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Abstract

Much research has been conducted into fluid-structure interaction phenomena as methods
of generating clean power, but there is a gap in knowledge regarding horizontal axis wind
turbines directly powered by vortices attaching to or shedding from radial blades. This
study provides two outputs; it examines the characteristics of a novel vortex-powered
horizontal axis wind turbine with various blade configurations using both CFD and wind
tunnel testing methods, and it provides information on how the CFD model performs in a

turbulence-dominated flow scenario.

Analyzing the turbine blades with the ANSYS Fluent simulation package, the peak
efficiency, Cp, occurred at a tip speed ratio, Cs, of approximately 0.2 for 50.44mm cross
section blades, and 0.4 for 25.28mm cross section blades. These results reasonably
agreed with validation trials performed in a wind tunnel where peak C,, occurred at C; of
approximately 0.22 for 50.44mm cross section blades, and 0.35 for 25.28mm cross
section blades. However, the magnitude of the values returned in the CFD simulations
were significantly lower than those measured in the wind tunnel trials, indicating that the

CFD turbulence model may not be accurate for this turbulence-dominated simulation.

Turbine efficiency did not approach the Betz limit, being < 1% efficient in all cases.

This indicates that such turbines are not a practical technology. However similar turbines
may be useful in rudimentary applications, and knowledge of the effect may be applicable
in similar geometry, such as radially spoked structures operating in open flows. The

comparison of the CFD model output and the experimental data indicates that the CFD
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closely maps the data trends observed in the experiments but differs in absolute values. A
number of possible improvements in the CFD modelling are suggested tor reduce this gap

in absolute values.
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1 Introduction

1.1 Background

Increasingly, research in alternative energy generation is expanding past the traditional
realms of pressure head-based turbines, such as the Francis turbine, and free-stream
turbines, such as the Darrieus turbine, to examine other fluid-structure interaction (FSI)
phenomena which may be suitable sources of mass-produced energy. Some of these
studies examine phenomena such as: panel flutter [1] [2] [3] [4], galloping [5] [6],
vortexes [7], vortex-induced vibration [8], and the effects of vortex generators on turbine
output [9]. In many instances, these studies have progressed into full-scale prototype
installations [10]. However there has been limited published research involving
horizontal axis rotary turbines that are primarily powered by turbulence, or more
specifically: vortex formation and shedding from rotating bluff-body blades with

rectangular prism construction.

Furthermore, it has been observed during previous tests in the MUN wind tunnel, that
rotor with rectangular bluff body blades will generate torque and rotation due to vortex
formation. The level of this generated torque was known to be small, but was not
quantified, and could not be ascertained in the public literature. Although it was
recognized at the outset that this type of rotor could not compete in efficiency with
conventional airfoil rotors, it was thought that the characteristics of a vortex driven

turbine rotor would make an interesting and potentially useful study.



In the current case, a study of vortex-driven turbines also provides an opportunity to
compare physical and numerical models of vortex dominated flow phenomena. Vortexes
are generally not a desirable feature in flows or fluid-structure interactions, as they are
usually a source of energy loss. Thus, models that do incorporate vortex flows are
usually doing so as a lesser part of some other more dominant flow phenomena. This
study requires modelling flows that are dominated by vorticity. It was unclear how well

current numerical flow models would simulate a vortex dominate flow.

Identifying these two aspects as gaps in knowledge, this study was developed to
investigate the performance and practicality of a novel vortex-driven horizontal axis wind
turbine (HAWT) in different configurations and examine the behaviour of CFD models in
the complex situation where turbulence caused by fluid-structure interactions in a rotating
system is the dominant factor in producing the characteristic (power generation) under

study.

It was also recognized that the utility of a low efficiency turbine was not obvious, but the
unusual nature of the flow regime would make a good scientific study, and provide a
challenging exercise for CFD modeling, plus the opportunity to generate some
experimental validation data for vortex flow modelling. The utility of vortex turbines was
left to the future as this study would provide data on which the evaluation of such utility

could be based.



1.2 Aim and Scope

The overall purpose of this study was to use computational fluid dynamics (CFD) to
analyse the behaviour of two cross-flow turbines with bluff body blades, and validate the
CFD simulations and turbulence models through physical experiments. Each turbine had
blades with different sized square cross-sections, but the same lengths, meaning the cross-
sectional area of flow covered was the same for both turbines. This was done mainly to

fit the largest practical rotor diameter in the available wind tunnel facility.

The scope of the study covered four phases comprising: exploratory CFD analysis,
detailed CFD analysis of the turbine output, physical experiments to generate validation /
comparison data, and finally a comparative analysis of the CFD output and the

experimental results.

The first component of this study was to conduct a preliminary CFD analysis to determine
if the turbine setup created measurable torque through the attachment or shedding of

vortexes.

Since the simulations indicated that torque was consistently created, the next step was to
quantify the amount of power developed in varying flow speeds. This was done through
setting multiple constant rotating frame velocities for each of three different flow speeds.
With the resulting data, coefficient of performance (Cp) versus coefficient of speed (Cy),
and power generated (P) versus angular velocity (w) curves were generated to determine
performance characteristics and optimal operational points for each of the turbines, as

well as how performance was affected by the size of the blade cross-section.



To provide validation for the CFD analysis, physical trials were then conducted with two
turbines using the same geometry as the digital turbine models. The turbines were tested
in a ducted wind tunnel at three flow speeds. C, versus Cs and P versus w curves were

generated by applying constant load torque to the turbine using a magnetic particle brake,

and then recording the rotational speed of the rotor.

The CFD model was then validated by evaluating the solver convergence for each of the
simulations, conducting a mesh sensitivity analysis to determine mesh convergence, and
finally through comparison with the physical experimental trials. The turbine
performance data gathered from the physical trials was analysed and compared to the
CFD results to indicate if the computer simulations were a valid predictor of real-world
operational characteristics, and if the CFD models utilized could provide accurate results

in situations that were predominantly turbulent flow in rotating frames.

1.3 Outline

Chapter 1 of this paper provides an overview of the thesis project. Chapter 2 provides
some background theory on fluid-structure interaction relating to turbines. Chapter 3
describes the characteristics of the turbines tested. Chapter 4 details a CFD analysis of
the two turbine configurations studied using the ANSY'S Fluent and Workbench software
package. Chapter 5 details the wind tunnel trials with a physical turbine model, and
Chapter 6 provides conclusions on the outcomes of the tests and provides some

commentary on the performance of the CFD model, then gives suggestions for future



work. This is followed by a section detailing references and appendices containing the

bulk of data from the CFD and wind tunnel trials.



2 Literature Review and Background Theory

2.1 Bluff-body Turbines in Literature

Early attempts at creating bluff-body turbines focused on the Magnus effect created by
rotating cylinders. Since Flettner’s proposal in the 1920’s, there were several attempts to
create bluff body turbines utilizing the Magnus effect, but the first complete turbine was
finished in 1984 [10]. Early studies by Bychkov [10] indicated that cut in speeds for this
type turbine could occur at relatively low wind speeds of 1 to 2 /¢ [11].  Analysis by
Sedaghat has indicated that the characteristics of this type turbine is not yet viable as
generating turbine due to overall poor performance [11]. Additionally, the overall
mechanical complexity required for external power input to the spinning cylindrical

blades is much higher than lift-based turbines [12].

In 2010 Murakami patented a configuration of a Magnus-type turbine utilizing helical ribs
on the spinning cylinder blades [13]. This turbine had a higher cut-in speed of 4 ™/ and
produced net power of 3kW at the rated wind speed of 8 ™/ , but more comprehensive

results were not available [11].

Some studies have attempted to improve overall turbine performance and reduce
complexity by modifying the behaviour of vortexes created by bluff body blades through
the use of additional static mechanical elements. Takahashi et al. [14] proposed the
“longitudinal vortex wind/water turbine: LV-WT”. This turbine was created a strong
periodic lift force due longitudinal vortex-induced vibration (LVIV). Once the vortex-

induced fluctuating lift force exceeds the starting friction of the rotor, the turbine will



begin to rotate. After rotation starts, the lift force becomes steady and rotation stable [15]
[12]. Numerical analysis by Hemsuwan et al. indicated the power coefficient of this
system was about 0.004 of the Cp developed by a conventional wind turbine but noted the

benefits of low complexity and investment cost [12].

Notably, all papers found during the literature review studied bluff blades with circular
cross sections, indicating the novel nature of the square cross section blades examined in

this study.

2.2 Turbine Efficiency

According to Bernoulli [16], the energy of a fluid flow is described by the equation:

p v
Z + — + — = constant
P9 29

Eq. 2.1

Where:

vis the fluid flow speed at a certain point on a streamline
g is acceleration due to gravity,in [m/sz]

z is the elevation of the point above the plane of reference,in [m]
p is the pressure at the chosen point

p is the fluid density at all points in the fluid



In this equation, :;g is the water head pressure, or the potential energy in the fluid due to

2
elevation, and :—g is the kinetic head, or the amount of energy in the motion of the fluid.

These terms are also known as “pressure head” and “kinetic head” respectively. Note
that in the sign convention for positive z is in the direction opposing gravitational

acceleration (“up”).

Turbines function by converting this pressure and flow kinetic energy into rotating
mechanical (kinetic) energy, which is well suited to generating electricity. Traditional
pressure-head turbines, such as those used in hydro dams, typically generate power
through slowing large amounts of fluid flowing through a tube, creating a large pressure
build-up behind the turbine which is then converted to rotational mechanical energy. In
these turbines, power harnessed from the kinetic head term is negligible when compared
to the pressure head. Conversely turbines which utilize free stream energy, such as
Darrieus or Gorlov lift-based turbines, operate where the kinetic head term is dominant.
These kinetic turbines allow large amounts of fluid to pass through, generating
mechanical rotational force through harnessing the kinetic energy of the fluid flow. Wind
turbines can be classified as kinetic turbines, as they develop power from large flows of

moving air.

An estimate of how much kinetic free-stream power can be captured by a turbine can be
obtained from the following equation, showing the amount of energy contained in a fluid

stream:



Where:
P is power in Watts

p is the static pressure in Pa

3
Q is the volumetric flow rate in ™ /s

With pressure as:

U2
P=pr=
And volumetric flow rate being:
Q=UA
Then the power available in a fluid stream is:
P = ! AU3

Where:

P is the available power in Watts
. . .. kg
p is the fluid density,in /m3

U is the free stream velocity,in ™/

A is the cross — sectional area of the stream,in m?

Eq. 2.2

Eq. 2.3

Eq. 2.4

Eq. 2.5



2.2.1 Coefficient of Performance

Considering the equation expressing the amount of energy available in a free stream flow,
along with a performance factor for the turbine indicating its effectiveness at removing
energy from the flow, it is possible to find the maximum amount of energy a turbine

could extract from the fluid stream:
1 3 Eq. 2.6
P=2C, EpAU 1 <
Where:

P is the power generated, in watts

p is the fluid density,in kg/m3

U is the free stream velocity,in ™/

A is the cross — sectional area of the stream,in m?

C, is the non — dimensional coef ficient of performance for the turbine

Rearranging the above equation, we can determine the coefficient of performance for the

turbine through measured values:

2P
C J—

= — Eq. 2.7
p pAU3

From this resulting equation, the turbine coefficient of performance can be determined by
measuring the power generated by the turbine and comparing to the amount of energy

theoretically available in the free stream flow.
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2.2.1.1 Betz Efficiency Limit for Turbines

A commonly referenced term in kinetic turbine theory is the Betz Limit, first proposed by
Albert Betz in 1919. Betz’s law states that there is an upper limit to the amount of energy
a turbine can remove from a free flowing stream of fluid, independent of the design of the
turbine. Betz calculated this upper bound on turbine efficiency to be approximately 16/27

or 59.3%, representing a C, of 0.593.

Stream tube boundary Actuator disk —

[T

Figure I - Image showing control volumes of Betz's open-disk actuator model [17].

The limit is determined by deriving the energy change in a frictionless flow stream across
an open-disk actuator. In this model, linear momentum theory is applied to a control
volume defined by the surface and cross sections of a stream tube. As kinetic energy is
extracted from the stream by the turbine, a pressure differential is developed across the

turbine, and the flow exiting the turbine slows. Betz determined that the maximum

. . v, 1 - . .
power efficiency will occur at V—" =;as shown in Figure 1, and the maximum C,, at this
1

11



point is 0.593 [17]. This limit was also independently determined by Frederick Lanchester

and Nikolay Zhukowsky [18].

2.2.1.2 GGS Efficiency Limit for Turbines

More recently, Gorban, Gorlov, and Silantyev proposed a model that includes curvilinear

flow and non-linear pressure distribution across the turbine, which are not accounted for

in the Betz model. Similar to Betz’s Law, the GGS model predicts peak efficiency to take

place at an upstream to downstream flow ratio of 2/3 but determines a much lower upper

limit 0f 0.30113 on C,, for two-dimensional propeller-type turbines [19].

