were spatial aligned.
The aligned PIV velocity vectors were then averaged to produce an overall velocity
map representative of the flow over the blade in each test case. The results of this
averaging can be found in section [5.3]

4.3.2 Image Shift Program Verification

Prior to the application of the image shift program on all collected images and
their correlations the program was first verified against a manual determination of
the required shift. The manual method required loading the master image and ten
sample images into a image editing program and manually reading coordinates of a
common point on the trailing edge of the blade within the image each image. The
images used were from tests at the highest free stream velocity of 11.8 m/s and a
rotational rate of 198 rpm which were expected to represent the most variability in
the blades position due to the higher loading on the turbine.

The difference between the master image coordinates and the ten sample PIV
image coordinates can be found in table A3l with the values determined numerically
by the image shift program and also manually. This table also indicates the average
number of pixels that the images in this sample data set needed to be shifted in order
to match the master image. As previously discussed some shift values calculated
by the image shift program that exceeded the rejection criteria were removed from
consideration as they represented a shift that was deemed excessive and likely due
to erroneous data. Rejected images in some data sets amounted to approximately
30% of the original data set based on this criteria while in other data sets the
rejection was as low as 0.2% with the amount of rejected data independent of the
flow conditions. Specifically in images 1 and 5, although the blade’s position could
be determined manually it could be seen that the tip of the blade was flexing
enough to block most of the laser light from reaching the camera and thus a strong
numerical correlation would be hard to achieve. These two images would be rejected
by the program based on the erroneous calculated shift values.

Excluding the rejected values the average difference in shift values between the
manual and numerical methods was found to be approximately 8.5% in the X and
Y directions which in absolute terms represents 1 mm in the X direction and 0.3
mm in the Y direction. While there was a discrepancy between the manual method
and the numerical approach this was deemed acceptable when also considering the
shorter time required to process images and the volume of images to be processed.

4.3.3 Experimental Image Processing

The results presented in this section attempt to show the progression from raw
experimental PIV images through to velocity vector maps of the flow over the
blades. During testing approximately 1000 images at each operational state were
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Table 4.3: Comparison of manual shift determination and Matlab [17] image shift
program

Image Manual x Manualy Matlabx Matlaby
(pizels) (pizxels) (pizels) (pizels)
0 25 54 26 50
1 83 33 117 132
2 66 29 70 30
3 67 35 74 41
4 72 33 81 38
5 87 31 -444 125
6 54 30 59 32
7 58 42 64 43
8 71 34 79 39
9 65 36 69 36
| Average | 65 | 36 | 6 | 39 |

collected for each data set. Capturing 1000 raw images at each operational state was
necessary in order to account for the data loss associated with unseeded portions
of each image because evenly distributed seeding across the area of interest was
not possible, as previously discussed in section B.7.4l Figure shows two images
which represent a well seeded image and a poorly seeded image. Also of note in the
raw images was the camera aperture cutting light at the four corners of the image
which produced spurious data in all subsequent calculation in these regions.

The contour plot in figure .11 demonstrates the areas for these two images
which produced accepted vectors, in blue, which would be used later in the aver-
aging process. It is important to note that the image with particles throughout
the imaging area still does not produce acceptable vectors in all areas. Finally,
figure demonstrates the final vector plots from each image, with the rejected
vectors removed, that would be used later in the averaging process.

4.4 Test Case Selection

In order to select the specific test cases, combinations of wind and rotational speed,
the limitations of the wind facility, turbine apparatus and PIV equipment needed
to be accounted for. As there were two distinct experiments being completed,
power production measurements and PIV measurements, the test cases for both
were different due to the specific goals of each.
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Figure 4.10: Raw images used in PIV analysis with the well seeded image shown
above, TSR 3.8, 2 = 198RPM, U,, = 11.8m/s
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Figure 4.11: Contour plots showing accepted vectors in blue for each of the raw
image correlations, TSR 3.8, 2 = 198 RPM, U, = 11.8m/s (well seeded above)
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4.4. Test Case Selection Experimental Procedure

Table 4.4: Five test cases used in PIV experimentation
| Test number | Omega (RPM) | V (m/s) | TSR |

1 195.0 11.0 4
2 111.0 6.4 4
3 167.5 6.4 6
4 220.0 6.4 8
5 220.0 7.5 6

4.4.1 Performance Testing

As stated previously the wind facility, in it’s current configuration, was limited
to a maximum wind speed of 11 m/s. Although, based on the testing results,
speeds below 6.4 m/s did not produce usable power data using the current data
acquisition system, data was still collected down to 0.5 m/s or 5 Hz on the fan
settings. The turbine apparatus could not be rotated beyond 220 rpm and the
acquisition system could not reliably measure the speed below 40 rpm. These values
limited the theoretical range of TSR to between 2.5 and 13.5 for the lowest wind
speed and 0.8 and 4.5 for the highest wind speed. Ultimately six wind velocities
were chosen, nominally between 6.4 m/s and 11 m/s, which would be used in the
power production experiments to produce C'p vs TSR plots.

4.4.2 PIV Testing

For the PIV portion of the experiment time limitations, due to the time required
to setup individual tests, and the mechanical limitations of the apparatus, limiting
rotational speed, affected the number of tests which could be completed. There
were two goals in the PIV portion of the testing: compare the effect of changing
the TSR value on the flow characteristics; and maintaining a constant TSR while
changing the wind and rotational speed combination. Five test cases were selected
which represented four different rotational rates, three different wind speeds and
three TSRs. These five different test cases were each completed on two separate
days to attempt to demonstrate repeatability of the results. Table 4.4l demonstrates
the five test cases selected and their respective rotational speed, wind speed and
resultant TSR.
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Chapter 5

Results

5.1 Experimental Performance

Based on power generation experiments conducted in the wind facility with the
turbine apparatus over a range of wind speeds, 6.4 m/s to 11 m/s, and rotational
rates, 40 RPM to 220 RPM, outlined previously, the experimental performance of
the blades could be evaluated. Drivetrain and aerodynamic power losses were first
quantified before blade power production could be evaluated.

5.1.1 Outliers

Data pertaining to the drivetrain loss section, 5.1.2] had outlier data points, within
a data set, removed using Chauvenet’s criterion as suggested by Holman [46]. Since
the measured RPM was transient each data set was taken as the nominal rotational
speed + /- 5 rpm; for example, at a nominal rotational speed of 130 rpm, data from
125 to 135 was considered part of the same data set. Chauvenet’s criterion states
that the probability of a reading, within a data set, based on a normal distribution,
occurring must be greater than 1/2Ng where Ng is the number of readings in the
data set. This criteria was used to eliminate both outlying power and rotational
rate data.

The outlier analysis was not completed for all of the blade power generation
data due to the shear volume of data present; however, the results from the 11
m/s flow condition were analyzed in order to determine representative error values
for power generation data. The outlier analysis resulted in 4.5% of the data being
removed from the data or 28 data points. A detailed error analysis for this data
set is outlined in appendix
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5.1. Experimental Performance Results

5.1.2 Power Losses

The drivetrain losses were estimated in two parts, as discussed previously in sec-
tion [4.1.1l Initially the blades were connected to the drivetrain and rotated with no
wind blowing over them. These results would therefore include some power loss due
to the drag on the blades. An example of the data collected during the tests with
the blades attached without wind can be found in figure 5.11 labeled Pqgn(nowind)-

The second part of the loss tests involved running the motor without the blades
attached to eliminated the aerodynamic drag losses. This data was used to quantify
the losses due solely to the drivetrain which includes: bearings, belts and the brake
system drag. The data collected using this method is presented in figure [5.1] labeled
PDm've-

In order to relate the losses measured with the blades attached to the losses
measured when the blades were detached, curve fits were applied to both data
sets. The data collected with the blades attached was found to be represented by
equation[5.Jl A linear curve fit was found to fit the data collected without the blades
attached and is found in equation 5.2l The fit to the data with the blades attached
was not expected as aerodynamic drag theory would have suggested a third order
dependency on velocity, or rotational rate, as shown in equation 5.3l However, the
linear fit was expected as rotating objects, under an assumed constant torque due
to friction, undergo linear power loss due to a torque and speed relationship, as
found in equation 5.4l

PBN(mowing) = —0.0034Q% — 3.26920) (5.1)

Pprive = —2.967Q (5.2)

Fp = 3CppUZ A
P = FpUs, (5.3)
PAerotheory = %CDPUEOA

PDrivetheory =Tw (54)

Based on the curve fits for the overall power loss and the drivetrain losses, equa-
tion was developed for the aerodynamic losses. The aerodynamic loss is plotted
against the overall power loss measured and the drivetrain losses in figure 5.1

Prero = —0.003492 — 0.30229) (5.5)

As the testing without the blades attached was only completed once, a percent-
age change was calculated from the drivetrain loss data to the power loss measured
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5.1. Experimental Performance Results
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Figure 5.1: Overall power loss data

with the blades attached. This percentage change, calculated using equation [5.6]
used the equations found above and was therefore related to the rotational speed.
The data, based on curve fits, can be found in table 5.1l with the percentage change
plotted against rotational speed found in figure The resulting equation, derived
from equation and equation [5.7] was used to translate the data collected every
testing day, with the blades attached, to an estimate of the drivetrain losses. The
resulting translation can be found in equation 5.8

P nowind) P rive
Power Change = ( GEN 9 -D ) x 100% (5.6)
PGEN(nowind)
Power Change = 7.51 x 107*Q 4 0.1003 (5.7)
Pprive = Parn(mowina) X (—7.51 x 107*Q + 0.8997) (5.8)

Ultimately two days were required to complete experimental testing and, as
such, two different drivetrain losses translations were required. Based on equa-
tion [0.8] the data collected each day with the blades attached, under the no wind
input condition, was translated to an estimate of the drivetrain loss. The estimated
power that was absorbed by the drivetrain was added to the output power that was
measured at the generator, during tests with wind input, in order to estimate the
power that the blades were producing. For tests completed on the first day, wind
speeds 0 m/s through to 9.2 m/s, the drivetrain power loss was estimated using
equation Testing completed on the second day, wind speeds 10.4 m/s and 11.1
m/s, used equation to estimate the drivetrain power loss.
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5.1. Experimental Performance

Results

Table 5.1: Power loss data based on curve fits on the raw data

‘ Q(R’PM) ‘ PGEN(nowind) (W) ‘ PDrive(W) ‘ Power Change (%) ‘

0 0.0 0.0 N/A
20 -66.7 -59.3 11.1%
40 “136.2 1187 12.9%
60 -208.4 -178.0 14.6%
80 -283.3 2374 16.2%
100 -360.9 -296.7 17.8%
120 4413 ~356.0 19.3%
140 5243 4154 20.8%
160 ~610.1 ATAT 22.2%
180 ~698.6 5341 23.6%
200 ~789.8 -593.4 24.9%
220 ~883.8 ~652.7 26.1%
0.30
S\O, 0.25
)
(@]
S
— 020
O
)
% 0.15
(ol
0.10 510 160 ‘ léO 2(1)0
Q (RPM)

Figure 5.2: Difference between power measured with and without the blades at-
tached as a function of the rotational speed
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5.1. Experimental Performance Results

Pprive(0 < U, < 9.2) = —0.002702 — 2.11659) (5.9)

Pprive(10.4 < U, < 11.1) = —0.0027Q* — 1.8818 (5.10)

5.1.3 Power Generation

The power generated at the blades was of interest in order to compare the re-
sults given by the BEM program. Since the BEM program does not account for
drivetrain losses estimating the power generated by the blades, as opposed to the
values measured at the generator, was essential to make a meaningful comparison
of aerodynamic data from this experiment.

A sample set of data collected during the experiment at two wind speeds, 7.3
m/s and 11.1 m/s, over a range of rotational rates is shown in figure 5.3l This figure
demonstrates the increased power available at higher wind speeds and the plateau
in power generation that occurs at higher rotational speeds characterized in the
7.3 m/s data set. This plateau is reached due to the coefficient of power plateau
found at high tip speed ratios, which is discussed later in section 5.1.4l Due to it’s
lower maximum tip speed ratio the 11.1 m/s data set does not exhibit this plateau
behaviour.

Blade power data for a constant rotational rate with varying wind speed demon-
strates the cubic relationship between power and the incoming velocity at low free
stream velocities, as shown in figure [5.4] for rotational rate of 220 rpm. The the-
oretical cubic relationship assumes that the coefficient of power is constant across
the range of wind speed inputs and for this plot was assumed to be the peak Cp
value for the experimental data which approaches 0.4. As the incoming velocity,
U, increases the tip speed ratio will decrease with a constant rotational rate which
reduces the coefficient of power from it’s peak. Due to the decrease in Cp with de-
creasing TSR, in the experimental data, the theoretical power output only matches
until approximately 7.4 m/s. This helps to explain why many modern turbines, in
addition to techniques such as variable blade pitch, operate with a variable rota-
tional rate to maintain near peak Cp operation.

5.1.4 (Cp vs TSR

The coefficient of power as a function of tip speed ratio is an important relation-
ship to develop in order to determine the optimal rotational rate for peak power
production at a given wind speed. Power measurements taken during wind facility
testing were used to develop experimental results which could then be compared to
the predictions by BEM theory.
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5.2. BEM Results Results

0.45
0.40 | '
442 ff‘*A
0.35 - F U
. 11.1 m/s ¢
0.30 I > 10.4 m/s
° 9.2 m/s
0.25 . 8.4 m/s
7.3 mls
OD' 0.20 6.4 m/s
*
0.15 F
0.10 |
0.05 F
0.00 -
* AQ
) ] ] ‘1 ] ] ] ] ]
O'050 1 2 3 4 5 6 7 8

Figure 5.5: Raw experimental Cp results

5.1.4.1 Experimental data

With the power calculated previously the coefficient of power could be calculated
over the range of TSRs found at each wind speed tested. The raw results, shown in
figure[5.5], for the range of wind speeds between 6.4 m/s and 11.1 m /s and rotational
rates between 40 rpm and 220 rpm collapse down onto one curve as expected. These
raw results represent the individual data points collected during the tests, not the
mean, and have only had five outliers removed, out of approximately 2400 total data
points. The removed data points represented rotational rates far beyond physically
possible results when compared with surrounding time series data points captured
under the same conditions. Based on an error analysis of the 11 m/s and 6.4 m/s
experimental data sets at a rotational rate of 220 rpm; a representative error for
the coefficient of power, which included statistical variation and instrumentation
bias error, was determined to be approximately 7%.

5.2 BEM Results

The results from the BEM code represent ideal conditions and can only provide
theoretical values. However, BEM allows an analysis of the aerodynamic forces
on the blades under a wide variety of flow conditions that might not be possible
to achieve experimentally. Additionally, aerodynamic properties such as: angle of
attack and axial or tangential induction factors can be theoretically determined at
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5.2. BEM Results Results

Table 5.2: Effect of increasing the number of elements

Power Teonverge
Elem | Peak Cp (W) Peak TSR (s)
10 0.3877 4590 9.4 4
50 0.3776 4470 9.2 14
100 0.3757 4450 9.2 26
110 0.3755 4450 9.2 29
150 0.3749 4440 9.2 38
200 0.3745 4440 9.2 51

different points along the blade which are also difficult to quantify experimentally.
Prior to these analyses the effect of the number of elements used in the code was
first completed as well as a study which determined an appropriate convergence
criteria based on the axial induction factor.

5.2.1 Effect of the number of elements

The number of discrete elements, which divide the blade radially, used in the BEM
analysis was determined prior to any final results being produced. The number
of evenly spaced elements was increased until convergence, based on the Cp, was
reached. Table shows the effect of changing the number of elements on the Cp,
tip speed ratio and the power produced. Although table represents Cp with
four significant digits this is only shown to demonstrate the small changes which
were calculated with the program as this level of accuracy could not be achieved in
experimental results. This analysis was completed for a three bladed configuration
using the Abbot Original lift and drag parameters from the manufactured blades
and a constant wind speed of 11.0 m/s as the input. At a value of 110 elements
the Cp changed by 0.05% from the previous value at 100 elements. In all further
analysis the blades were divided into 110 elements. The effects of increasing the
elements is also shown in figure 5.6l with only the maximum Cp shown, as the power
generated changes at the same rate as the C'p. The time required to run the BEM
program was also monitored as this could have been a criterion in selecting the
number of elements to be used.

5.2.2 Axial Induction Convergence Study

A study was completed to determine the percentage change in axial induction factor,
between iterations, which would be used in the BEM analysis to signify convergence
for each element. This minimum percentage change was altered from 10% to 0.1%
and the effect on the Cp is tabulated in table 5.3l The table shows the criterion
used, the overall C'p and the change in C'p from the previous criterion used. It was
found that when the criterion was changed from 10% to 0.1% only a 0.25% change
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Figure 5.6: The effect of the number of elements used in the BEM analysis on the
Cp

Table 5.3: Convergence study
‘ Converge Criteria ‘ Cp ‘ Change Cp ‘

10.00% 03745 | N/A

5.00% 0.3750 | 0.128%
1.00% 0.3754 | 0.099%
0.50% 0.3755 | 0.024%
0.10% 0.3755 | 0.003%

in the Cp was found. The change between a 0.5% criterion and 0.1% criterion was
found to be 0.003% and thus 0.1% was chosen as the convergence criterion which
would be used in the BEM analysis. The overall change of the Cp between the
convergence criterion used in this study can be found in figure B.7

5.2.3 Effects of Tip losses

For this analysis the number of blades was set to three to correspond with the
design which was tested in the wind facility. Also, the wind speed was again set to
11.0 m/s and the number of elements set to 110 with the Abbot Original data set.
The tip loss was calculated using the Prandtl tip loss factor calculation previously
shown in section 2.2.3] This factor will increase the axial induction factor towards
the tip of the blade which effectively reduces incoming air velocity and thus the
power that can be extracted at the tip. The tip losses can have a significant effect
on the overall power produced as the tip is the area of the blade with the most
potential for power production. This is due to the larger amount of torque that
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Figure 5.7: Convergence criteria effect on the Cp

can be generated at the tip because of it’s larger physical moment arm and the
higher relative velocities; as the power produced is directly related to the torque
and rotational speed.

Due to the way that the loss factor was calculated it will result in errors at the
tip as the iterative loop will try to eventually converge to a value of ¢ approaching
zero degrees which will result in a division of zero in the tip loss equation. This
problem was avoided by setting the loss factor at the outer tip element to the
value calculated for the previous element. This still resulted in the desired sharp
reduction in tip loss factor approaching the tip without errors generated by the
code. An example of the loss factor as a function of the radius ratio is shown below
in figure 5.8

The effect of the tip loss factor is shown in figure which depicts the power
each element produced at a TSR of 9.2. The key point of interest is that the losses
near the tip result in a lower elemental power production beginning at approxi-
mately 80% along the blade. This can be seen as a sharp drop in power produced.
Additionally, the drop in the power, for both data sets, produced by the blade,
starting at a radius ratio of approximately 0.6, is likely due to the irregular twist
distribution used in the calculations, as shown previously in figure .13l This would
likely result in a lower angle of attack which could reduce the overall lift produced.

5.2.4 Program Output
Due to the nature of the BEM program a large amount of data can be extracted

for individual blade elements or for the turbine as a whole. The accuracy of these
values is dependent on the accuracy of the input assumptions and aerodynamic
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Figure 5.10: Effect of TSR on the AOA over a blade at a wind speed of 11 m/s

properties of the blades; however, they can provide insight into the trends of these
various parameters over a wide range of test conditions. These test conditions
can include a wide variety of parameters but for this experiment was limited to
changes in wind speed and rotational rate. It is also important to note that the
BEM program used a constant wind speed input for each run and therefore the
rotational rate was directly related to the TSR. These changes in test conditions,
at the intervals used in the program, would be difficult to achieve in the real world
due to time and equipment constraints.

The results outlined in the following sections show the effect that TSR has on
the angle of attack and the estimated induction factors. The trends shown in these
sections matched the expected outcome when compared to trends found in a BEM
test case implemented by Burton et al. [16].