Fluid
pressure

distr

ibution

on Blades

Figure 2 — Image showing curvilinear flow across turbine plane included in GGS model [19].
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2.2.2 Coefficient of Speed

The turbine coefficient of speed, sometimes called the tip speed ratio, is a non-
dimensional number representing the ratio of the turbine rotor tip velocity to the fluid
stream speed and is used in conjunction with the coefficient of performance to determine
the optimal operational point for the turbine. In other words, it can be used to find the
flow speed at which the turbine can operate most effectively. The coefficient of speed is

described by the equation:
Cs —- Eq. 2.8
Where:

C, is the turbine coef ficient of speed

w is the angular velocity of the turbine rotor in 744/
U is the fluid stream speed in ™/

T is the turbine radius in m.

2.2.3 Turbine Performance Curve

The performance curve of the turbine is obtained by plotting the non-dimensional
coefficient of power against the non-dimensional coefficient of speed. The peak of this
curve visually indicates the optimal operational point of the turbine, or the tip speed ratio
for which the turbine is most efficient. Figure 3 illustrates the characteristic performance

curves of some common wind turbine configurations. Note that in this image, even the
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peak performance of these characteristic turbines is still over 10% lower than the turbine

efficiency limit proposed by Betz.

0.9r
0.8 F
9 I
et 0.7 Betz limit:C_=0.5926
8 06k K .
2
*"-.5 0.5 ~-Ideal blade type
Q ———t—
= - ____-_:g- - S
g 0.4+ +/" "“"p(;—- \ +
Savonious Hiohoc
o High-speed
a 03 rotor / \ H;I\:‘W'IP
{ \
021 Darrius
VAWT
0.1+F
U " """‘Tﬂﬂ/ L n - L I L
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Blade tip speed/wind speed wR/V

Figure 3 - C, as a function of C, for some common turbine types [17].

2.3 Power Generated

Turbine mechanical power generated at the shaft can be determined from first principles

in terms of measured torque:

P =wT Eq.2.9

Where:

P is the mechanical power generated by the turbine, in Watts
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w is the rotational speed of the turbine rotor in T34/
T is the mechanical torque measured at the shaft,in Nm

Since the rotational speed of the turbine was measured in RPM, the expression for

generated power becomes:

P =21 (nrpm) T Eq. 2.10
Where:

Nypm S the rotational speed of the turbine rotor in revolutions per minute

15



3 Turbine Models

The physical turbines were designed to be a low-cost construction, using readily available
off-the self materials and components. Turbine geometry was limited by availability of
low-cost off-the-shelf parts for construction of the physical model. For this reason, the
physical turbines were designed and built first, with the digital CAD models being

developed from the as-built dimensions of the physical turbines.

3.1 Physical Turbine Geometry

The physical turbine model was composed of an ABS hub with diameter of 153mm, and
25mm square aluminum blades bolted to the hub in an equally spaced radial pattern. To
form the second turbine configuration, larger 50.44mm cross section blades were made
from square profile ABS and fit over the 25.44mm cross section blades with 3D printed
spacers. The larger blades were then screwed in place to prevent detaching during

rotation. The overall tip-to-tip turbine diameter was 768mm in both configurations.

This diameter was the largest that could reasonably be fitted in the MUN wind tunnel, the
facility available for this study. A relatively large model minimized the measurement

error, which was important because measured torque values were expected to be small.

The arrangement of shafts and bearings used to support the models in the wind tunnel is

described in the later section covering the conduct of the experiments.
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Figure 4 - Image depicting overall turbine dimensions with 50.44mm profile blades.

Figure 5 - Wind tunnel setup showing turbine construction.

3.2 Simulation Turbine Model
A digital model of the turbine rotor was created based on the as-built dimensions of the

physical model. However, because the Fluent simulation utilized rotational symmetry to

17



increase mesh quality within the problem size limits, a simplified eighth-section model

was used in place of a full rotor for simulation geometry.

Figure 6 — Full CAD model of turbine with 50.44mm cross section blades.

Figure 7 - Simplified eighth-section CAD model of Figure 8 - Simplified eighth-section CAD model of

turbine with 50.44mm cross section blades. turbine with 25.28mm cross section blades
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4 CFD Simulations

Transient CFD simulations were conducted using ANSYS Fluent through the ANSYS
Workbench environment. Two turbine models were tested at three flow velocities, and
up to a maximum of six rotational speeds for each of the three flow velocities. From
these simulations hub torque was measured, and power (P vs w), and efficiency

(Cp vs Cs) curves were generated for each of the two turbines indicating peak power and

efficiency operating points.

Table 1 - Test plan for simulations

Testing Plan for CFD Simulations

Turbine Model  Flow Velocity RPM Angular Speed
50.5mm Blade 5m/s 5 RPM 0.5236 rad/s
Cross-Section 10 RPM 1.047 rad/s
20 RPM 2.094 rad/s
30 RPM 3.142 rad/s
40 RPM 4.189 rad/s
50 RPM 5.236 rad/s
4 m/s 5 RPM 0.5236 rad/s
10 RPM 1.047 rad/s
20 RPM 2.094 rad/s
30 RPM 3.142 rad/s
40 RPM 4.189 rad/s
50 RPM 5.236 rad/s
3 m/s 5 RPM 0.5236 rad/s
10 RPM 1.047 rad/s
20 RPM 2.094 rad/s
30 RPM 3.142 rad/s
40 RPM 4.189 rad/s
25.28mm Blade 5m/s 5 RPM 0.5236 rad/s
Cross Section 10 RPM 1.047 rad/s
20 RPM 2.094 rad/s
30 RPM 3.142 rad/s
40 RPM 4.189 rad/s
50 RPM 5.236 rad/s
4 m/s 5 RPM 0.5236 rad/s

19



10 RPM 1.047 rad/s

20 RPM 2.094 rad/s
30 RPM 3.142 rad/s
40 RPM 4.189 rad/s
50 RPM 5.236 rad/s
3 m/s 5 RPM 0.5236 rad/s
10 RPM 1.047 rad/s
20 RPM 2.094 rad/s
30 RPM 3.142 rad/s
40 RPM 4.189 rad/s
50 RPM 5.236 rad/s

4.1 Governing Equations

4.1.1 Governing Equations for CFD
For simulating all flows, ANSY'S Fluent solves conservation of mass, and conservation of

momentum equations. The general CFD equations and solution are described below.

The conservation of mass (or continuity) equation is:

d au odv ow
Pip ( +—+ ) 0 Eq. 4.1
Jat ox 0dy 0z

The conservation of momentum equations are:

6U Uou VOU wou ou d (uoU a0 (udu
PGt Jra- - mE ) E )
Jt 0x 6y 0z 0x dy \ dy 0z \ 0z
ov. uov Vov Wav av a (uov a0 (uov
Gty ta) et ) () wlE)
Jat  ox dy dz 0x dy \ dy 0z \ 0z
ow Uow Vow Wow ow a (uow d (uow
Ge+ o+ a ) =a e 5 (5 ) e
Jt 0x dy dz 0x dy \ dy 0z \ 0z

Where:
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U,V,and W are fluid velocities

p is pressure

p is fluid density

u is the ef fective viscosity of the fluid
A, B,and C are turbulence source terms

Effective viscosity is composed of laminar viscosity and an eddy viscosity due to
turbulence. In the kw turbulence model, k is the kinetic energy of turbulence and w is the

turbulence vorticity. The governing equations for the model are:

ok Udk Vak Wak 9 (udky 8 (udky 0 /udk o as
gL o TR VS e p 9 (HOK\ | O (HOKY\ O (HOK q. 4.
attox Ty Ta T D+“[ax(ax>+ay(ay)+az(az)]
dw Uow Vow Woiw d (udw d (udw d (uow Eo. 4.6
ow =D —D N Ladd N Ladd R i q. 4.
ot Vox "oy TTar T D+B[ax(ax>+ay(ay>+6z(az)]

Where:
T and D are terms for the production and dissipation of turbulence.

k
Turbulence viscosity is 'DW

For rotating analysis, the governing equations are converted to a reference frame attached

to the rotor. Also, each PDE is put into the form:

oM
oM _ Eq. 4.7
ot
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Within every cell, each governing equation is integrated numerically across a time step

increment to get:

M(t + At) = M(t) + AtN(t) Eq. 4.8

Current values of the unknowns in cells are used to approximate the spatial derivatives
terms in N for each cell. For each incremental time step, U, V, and W, are updated
using the momentum equations, and P is updated using the mass equation. The updated

U,V,and W, along with the turbulence equations are then used to update k and w.

4.1.2 Rotating Reference Frame in Fluent

The Fluent simulation uses the Conservation of Mass (or Continuity) and Navier-Stokes
equations, in the frame of reference rotating with the blade, eliminating the need for a
considerably more complex rotating mesh simulation. The format conservation of mass

and momentum equations are provided below for reference,

Conservation of Mass:

dp p
— +Vp.=0 q.4.9
at p r
Navier-Stokes Conservation of Momentum:
V- (pb9,) + pRB X By + BXBXT) =-Vp+ V-7, Eq. 4.10

Where:

U, is the relative velocity with respect to the moving frame
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@ is the angular velocity of the moving frame

4.2 Simulation Setup

4.2.1 ANSYS Workbench 19.2

For each trial, a stand-alone project using the Fluent solver was created in ANSYS
Workbench, allowing easy comparison of results, as well as storing data in an organized
and easy to retrieve method. The workbench project breaks simulation workflow down

into five categories: geometry, mesh, setup, solutions, and results.

4.2.2 Geometry

Geometry for the CFD simulation was created using ANSYS Design Modeler. Turbine
blades were modeled in SOLIDWORKS parametric CAD software from Dassault
Systémes and exported in .STEP format. The blades were then imported in Design
Modeler, where the fluid domain was built around the imported body. A Boolean
subtraction was used to remove the blade volume from the fluid domain and create the

FSI surfaces for analysis.
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Figure 9 - Isometric view of fluid domain showing named selections forming simulation boundaries. 50.44mm blade

shown.
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Figure 10 - Front view of fluid domain showing named selections forming simulation boundaries. 50.44mm blade

shown.

Due to the 512,000 cell and node limitations imposed on the mesh by the ANSYS
Academic software version, the simulation was modeled as a single blade, or 1/8™" of the
turbine to maximize mesh resolution in the flow domain around the blade. Periodic

interfaces were used to extrapolate the single blade solution to the full eight blades.
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4.2.3 Mesh

The simulation mesh was set up using localized mesh controls along the blade surface, as
well as inflation layers surrounding the blade. The periodic interface boundaries also had
mesh controls applied to match nodes on these boundaries, allowing rotational symmetry.
Full details on the CFD mesh can be found in Appendix A — CFD Mesh Details and

Model Validation.

4.2.4 Physics Setup
ANSYS Fluent was the chosen fluid flow simulation application for this project. The
simulations were launched with double precision and parallel processing options enabled.

The maximum of four cores for the academic license were used for the calculations.

4.2.4.1 Turbulence Model

For the simulations in this study, the k-o SST turbulence model was chosen for being
better suited to complex flows such as eddies and vortices, than the simpler but less
computationally intensive k-€ model. According to Menter, the k- SST (Shear Stress
Transport) model is more accurate and reliable for a wider class of flows than the
standard and BSL x-® models, as it also accounts for the transport of turbulence shear

stress in the definition of turbulent viscosity [20] [21].
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4.2.4.2 Frame Motion

Cell zone conditions for the fluid region were set to include a frame of reference motion.
This accounts for the effect the rotation of the turbine blade has on the flow [22]. Frame
motion was set at about the z-axis in the clockwise direction, meaning torque moments in

the direction of rotation will be negative.

4.2.4.3 Environmental Conditions / Constants

The following values were used for all simulations:
Kinematic viscosity of air, v, at 15°C = 1.48x107 [m?/s]

Dynamic viscosity of air, p, at 15°C = 1.81x107 [kg/(m*s)] aka [Pa*s]

4.2.4.4 Boundary Conditions

The overall shape of the fluid domain set up in design modeller was one-eighth of a
truncated cone. The front face of the domain was set as a velocity inlet along with the
outer radial surface. The rear face of the domain was set as a pressure outlet at
atmospheric pressure. Blade and hub surfaces created by the Boolean subtraction of the
imported geometry were set as no-slip walls. The surfaces dividing the cone shape into

eighths were set as periodic interfaces.
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Figure 11 - Boundary conditions for ANSYS Fluent simulations.

4.2.4.4.1 Inlet
Boundary conditions for both the front face and outer conical surface were set as inlets,

with velocity at -5.00 m/s, -4.00m/, or -3.00 m/s in the z-direction, depending on the trial

run. Turbulent intensity is set to 5% and turbulent viscosity ratio is 10.