5.2.4.1 Angle of Attack

Angle of attack estimates can be used to determine which areas of the blade could
be experiencing stall conditions at a given TSR. Referring to the blade geometry,
figure 2.5] it was expected that as the TSR was increased the AOA across the blade
would decrease. This is due to the relative increase in the tangential component of
the relative velocity as compared to the incoming wind speed. The results shown
in figure B.10] calculated for a 11 m/s input wind speed with tip losses with a static
stall angle of 12 degrees shown for reference, confirm this trend. Although not
shown it was found, as theory would suggest, that increasing the wind speed has
no effect on the angle of attack at the same TSR, as the velocity triangle geometry
will not change.
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5.2.4.2 Blade Set Angle Input Effect

When the AOA was plotted for each element at a tip speed ratio of 10 it was evident
that the irregularity in the blade set angle, 3, had an effect on the program AOA
output. In order to ensure that this was not an error in the program a modified
{ input was used which smoothed out the irregularity using a polynomial curve
fit. The results are plotted against each other in figure .11 which shows that the
input 3 function will cause the AOA to change; however, the unmodified version
was used in all other results shown.

5.2.4.3 Axial and Tangential Induction Factors

The axial induction factor is a measure of the effect that the blades presence has on
the incoming air. Figure shows the effect that the TSR can have on the axial
induction factor. It is shown that the theoretical induction factor will tend to be
higher as the TSR increases and due to the effects of tip loss it will approach unity
at the tip. The tangential induction factor, which is a measure of the wake rotation
induced by the blades, was found, in general, to decrease with an increasing TSR,
as shown in figure B.13. Both sets of values were not affected by changes in the
input wind velocity. Again these results correspond to trends found by Burton et
al. [L6] in the output of their BEM implementation.

With the output of the BEM program now known performance measurements
of the experimental wind turbine can be discussed.
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5.2.5 Experimental and BEM Cp Comparison

The primary BEM output of interest, in order to compare to experimental results,
was the coefficient of power as a function of the tip speed ratio. The twelve input
lift and drag input data sets, outlined in section B.6.2] were analyzed using the
BEM code with tip losses. Wind speed input was set at 11.1 m/s but any change
in the input velocity would not have an affect on the coefficient of power at a given
TSR. As there were fourteen data sets produced, based on the various lift and drag
input files, only relevant and unique results are presented to provide clear results.
A curve representative of the experimental data was included based on the results
found in section B.1.4.11

The first trend identified was that the Flat results always produced lower Cp
values as compared to Viterna data sets and closely matched the experimental
results at low tip speed ratios. It was also found that beyond a TSR between 5.25
and 5.75 the Cp results, for a given input aerodynamic property data set, converged
regardless of the extrapolation method used. The results begin to overlap because
the calculated angle of attack is reduced as the TSR increases and will eventually
reach the angle of attack range found in the original input data set. A comparison of
the BEM coefficient of power output, with the experimental Cp distribution shown
for reference, can be found in figure 5.14 with only the Ostowari and Hoffman BEM
results shown to be representative of these findings. Of note, the Ostowari Flat and
Ostowari Viterna data set resulted in a much lower C'p estimate at high TSR, due
to an increase in estimated AOA in the Ostowari BEM output which, due to the
liftt and drag distributions, resulted in higher drag and lower lift at higher tip speed
ratios.

85



5.2. BEM Results Results

045
0.4 - o
e N
—- T~
0.35 |- N \\.\
N
03 N
SN
N
o 0.25 |- \‘
02
0.15 |- /’
‘ — — — - Hoffman Flat (BEM)
01 — - — - = Abbot Original (BEM)
Experimental Turbine Output
0.05 |-
‘/' 1 1 |
=
00 10 15

TSR

Figure 5.15: Two BEM results compared to experimental Cp results found during
testing

Finally, the two sets of BEM results that closely matched the experimental re-
sults were the Hoffman Flat and the Hoffman Flat Raw. These results matched the
experimental C'p closely through to a TSR of 5 before diverging and over-predicting
the results. The results show that no lift and drag data set was able to accurately
predict the turbine output at high TSRs which could indicate that the original,
non-extrapolated, data sets were not representative of the three dimensional airfoil
performance. The Abbot Original results which were the original basis for per-
formance predictions, in addition to the Hoffman Flat results, are presented in
figure with the experimental results found above also presented for reference.

5.2.6 Summary of Experimental Power Production and BEM
Modeling

Based on the data collected during testing of the wind turbine in the wind facility
the power performance of the turbine was characterized. Power generation mea-
surements were used to estimate the drivetrain losses and from this gross power
production as a function of wind speed and the coefficient of power as a function
of tip speed ratio. This data will hopefully provide future users of this turbine
apparatus a known power response of the turbine to a variety of wind turbine and
tunnel conditions which could be helpful at the experimental planning stage.

Additionally a comparison between the experimental performance findings and
the BEM predictions was outlined with the results showing a wide range of outputs.
If future predictions are based on BEM calculations it was found that the Hoffrman
Flat and Abbot Original data sets provided the best match to experimental findings
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in the current wind facility.

5.3 PIV Results

With the experimental power findings outlined above a discussion of the flow around
the turbine, as found using PIV, can now be made. The particle image velocimetry
results taken during testing have the potential to determine the nature of the flow
around the blade at various turbine operational states. In total five operational
states were chosen for this portion of the experiment which represented three ex-
pected tip speed ratios, 4, 6 and 8. The three tip speed ratios would be achieved
with three wind speed settings, 6.4, 7.5 and 11 m/s; and four rotational rates 111
rpm, 167 rpm, 195 rpm and 220 rpm. The goal of the PIV testing was to determine
if the PIV technique could resolve the flow conditions of an external flow over a
blade at different tip speed ratios as well as those present at common tip speed
ratios.

As shown in the BEM results the angle of attack of a blade element and coef-
ficient of power at a given tip speed ratio should remain constant. Experimental
results given in section confirm the coefficient of power theory but PIV results
had the potential to determine flow characteristics such as angle of attack at a point
along the blade.

After the data had been post processed, as outlined in section A3 averaged
velocity maps in the absolute reference frame could be produced. Additionally,
flow parameters such as angle of attack could then be extracted from the relative
velocity vector map and streamlines could be produced to aid in the visualization
of the flow at the various operational states. Finally, repeatability between test
days and within data sets is discussed.

5.3.1 Averaged Flow Results

From the raw images captured during each test a vector map was produced, as
discussed in section 3l Since each raw velocity correlation could not represent
the flow within the entire imaging area it was necessary to average the accepted
vectors within each interrogation area to produce a complete vector map. Due to
the blade movement within the frame from one image to another the vector maps
could not be directly averaged without introducing additional error. As discussed
in section [4.3] each image pair was correlated against a master image to determine
the relative position of the blade within the frame and shift the vector map to
match. Both shifted and unshifted results are initially presented in this section to
demonstrate the effect of the blades movement but in all subsequent discussions
the shifted results were used.

With the amount of shift determined for each image the corresponding PIV data
could be shifted to match. Figures5.16land .17 represent the unshifted and shifted
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Figure 5.16: Absolute average vector map from unshifted PIV data, TSR 3.8,
Q=198 RPM, U,, = 11.8m/s

averaged PIV results overlaid with the position of the blade from the master image
used in the shift calculations. It is clear from these figures that the shifted results
aligned with the blades position more accurately. Also of note in these figures, and
subsequent PIV results, the region upstream of the blade contained no useful data
as this was the region shaded from the laser light by the blade.

5.3.2 Variance in Averaged PIV Results

The goal of shifting the images was to also decrease the variability in the data
that comprised each averaged value. It was thought that by placing the blade in
a common position within the image the flow conditions would also be common
from one image to another. Although the variance in data was reduced in some
areas the peak variance values found in some areas of the unshifted results still
existed within the shifted results. This data variance indicates the variability in
the wind and blade flexibility introduce large degrees of variability into the flow
being examined around the blade. This variability in the unshifted and shifted
data is represented by contours in figures [5.18 and which use equation [5.11] to
calculate the root sum squared of the standard deviations of the Ux and V), velocity
components.
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Figure 5.18: Variability of the data in the unshifted PIV data set with o, repre-
sented by contours, TSR 3.8, Q = 198 RPM, U,, = 11.8m/s

Ovpel = (UU)2 + (UV)2 (511)

Additional information can be gathered on the confidence of the averaged values
found for each interrogation area based on the number of vectors that contributed
to the results. The number of non-rejected vectors that comprise each averaged
values is shown in figure 0.20l This figure indicates that areas downstream, to the
right, of the blade had a higher number of accepted vectors which should mean
that these vectors represent strong correlations. Areas to the left of the blade and
immediate above and below are not comprised of a large number of accepted vectors
which combined with the variance represented in previous plot indicates that these
areas will not yield accurate results.
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Figure 5.19: Variability of the data in the shifted PIV data set with o, represented
by contours, TSR 3.8, Q = 198 RPM, U, = 11.8m/s
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Figure 5.20: Contour plot representing the number of vectors that comprised each
averaged vector, TSR 3.8, Q = 198 RPM, U,, = 11.8m/s
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5.3.3 Relative Frame of Reference

To this point all PIV results shown have been in the absolute frame of reference as

this was what the raw correlations would produce based on the stationary camera

position relative to the blade. In order to translate to the relative frame of reference

the blade’s tangential velocity, at the radial location of the imaging area, was

added to the vertical component of each velocity vector, as shown in equation [5.12]

Figure[5.2T]demonstrates the 11.8 m /s flow over a blade rotating at 198 rpm overlaid

on the master image. Immediately below the blade the inflow angle is most evident

in the angle of the velocity vectors.