4.2.4.4.2 Outlet

Outlet pressure is set to ambient, which is the default value of one atmosphere.

4.2.4.4.3 Blade

Blade wall boundaries are set to no-slip.
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4.2.4.5 Periodicity

The interface boundary conditions, used for sliding mesh and multiple reference frame
calculations, was chosen for periodic symmetry faces. Following this, through the mesh
interfaces menu, a periodic interface was set up using the two periodic symmetry faces.
Options for a matching, rotational interface with an automatically computed offset were

selected.

4.2.4.6 Convergence Conditions

Residual monitors were set with absolute time step convergence criteria to determine
when a time step calculation had converged enough to be considered solved. “Absolute”
criteria requires the residuals to drop below some fixed-value threshold. ANSYS

3 and

suggests accepting the solution when residual values for continuity drop below 1e™
residuals for all other equations drop below 1e~* [23], however the criteria used for
convergence in this study was more stringent, with residual levels for solution acceptance
set at 1e ~*for continuity, and 1e~® for all other equations. It should be noted that these

are relative residuals, so a residual value of 1e~* would indicate a magnitude of four

orders less than the equation solution value [23].

4.2.4.7 Solver Selection
For these simulations, the pressure-based coupled solver with high order term relaxation

was selected. While more computationally expensive than SIMPLE methods, the coupled
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solver (along with PISO) is preferred for transient simulations due to its more aggressive
convergence behaviour, and is less affected by lower mesh quality and poor initial time-

step guesses [24].

4.2.4.8 Time Step Selection

Time step selection criteria for transient simulations involve weighing accuracy,
convergence, and computing power criteria, then making acceptable trade-offs between
the three to get a converged solution with an acceptable accuracy and within a reasonable

timeframe considering the computing power available.

A popular method for setting time steps is known as the Courant- Friedrichs-Lewy

condition [25], commonly called the CFL number, C. This condition requires that:

U At
X

Where:
C = Courant — Friedrichs — Lewy (CFL) number (non-dimensional)
At = time step size (s)
Ax = minimum mesh cell characteristic dimension (m)

Cax = limiting CFL number for particular flow and mesh conditions
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Essentially, the CFL number is a measure of how many grid cells the flow will pass
through in any given time step. For explicit solvers, the maximum CFL number should
be less than or equal to one for unconditional stability of the calculation. For implicit
solvers, the maximum CFL number may be considerably higher, with the ANSYS Fluent
default setting for density-based implicit formulation being a C,4,, = 5 [23]. For the
implicit solver, depending on complexity of the problem, the CFL can often be increased
to 100 or higher [23]. Note that the simulations examined in this study utilized the
implicit pressure-based solver, so there is no available option to control time stepping by
setting a limiting CFL. However, the CFL still provides and excellent estimate for

selecting a time step size that will converge and provide reasonable results.

To determine time step size for a CFL number, C,,,, = 1, we solve:

UAt >1 Eq. 4.12
Ax
U

For tetrahedral cells, the minimum characteristic mesh dimension, Ax, is estimated by

taking the third root of the minimum cell volume:

_ 3/ Eq. 4.14
Ax = Vcell,min 1

Where:
Ax = minimum mesh cell characteristic dimension (m)

Veetwmin = minimum mesh cell volume (m?)
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The minimum cell volume for the mesh, as well as minimum face areas, were determined

using Fluent’s mesh check tool.

Table 2 - Transient simulation time step values.

Transient Time Step by Simulation Flow Velocity and Element Size

Blade Minimum Minimum Flow At
Cross- Element Element  Velocity, Coax =1 Cpax =05 First
Section  Volume  Dim., Ax U Implement
5,000 mm/s  0.000129s  0.000645 s 0.0005 s
5::;::14 0.2656 mm? O'r?lﬁg 4,000 mm/s 0.000161s 0.000805 s 0.0005 s
3,000 mm/s  0.000214s  0.00107 s 0.001 s
5,000 mm/s 0.0000315s 0.000158 s 0.0001 s
2:1.;8 0'3331391 O'ILSHZS 4,000 mm/s 0.0000394s 0.000197 s 0.0001 s
3,000 mm/s 0.0000525s 0.000263 s 0.0001 s

After monitoring initial convergence, adjustments were made to the time step size for the

50.50mm, 4m/s, 50 RPM trial, as well as the 50.50mm, 5 m/s, 50 RPM trial. It was

noticed the time steps were often using a full 150 iterations without meeting convergence

conditions, so the step size was reduced to 0.00025s, after which steps were resolved in

an acceptable number of iterations. This is likely due to the increased apparent flow

speed at the turbine blade tip, caused by the increased rotational speed.

Maximum iterations per time step was set to 150. Combined with the convergence

criteria, this allows the first few time steps to converge well with a large number of

iterations, setting up the problem in a stable, well-converged manner. For most

simulations, after the initial ten time steps, the number of iterations required for the solver

to reach convergence at each step was typically between five and twenty-five, depending

on the flow and rotor speeds.
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4.3 CFD Results

4.3.1 Vortex Formation

Inspecting particle velocity and pressure plots of the CFD trials indicate that vortex
formation did occur. In Figure 12 and Figure 13, the particle velocity plots indicate a
vortex formation on the leading downstream corner of the blade, which would agree with
a low-pressure vortex region “pulling” the blade along, such as the one indicated in
Figure 14 and Figure 15. Note that the apparent vortex does not extend the full length of
the blade but affects only a short portion of the overall blade length. The results in these

figures are typical of both blade sizes and all flow speeds.

Figure 12 - Image showing apparent vortex attached to turbine blade.
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Figure 13 - Detail of apparent vortex region at downstream side leading corner of blade.

Figure 14 - Low pressure region at the leading corner, downstream side of blade.
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Figure 15 - Detail of low pressure region at the leading corner, downstream side of blade.

4.3.2 Rotor with Eight 50.44mm Square Blades

Overall results from all flow speeds for the CFD simulations were tabulated and plotted.
For absolute power generated, the simulations predict that increasing flow speed will
increase the maximum power generated. Additionally, the angular velocity of the turbine
which corresponds with peak power generation increases with flow speed. This is
congruent with the Cp vs Cs peak remaining at a constant value for all flow speeds. Note
that these simulations prescribed turbine rotational speed and measured the resulting
torque generated at the rotor axis, so negative power values indicate rotational speeds

which could only be reached with external power input.
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Figure 16 - Plot of turbine power vs angular velocity for 50.44mm blade cross section turbine, for all flow speeds
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Figure 17 - Plot of Cp vs Cs for 50.44mm blade cross section turbine, for all flow speeds simulated.
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The data also clearly indicates a peak efficiency for the turbine across all three simulated

flows, with Cp peaking at a Cs value of just over 0.2 for all speeds.

4.3.3 Rotor with Eight 25.28mm Square Blades

As with the 50.44mm cross section blades, the smaller 25.28mm cross section blades
showed that the angular velocity corresponding to the peak power generation increased as
the flow speed increased. Notably, the angular velocity of the 25.28mm blade cross
section turbine corresponding with peak power generation was greater than that of the
50.44mm blade cross section turbine for each flow speed simulated. The peak for the
25.28mm blade cross section turbine power vs. angular velocity curve appears to be just

past the highest angular velocity simulated of 5.236 rad/s (50 RPM).

Power vs Angular Velocity
8x 25.28mm cross section blades, all flow speeds
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Figure 18 - Plot of Power vs Angular Velocity for 25.28mm cross section turbine, for all flow speeds simulated
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Like the 50.44mm cross section blade turbine, the peak Cp for the 25.28mm cross section
blade turbine was constant across all flow speeds simulated at approximately C; = 0.4.
Meaning the peak at occurs at approximately twice the Cg of the 50.44mm cross section

blade turbine.

Coefficient of Performance vs Coefficient of Speed
8x 25.28mm cross section blades, all flow speeds
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5 Wind Tunnel Trials

To provide physical validation to the CFD models, two turbine models were tested in the

Memorial University Faculty of Engineering wind tunnel.

5.1 Setup

Turbines were set in the wind tunnel on a horizontal shaft fixed to vertical post. The
turbines were cantilevered from the post by 475mm to minimize the effect of flow
disturbances caused by the vertical post on the turbine action. The turbines were mounted
to the shaft with a bearing interface to allow rotation. Bearings were held in place using
keeper plates on the turbine hub and friction collars on the shaft. A rotating sleeve with a
30 tooth, 12 pitch mitre gear was fixed to the rear of the turbine. The sleeve was set on

bearings, rotating around the shaft.

A Placid Industries B1-6-1FRM magnetic particle brake was mounted to the vertical shaft
using 3D printed brackets. The brake was connected to the rotating sleeve via an
interfacing mitre gear. The magnetic particle brake was wired to a BK Precision 1627A

DC regulated power supply to provide control of the brake’s resistive torque.
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Figure 19 - Wind tunnel turbine setup showing 50.44mm profile blades.

The sides of the wind tunnel in the region where the turbine was located were left open to
better simulate open-stream flow, and to prevent a large pressure buildup on the upstream

side of the turbine by allowing an escape path for air.

Figure 20 - Image showing open sides of wind tunnel setup.

39



5.2 Procedure

For each trial run, the tunnel wind speed started from zero and was gradually increased.
An EXTECH 451104 anemometer was used to take measurements for increasing wind
speed in approximately 0.5 m/s increments. At each step, a TSI 9565-P mechanical
multi-meter with hot-wire wind speed sensor was used to measure the air flow profile
across the cross-section of the tunnel, 600mm in front of the turbine face. The average

wind speed across this profile was used for calculations of power and efficiency.

At each constant wind speed, the BK Precision 1627A DC regulated power supply output
voltage was set to limit at 6V, the maximum brake voltage. Output current was set to
zero, and increased in increments of 0.010A. As brake torque dynamic torque resistance
differs depending on if the input current set point is approached from above or below,
each step in current was approached from below. If the set point was overshot, or digital
meter wavered on current output value, then the output was reduced to zero, and the set
point was approached from below again. Once the current set point was reached, current
and voltage values were recorded, and a Tenma digital photo tachometer was used to read
turbine rotational speed until it settled. Then the rotational speed was recorded, and the

measurement procedure was repeated for the next current step.
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6 Results and Data Analysis

6.1 Summarized Results

Below are plots of summarized results presented in the same order as the CFD results.

Detailed results are reported in Appendix C — Wind Tunnel Test Data.

6.1.1 Rotor with Eight 50.44mm Square Blades

Power vs Turbine Angular Velocity
Eight 50.44mm square blades, at all wind speeds
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Figure 21 - Power vs Angular Velocity for eight 50.44mm blades
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Coefficient of Performance vs Coefficient of

Speed
Eight 50.44mm square blades, at all wind speeds
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Figure 22 - Cp vs Cs for eight 50.44mm blades

6.1.2 Rotor with Eight 25.28mm Square Blades

Power vs Angular Velocity
Eight 25.28mm square blades, at all wind speeds
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Figure 23 - Power vs Angular Velocity for eight 25.28mm blades
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Speed
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0.0100

0.0080

0.0060

0.0040

0.0020

0.0000
0.0000 0.1000 0.2000 0.3000 0.4000 0.5000 0.6000

Coefficient of Speed (Cs)

Coefficient of Performance (Cp)

—@— Cp vs Cs, U=3.036 m/s —@— Cp vs Cs, U=3.476 m/s —@— Cp vs Cs, U=3.958 m/s
®—Cpvs Cs, U=4.432 m/s Cp vs Cs, U=4.992 m/s —@— Cp vs Cs, U=5.482 m/s
—@— Cp vs Cs, U=5.870 m/s

Figure 24 - Cp vs Cs for eight 25.28mm blades

6.2 Wind Tunnel Test Data Error Analysis

6.2.1 Uncertainty in Measurement and Calculated Values
Uncertainty in measurement of wind speed, angular velocity, applied torque for the wind

tunnel trials contribute to the uncertainty of the calculated values C, and C;. The

measurement uncertainties below are determined from the equipment specification sheets.
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Table 3 - Uncertainty in Measured Values