(5.12)

|

Vips = Qr + W
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5.3.3.1 Angle of Attack

In the relative reference frame the angle of attack can also be found based on the
velocity triangle geometry. The velocity triangle defines the angle between the
relative velocity and the tangential direction as the inflow angle. From physical
measurements the blade set angle, 3, was known at the radial location as 3.6
degrees. With the inflow and blade angle known the angle of attack could be
calculated. Figure shows the flow over the blade at a tip speed ratio of 3.8,
11.8 m/s and rotational rate of 198 rpm, with the angle of attack shown by contours
and streamlines added to aid in the flow visualization. Testing completed at a tip
speed ratio of 3.7 under different input conditions, 6.8 m/s and 111 rpm, was
completed to determine if the angle of attack would remain relatively constant as
given by theory from the velocity triangle. The results of this second test at the
same tip speed ratio can be found in figure 5.23] which indicates that while the
angle of attack is not identical in all interrogation areas the trends are similar.

Additional testing completed at a tip speed ratio of 7.4, 6.8 m/s and 220 rpm,
was expected to have an angle of attack approximately half that of those found
in the TSR 3.8 testing, based on the velocity triangle. The results found at the
tip speed ratio of 7.4 are shown in figure [0.24] which does indicate a reduction in
angle of attack in many areas except in large angles indicated near the leading and
trailing edges which were areas previously found to contain data that was suspected
to be less accurate.

5.3.4 Repeatability

The repeatability of PIV results was a concern due to the high level of variability
in the wind speed and to a certain degree the rotational rate of the turbine blade.
In order to quantify the repeatability of PIV results two separate comparisons were
made: the first between two separate tests on different days and the second compar-
ison was made using two different sample sizes of the same velocity correlation data
to comprise the averaged results. The first test would determine if environmental
conditions on different days could affect the results. The second comparison would
determine the affect of the sample size on the results. Again the data sets used
were from a tip speed ratio of 3.8, 11.8 m/s and 198 rpm, to represent the expected
worst case scenario for repeatability under high turbine loading.

The full velocity correlation data from two different test days was shifted to
the master image location and averaged to produce vector maps, using techniques
previously outlined. The results from the first test were comprised of 769 corre-
lations and the second test was comprised of 1027 correlations. The resulting U
and V components of the mean vector at each interrogation area were subtracted
and the change in velocity was quantified as a percentage, given by equation [5.13l
Results of this comparison can be found in figure with red areas representing
data which was more that 100% different between the data sets and blue values
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Figure 5.22: Contour plot representing AOA with streamlines representing the flow
over a blade, TSR 3.8, Q = 198 RPM, U, = 11.8m/s
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Figure 5.23: Contour plot representing AOA with streamlines representing the flow
over blade, TSR 3.7, 2 = 111 RPM, Uy, = 6.8m/s
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AOA

Figure 5.24: Contour plot representing AOA with streamlines representing the flow
over a blade, TSR 7.4, Q = 220 RPM, U, = 6.8m/s
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Reference Vector
(20 m/s)

Figure 5.25: Comparison of two tests under the same conditions on separate days
at a nominal TSR of 3.8, Q = 198 RPM, U,, = 11.8m/s

representing consistent results. Again the areas which represent the best repeata-
bility are those down stream of the blade in the same areas previously indicated to
contain the most accurate data. As a comparison the average free stream velocity,
based on the data collected by the sonic anemometer, changed by 0.1 m/s or 1%
while the rotational rate changed by 0.9% between the two days.

2 2
Velocity Change = Yi—Ue + hi-We (5.13)
U Vi

In order to determine the repeatability of results, calculated using different
sample sizes, within the same correlation data set the results from the first day of
testing at a tip speed ratio of 3.8 were used. Both the full data set, comprised of 769
correlations and a random sample of 403 correlations, based on a random selection
nominally expected to produce a sample size half that of the original data set. The
results of this comparison, based on the change in the U and V components, is
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Figure 5.26: Comparison of a common data set with different sample sizes, TSR
3.8, 2 =198 RPM, U,, = 11.8 m/s

shown in figure 5.261 Although this comparison still yields areas which are not
common within the data the results downstream of the blade indicate that the
velocity values are somewhat independent of the sample size.

5.3.5 Summary of PIV Results

Based on the data from tests at various operating points the potential to use PIV
on unbounded external flow over wind turbine blades was shown. It was possible to
capture results with the blade in the imaging area and to translate the individual
PIV results into a relative frame of reference. In the relative frame of reference
the relative velocity over the blades and the angle of attack could be determined;
however, the high degree of variance in the averaged data, especially near the leading
edge, limit the conclusions which can be made using this data. Additionally, the
repeatability study indicated that velocity results can change by more than 100%
when captured under the same nominal conditions but on different days. Although
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the variance and repeatability indicate that improvements to the PIV technique,
for this application, need to be made, as a proof of concept study the results are
encouraging and represent the potential for further studies.
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Chapter 6

Conclusions

The initial objectives of this project were to: measure the power output of a set of
turbine blades; evaluate BEM predictions against experimental data; and evaluate
the PIV technique for use in an unbounded rotational flow and if possible determine
the flow around a turbine blade. All of these goals were achieved and the results
were presented in the previous chapter. Outlined below are the conclusions which
can be drawn from the presented results. Additionally, improvements to the current
apparatus and future work which could be completed are also discussed.

6.1 Wind Turbine Power Production

With basic power data from voltage and current measurements at the generator
and load bank the power production of the wind turbine was evaluated. Due to the
ability to vary both the incoming wind speed and the rotational rate a unique range
of tip speed ratios could be evaluated. The raw power output was calculated as a
function of input wind velocity, peaking at 3080 W for a wind speed of 11.1 m/s.
The effect of the tip speed ratio on the power coefficient was also of interest as this
indicated the peak power production range for this particular turbine. While the
test apparatus was limited in it’s rotational speed, and thus peak tip speed ratio,
the peak coefficient of power was approaching 40%.

Although the variability in the wind facility free stream velocity was high
the power production results, specifically in the non-dimensional power coefficient
curve, demonstrate repeatability. This repeatability in the power measurements
was likely due to the inertia of the rotating turbine damping out the high frequency
variation in the input wind speed.

6.2 BEM Predictions

As the results found in section [(£.2.5] show the BEM prediction results are highly
variable and dependent on the input airfoil aerodynamic properties. While some
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BEM results were found to match experimental results at certain points in the
power curve, the variability between data sets confirmed the limited use these
results can have for design purposes. However, it is a useful tool to determine
trends in parameters such as angle of attack and induction when evaluating the
effects of different operating conditions involving combinations of wind speed and
rotational rate. If experimental time is limited this can help to determine which
operating conditions should be tested to maximize the potential of the output data.
For example if the objective of a test is to determine changes in the angle of attack
along a blade the rate of change of angle of attack is much higher at low tip speed
ratios than at higher tip speed ratios, as shown in figure [5.10L which could indicate
more testing would be required at low tip speed ratios to capture this rate of change.

6.3 PIV

The experimental application of the PIV technique on the unbounded external
flow over a rotating turbine blade presented unique challenges in addition to the
technical challenges normally associated with the PIV technique. Despite these
challenges, the PIV results presented show the potential to quantify the flow around
the blade and represented a unique application of the PIV technique; however,
the movement of the blade within the imaging plane, primarily in the streamwise
direction, and the velocity fluctuations in the free stream were likely the cause of
the limited repeatability of the results. It was shown through post-processing of
the images that the PIV results could be shifted to correspond to a common master
image but this did not significantly improve the variance in the data.

The PIV results could be translated into a relative frame of reference which had
the potential to extract inflow angle, relative velocity and angle of attack values.
Although the variance in the data did not allow a specific value to be found with
any confidence the technique was considered viable. Improvements to the tunnel
flow conditions and a reduction in turbine vibrations could allow PIV could be a
viable technique in accurately quantifying the flow around this turbine. Although
the final PIV results are only valid as a proof of concept they do represent a unique,
and first known, measurement of the flow field over a rotating turbine blade.

6.4 Equipment Improvements

While the results found using the current equipment allowed power production and
flow measurements to be collected; inevitably, equipment improvements will allow
an increased amount of unique data sets to be collected and analyzed. Improve-
ments to: the structure of the nacelle, blades, wind facility, instrumentation and
PIV equipment could all help to increase the accuracy and repeatability of the
results and allow a greater range of operating conditions to be tested.
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6.4.1 Turbine and Blade Assembly

As discussed previously the current turbine apparatus and blades do not allow for
rotational rates beyond 220 RPM to be achieved without an excessive level of vibra-
tion. This has been mostly attributed to the dynamic balance of the blade assembly
as the vibrations tend to increase with increasing rotational rate independent of any
input wind from the fan banks. As the nacelle and tower structure were originally
designed for a two bladed rotor with shorter blades installed more design analy-
sis could be completed to help identify areas where structural improvements could
be made to help reduce the potential for vibrations at common blade rotational
frequencies which could be encountered during future tests.

The blades themselves also experienced a noticeable amount of flexing at the
tip due to the loading at high wind speeds and rotational rates. This flexing was
expected but likely added to the variability of the PIV results near the tip of the
blade. While nothing can be done to improve the structure of the existing blades
mitigating this flexibility in future blade designs would likely improve any results
whether they are power, pressure or PIV based. To this end the MEXICO project
[6] used milled aluminum blades for all testing to help improve the stiffness of the
blades and thus the repeatability of their tests which could be used as a model for
future experimental blade structure.

Significant improvements could also be made to the rotational speed control of
the blades. Currently this control is manual and relies on the operator tracking
the speed of the rotor with a computer readout and adjusting the input voltage to
the field and armature to achieve the desired rotational rate. Ideally this would be
accomplished automatically with an electronic speed controller which would allow
the operator to have greater control over the speed of the rotor. Alternatively, or
in conjunction with a speed controller, greater control over the turbine loading,
currently in the form of a fixed resistance load bank, could be achieved using a
variable resistive load. As the load bank currently has a fixed resistance it must
be able to absorb the maximum expected power output of the turbine for any
given test. With a variable resistive load on the turbine the power absorbed by the
load bank could be dynamically altered to provide speed control to the turbine,
essentially acting as an electric braking system.