Factor Equipment Measured Value Uncertainty (o) in
Uncertainty Measurement
Wind Speed, U Greater of: 3m/s 0.09m/s
+ 3% of reading, or 4 m/s 0.12m/s
+0.015m/s S m/s 0.15m/s
Angular Velocity in + 0.05% + 1 digit 0 RPM 1 RPM
RPM 10 RPM 1.005 RPM
20 RPM 1.01 RPM
30 RPM 1.015 RPM
40 RPM 1.02 RPM
50 RPM 1.025 RPM
60 RPM 1.03 RMP
Amperage (DC + 2% + 2 digits 0.00 0.02 A
Supply) 0.01 0.0202 A
0.02 0.0204 A
0.03 0.0206 A
0.04 0.0208 A
0.05 0.021 A
0.06 0.0212 A
0.07 0.0214 A
0.08 0.0216 A
0.09 0.0218 A
0.10 0.0220 A
0.11 0.0222 A
0.12 0.0224 A
0.13 0.0226 A
0.14 0.0228 A
0.15 0.0230 A
Amperage, DMM +1.5% + 4 at4A 0.000 0.0040 A
0.010 0.00415 A
0.020 0.0043 A
0.030 0.00445 A
0.040 0.00460 A
0.050 0.00475 A
0.060 0.00490 A
0.070 0.00505 A
0.080 0.00520 A
0.090 0.00535 A
0.100 0.00550 A
0.110 0.00565 A
0.120 0.00280 A
0.130 0.00595 A
0.140 0.00610 A
0.150 0.00625 A
Applied Torque, T Maximum for all 0.0009625 N'm
values
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6.2.2 Uncertainty in Torque Value
In general, the relationship between uncertainty in a measured variable x, and a

dependant variable y, where y = f(x) is [26]:

dy
o, = 0y (ﬁ)x_f Eq. 6.1

In this experiment, the torque value is dependant on the measured current value. As the
brake manufacturer states they do not have a function for the applied current to torque
relationship of the brake, the torque reading was determined from a manufacturer-

supplied table.
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Figure 25 - Input current vs applied torque curves provided by Placid Industries

45



To estimate the uncertainty in the dependent variable, the steepest slope of the fit line was

used. Taking the slope between 59 and 86 percent of rated input current gives:

_yz_y1_9_4‘.85
M=, —x,  86-59

= 0.154 Eq. 6.2
Meaning the uncertainty in torque is:

g, = 0,(0.154) Eq. 6.3
For the maximum uncertainty in torque measurement, at 100% of rated input current, this
is:

N-cm
A

or = (0.00625 A) (0.154 ) = 0.0009625 N - cm Eq. 6.4

When considering the range of current recorded in this experiment, the maximum

uncertainty in torque is approximately 0.32% of the measured value.

6.2.3 Uncertainty in Power Value

For a function, f = AB, the uncertainty (variance) in the function is [26]:

2 2 2
o= |G) )+

For uncorrelated terms, 045 = 0, and the equation can be reduced to:

o = f? [(%A)Z N (%B)z] Eq. 6.6
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Using this, it is possible to determine the uncertainty in the calculated power value:

Power = 21 (n;%m) T k07
Where:
(n;%) - o Eq. 6.8

The uncertainty (variance) in the power function becomes:

0p? = P2 [(%’)2 + (%)2] Eq. 6.9

For values of power calculated in this study, the maximum uncertainty in calculated
power is 8.24%. Maximum uncertainty decreased with increasing wind speed and was

overall lower for the smaller blade turbine.

In general, the calculated uncertainties in the measured values are fairly small compared

to the measured levels and do not affect the conclusions arising from the data analysis.
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7 Comparison Between Numerical Predictions and
Experimental Measurements.

7.1 Comparison of CFD Results to Wind Tunnel Results

Comparing the summary results from the wind tunnel validation testing in Figure 27 to
the CFD simulation results in Figure 26, as well as a sample direct comparison for a flow
speed of approximately 4.0 m/s in Figure 28, that the peak power for wind tunnel tests

measured higher for each flow speed than was predicted by the simulations.

CFD Results for Power vs Angular Velocity

8x 50.44mm cross section blades, all flow speeds
0.300
0.200
0.100
0.000

0.0

! 6.0
-0.100

Power (W)

-0.200

-0.300

-0.400

Angular Velocity (rad/s)

—8— P vs w, U=5.00 m/s —0— P vs w, U=4.00 m/s P vs w, U=3.00 m/s

Figure 26 - CFD results showing power plotted against rotor angular velocity
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Wind Tunnel Results for Power vs Turbine Angular
Velocity

8 Large blades, all measured wind speeds

0.400
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0.000 1.000 2.000 3.000 4.000 5.000 6.000

Angular Velocity (rad/s)

Power (w)

—&— P vs w, U=2.556 m/s —@— P vs w, U=3.106m/s —@— P vs w, U=3.440m/s
»—Pvs w, U=3.968 m/s —@— P vs w, U=4.456 m/s —@— P vs w, U=5.002 m/s

Figure 27 - Wind tunnel test results showing power plotted against rotor angular velocity.

Power vs Angular Velocity
For CFD and Physical trials using 8x 50.44mm cross section blades
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Figure 28 - Comparison of CFD and wind tunnel trials Power vs Angular Velocity curves for U of approximately 4m/s.
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Though peak power results for the simulations and the wind tunnel trials do not exactly
agree in magnitude, at roughly equivalent flow speeds both the simulation and the
validation experiment measured similar angular velocities for peak power points. For
example: at a flow speed of 4.0 m/s, the CFD simulation predicted a peak power point at
an angular velocity of 2.094 rad/s. The wind tunnel result at the nearest comparable flow
speed of 3.968 m/s measured peak power at 2.157 rad/s. Similarly, CFD predicts that the
angular velocity at which peak power is generated increases as flow speed increases. The

wind tunnel trials validate this result.

Another validating point of the CFD simulations is provided in the agreement of peak
values of the Cp vs C, curves for both experiments. For both sets of data, the Cs value at
which peak Cp occurs is constant, as well as close in magnitude. For example: as shown
in Figure 29, at a flow speed of 4.0 m/s, CFD simulation predicted a peak Cp value at a Cs
value of 0.2089. As shown in Figure 30, at a comparable flow speed of 3.968 m/s, the
wind tunnel experiment measured a peak Cp at a Cs value of 0.2012. The superimposed

curves for the CFD and wind tunnel trials are shown in Figure 31.
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CFD Results for Coefficient of Performance vs

Coefficient of Speed
8x 50.44mm cross section blades, all flow speeds

0.01

0.6
-0.01

-0.02

-0.03

Coefficient of Speed (Cs)

Coefficient of Performance (Cp)

—@— Cp vs Cs, U=5.00 m/s —@— Cp vs Cs, U=4.00 m/s —@— Cp vs Cs, U=3.00 m/s

Figure 29 - CFD results showing the coefficient of performance plotted against the coefficient of power for a turbine

with eight 50.44mm cross section blades.

Wind Tunnel Results for Coefficient of
Performance vs Coefficient of Speed
8 Large blades, all measured windspeeds
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Coefficient of Performance (Cp)

—@— Cp vs Cs, U=2.556 m/s —@— Cp vs Cs, U=3.106 m/s —@— Cp vs Cs, U=3.440 m/s
Cp vs Cs, U=3.968 m/s —@— Cp vs Cs, U=4.456 m/s —@— Cp vs Cs, U=5.002 m/s

Figure 30 - Wind tunnel test results showing the coefficient of performance plotted against the coefficient of power for a

turbine with eight 50.44mm cross section blades.
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Coefficient of Performance vs Coefficient of Speed
For CFD and Physical trials using 8x 50.44mm cross section blades
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Figure 31 - Comparison of CFD and wind tunnel trial Cp and Cs curves for U of approximately 4m/s.

There could be several reasons for the difference in magnitude between the CFD and
physical experiment results. Firstly, the resolution of the CFD trials was limited by
software and available computational power. With reference to Figure 32, Figure 33, and
Figure 34, the minimum reasonable number of inflation layers were used around the blade
surfaces, and a limited number of cells were used in the flow volume surrounding the

rotor blade and immediately downstream.
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Figure 32 - Detail of inflation layers around rotor blade surface.
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Figure 34 - Detail of mesh resolution immediately downstream of the rotor.
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It is possible that the flow region containing the most complex turbulent interactions has
inadequate resolution to compute the outcome with a level of accuracy approaching the
physical trials. If computational power and software allowed, a greater number of
inflation layers could be used surrounding the blades, and the mesh resolution in the flow
region surrounding the blade and immediately downstream could be increased. This may
allow the simulation to better capture the complex turbulent interactions with the blade
surfaces, and where the vortices attach to the turbine blades, possibly allowing the CFD
solution to converge to the physical data. Ideally, with no limitation on mesh elements
and with access to adequate computational power, a full mesh convergence study could
be carried out to determine if the mesh of the CFD simulation is capturing the full details
of the model. This would provide some indication as to whether it is the simulation setup
is not detailed enough to provide an accurate result, or if the solver and turbulence model

chosen are incapable of providing an accurate result when compared with physical data.

Another factor that may have affected the accuracy of the CFD output is using rotational
symmetry in a rotating flow simulation. Due to the software limitation on cell elements,
the one-eighth rotor model was used to maximize the resolution around a single
representative blade, with rotational symmetry implemented to provide an overall result.
This setup decision may have affected the overall power estimate determined by the
simulation, as the wake interactions of trailing rotor blades might not accurately be
captured by the symmetry model. Again, access to an unlimited software license along
with adequate computing power could allow comparison of the one-eighth model turbine

simulation results to those of a one-quarter or full turbine simulation.
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A third factor that may have played a role in the difference in CFD versus wind tunnel
results is the semi-bounded nature of the wind tunnel experiment. Even though the sides
of the wind tunnel were open to prevent the buildup of pressure upstream of the turbine,
when considering the size of the turbine and the size of the tunnel, the bounding wall top
and bottom of the tunnel may have had some effect on the results by forcing air that

would flow around a turbine in a fully open flow through the turbine instead.

Finally, it is possible that the selection of solver, combined with the chosen turbulence
model is inadequate for accurately solving this problem in which the simulation is

predominantly turbulent flow, and in a rotating frame.
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8 Conclusions

With reference to the stated objectives of this study, the proposed novel vortex-driven
turbine was studied in two configurations, both theoretically through computational fluid
dynamics, and experimentally in wind tunnel tests. Both investigations indicate the
turbine format has low power output and beak efficiency of less than 1%, meaning that
this particular turbine configuration is neither an efficient nor practical method of

harnessing wind energy when compared to other turbines of similar complexity.

Thus, although the bluff body turbine does generate a certain level of torque, and will
induce a level of rotation, the magnitude of the output renders it an impractical device. A
further possible limitation is that the direction of the rotation is arbitrary in the simple
symmetrical configuration studied here. Thus, it is difficult to recommend any further

study or development of this technology.

Regarding the second aim of the study, the overall results indicate that while the CFD
simulations provided an approximately correlated Cp vs Cs curve shape and prediction of
flow speed for peak power, the computational model returned values for generated power

that were considerably lower than what was measured during the wind tunnel trials.

While it is evident that the CFD results do not fully agree with the results of the wind
tunnel tests in this set of experiments, there is a general agreement in the data trends,
indicating that the CFD models are providing a reasonable simulation for flows that are
dominated by vorticity effects. This study was somewhat resource limited, and some

further investigation would be required to verify which, if any, of the previously
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identified possibilities for observed differences had a significant effect on outcomes.

Some strategies for further investigation are highlighted in the section following.

8.1 Future Work

The results of this research provide information on the behaviour of rotating square cross-
section turbine blades in flow. This information does not really support further
development of the concept as a practical energy generating device. However, as a
theoretical study of vortex modelling, the experiment does identify areas where future
work could provide additional information on the modelling of vortex flows. Some areas

that have been identified for future study are:

e The effect of blade and turbine configuration on vortex characteristics in
comparison with CFD models. While the study examined two different turbine
blade configurations, an expanded study could set more variables such as: blade
length, width, thickness, spacing, asymmetry, and corner radius to determine
primary effects on results, or interactions between blade characteristics though the
use of surface response methods in experiments. Physical models of turbines
might be rapidly iterated using AM (additive manufacturing) methods. Model
size could be limited to minimize possibility of flow interaction with walls of
wind tunnel, and data from this set of experiment could be used to specify a
magnetic particle brake that would work for a larger range of flow speeds.

e Further refinement of the mesh and model. Due to the computational power and

license available for this study, the mesh resolution and time-step increments were
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limited. Use of an unrestricted license, as well as a workstation built for
simulation would allow the completion of a full mesh convergence study, and
likely provide additional accuracy in results. Alternatively, use of an open-source

CFD package such as OpenFOAM could provide the additional detail desired.

8.2 Final Remarks

With both CFD and physical experiment in this study indicating a turbine peak efficiency
of less than 1%, the particular configurations of the turbine studied do not make good
candidates for commercial power generation. However, the findings could have
implications in the design of spoked rotational devices operating in fluids, particularly
those with bluff-bodied spokes. Additionally, this study serves as a good baseline for a
fully designed study on vortex-driven horizontal-axis turbines, and the factors affecting

their performance.
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Appendix A — CFD Mesh Details and Model Validation

Al. Mesh Overview

ANSYS Meshing was used to performing meshing for the CFD simulations. Initially the
flow domain was automeshed to give an overall indication of the meshing requirements
for the simulation. After examining the automatically-generated mesh, both global and
local controls were put in place to refine the mesh in critical areas, as well as increase the
overall combined number of mesh elements from 189,195 to 499,546 clements, near the

resolution limit of 512,000 cells and nodes combined.
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Figure 35 - Views of mesh for 50.5mm cross-section blades with default auto-mesh: (a) overall domain, (b) lateral
section view, (c) radial section view, (d) detail of blade surface. Note the absence of inflation layers in view (d).
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Global mesh physics preference was set to CFD, with Fluent as the solver. This
optimizes the generated cells for the fluent solving package. Smoothing was set to high

to improve mesh quality.