6.4.2 Wind Facility

The wind tunnel streamwise velocity characteristics, outline in section B.2.1] in-
dicated that there was a high level of turbulence present in the flow which was
also observed during PIV testing in the smoke particle stream motion. This tur-
bulence was seen as one of the leading contributors to the challenges encountered
while attempting PIV measurements on the blades and ultimately to the limited
repeatability of the PIV results. While this facility will likely not achieve very low
turbulence levels often found in purpose built wind tunnels, improvements to the
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facility and the layout could improve the flow conditions for wind turbine testing.
These improvements could include, but are not limited to, the flow straightening
section of the facility, fan outlets and moving semi-permanent objects which cur-
rently obstruct the flow path.

6.4.3 Instrumentation

While current instrumentation allows the power into and out of the generator to
be measured the power produced by the blades can only be estimated from these
measurements. A torque sensor placed on the low speed shaft, combined with
an improved rotational rate sensor, would provide a more accurate measurement
of the torque and power that the blades are producing. Additionally pressure
sensors on the blades and load cells attached to each blade could help to provide
more information on the individual blade loading. As blade pressure and load
measurements were made during the NREL [5] and MEXICO [6] studies; future
testing, with the current apparatus, which incorporated similar sensors could only
improve the confidence in the results and conclusions.

6.4.4 PIV Equipment

Finally, improvements to the PIV equipment will help to gain a better under-
standing of the complex flow which is present around a turbine blade. Based on
current results the improvements, outlined above, to the tunnel and turbine as-
sembly should be made in order to improve the repeatability and quality of the
PIV results. If these improvements are made the camera and laser used to capture
the images could then be upgraded. These upgrades would primarily involve the
speed at which images are captured which can ultimately lead to time-resolved PIV
images. Time-resolved PIV would be able to capture any transient effects as the
blade moves through the imaging plane.

Movement of the camera and laser sheet to various radial locations along the
blade as well as traversing upstream and downstream of the blade would be the
next logical step in PIV experimentation on this apparatus. Imaging at different
points along the blade would provide insight into the flow patterns closer to the
root of the blade. Additionally imaging completed upstream and downstream of
the rotor plane would allow the affect of the rotors presence on the free stream to be
quantified. These tests would be similar to the MEXICO project goals and results
[15] and could yield PIV based measurements of parameters such as the axial and
tangential induction factors.
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6.5 Recommendations for Future Research Projects

In most experimental studies more work can be done and further analysis of the
resulting data is likely possible. The equipment improvements outlined above list
some of the limitations of the current experimental apparatus and some of the
improvements which can be made to rectify those limitations. With the relevant
equipment improvements in place the potential for future research projects study-
ing power production and blade flow aerodynamics are endless. Research projects
related to power production, BEM modeling and PIV are proposed below.

6.5.1 Power Production Studies

Some future studies which could yield interesting power production results for ex-
amination could include: different blade configurations, yawed rotor plane, higher
wind speeds and rotational rates and thus a wider range of tip speed ratios. Custom
blade configurations would allow studies which could determine the effects of: tip
design, surface roughness or twist distributions on the power production. Based
on the previous studies by NREL and MEXICO, as outlined in section 2.1l the
power production of a wind turbine in yawed conditions is of interest to the wind
turbine research community. Finally, testing conducted over a wider range of tip
speed ratios will allow the peak power to be determine for the current rotor design
as current limitations on wind speed and rotational rates were a limiting factor for
testing. Overall the flexibility inherent in the design of the turbine structure and
the electrical system should yield useful data through a wide range of applications.

6.5.2 BEM Model Studies

The inability of the basic BEM model, implemented for this study, to accurately
predict the output of the wind turbine’s experimental power output demonstrated
a need for an improved model. For future experiments an approximation of the
turbine performance and loading will be useful if different blade designs or operat-
ing conditions are studied. With the experimental power production of the current
turbine configuration now known it may be possible to adjust the model input pa-
rameters such as the tip loss factor or aerodynamic lift and drag curves to improve
the correlation to the experimental data. Studies could also be completed deter-
mine the effect of dividing the blades into different airfoils instead of the current
implementation which assumes the blade can be represented by a single NACA
profile. Additionally, implementing advanced models which attempt to account for
three dimensional effects and wake flow conditions could help to improve the ac-
curacy of the predictions, although even advanced models struggle to consistently
predict turbine output, as discussed in section 2 T.1.3l
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6.5.3 PIV Studies

The PIV experimentation shows promise for further study due to the unique ap-
plication of the technique when used to measure the flow around the blades. If
the issues related to seeding and free stream turbulence are solved studies related
to the flow in and around the blade and rotor plane would yield unique results
and data for the wind turbine research community. Specific areas of research could
include: chordwise flow measurements captured at various radial locations; mea-
suring span wise (radial) flow which may be present during some operation points;
finally, placement of the camera in the rotating domain to allow image capture at
various azimuth points and to allow time resolved PIV measurements of the blade
flow.
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Appendix A

BEM

A.1 Betz Limit Derivation

The BEM theory, as the name implies, was based on a momentum analysis of a
rotor which is modeled as a momentum sink. This rotor will decrease the streamwise
velocity along a streamtube and have a sharp pressure drop across the rotor plane,
as shown in figure [A1] from Burton et al. [16]. A streamwise momentum analysis
will yield equation [A.3] based on the terms outlined in figure [A.1l and the definition
of the axial induction factor found in equation [A.1][16]

a= U (A1)
Y Fo=(Pf = Pr) As= (Uso — Uw) pAdUs (A.2)
N Fo= (P}~ Pr) Ad= (Uss — Uw) pAdUs (1 — a) (A.3)

The Bernoulli equation was then used to determine a relationship, found in
equation [A.6] between the pressure difference across the rotor plane and the air
velocity upstream and downstream of the turbine.

1 1

5pUgo + Py, = 5pUC% + P (A.4)
5PU + Poo=5pUf + P (A.5)
+ — 1 2 2

Pl —F :§p(Uoo_UW> (A.6)
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A.1. Betz Limit Derivation BEM
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Figure A.1: Rotor model used in the BEM analysis [16]

By substituting the pressure terms from equation [A.6] into the momentum
equation a relationship between the downstream velocity, Uy, and the free stream
velocity can be found as found in equation [A.9]

%P (U% = Uk) As = (Ux = Uw) pAaUs (1 — a) (A7)
% (Uso +Uw) = U (1 — a) (A-8)
Uw = Us (1 — 2a) (A.9)

Returning to equation [A.3] the force in the streamwise direction can be found
in order to determine the power absorbed by the rotor. The downstream velocity,
from equation [A.9] was substituted into the momentum equation and reduced to
get equation [A.11]

Fy = pAgUn (1 — a) [Us — Une (1 — 2a)] (A.10)

F, =2xpAU%a (1 —a) (A.11)

The power that is absorbed by the rotor is then found using the streamwise
force, F,, and the velocity at the rotor, Uy, and is shown in equation [A13]

P=FU, (A.12)

P =2pAU3 a(1 - a)® (A.13)
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A.2. BEM Matlab Code BEM

The coefficient of power can then be found, as defined by equation [A.14] using
the power derived above. The coefficient of power based on this momentum analysis,
is shown in equation [A.16] was found to only be a function of the axial induction
factor.

P
Cp=—— A.14
20AU% a (1 —a)?
Cp = = A.15
i s0AUE (A.15)
Cp=4a(1—a) (A.16)

The maximum coefficient of power was then determined by differentiating equa-
tion[A .16 with respect to the axial induction factor. The maximum power coefficient
was found to be 59.3% at an induction factor of 1/3 and is referred to as the Betz
limit.

A.2 BEM Matlab Code

Outlined below is the code used to implement the BEM theory in Matlab [17].

clear ;

close allj;

tic

%Airfoil parameters found from actual blade
R t=2.1735; %metres

N=3; % number of blades

excl=0.246719; %amount to exzclude, hub area
u_inf=11.13; %free stream wvelocity (m/s)
rho=1.2; %density (kg/m~3)

%use ’‘chord(r_rat)’ function to get chord at r/R value
%use ’setangle (r_rat,excl)’ function to get beta at r/R value
%use ’'force(alpha)’ to get cl and cd at angle of attack in degrees

%choose number of elements to divide blade
elem=110;

m=1; %initialize tip speed iteration counter

for k=0.1:0.1:15
lamda_t=k;

Z%initialize arrays
phi=zeros (1) ;

beta val=zeros(1);
alpha=zeros (1) ;
sigma=zeros (1) ;
cl=zeros (1) ;
cd=zeros (1) ;
a—zeros (1);
a_prime=zeros (1) ;
factor=zeros (1) ;
F=zeros (1) ;

Z%initialize total values
T=0;

Th=0;

P=0;

%find initial values based on optimum rotor
for i=l:elem
r_rat=i/elem;
lamda (1,i)=lamda_txr_rat; %element speed ratio
a(l,i)=1/3;
a_prime(1l,i)=0;
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phi(l,i)=atan(2/3/lamda(1,1)); %inflow angle,6 radians
beta val(l,i)=deg2rad(setangle(r_rat,excl));
alpha (1,i)=phi(1,i)—beta_val(l,i); %angle of attack, radians
sigma (1,i)=Nxchord(r_rat)/2/pi/R_t/r_rat;
[el(l,i),ed(l,i)]=force(rad2deg(alpha(l,i)));
F(l,i)=1;

end

%iterate to get final a and a_prime and thus phi

for i=1l:elem %element on blade
j=2; %iteration counter using first guess from above as j=I
converg=—1; %initialize convergence calculation
r_rat=i/elem; %radius ratio

F_val=F(1,i);

while converg==-1

C n=cl(j—1,i)*cos(phi(j—1,i))+ed(j—1,i)*sin(phi(j—1,i));