Several local mesh controls were defined, the first being a match control between the
periodic faces of the fluid domain. This symmetrically aligns the nodes and cells on the

periodic faces, allowing the interpolation of the 1/8 turbine result to a full turbine.

Following the periodic interfaces, a surface sizing control was applied to the blade. This
allowed for manual refinement of cells around the blade, increasing the resolution of the
mesh in the area expected to have the most complicated flow. For the 50.5 mm blade
cross section, the element size value was set to 0.0024 mm, and behaviour was set to

“hard”, meaning each face element had a maximum size of 0.0024 mm.

Figure 36 — Section detail of mesh on face of blade after meshing surface control is applied.

Finally, after the surface sizing control, inflation layers were added to the mesh
surrounding the blade. These layers are formed of prism-shaped cells and are helpful in

capturing the complex boundary layer behaviour in external flows while connecting the
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blade surface mesh to the larger cells in the flow field [22]. Inflation layers were
unchanged from the default value of five, with an expansion rate of 1.2. Inflation
algorithm was left at default “pre” to use the TGrid algorithm for creating the inflation
layers before the tetrahedral volume is filled, preventing the applied match control from

being overwritten with the “post” ICEM algorithm [23].

ANSYS

R19.2
Academic

Figure 38 - Views of mesh for 50.44mm cross-section blades after mesh controls applied: (a) overall domain, (b)
lateral section view, (c) radial section view, (d) detail of blade surface.
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Figure 39 - Views of mesh for 25.28mm cross-section blades after mesh controls applied: (a) overall domain, (b)
lateral section view, (c) radial section view, (d) detail of blade surface.

65



A2. Mesh Quality
Several metrics define mesh quality, with skewness and orthogonal quality being two of

the important values used to determine if a mesh is adequate.

Skewness values indicate how close an element or face is to the ideal, equilateral, version
of that shape. Skewness values range from 0 to 1, with 0 being the best (equilateral), and

1 being the worst (degenerate) [27].

AN =

Equilateral Triangle H'ghh," Skewed
Triangle
Equiangular Highly Skewed
Quad Quad
Figure 40 - Graphical examples of skewness in two-dimensional elements, with ideal elements shown on the left
[27].
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Table 4 - Skewness value ranges with corresponding cell quality [22].

Skewness Value Cell Quality
0to 0.25 Outstanding
0.25 t0 0.50 Very Good
0.50 to 0.80 Good

0.80 to 0.95 Sufficient
0.95 to0 0.98 Bad

0.98 to 1.00 Inappropriate

Orthogonal quality for three dimensional cells also ranges from 0 to 1, but for this metric
0 is the worst, and 1 is the best quality cell. Orthogonal quality is computed using face
normal vectors for each face, vectors from the cell centroid to each of the faces, and
vectors from the cell centroid to the centroids of each adjacent cell. For each of the cell
faces, cosines of the angles between the vectors are computed, and the smallest value is
the orthogonality of the cell. For tetrahedral and pyramid cells, the orthogonal quality is
lesser of the orthogonality and (1 - cell skewness). For hexahedral and polyhedral cells, it
is equal to the orthogonality. Note that orthogonal quality in the ANSY'S Meshing
application is equivalent to inverse orthogonal quality in ANSY'S Fluent meshing, but

with reversed scales [27].
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Figure 41 - Vectors used to compute orthogonal quality: A—l the face normal vector; c,, the vector from cell centroid
to adjacent cell centroid; and f,, the vector from cell centroid to each face [27].

Table 5 - Orthogonal value ranges with corresponding cell quality [22].

Cell Quality Acceptability as Determined by Orthogonal Quality Value

Orthogonal Quality Value Cell Quality
0.95to 1 Outstanding
0.70 to 0.95 Very Good
0.20 to 0.70 Good

0.15 to 0.20 Sufficient
0.001 to 0.15 Bad

0to 0.001 Inappropriate
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A4. Quality of Mesh for 50.44 mm Cross-Section Blade Simulation

From the mesh statistics for cell skewness, as reported by ANSYS Meshing, indicate that
overall, the mesh is of quite good quality, with the average cell skewness value falling
into the “Outstanding” quality bracket. The maximum cell skewness still falls within the
“Sufficient” quality bracket, meaning there are no mesh cell elements considered to be of
“Bad” or “Inappropriate” quality. From the standard deviation and distribution plot, it is
evident that the vast majority of cells have skewness of 0.50 or lower, categorizing them

as “Very Good” quality.

Table 6 - Cell skewness values for 50.44mm blade simulation mesh.

Reported Statistics for Cell Skewness, 50.44mm Cross-section Blade Mesh

Statistic Value
Minimum 0.000027179
Maximum 0.84174
Average 0.2212
Standard Deviation 0.11964
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Figure 42 - Image of skewness distribution plot for 50.44mm cross-section blade mesh.

Examining the mesh statistics for cell orthogonal quality, it is again evident that
according to this metric, the mesh is of quite good quality overall. The maximum cell

orthogonal quality value falls within the “Outstanding” quality bracket, and the average
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cell orthogonal quality falls in the “Very Good” cell quality bracket. From the standard
deviation and distribution plot, it is apparent that nearly all cells have orthogonal quality
of 0.50 or better, meaning they are considered to be of anywhere from “Good” to

“Outstanding” quality.

Table 7 - Cell orthogonal quality for 50.44 mm blade simulation mesh.

Reported Statistics for Cell Orthogonal Quality, 50.44mm Cross-section

Blade Mesh
Statistic Value
Minimum 0.15826
Maximum 0.99637
Average 0.7777
Standard Deviation 0.11828
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Figure 43 - Image of orthogonal quality distribution plot for 50.44mm cross-section blade mesh.

Taking both cell quality metrics into account, it is evident that the overall mesh can be
considered of good to very good quality, and should not adversely affect calculation

stability, or ability for solution equations to converge.
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A4. Quality of Mesh for 25.28 mm Cross-Section Blade Simulation
For the 25.28mm blade simulation mesh, the average cell skewness value falls in the
“Very Good” and as with the mesh for the 50.44mm blade simulation, the majority of

cells have a skewness value of less than 0.50, meaning they are of “Very Good” to

“Outstanding” quality.

Table 8 - Cell skewness for 25.28mm blade simulation mesh.

Reported Statistics for Cell Skewness, 25.28mm Cross-section Blade Mesh

Statistic Value
Minimum 0.00030564
Maximum 0.94858
Average 0.26396
Standard Deviation 0.14964
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Figure 44- Image of skewness distribution plot for 25.28mm cross-section blade mesh.

The cell orthogonal quality for the 25.28mm blade simulation mesh indicate that the
majority of cells have an orthogonal quality value of over 0.55 and fall within the “Good”

to “Outstanding” quality range. Additionally, over 70% (by volume) of the mesh is of

“Very Good” to “Outstanding” quality.
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Table 9 - Cell orthogonal quality for 25.28 mm blade simulation mesh.

Reported Statistics for Cell Orthogonal Quality, 25.28mm Cross-section

Blade Mesh
Statistic Value
Minimum 0.051416
Maximum 0.99349
Average 0.73498
Standard Deviation 0.14833
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Figure 45 - - Image of orthogonal quality distribution plot for 25.28mm cross-section blade mesh.

Considering both these metrics, the overall mesh can be considered of good to very good
quality, and should not adversely affect calculation stability, or ability for solution

equations to converge.
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AS. Mesh Convergence

Mesh convergence has been defined as occurring when a fourfold increase in the number
of mesh cells does not have a significant effect on the simulation solution [22]. Since the
academic license restrictions prevented increasing the cell count by a multiple of four, a
50.44mm blade simulation with flow at 4m/s, and angular velocity of ®=3.142 rad/s trial,
was copied, and mesh element count was increased by 10,958 to 510,504. To accomplish
this, the face sizing control was modified from having a maximum size of 0.0024m to a
maximum size of 0.002365m. The results of the two simulations were then compared to

determine if the small increase in mesh resolution had a noticeable effect on the results.

Table 10 - Comparison of initial and refined mesh results.

Comparison of Results from Initial and Refined Mesh CFD Trials

499,546 mesh elements 510,504 mesh elements
. _ -3 . — -3
Trial Details Max cell (j;a:ci( 'sozz;;/s 2.4e”m Max cell f(c;c:e j.lzem/jj 65¢”m
w=2.094 rad/s w=2.094 rad/s
Net Mass Flow Rate 1.0482305¢ % kg/s 5.9849908e'° kg/s
Turbine Tip Velocity 7.958e! 7.957¢"!
Torque Generated -0.0059794208 n-m -0.0048933115 n-m
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Blade Velocity in Stationary Frame
With: cross section = 50.44mm, U = 4.00m/s, w = 2,054 rad/s,
499,546 mesh elements

e e bt e e 2 e ——--—-—-w'
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Figure 46 - Graphical results from initial mesh.

Blade Velocity in Stationary Frame
With: cross section = 50.44mm, U = 4.00m/s, w = 2.094 rad/s,
510,504 mesh elements

Figure 47 - Graphical results from refined mesh.
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(a) 499,546 mesh elements, U= 4.0 m/s, w=2.094 rad/s

(b) 510,504 mesh elements, U= 4.0 m/’s, w=2.094 rad/s

Figure 48 - Plots of 4 m/s, 3.142 rad/s CFD trials utilizing: (a) 499,546 element mesh, and (b) 510,504 element mesh.

Comparing the moment data plot from the initial 499,546 mesh element simulation with
the moment data plot from a simulation with the same boundary and flow conditions, but
with a slightly refined mesh (a 2% increase in elements), shows that the mesh refinement
does seem to have an effect on the simulation solution. In the refined mesh simulation,
the returned average moment on the turbine blade is slightly lower than that in the coarser

mesh. Additionally, the solution oscillation around the average value is more prominent
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in the simulation with the refined mesh, and both rotor tip velocity and mass flowrate

balance are changing.

From the above factors, it can be assumed that mesh convergence has not been reached,
and the simulation would likely benefit from further refinement, though it would be
beneficial to use a full FLUENT license to perform another simulation with a fourfold
increase in mesh elements to provide more conclusive evidence of convergence or lack

thereof.
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A6. Validation

A6.1 Conservation of Mass

As the first step in validating the simulations, conservation of mass was verified for each

trial run in Fluent. For each trial, a flux report of the mass flow rate through the inlet,

outer radial inlet, and outlet was calculated and checked for balance. The results for

rotational speeds of 0.5236 rad/s to 4.189 rad/s are provided in the following tables.

From the computed values, it is evident that mass is conserved through the domain of the

simulation. Note the values for Inlet, Inlet-outer, and Outlet, are truncated to a length that

will fit in the columns.

Table 11 - Mass flow rate balance for Rotor with Eight 50.44mm Square Blades, 5m/s windspeed.

Mass Flow Rate Balance for Rotor with Eight 50.44mm Square Blades

Mass Flow Rate

Control - U= 5.0 m/ U (5k0g/s/) U= 5.0 m/ U= 5.0 m/

B n r =J.Um/s =J.Um/s =J.Um/s =J.Uum/s =J.Um/s

oundary o2 w=1.047rad/s  ©=2.094radls  ©=3.142 rad)s ©=4.189 rad/s

rad/s

Inlet 036479613 036479613 0.36479613 048621744 036479613

Inlet- 0.067863243  0.067863243  0.067863243  0.11361948  0.067863243

outer

Outlet 2043265934 -0.43265939 20.4326594 20.59983697  -0.4326594
Net 2.5045520¢%  -1.9465512¢%  -3.5445968¢  -5.8774095¢%  -3.221899¢7
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Table 12 - Mass flow rate balance for Rotor with Eight 50.44mm Square Blades, 4m/s windspeed.

Mass Flow Rate Balance for Rotor with Eight 50.44mm Square Blades

Mass Flow Rate
Control U= 4.0 m/ U Ezk()g/s/) U= 4.0 m/ U= 4.0 m/
=4.Um/s =4.Um/s =4.Um/s =4.Um/s =4.Um/s
Boundary "¢ w0=1.047 rad)s  ©=2.094rad)s  ©=3.142 rad)s w=4.189 rad/s
rad/s
Inlet 0.2918369 0.2918369 0.2918369 02918369 0.2918369
Inlet- 0.054290594  0.054290594  0.054290594  0.054290594  0.054290594
outer
Outlet 03461275 -0.34612749 20.34612748 034612749 -0.34612749

Net -1.6286781e-% 4.1467655¢% 1.0482305¢ %8 2.7000159¢% 1.7553126e%

Table 13 - Mass flow rate balance for Rotor with Eight 50.44mm Square Blades, 3m/s windspeed.