C t=cl(j—1,i)*sin(phi(j—1,i))—cd(j—1,i)*cos(phi(j—1,i));
a(j,i)=1/(4/sigma(1,i)/C_nxF_val*(sin(phi(j—1,i)))"~2+1);
a_prime(j,i)=1/(4*F_val/sigma(1,i)/C_t*sin(phi(j—1,i))*cos(phi(j—1,i))—1);

phi(j,i)=atan((1—a(j,i))/lamda(1l,i)/(1+a_prime(j,i)));
alpha(j,i)=rad2deg(phi(j,i)—beta_val(l,i));
[el(j,i),ed(j,i)]=force(alpha(j,i));

if i=—elem
%at tip F wvalue set to previous element to avoid
Z%divide zero error
F_ val=F(1l,i—1);

else
factor val=N/2x(l—r rat)s*sqrt(l+lamda t~2); %Prandtl
F val=2/pi*acos (exp(—lxfactor val));

end - -

%convergence based on ’a’ value

if a(j—1,i)<0.0001
%avoids divide zero error in percentage calculation
per=0;

else
per=(a(j,i)—a(j—1,i))/a(j—1,i)*100;

en

if j>100 %to avoid ezcessive runtime from non—convergence
converg =1;
con_point (1,i)=j;

else
if per>0.1 | per<—0.1
converg=—1;
else
converg =1;
con_point (1,1i)=j;
end
end

j=j+1; %increment iteration counter
F(l,i)=F_val;

end
end

%loop wused calculate force for elements for a given TSR
for i=l:elem

r rat=i/elem;

width=1/elem; %width of element,ratio of R_t

if r rat>excl
if (r_rat—excl)<width %smallest element
width=r_rat—excl;
end
val=r_rat—width /2; %radius ratio at half way point of element

c=chord(val); %chord at halfway point

row_p=con_point (1,i—1);
row=con_point(1,i);

Y%calculate mid—point values for a, phi, cl and cd
a_val=(1—(r_rat—val)/(1/elem))*(a(row,i)—a(row_p,i—1))+a(row_p,i—1);
phi_val=(1—(r_rat—val)/(1/elem))*(phi(row,i)—phi(row_p,i—1))+phi(row_p,i—1);
cl_val=(1—(r_rat—val)/(1/elem))*(cl(row,i)—cl(row_p,i—1))+cl(row_p,i—1);
cd_ val=(1—(r_rat—val)/(1/elem))x*(cd(row,i)—cd(row_p,i—1))+ed(row_p,i—1);
v_rel(m,i)=u_infx(l—a_ val)/sin(phi_val); %relative welocity

re(m,i)=v_rel(m,i)*cxrho/1.8e—5; %reynold s number

lift (m,i)=cl_val*0.5%rho*(v_rel(m,i)) " 2xcxwidth*R_t; Z%element lift
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end

drag(m,i)=cd_val*0.5xrho*(v_rel(m,i)) "2xcxwidth+*R_t; %element drag
F_tan(m,i)=1ift (m,i)*sin(phi_val)—drag(m,i)*cos(phi_val); %element tangential
F_n(m,i)=1lift (m,i)*cos(phi_val)+drag(m,i)*sin(phi_val); %element normal force
dT(m, i)=F_tan(m,i)*val*R_t; %element torque

dP(m, i )=dT(m, i) *lamda_t*u_inf/R_t; %element power

Z%total torque, power and thrust from one blade
T=T+H+dT(m,i); % torque

P=P+dP(m, i) ;% power

Th=Th+F n(m,i); % thrust

%build data arrays for exzport
phi_data(m,i)=phi_val;
alpha val(m,i)=alpha(row,i);
a_val_data(m,i)=a_val;
a_prime_data (m, i)=a_prime(row,i);
end
end

Z%values at a given tip speed ratio multiplied by number of blades
torque (1 ,m)=k;
torque (2 ,m)=Tx*N;

power (1 ,m)=k;
power (2 ,m)=PxN;

cpower (1 m)=k;
cpower (2 ,m)=power(2,m)*2/rho/pi/R_t"2/u_inf~3;

thrust (1 ,m)=k;
thrust (2 ,m)=ThxN;

m—m+1; %increase tsr counter

%matlab output for quick assessment of relevant data
[maxcp,index|=max(cpower (2 ,:));

u_inf

elem

maxcp _tsr=cpower(1l,index)
maxcp

max _power=power(2,index)
max _torque=torque (2,index)
max _thrust=thrust (2,index)

%figure ,plot(torque (1,:),torque (2,:)),zlabel ('"TSR’) ,ylabel (’ Torque (Nm) ’);
%figure ,plot (power(1,:),power(2,:)),zlabel ("TSR’) ,ylabel ( ’Power (W) ’);
figure , plot (cpower (1 ,:) ,cpower(2,:)) ,xlabel(’I'SR’) ,ylabel(’Cp’);

%figure ,plot (thrust (1,:),thrust(2,:)),zlabel (’"T'SR’) ,ylabel (’ Thrust (N)’);

%data file output

filecp=cpower’

5

filep=power ’;

fileT=torque

5.

fileTh=thrust ’;

topline:[maxcpitsr ,maxcp,maxipower,maxitorque,maxithrust]
fileov=[topline; filecp (:,1),filecp (:,2),filep (:,2),fileT (:,2) ,fileTh (:,2)];

filen=["data\bem_ ', int2str(N),’ ’,int2str(elem),’ ’,int2str(u_inf),’ loss.txt’];
dlmwrite (filen , fileov , "\t )
t=toc
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Appendix B

Error Analysis

In all the error analysis presented in this section both bias and precision components
of error are found. The bias component of error accounts for instrumentation errors
which are usually specified by the manufacturer of a given device. The bias error is
unique for each instrument and in some cases if the magnitude of the output affects
the error each data point can have a specific bias error. Precision error on the other
hand is calculated based on the statistical variance in the data and accounts for
fluctuations in the instrument output but is constant for a sample population. The
general calculation for the precision error used for this experiment is given below
in equation [B.1l with the standard deviation, t-value and the sample size required
to determine this component of error. The t-value used in all error calculations for
this experiment was based on the two-tailed Student’s t distribution and assumes a
95% confidence interval. The total error for a given measurement is a combination
of the bias and precision error and is found using equation [B.2l

The methodology and equations used in this analysis are based on worked out-
lined by Moffat [47].

tsog

Vv Ng
A= V ABias + AP?"ec (B2)

AP?"ec = (Bl)

B.1 Velocity Error

The error in the velocity measurements can be broken into two components: the
error of single point measurements and the error of the mean velocity. The bias
error for both single measurement and the mean is calculated the same way as
shown in equation [B.3l The precision error can be calculated in two different ways
with the single point measurement error accounting for the number of samples, as
in equation [B.4] and the mean velocity precision error found using equation [B.5l
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Figure B.1: Free stream velocity with both single measurement and mean error
shown for comparison

AUpiqs = 0.4+ 0.02 % reading (B.3)

t
59U [single sample] (B.4)

AU rec — T o
P e

AUPT&C = tsO'U (B5)

To represent the difference in the results of the two error calculations fig-
ure [B.1l shows both single point measurement error and the upper and lower error
bounds which represent the mean error. The upper and lower mean error bars
should capture 95% of the data points around the mean based the assumed 95%
confidence used when calculating the t-value. In other words, based on the selected
confidence interval, 5% of the data should statistically lie outside of the upper and
lower error bounds and for this particular data set only 3% of the data falls outside
of the error bounds.

B.2 Error in power calculations

An error analysis of the power generated by the blades was conducted based on error
associated with the data acquisition equipment. As the precision error equation is
the same for all calculations only the development of the bias error component will
be given in the error analysis below. The error propagation method was used in
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Error Analysis

Table B.1: Accuracy error in the Keithley 2700 multimeter [42]

Range Resolution Errorgeqd Errorgrange Coefread Coe frange
V) (1V) (ppm) (ppm) (ppm/°C) | (ppm/°C)
0.1 0.1 30 35 1 5
1.0 1.0 30 7 1 1
10.0 10.0 30 5 1 1
100.0 100.0 45 9 5 1
1000.0 1000.0 50 9 5 1

order to perform the analysis based on multiple parameters. The first step was to
determine the error in the power calculated at the load bank and the generator
input. Both of these powers were based on voltage and current measured at their

respective points in the electrical system. The bias error calculation for power was
derived using equations [B.6l and [B.7l

oP\? oP\?
(mxﬁ) +(AIW)

AP = \J(I « AV)? + (V % AI)?

AP = (B.6)

(B.7)

These equations required the error in the current and error in the voltage to be
found. All of the voltages applicable to the power measurement were made using
the Keithley 2700 multimeter with a 7706 card installed. Based on the published
error from the manual [42] a table, [B.I] was prepared outlining the accuracy error
at various range settings for a device which has been calibrated more than a year
ago. The temperature coefficients applied to data collected at temperatures less
than 18°C' and are multiplied by the difference in the ambient temperature and
18°C'. Additionally, the linearity error was published as 2 ppm of the reading and
1 ppm of the range setting.

With the error in the voltage known as a function of the range and reading
given by the Keithley 2700 the current error could then be found. Since the current
was actually a voltage measurement made across a shunt resistor it’s error was also
related to the Keithley voltage error as derived in equation [B.8 to [B.10. The gain
found in equation [B.§] was specific to each of the two shunt resistors, 1000 for the
load bank and 600 for the generator shunt, but no error documentation could be
found for the resistors. Therefore the error associated with the gain was assumed
to be zero.

Is = GVs (B.8)
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sr= (s (arity B

Al = GAV (B.10)

The error in the power generation value could then be found as the sum of
the errors from the load bank power and the generator input power as these two
values were subtracted when first finding the generation power. The drivetrain
power loss was found to be a function of the rotational speed, as given by equa-
tion [B.11l and [B.12] and therefore the drivetrain error was based on error in rota-
tional speed and found using equations [B.I1] and [B.12l The error in the rotational
speed measurements, required to determine the power loss error, was solely due
to the clock accuracy in the digital counter which was specified as 50 ppm of the

reading. [43]
S Pprive |
APDTiU@ = (AQ (SDéwe) (B]_l)

APpyive = \/(AQ (—0.0054 % Q — 2.1165))* (B.12)

The estimated power at the blades was derived from difference between the
power measured during testing and the drivetrain power loss estimate so the overall
error was found by summing the two error values, found in equation [B.13l

APBlade = APGEN + APDT’ive (B13)

Since the bias error was specific to each reading there was no set value to apply
to all data points. But the error range for the blade power was typically on the
order of 1 to 2% after outlier points are removed which can skew the precision error
estimate.