Mass Flow Rate Balance for Rotor with Eight 50.44mm Square Blades

Mass Flow Rate

Control U= 3.0 m/. U= 3.0 m/: U (3k0g/s/) U= 3.0 m/: U= 3.0 m/:
Boundar =3.0m/s =3.0m/s =3.0m/s =3.0m/s =3.0m/s
oundary w=0.5236 w=1.047 rad/s w=2.094 rad/s w=3.142rad/s w©=4.189 rad/s
rad/s

Inlet 0.21887768 0.21887768 0.21887768 0.21887768 0.21887768
Inlet- 0.040717946 0.040717946 0.040717946 0.040717946 0.040717946
outer

Outlet -0.25959561 -0.25959556 -0.25959563 -0.25959552 -0.25959558

Net 1.5019898¢%  6.0812947¢% -9.6435649¢°% 1.049518¢"7 3.6615402¢-%

Table 14 - Mass flow rate balance for Rotor with Eight 25.27mm Square Blades, 5m/s windspeed.

Mass Flow Rate Balance for Rotor with Eight 25.28mm Square Blades

Mass Flow Rate

Control U= 5.0 m/ U=5.0m/ U (5k0g/s/) U= 5.0 m/ U= 5.0 m/

=J2.Um/s =J2.Um/s =J2.Um/s =J2.Um/s =J2.Um/s
Boundary "~ 36 w=1.047radls  ©=2.094rad)s  ©=3.142 rad/s w=4.189 rad/s

rad/s

Inlet 036506613 0.36506613 036506613 036506613 036506613
Inlet- 0.067594095  0.067594095  0.067594095  0.067594095  0.067594095
outer
Outlet 2043266023 -0.43266023 -0.43266022 043266023 -0.43266023

Net 7.0895945¢'0  -1.6337753¢’® 3.5075922¢% 9.1800961e1°  1.2275625¢1°
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Table 15 - Mass flow rate balance for Rotor with Eight 25.27mm Square Blades, 4m/s windspeed.

Mass Flow Rate Balance for Rotor with Eight 25.28mm Square Blades

Mass Flow Rate
Control . U= 4.0 m/ U Ezkog/s/) U= 4.0 m/ U= 4.0 m/
=4.Um/s =4.Um/s =4.Um/s =4.Um/s =4.Um/s
Boundary "¢ w0=1.047 rad)s  ©=2.094rad)s  ©=3.142 rad)s w=4.189 rad/s
rad/s
Inlet 029205291  0.29205291 0.29205291 029205291  0.29205291
Inlet- 0.054075276  0.054075276  0.054075276  0.054075276  0.054075276
outer
Outlet 034612817 -0.34612817 -0.34612818 “034612818  -0.34612818

Net 7.7485631e®”  7.7485631e™" -2.8250398¢% 1.1859786e®  5.6292584¢%

Table 16 - Mass flow rate balance for Rotor with Eight 25.27mm Square Blades, 3m/s windspeed.

Mass Flow Rate Balance for Rotor with Eight 25.28mm Square Blades

Mass Flow Rate

Control U= 3.0 m/. U= 3.0 m/: U (3k0g/s/) U= 3.0 m/: U= 3.0 m/:
Boundar =3.0m/s =3.0m/s =3.0m/s =3.0m/s =3.0m/s
oundary w=0.5236 w=1.047 rad/s w=2.094 rad/s w=3.142rad/s w©=4.189 rad/s
rad/s

Inlet 0.21903968 0.21903968 0.21903968 0.21903968 0.21903968
Inlet- 0.040556457 0.040556457 0.040556457 0.040556457 0.040556457
outer

Outlet -0.25959614 -0.25959613 -0.25959614 -0.25959613 -0.25959614

Net -9.7432468¢!°  5.1921519¢% -1.9529123¢1° 4.2204925¢%  -1.245854e"

A6.2 Simulated Blade Velocity

The simulated blade rotation relative to the standard frame was calculated using ANSY'S
CFD Post. This simulated rotation should closely agree with the angular velocity set for
the frame of reference motion set in the cell zone conditions (described in Section
4.2.4.2). The input values for reference frame rotation are compared to the blade

rotational speed output by the simulation in Table 17.
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Table 17 — Frame of reference input values vs turbine rotational velocity simulated values.

Comparison of Frame of Reference Input Angular Velocities and
Simulated Blade Angular Velocities

Blade Cross Flow Frame Angular Rotor Tip Speed Rotor Tip Speed
Section Speed Velocity (calculated from user (simulation
(user input) input) output)
0.524 0.1989 0.19915
1.047 0.3973 0.39792
3m/s 2.094 0.7947 0.795839
3.142 1.1924 1.19414
4.189 1.5897 1.59206
0.524 0.1989 0.198998
1.047 0.3973 0.39792
4 m/s 2.094 0.7947 0.795839
50.44mm 3.142 1.1924 1.19414
4.189 1.5897 1.59206
5.236 1.9870 1.98998
0.524 0.1989 0.198998
1.047 0.3973 0.39792
5 m/s 2.094 0.7947 0.795839
3.142 1.1924 1.19414
4.189 1.5897 1.59206
5.236 1.9870 1.98998
0.524 0.1989 0.198786
1.047 0.3973 0.397338
3 /s 2.094 0.7947 0.794676
3.142 1.1924 1.19287
4.189 1.5897 1.58973
5.236 1.9870 1.98707
0.524 0.1989 0.198707
1.047 0.3973 0.198707*
2.094 0.7947 0.794676
2528 4 m/s 3.142 1.1924 1.19239
4.189 1.5897 1.58973
5.236 1.9870 1.98707
0.524 0.1989 0.198707
1.047 0.3973 0.397338
5 /s 2.094 0.7947 0.794676
3.142 1.1924 1.19239
4.189 1.5897 1.58973
5.236 1.9870 1.98707

Note: * indicates an error in the simulation identified by this validation check. The 4m/s 1.047 rad/s trial was run
with a prescribed rotation of 0.524 rad/s. The data did not affect the findings of the experiment as it was far from the
efficiency curve peak.
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Appendix B — CFD Simulation Data
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B1. Rotor with Eight 50.44mm Square Blades

CFD Data for Rotor with Eight 50.44mm Square Blades

U=3.0 m/s
Measured Data Calculated Data
w.
Run rotor
Wrotor tpressure Tyiscous Trotor Pblade Pratar
Numb - sream  pnr)  radyg (N-m) (N-m) (Nm) W) W) g G
)
1 3.0 5 0.524 -0.0062975718  -0.000041946005  -0.0063395178 0.0033193638 0.0265549101 0.003283314 0.067051
2 3.0 10 1.047 -0.0049575893  -0.000012327129  -0.0049699164 0.0052044843 0.0416358745 0.005147961 0.134102
3 3.0 20 2.094 -0.0023201024  0.000055291479  -0.0022648109 0.0047434089 0.0379472712 0.004691893 0.268205
4 3.0 30 3.142 0.0013084257 0.000131846550 0.0014402723 -0.0045247487 -0.0361979898 -0.004475608 0.402307
5 3.0 40 4.189 0.005245181 0.000211372370 0.0054565538 -0.0228563590 -0.1828508719 -0.022608128 0.536409
fficient of Performance v fficient of :
= Coefficient of Pertormance vs Coefficient o Power vs Angular Velocity
w O
E o Speed 8x 50.44mm cross section blades, U=3.00m/s
z e 8x 50.44mm cross section blades, U=3.00m/s
5 <§t __0.200
T & 003 =
= =
SE © © = o000 @@ O ©
a T % 0.0 1.0 2.0 3.0 4.0 5.0 6.0
002 O 0.1 0.2 0.3 0.4 0.5 0.6 < 0200
COEFFICIENT OF SPEED (CS) ANGULAR VELOCITY (RAD/S)

@@= Cp vs Cs
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CFD Data for Rotor with Eight 50.44mm Square Blades

U=4.0 m/s
Measured Data Calculated Data
Run wTDtOT
Wrotor Tpressure Tyiscous Trotor P blade P rotor
Namb Uswrean (Rpm)  rad/g (N'm) (N'm) (N-m) W) W) & G
)
1 4.0 5 0.524  -0.008091048200  -0.000041552248  -0.0081326004 0.0042582196 0.0340657571 0.001776926 0.05028839
2 4.0 10 1.047 -0.0088121980  -0.000020476349  -0.0088326743 0.0092495549 0.0739964396 0.003859777 0.10057678
3 4.0 20 2.094 -0.0060316120 0.000052191200 -0.0059794208 0.0125232696 0.1001861571 0.005225876 0.20115356
4 4.0 30 3.142 -0.0019953254 0.000138758590 -0.0018565668 0.0058325767 0.0466606132 0.002433895 0.301730339
5 4.0 40 4.189  0.002519200900  0.000227478930 0.0027466798 -0.0115052656 -0.0920421245 -0.004801069 0.402307119
6 4.0 50 5236  0.007706357300  0.000323311340 0.0080296686 -0.0420432467 -0.3363459735 -0.017544362 0.502884
Coefficient of Performance vs Coefficient Power vs Angular Velocity

O of Speed 8x 50.44mm cross section blades, U=4.00m/s

Z 8x 50.44mm cross section blades, U=4.00m/s

= 0.200

S 0.02 = © © |

& % 0000 @ ~

o= @ I e 0.0 1.0 2.0 3.0 40 5.0 6.0

w O 0 = .0.200

e 0 0.1 0.2 0.3 05 06 o™ o

2

& 002 © -0.400

S COEFFICIENT OF SPEED (CS) ANGULAR VELOCITY (RAD/S)
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CFD Data for Rotor with Eight 50.44mm Square Blades

U=5.0 m/s
Measured Data Calculated Data
R n wrﬂtor
u
Wrotor ( 1'-1"'9551"'9 Tyiscous Trotor Pblade Prator C
Numb - Userean  pM)  rad/g (Nem), N-m) (N'm) W) W) P €
)
1 5.0 5 0.524  -0.011349612000  -0.000059929939  -0.0114095419 0.0059740222 0.0477921775 0.002492919 0.040230712
2 5.0 10 1.047  -0.014167768000  -0.000047039113  -0.0142148071 0.0148857112 0.1190856896 0.003180394 0.080461424
3 5.0 20 2094  -0.011757056000  0.000026336128 -0.0117307199 0.0245687622 0.1965500980 0.005249218 0.160922848
4 5.0 30 3.142 -0.0073000751 0.000113576910 -0.0071864982 0.0225770499 0.1806163993 0.00482368 0241384272
5 5.0 40 4.189  -0.000887420950  0.000255497580  -0.00063192337 0.0026469944 0.0211759554 0.000565541 0.321845695
6 5.0 50 5236 0.004430038800  0.000370085370 0.0048001242 -0.0251333914 -0.2010671311 -0.005369853 0.402307
Coefficient of Performance vs Coefficient -
_ Power vs Angular Velocity
o
o ‘f of Speed 8x 50.44mm cross section blades, U=5.00m/s
EQ 8x 50.44mm cross section blades, U=5.00m/s
=2
oz __ 0.500
= 002 2 ® ® ©
[N '
22 o 0—0—@© O —— = 0000 @ U,
S ol o ol 2 ols % 0.0 1.0 2.0 3.0 4.0 59 60
& .0.02 : i ' ' ] & -0.500

@— Cp vs Cs
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B2. Rotor with Eight 25.28mm Square Blades

CFD Data for Rotor with Eight 25.28mm Square Blades

U=3.0 m/s
Measured Data Calculated Data
w.
Rllll rotor
Wrotor Tpressure Tyiscous Trotor Pblade Prator
Numb - Usirean  pM) — rad/g (Nem) (N-m) (Nem) W) W) & G
)
1 3.0 5 0.524  -0.000547084550  0.000005706997 -0.0005413776 0.0002834646 0.0022677170 0.000280386 0.067051
2 3.0 10 1.047  -0.000911450230  0.000014875888 -0.0008965743 0.0009388905 0.0075111236 0.000928694 0.134102
3 3.0 20 2.094  -0.001729837800  0.000035538675 -0.0016942991 0.0035485318 0.0283882543 0.003509993 0.268205
4 3.0 30 3142 -0.002730616100  0.000040276201 -0.0026903399 0.0084519521 0.0676156165 0.00836016 0.402307
5 3.0 40 4.189  -0.000643968620  0.000073335300 -0.0005706333 0.0023902633 0.0191221061 0.002364304 0.536409
6 3.0 50 5.236 0.002519721 0.000110178 0.0026298991 -0.0137701196 -0.1101609567 -0.013620569 0.670512
Coefficient of Performance vs Coefficient -
Power vs Angular Velocity
of Speed 8x 25.28mm cross section blades, U=3.00m/s
8x 25.28mm cross section blades, U=3.00m/s
0.100

o001 ® _ © ©

S 0 @ @ © 2 0000  ©—©
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CFD Data for Rotor with Eight 25.28mm Square Blades

ANGULAR VELOCITY (RAD/S)

U=4.0 m/s
Measured Data Calculated Data
R n wrﬂtor
u
w ( T Ty T P P
N b Us ream rotor pressure viscous rotor blade rotor C Cs
um ¢ (RPM)  Tad/ (N-m) (N'm) (N'm) () (A "
)
1 4.0 5 0.524  -0.000320852530  0.000013223889 -0.0003076286 0.0001610740 0.0012885918 0.0000672151 0.050288
2 4.0 10 1.047  -0.000320852530  0.000013223889 -0.0003076286 0.0003221480 0.0025771837 0.00013443 0.100577
3 4.0 20 2.094  -0.002010347400  0.000041524731 -0.0019688227 0.0041234926 0.0329879404 0.001720706 0.201154
4 4.0 30 3.142  -0.003595217800  0.000066738613 -0.0035284792 0.0110850443 0.0886803543 0.004625714 0.30173
5 4.0 40 4189  -0.004911896400  0.000061586697 -0.0048503097 0.0203169298 0.1625354382 0.008478117 0.402307
6 4.0 50 5236  -0.002379179700 0.000101034 -0.0022781462 0.0119283453 0.0954267628 0.004977618 0.502884
Coefficient of Performance vs Coefficient ~
Power vs Angular Velocity
of Speed 8x 25.28mm cross section blades, U=4.00m/s
8x 25.28mm cross section blades, U=4.00m/s
0.200

__ 001 o
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CFD Data for Rotor with Eight 25.28mm Square Blades

U=5.0 m/s
Measured Data Calculated Data
R n wrﬂtor
u
w ( T Ty T ) P
N b Us ream rotor pressure viscous rotor blade rotor C Cs
um ¢ (RPM)  Tad/ (N-m) (N'm) (N'm) () (A "
)
1 5.0 5 0.524  -0.000299636950  0.000014711917 -0.0002849250 0.0001491864 0.0011934912 0.0000318743 0.040231
2 5.0 10 1.047  -0.000801527050  0.000027511728 -0.0007740153 0.0008105469 0.0064843756 0.000173177 0.080461
3 5.0 20 2094  -0.002148701200  0.000051419695 -0.0020972815 0.0043925361 0.0351402889 0.000938483 0.160923
4 5.0 30 3.142  -0.003570382800  0.000076393451 -0.0034939893 0.0109766913 0.0878135302 0.002345215 0.241384
5 5.0 40 4189  -0.006024552700  0.000103668530 -0.0059208842 0.0248013416 0.1984107329 0.005298909 0.321846
6 5.0 50 5.236 -0.007748241 0.000086353855 -0.0076618871 0.0401175473 0.3209403782 0.00857128 0.402307
Coefficient of Performance vs Coefficient -
oettic orrerio cevs Loetticie Power vs Angular Velocity
of Speed 8x 25.28mm cross section blades, U=5.00m/s
8x 25.28mm cross section blades, U=5.00m/s
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Appendix C — Wind Tunnel Test Data
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C1. Rotor with Eight 50.44mm Square Blades

Data for Rotor with Eight 50.44mm Square Blades

U=2.556 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq [0 Pow p Cp Cs Oywindspe O Amp [0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* ed ZA) * (= N'm) ZEw *
er (m/s) V) (A) Curre (N-cm (N'm) s) w) 3) (€3 rad/s %)
nt ) m/s) )
1 2.556 0 0.00 0% 0 241 0000 2.524 0'80 1292 0(')%0 09337 0'0776 0'%04 061)0 0'02300 0'0%%000 0(')%0
2 2556 017 0010 3% 025 241 0003 2.524 0'20 1292 oi(;o %337 0'(;76 0994 06})0 0'02200 0.000265 4%220
3 255 035 0020 7% 035 237 0004 24x2 O 120 000 0T 0076 0004 000 0.00000 000071 427
4 2556 053 0030  10% 04 234 0004 2.450 0.(())1 1292 oi(())o °é336 0'0776 0'204 05190 0'02800 0'022424 46392
5 255 074 0040 4% 05 229 0005 2308 )0 qaep 000 056 0076 0004 050 0.0000  0.000529 44
6 2556 096 0050  17% 065 222 0007 2.325 o.;) L 20 03%0 05‘4 0'(;76 0'%04 05190 0'0%)00 0.000088 45595
7 255 112 0060  21% 08 216 0008 2262 gt 1202 00 08 0076 0004 0000 0.00000 0009846 408
8 2556 135 0070 24% I 206 0010 2.157 0.;)2 1292 04‘;0 04322 0'(;76 0"105 05180 0'0%)00 0'0?1205 8 45%0
9 255 156 0080 28% 13 198 0013 2073 9% 1pep 000 021 0076 0005 0.0 0.0000 0001374 300
10 2.556 18 009  31% 155 187 0016 1958 0'83 1292 0620 04239 0'(;76 0'305 05'170 0'03300 0'0311638 5&399
1 255 205 0100  34% 185 172 0019 1.801 0';)3 1292 06(;0 0(')277 0'(;76 0'(;05 05160 0'05200 0'0%11954 > 4816
12 255 222 0010 3% 23 159 0023 1665 g 122 %0 02 0076 0005040 0.00000  0.00%427 633
13 2556 241 0120  41% 26 145 0026 1518 0'83 1292 0&%0 oézzz 0'(;76 0'%05 05'150 0'0;;800 0'0329742 66964
14 2556 262 0130  45% 305 122 0031 1278 0'83 1292 0;;0 0;)9 0'0776 0'%06 O;‘O 0'0;)300 0'03%213 Séé“
15 255 281 0040 48% 335 0 0034 0000 O 120 000 000 0076 0006 010 0.00000 0009000 0.00
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POWER (W)

Power vs Angular Velocity Coefficient of Performance vs Coefficient of

8x 50.44mm cross section blades, U=2.5556m/s Speed
0.045 8x 50.44mm cross section blades, U=2.5556m/s
0.040 0.0090
0.035 __0.0080
UQ.
0.030 = 0.0070
= 0.0060
0.025 o
& 0.0050
0.020 o
£ 0.0040
0.01> S 0.0030
[N
0.010 & 0.0020
0.005 © 0.0010
0.000 0.0000 @
0.000 0500 1.000 1.500 2.000 2.500  3.000 0.0000 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500 0.4000
ANGULAR VELOCITY (RAD/S) COEFFICIENT OF SPEED (Cy)
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Data for Rotor with Eight 50.44mm Square Blades

U=3.106 m/s
Recorded Data Calculated Data | Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq o Pow p Cp Cs Owindspee O Amp [0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” d FA) & (=N'm) Ew) (€3
er (m/s) ) (A) Curre (N-c (N-m) s) w) 3) (£ m/s) rad/s %)
nt m) )
1 3.106 0 0.00 0% 0 30 0000 3142 00 1200 000 03893 0000 0100000000 0.000000 000
2 3106 017 001 3% 025 297 0003 3110 % 120 000 038 ggg3p 0094 010 000000 0.000266 342
3 3106 033 0.02 7 035 293 0004 306 OV 1202 000 03T gpo3p 0904 010 000000 0000372 346
4 3106 055 003 10% 04 289 0004 3026 OV 122 0% 03T gop 099 0100 000000 0000025 331
5 3106 081 004 14% 05 279 0005 2922 90 1 090 036 gq  ODE 00 000000 0.000531 3603
6 3106 097 005 17% 065 274 0007 2860 90 1202 %0 O35 oo 000 010 0000000 0.00069 370
7 3106 122 006 21% 08 268 0008 2806 7 1202 %P 0 ggep  Ogpt 010 000000 0.000849 378
8 3106 135 007 24% 1 267 0010 2796 0% 122 000 034 oo 009° 0400 000000 0.000061 37
9 3106 1ss 008 28% 13 258 0013 2702 P 2 O OB oo 0007 010 000000 000137939
10 3106 19 009 31%  1ss 243 o016 2545 O 1202 000 O30 ggp 0003 0400 000000 0.001643 416
1 3106 196 000 34% 185 241 o019 254 Dt a0 000 O30 g 0008 040 000000 0.001960 49
12 3106 22 01l 3s% 23 228 0023 2388 U0 1 000 029 g 0995 040 000000 0.002436 443
13 3006 246 002 41% 26 215 0026 2251 U9 122 000 02T g0 0008 040 000000 0.008752 470
14 3106 263 043 45% 305 207 0031 2168 90 1202 000 020 ggop 000 040 0.00000 0.003227 488
15 3106 284 004 4s% 335 192 0034 2010 90 e O 02 ggop 000 01D 000000 0.003541 329
16 3106 3.04 015 52% 38 179 0038 1874 0'?7 1292 0&%0 0i293 0.0932 0?26 05170 o.oggoo 0'0%‘1015 56663
17 3106 329 006 5% 42 162 0042 1eos 77 122 %0 O oo 0P 040 00500 0.004433 682
18 3106 346 047 59% 485 0 0049 0000 U9 1202 %00 000 ggo3p 0000 010 000001 0.000000 000
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Power vs Angular Velocity Coefficient of Performance vs Coefficient

8x 50.44mm cross section blades, U=3.106m/s of Speed
0.090 8x 50.44mm cross section blades, U=3.106m/s
0.080 0.0090
0.070 8 0.0080
— 0.060 E 0.0070
E, 0,050 E 0.0060
< 0.040 & 0-0050
o 0,030 £ 0.0040
& 0.0030
0.020 T 0.0020
0.010 S 00010
0.000 0.0000 @&
0.000 0.500 1.000 1.500 2.000 2.500 3.000 3.500 0.0000  0.1000  0.2000  0.3000  0.4000  0.5000
ANGULAR VELOCITY (RAD/S) COEFFICIENT OF SPEED (CS)
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Data for Rotor with Eight 50.44mm Square Blades

U=3.440 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq [ Pow p Cp Cs Glvindsp G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* ced *A) &* (= N-m) * w) (€3
er (m/s) V) A) Curre (N-¢c (N-m) s) w) 3) (€3 rad/s %)
nt m) m/s) )
1 344 0 0.00 0% 0 326 0000 3414 %P0 1pep 000 038 0030000010 008000 0009000 0.0
2 344 018 001 3% 02 328 o0om 3435 90 gpep 000 0S5 0103 0.004 0500 000000 0.000214 31
3 344 042 002 7 04 327 oomd 3424 OP1 gpep 000 035 0003 0004 0500 000000 0.000426 311
4 344 061 003 1% 04 321 0004 3362 O90 ppep 000 037 01030004010 000000 0000426 316
5 344 085 004 4% 05 319 0005 3341 D0 ppep 000 037 00300010 000000 0000532 318
6 3.44 104 005 1% 06 312 0006 3267 UpF  1pep 000 0360 01030004 010000000 0009638 325
7 3.44 LIS 006 21% 07 309 0007 323 97 1pep OO0 056 00300 010 0.00000 000074 328
8 344135007 24% 1 302 0010 3163 P ipep 000 035 01030005010 000000 0001063 336
9 344156 008 2% 14 205 0014 3089 0 pp O 04 0103 0005010 0.00000 0001487 344
10 344177009 3% L6 200 0016 3047 09t ipep OO0 054 0030003010 0.00000 000700 34
1 344 204 000 4% 18 277 0018 2901 % ipep 000 032 0030003 00 0.00000 0001911366
12 344225 001 3% 24 266 0024 278 030 1pop 00 03101030005 010 0.00000 0005546 380
13 344 24 002 4% 26 259 006 2712 007 apep O 030 003 0005010000000 00078 31
14 344 267 003 4% 3 249 0030 2608 g 1202 000 029 0030003 0/0 0.00000 000180 406
15 344 289 004 48% 36 237 0036 2482 0P8 1pep 000 027 0030006040 0.00000  00W8I4 426
16 344300 005 s% 38 227 008 2377 00 1 090 026 003 00060100 000000 0.004024 445
17 344 327 0d6 5% 43 215 004 2251 00 e 000 025 003 09060100 000000 0.004331 470
18 344 347 007 s% 48 207 0048 2068 O30 1pep O 024 0103 0006040 0.00001 0005078 48
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19