B.3 Error in coefficient of power calculations

The error propagation calculations for the coefficient of power were derived from
equation 211l and are outlined in equations [B.14] to [B.15

B 5Cp 1\’ 5Cp\> 5Cp\’ 5Cp\?
ACP—\/(APBladei(SPBlade) —|—<Ap5—p) + AUW + ARTE

(B.14)
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2PBiade APpiage \ Ap\? 3AU\? 2AR\?
scr = (e ) (32) + (B5)+ (7)o
The error in the blade power estimates is detailed above. While the error in the
density calculation was determined using the equations [B.16] through to[B.I7. The
pressure data used in the density calculations were from the University of Water-
loo weather station based on the average of the data collected during the testing
hours.[48] This pressure data has a stated error of +/- 20 Pa. The temperature

data was collected by a thermocouple found in the CSAT3 anemometer and was
collected at the same frequency as the velocity data and has an error of + /- 0.4 °C.

= —_— B-]_
P= BT (B.16)

so= (o) s (ar ) 17

The error in the velocity data collected using the CSAT3 sonic anemometer was
given in the device specifications as +/- 0.04 m/s with a gain error of +/- 2% of
the reading. The blade radius error was taken as half the smallest increment on
the tape measure used and was therefore + /- 0.5 mm.

The resulting error in the coefficient of power was specific to each data point but
was representative error values were typically around 7% of the calculated value.
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Appendix C

Installation and Decommissioning of
the Wind Turbine

The installation of the nacelle and tower was a multi-stage process with decommis-
sioning being completed in the reverse order. The tower was initially assembled in
a horizontal position with both sets of axial legs and one set of lateral legs bolted
onto the base of the tower poles. The tower was then raised so that the tower
poles were in a vertical position and the final set of lateral legs were bolted to the
structure. The tower base was then moved to the final position in the wind facility
and bolted to the ground using concrete mounts. The axial thrust bracing was then
installed to stiffen the structure. Torque bracing must be installed after the nacelle
is mounted to the towers as the guy wires interfered with the material lift used to
raise the nacelle.

In order to install the nacelle onto the tower a mechanical material lift was
utilized as the final height of the mounting point was approximately 3 m from
ground level and the nacelle weighed approximately 230 kg. After the lift was
completed the nacelle was fixed to the tower by eight bolts on matching mounting

plates. The manually operated material lift raising the nacelle to the mounting
point is shown in figures and [C.2]

The three turbine blades were then mounted to the low speed shaft on the
nacelle. All three blades were mounted to the adapter plate, which interfaces with
the plate welded to the low speed shaft, while on level ground. Then using the
material lift all three blades are lifted into position on the low speed shaft. This
method was used as it was difficult to achieve the correct blade alignment when
mounting the blades individually while at the 3.5 m shaft height. Overall the
installation process, when completed efficiently and with an adequate number of
people, can be completed in approximately two to three hours.
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Figure C.1: Raising of the nacelle to the mounting point on top of the tower (Side
view)
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Installation and Decommissioning of the Wind Turbine
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Figure C.2: Raising of the nacelle to the mounting point on top of the tower (Front
view)
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Appendix D

Turbine Blade Fabrication

The turbine blade fabrication process was completed using the technique outlined
in the following sections.

D.1 Mould and Material Preparation

The mould, shown in figure [D.Il was a two piece structure with three locating pins
for joining the two sides. The two mould halves were not identical as one was much
deeper at the root section and will be referred to as the “bottom half” with the
shallow side being the “top half”. Before each blade was manufactured the two
sided mould was prepared for the moulding process by ensuring the mould was free
of debris and applying a high temperature mould release wax to the inner surfaces.

Based on the lamination schedule, produced by Composotech [30], various types
of fibreglass were cut and prepared for all three blades. Each blade required seven
different layers of fibreglass with three different materials used. For each blade
mould half the following material was cut: a skin layer, three structural layers,
three spar support layers and one spar cover layer. An overview of the blade and
the positions used in the placement of the layers is shown in figure [D.2l

The skin layer, while providing some structure, is primarily to form the aerody-
namic shape of the blade. It was comprised of 300 g/m? chopped strand mat (csm)
fibreglass 30.5 cm wide and 226 cm long. The three structural layers were made
using a 600 g/m? triax material which has strands in the chordwise direction and at
+/- 45 degrees to the chord. This layer provides shear and torsional strength to the
blades. All three structural layers of triax were 20.3 cm wide prior to trimming and
had varying lengths which went to positions one, three and five, from figure [D.2
The spar support layers are made of a UD (uni-directional) strand material with
fibres running span-wise along the blade. These layers provide strength against the
bending moment from thrust loading. The three layers of UD were cut to be 6.4
cm wide and went to positions two, four and six. Finally the spar cover layer was
made from triax 20.3 cm wide prior to trimming and went to position one.
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D.1. Mould and Material Preparation Turbine Blade Fabrication

Figure D.1: Two piece mould prior to material lay-up, bottom half is on the right

— Pos1 {2135 m)
— Pos 2 {1.800 m)
—— Pos 3 {1.600 m)
— Pos 4 {1.350 m)

— Pos 5 {1.070 m)
— Pos 6 {0.900 m)

oo
oo

—— Root (0.000 m)

Figure D.2: Lamination schedule drawing with key positions labeled
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D.2. Process Turbine Blade Fabrication

Figure D.3: Gel coat being applied to the lower mould

D.2 Process

With all of the fibreglass cut the following process was completed to prepare the
mould surface and to apply the fibreglass layers.

The first step was to apply a gel coat to the waxed moulds, shown in figure [D.3]
using a small roller and hand brush. This application was done in the mould instead
of spraying after the moulding process to ensure a smooth outer surface. This gel
coat was allowed to cure for one hour before lamination of the fibreglass.

With the gel coat partially cured a resin, comprised of polyester orthophthalic
resin [49] mixed with a catalyst, 2% by mass, was brushed onto the mould ensuring
that all areas of the mould were wet. The composition of the resin and the ratio of
the catalyst added was specified in the lamination schedule as provided by Com-
posotech [30] and will change depending on the desired strength of the blades and
materials used. In order to fill areas of the mould with a tight radius, as indicated
in figure [D.4] a putty was prepared and applied to those areas. This putty con-
sisted of the resin-catalyst mixture with 32 mm milled fibreglass and fumed silica
[50], a product which can increase the viscosity of the mixture. The putty was
used to avoid introducing voids into the finished blade structure in areas where the
fibreglass material could not match the curvature of the mould.

The general process for applying fibreglass layers was the same throughout the
blade making process with any specific instructions in the lamination schedule
outlined in section[D.3l First the appropriate layer was positioned above the mould
and laid in place and gently patted down by hand. Each layer was applied dry to
the existing layer as the existing layer was typically still wet. With the mat in place
a measured amount of the resin was applied to the layers using a brush until the
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D.3. Fibreglass Lamination Schedule Turbine Blade Fabrication

Figure D.4: Areas of the mould which required putty to fill small radius areas

mat was saturated. The level of saturation in the fibreglass will affect the colour
it has and an experienced worker can apply the correct amount of resin based on
this colour. Visible bubbles in the fibreglass were then removed using a metal roller
which allows the resin to be evenly distributed along the blade. If required a small
brush with resin on it or a flexible putty blade can be used to remove any remaining
bubbles. Some bubbles under the fibreglass layers at the edges of the mould were
not required to be removed as they were outside of the finished blade area as shown
in figure [D.5l Care was taken throughout this process to monitor how much resin
was being used to avoid a “resin rich” or “fibre rich” blade. If too much resin is used
the blade can become brittle whereas too little resin could make the blade weak
and in the extreme will result in delamination. The desired fibreglass to resin ratio,
by mass, for this blade was 50/50 by Composotech design [30].

D.3 Fibreglass Lamination Schedule

The lamination schedule prepared by Compostech is outlined below with details of
each layer’s application and the techniques used during the process. A cutaway of
the final structure can be found in figure [D.6] with the solid line representing the
skin layer, the dashes representing triax, dots with a line representing UD and the
hatched area representing the foam core.
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D.3. Fibreglass Lamination Schedule Turbine Blade Fabrication

Figure D.5: Bubbles under the skin layer at the edge of the blade mould cavity

Foam Core

Figure D.6: Cutaway view of the blade structure
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D.4. Skin Layer Turbine Blade Fabrication

Figure D.7: Skin layer cuts made to avoid wrinkles in bottom half of the mould

D.4 Skin Layer

The 300 csm skin layer was the first layer of fibreglass applied to the mould and as
such the mould was coating in resin prior to it’s application. Excess material was cut
from around the edge of the mould plates which left an area on each side of the blade
cavity covered. Cuts are made to the skin layer on the bottom half perpendicular
to the mould edge to avoid wrinkles in the surface, shown in figure [D.7. The skin
layer was allowed to cure for one hour prior to further application of fibreglass.

D.4.1 Second Lamination - triax

The second layer of fibreglass was a triax layer applied directly to the skin layer
using the longest of the triax mats. It was applied with one of the edges of the
mat aligned with the leading edge of the blade cavity in the mould. The trailing
edge of the mat was then trimmed to be 1 cm from the mould edge at the tip, as
shown in figure [D.8 and approximately 2 cm at the root. This is done to achieve
a sharp trailing edge at the end of the process. Alternatively, the trailing edge can
be sanded down to achieve the desired thickness.

D.4.2 Third and Fourth Lamination - triax

Both the third and fourth laminations were applied while the previous layer was
still wet with each layer becoming progressively shorter with excess resin removed
or redistributed. The moulds with the fibreglass layers to this point can be seen
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D.4. Skin Layer Turbine Blade Fabrication

Figure D.8: Triax trimmed to be 1 cm from the mould edge at the tip

in figure [D.9 The end of each triax layer can be seen in this figure as a dark line
chordwise along the blade.

D.4.3 Fifth to Seventh Lamination - UD

The fifth to seventh laminations were comprised of the UD fibreglass and became
progressively shorter. The layers were applied flush with the end of the root cavity
which, for the longest mat, placed it approximately 30 cm from the tip. This was
because there was physically no room for additional material thickness in the tip of
the blade. The UD was placed along the centreline of the mould cavity with care to
ensure that the relative placement on the top and bottom halves were the same. As
before all layers were applied with the previous layer still wet. Figure [D.10l shows
the UD layer being applied to the moulds.

D.4.4 Texture mat

Prior to the installation of the spar a textured mat, called peel ply [51], was applied
to the entire blade surface while the layers were still wet. This mat, made of nylon,
imparts a three dimensional texture to the surface as it cured which allowed the
subsequent spar layer to bond with greater strength. It was applied in strips along
the trailing edge of the mould from tip to root and then back along the leading edge
from root to tip until the entire surface was covered. Resin was then applied to the
top to flatten it to the previous layers, as shown in figure [D.11l Once this resin
was dried sufficiently, after approximately one hour, the mat was removed giving
the surface the desired texture.

130



D.4. Skin Layer Turbine Blade Fabrication

Figure D.9: Mould with the fourth lamination applied

Figure D.10: UD layer application
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D.5. Spar Turbine Blade Fabrication

Figure D.11: Textured mat application

D.5 Spar

The final component of the blades to be made was the spar. This spar provided a
core to the blade and helped to connect the top and the bottom halves. Structurally
the spar was similar to the web of an I-beam with the final three layers of UD on
each blade acting as the flanges. The spar consisted of a foam core with triax
600 g/m? fibreglass laid on top. The first step to making the core section was to
measure the depth of the mould halves at regular intervals from root to tip. The
depths were added together to determine the required thickness of foam to contact
the two halves when they were mated with 4 mm subtracted from this value to
compensate for the thickness of the final triax layer applied to the foam core. Each
blades core was hand cut based on depth measurements of the mould halves which
resulted in a wedge shaped foam block. The spar block was then placed in the
bottom of the mould and the final triax layer was wrapped over it with a similar
technique as previous layers. Excess triax material was trimmed from the sides of
the spar while maintaining a minimum of 25 mm on each side of the foam block.

D.6 Mating Moulds

The first step of the mating process is to determine the gaps in between the mould
halves. The spar was first positioned in the bottom mould dry. With the spar in
place plasticine balls were placed along the top of the spar and around the perimeter
of the trailing and leading edges. The two mould halves were then compressed
together and then released. The thickness of the plasticine after being compressed
will then represent the gap between the two moulds. Ideally this gap is 2 mm which
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D.6. Mating Moulds Turbine Blade Fabrication

allows for sufficient putty to remain in the joint to bond the halves.

The perimeter of the mould, spar and spar contact areas on the top and bottom
of the mould were then coated in resin to prime the surfaces. Putty was applied
along the outside of the blade cavity and along the spar contact areas. The spar
was then positioned in the bottom mould half and the two halves were joined and
compressed. They were held together for approximately twelve hours and then
separated. At this point any excess fibreglass, resin or irregularities were removed
and repaired.
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Appendix E

PIV Smoke Injection Methods

In order to aid future PIV work which may be completed using this facility an at-
tempt to catalogue some of the failed smoke injection methods for PIV are outlined
in this section.

A failed attempt is depicted in figure [E.Il The failed method shown placed the
smoke generator in the flow straightening section of the tunnel. This particular
method was unsuccessful because the smoke generator was too far upstream from
the turbine which resulted the smoke stream becoming too diffuse giving a low
seeding particle density. In figure [E.I] the smoke is shown to cover at least half of
the blade at the rotor plane.

The second method shown in figure [E.2] placed the smoke generator approxi-
mately 2 m upstream of the rotor plane with the smoke traveling through a 1 cm
plastic tube into a straightening manifold. This method also resulting in the smoke
being too diffuse while also having an excessive amount of condensate buildup which
blocked the flow of smoke within the tube.
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PIV Smoke Injection Methods

Figure E.1: Failed smoke method with smoke generator placed on the conditioning
grid
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PIV Smoke Injection Methods

Figure E.2: Failed smoke method using a manifold with flow straightening tubes
to aid in mixing and smoke stream quality
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Appendix F

Post Processing Code

The post processing code used for the PIV analysis was comprised of two main
components: image shift determination, PIV data shift and shifted image output.

F.1 Image Shift Determination

The following code is used to determine the number of pixels that each image was
shifted from a master image. These x and y shift values were then used to shift the
PIV results calculated from the Flow Manager software [40].

function output=shift (start ,num, filen)
shift data=zeros(1);

j=start; %first image
thres =100; %outlier threshold

imA="master A.tif’;
for i=1l:num
imBO0="e:\ Test_l_export\ ’;
if j<10
imBl="second _1_.1qqao5n5.00000 ;
elseif j>=10 & j <100
imBl="second _1_.1qqao5n5.0000 ’;
elseif j>=100 & j <1000
imBl="second _1_.1qqao5n5.000 ’;
else
imBl="second 1 .1ggao5n5.00"7;
end -

imB2=int2str(j);
imB3='. tif ’;
imB=[imBO0,imB1,imB2,imB3 |;

A=imread (imA) ;
B=imread (imB) ;

R = real (ifft2 (fft2(B).x conj(fft2(A))));
F=fftshift (R);

[maxval_F1,1_F1]

- max (F) ;
[maxval_F2,1_F2]

max(maxval_F1);

Xpos=1_F2;
Ypos=I F1(1,I F2);

%Shifting plot azes to correspond to correlation plot
[X,Y]=meshgrid (—504:503, —-509:508) ;

xshift=X(1,Xpos);
yshift=Y(Ypos,1l)*—1;

xint=round (xshift /16) ;
yvint=round (yshift /16);
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F.2. PIV results Shift Post Processing Code

shift data (i,1)=j;
shift data (i,2)=xshift;
shift _data (i ,3)=yshift;
shift _data (i,4)=xint;
shift _data (i ,5)=yint;

=i+
filenl =["raw_ ', filen [;
%dlmwrite (filenl , shift_ data)

end

Z%removing owutliers Chauvenet’s criterion
mu_x=mean(shift data (:,2));
sigma_x=std (shift data (:,2));
mu_y=mean(shift data (:,3));
sigma_y=std (shift data (:,2));
value=norminv(l1—1/4/num) ;

k=1; %good data indez

for i=1:num
xshift=shift_data (i,2);
yshift=shift_data (i,3);

x_crit=abs(xshift —mu_x) /sigma_x;
y_crit=abs(yshift —-mu_y) /sigma_y;

if x_crit>value | y_crit>value | abs(xshift)>thres | abs(yshift)>thres
shift _data (i,6)=1;

else
good data(k,:)=shift data (i,1:5);
shift data (i,6)=0;
k=k+1;

end

end

dlmwrite (filenl ,shift data)

filen2 =[’shift _’,filen ];
dlmwrite (filen2 ,good_data)

output—good_data;

F.2 PIV results Shift

The following code uses the x and y shift values determined using the image shift
determination code to shift the PIV results.

function piv_output=piv_shift (shift_data)
[r,c]=size (shift_data);

for i=1:r
xshift=shift_data (i,2);
yshift=shift_data (i,3);
xint=shift _data (i,4);
yint=shift _data (i,5);

right x=—1smin(shift data (:,
left x=6l-max(shift data (:,4
low y=—lsmin(shift data (:,5)
high y=6l-max(shift_ data (:,5

j=shift data (i,1); %set to image number start

in0="e:\ Test_l_export\Correlation\ ’;
if j<10
inl="second_1_.1qqkqy79.00000 ’;
elseif j>=10 & j <100
inl=’second_1_.1qqkqy79.0000 ’;
elseif j>=100 & j <1000
inl=’second_1_.1qqkqy79.000’;
else
inl=’second_1_.1qqkqy79.00";
end

in2=int2str(j);
in3=".txt ’;
in=[in0,inl,in2,in3];

cor data=dlmread (in, ’\t’,5,0);

[row data,col data]=size (cor_data);
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F.3. Image Shifting Post Processing Code

k=1;

for m—1l:row_data
x_num=cor_data (m,1)—xint;
y_num=cor_data (m,2)—yint;

if x_num>=right _x & x_num<—=left _x & y_num>—low_y & y_num<=high_y
new _cor_data(k,l)=x_num;
new_cor_data(k,2)=y_num;
new_cor_data(k,3)=cor_data(m,10);
new cor_ data(k,4)=cor_ data(m,11);
new_cor_data(k,5)=cor_ data(m,3)—xshift;

new_cor_data(k,6)=cor_ data(m,4)—yshift;
new_cor_ data(k,7)=cor_ data(m,12);

k=k+1;
end
end
outl=’cor_shift\second_1_7;
out=[outl,in2,in3];

%dlmwrite (out ,new_ cor_data, ’|t ) ;
piv_output (:,:,i)=new_cor_data;

j=i+1;
i

F.3 Image Shifting

For program verification and for the presentation of results a program was also
written to crop and shift the images based on the x and y shift results.

shift _data—dlmread (’shift_0_9.txt’);

[r,cl=size (shift data);

for i=1:r
j=shift data (i,1);

imBO="testl\ ’;
if j<10

imBl="second 1 _ .1q9qao5n5.00000";
elseif j>=10 & j <100

imBl="second _1_.1qqao5n5.0000 ’;
elseif j>=100 & j <1000

imBl="second _1_.1qqao5n5.000 ’;
else

imBl="second _1_.1qqao5n5.00";
end

imB2=int2str(j);
imB3=". tif ’;
imB=[imBO0,imB1,imB2,imB3 |;

A=imread (imB) ;
Z%figure; imshow(A);

xshift=shift data (i,2);
yshift=shift data (i,3);

for k=1:1018
for m=1:1008
if (k—yshift)>0 & (mtxshift)>0 & (k—yshift)<=1018 & (mtxshift)<=1008
new_A(k,m)=A(k—yshift ,mtxshift);
else
new_A(k,m)=0;
end
end
end
%figure; imshow(new A);

filen=["imshift\shifted ’,int2str(j),’.tif "]
imwrite(new_ A, filen)
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