344

3.69 0.18 62% 52 18.9

0.052

1.979

0.10

1292 0.00 0.22 0.103 0.006  0.10 0.00001 0.005496  5.34

3 84 10 2 70 57 03 92 10
0.10 0.00 0.9 0.03 0006 0.0 000001 0.006228 6.18
20 3.44 3.97 0.19 66% 59 163 0059 1707 7 1292 % 06 ) e o 05 pye P
0.00 0.00 000 0.03 0007 0.0 0.00001 0.000000 0.00
21 344 4.16 0.20 69% 6.4 0 0064 0000 1.292 00 00 ) 00 e 08 00 00
Power vs Angular Velocity Coefficient of Performance vs Coefficient
8x 50.44mm cross section blades, U=3.440 m/s of Speed
0.120 8x 50.44mm cross section blades, U=3.440 m/s
0.0100
0.100 =
Q
< 0.080 & 00080
= 2
& 0.060 € 0.0060
2 S
o 0.040 E 0.0040
e
S
0.020 & 0.0020
w
o
0.000 © 0.0000 @&
0.000 1.000 2.000 3.000 4.000 0.0000  0.1000  0.2000  0.3000  0.4000  0.5000

ANGULAR VELOCITY (RAD/S)
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Data for Rotor with Eight 50.44mm Square Blades

U=3.968 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gwindsp G Amp [0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* eed A * (= N'm) ZEw *
er (m/s) W) A) Curre (N-c (N'm) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
1 3.968 0 0.00 0% 0 378 0000 3958 0'80 1292 0(')%0 03328 0'1)19 0'%00 06170 0'08800 0'0%%000 0(')%0
2 3968 021 001 3% 02 378 0002 3.958 0'30 1292 0(')30 03328 0'})19 0'?24 06170 0'02200 0'0%%214 20!
3 3968 044 0.02 7% 04 376 0004 3.937 0‘21 1292 0(')%0 °i328 0'1)19 0';)84 06170 0'02200 0'0(;‘;427 24761
4 3968 058  0.03 10% 04  37.6 0004 3.937 0,21 1292 0(')%0 °i328 0'1)19 0224 06170 o.og;)oo 0'0%01427 2;)1
5 3968 078 004 14% 05 371 0005 3.885 0'3 120 oi(())o 06317 0'1)19 0'284 06170 0'0;)?00 0'0%‘;5 34 2§714
6 3968 095 0.5 17% 06 368 0006 3854 0‘32 1292 %% 03317 0'})19 0';)24 06160 0'0%)00 0'0(;%640 2(')717
7 3968 121 006  21% 07 362 0007 3.791 0‘32 1292 Oﬁo 0%6 0'1)19 0'884 06160 0'0;);)00 0'0%‘;746 2:;1
8 3968 135 007 24% 1 357 0010 3.738 0';)3 1292 oi(())o Oj)é 0'1)19 0'825 06160 0'0%)00 0'0219066 2;;5
9 3968 156 008 28% 14 347 0014 3.634 0'?5 1292 oi(;o 0i385 0'1)19 0'385 06150 o.og(())oo 0'0%10491 2;3
10 3968 176 009  31% 16 343 0016 3592 0';)5 1292 0;10 0%4 0'1)19 0?25 0(;)150 o.oggoo 0'0(;11704 25996
1 3.968 2 010  34% 18 332 0018 3477 0';)6 1292 03'(;0 06363 0'1)19 0'285 0(;)150 o.og;)oo 0'0?‘17916 3;3‘6
12 3968 228 0.1 38% 24 324 0024 3393 0'?8 1292 0430 °é352 0'1)19 0'225 oézo o.og;)oo 0'0(1265 *3 6163
13 3.968 24 012 41% 26 318 0026 3330 0';)8 1292 04%0 Oﬁz 0'1)19 0'&?5 oézo o.oggoo 0'0(126766 3 4189
14 3968 261 013 45% 3 308 0030 3225 0';)9 1292 0;;0 0;; 0'1)19 0'825 0(;)130 0'03300 0.003190 36299
15 3.968 28 014  48% 36 30 0036 3.152 0'31 ) 0(;30 05320 0'1)19 0'?86 06130 0'08200 0'0236826 357
16 3968 3.02 0.5 52% 38 292 0038 3.058 0'61 b 20 oégo 06219 0'})19 0'326 06120 o.oggoo 0'02‘2037 3 :;7
17 3968 326 016  55% 43 283 0043 2964 0'71 2 129 0(;)%0 06298 0'1)19 0'286 06120 0'08800 0'0%5 66 3é568
18 3968 343 007 59% 48 274 0048 2.869 0‘813 1292 0&?‘0 0%7 0. 1)19 0'226 06120 0'08?01 0'0359095 35679
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0.14 000 026 0119 0006 010 0.00001 0.005516 3.91
19 3.968 3.66 0.18 62% 52 259 0052 2712 | 1.292 e 56 0 20 o1 03 02 0
0.15 000 025 0119 0006 010 0.00001 0.006256 4.03
20 3.968 3.88 0.19 66% 59 251 0059 2628 1.292 % P 0 Py . 05 o al
0.15 000 024 0119 0007 010 0.00001 0006781 426
21 3.968 4.09 0.20 69% 64 237 0064 2482 1.292 e 0 0 00 60 08 54 o4
0.15 000 022 0119 0007 010 0.0001 0.007200 4.53
22 3.968 43 0.21 72% 68 223 0068 2335 1.292 e o 0 s P 10 1 “
0.16 000 020 0119 0007 010 0.00001 0.007934 4.90
23 3.968 4.56 0.22 76% 75206 0075 2157 1.292 %6 % 0 30 P b o1 "
0.14 000 017 0119 0007 010 0.00001 0.008344 579
24 3.968 4.74 0.23 79% 79 174 0079 182 1.292 s o 0 45 < s e 2
0.00 000 000 0119 0007 010 0.00001 0.000000 0.00
25 3.968 4.94 0.24 83% 8.4 0 0084 0000 1.292 00 00 0 60 e 17 00 00
Power vs Angular Velocity Coefficient of Performance vs Coefficient
8x 50.44mm cross section blades, U=3.968 m/s of Speed
0.180 8x 50.44mm cross section blades, U=3.968 m/s
0.160 )
0.140 5 0.0090
_0.120 > 0.0080
2 =
g0.100 §
0.080
: :
0.060 z
0.040 =
[N
w
0.020 o
(@]
0.000
0.000 1.000 2.000 3.000 4.000 5.000 0.0000 0.1000 0.2000 0.3000 0.4000 0.5000

ANGULAR VELOCITY (RAD/S)

COEFFICIENT OF SPEED (CS)

Data for Rotor with Eight 50.44mm Square Blades
U=4.456 m/s
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Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gyindspe G Amp [0 oT cP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” od EA) (€3 (=N'm) &Ew (€3
er (m/s) V) A) Curre (N-c (N'm) s) (w) 3) (£ m/s) rad/s %)

nt m) )

1 4.456 0 0.00 0% 0 432 0000 454 O e O 08 gazzy 0900 00 000000 0000000 0.0
2 4456 012 001 3% 025 425 0003 4ast OO0 npgp 000 098 gpyy 00040400 000000 0000268 241
3 4456 039 002 7% 035 424 0004 a4d0 00 npep 000 038 g5y 0004 040 000000 0.000375 241
4 4456 063 003 10% 04 424 0004 4ad0 OJ0 2 000 O3 ggzzy OPM 040 000000 000428 24l
5 4456 075 004 4% 05 421 0005 4409 9% 102 00 038 g3z 0904 040 000000 0000335 B4
6 446 095 005 1% 065 48 0007 4377 0% a2 000 037 ggayy 004 0100 000000 9000695 A4
7 4456 L6 006 21% 08 415 0008 4346 0 1202 000 03T ggzyy 0004 040 0.00000 0000835 246
8 4456 137 007 24% 1 405 0010 4241 Ot e 000 036 g5y 0003040 0.00000 0001068 252
9 446 1s6 008 28% 13 398 0013 41 O 122 %0 O3 oazyy 0008 040 000000 Q001388 256
10 446 182 009 31% 155 392 0016 4105 00 1 000 035 guayy 0995 010 000000 0001655 260
1 4456 201 010 4% 185 389 0019 407 O a2 %0 O3 ggzyy 0007 040 000000 0001975 262
12 a4s6 228 011 3% 23 378 0023 398 0 e 000 O3 ggzyy 0003 010 0.00000 0002434269
13 aase 249 012 4% 26 374 0026 3917 %0 1o 00 OB gz 09 010 000000 Q002773 A
14 a4s6 268 013 4% 305 364 0031 3g12 UM e 000 032 ggayy 0095 0100 000000 0003252 279
15 446 287 014 48% 335 359 0034 3750 %7 e 000 032 g5y 0000 040 0.00000 0003371 283
16 4456 308 015 % 38 35 0038 3ees g0 1202 000 O30 ggzgy 0006 040 0.00000 0004045230
17 446 333 016 ss% 42 333 0042 3asr O o O 080 g5y OPN0 040 000000 00471205
18 446 352 017 5% 48 328 0049 3435 00 1 000 039 gg55; 0096 000 000001 0003162 309
19 a4s6 37 018 6% 53 324 0053 3303 U8 a0 039 ggayy 0006 000 000001 0003640 313
20 446 391 019 6% 585 316 0059 3300 7 1202 000 02833y 0006 040 000001 9006223 52l
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21 446 409 020 6% 63 303 0063 3173 020 100 000 02T 33y 0007 040 000001 0006697 835
2 446 436 021 7% 68 292 0068 3058 O30 1202 %0 020 gqzgy 0007 010 000001 0007224 247
23 446 455 02 7% 745 282 0075 2953 °77 1o 000 025 ggzyy 0007 010 000001 000711 359
24 4456 474 023 79% 785 276 0079 2800 27 1202 G0 02 guzyy 0P07 01D 000001 0008334 367
25 4456 492 024 83% 845 267 0085 279 U2 1202 OO0 024 ggayy 0007 010 0.00001 0.008967 379
26 4456 507 025 8% 9 253 0090 2640 P 1202 4N 022 ggazy 0007 040 000001 0009344 440
27 446 54l 026 9% 95 243 0095 255 O3t 1o 40 020 ggzyy 0007 040 000001 0010069 416
28 446 sey 027 9% 10 22 o100 2304 P 1202 000 089 guzzy 0008 04D 000001 0010587 459
29 4456 586 028 9% 107 0 0107 0000 90 1202 000 00055y OLO8 010 0.00001 0000000 000
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POWER (W)

Power vs Angular Velocity
8x 50.44mm cross section blades, U=4.456 m/s

0.300
0.250
0.200
0.150
0.100
0.050
0.000

0.000 1.000 2.000 3.000 4.000
ANGULAR VELOCITY (RAD/S)

5.000

99

COEFFICIENT OF POWER (CP)

Coefficient of Performance vs Coefficient

of Speed
8x 50.44mm cross section blades, U=4.456 m/s

0.0100
0.0090
0.0080
0.0070
0.0060
0.0050
0.0040
0.0030
0.0020
0.0010

0.0000 @
0.0000 0.1000 0.2000 0.3000 0.4000 0.5000

COEFFICIENT OF SPEED (CS)




Data for Rotor with Eight 50.44mm Square Blades

U=5.002 m/s
Recorded Data Calculated Data | Uncertainty
Run Windspe Volta Ampera % Torq RP Torq 0] Pow p Cp Cs Oyindspee O Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m* a ZA) * (=N'm) ZEw *
er (m/s) V) (A) Curre (N-¢c (N-m) s) w) 3) (= m/s) rad/s %)
nt m) )
1 5.002 0 0.00 0% 0 486 0000 s089 00 20y 000 089 g se 0000 010 000000000 000
2 5002 014 001 3% 025 486 0003 soso O 122 000 08 gpsor 00 0100 00DI00 0000270 242
3 5002 041 0.02 7 035 484 0004 soss gt 1202 4P O3 gpsor Ot 0100 000000 0006202
4 5002 065 003 10% 04 481 0004 5037 0‘82 1292 0(')%0 06398 0.1501 0"?24 0&120 0'02800 0'0(;3430 25193
5 5002 083 004 14% 05 476 0005 4985 0‘22 1292 0(')070 02388 0.1501 0'284 0&120 0'0;)?00 0'0225 37 25155
6 5020 095 005 17% 065 479 0007 5016 U9 1o G0 038 guser 0094 OA0° 000000 0009697 2 4
7 500 11 006 21% 08 472 0008 4943 gt 1o 000 03T gysp 004 0100 000000 0009838 217
8 5002 135 007 24% I 473 0010 4953 0'85 1292 oi(;o 0(')18 0.1501 0'825 0&120 0'0;)300 0'0216072 25166
9 5002 157 008  28% 13 464 0013 4859 0';)6 1292 oi(;o 05327 0.1501 0';)85 0&110 o.oggoo 0'03;393 26%)0
10 5002 177 009 31% 155 458 0016 479 Uy 1292 oi(())o 0516 0.1501 0';)25 0&110 o.oggoo 0'0%})660 24%3
1 502 199 010 3%  1ss 452 o019 473 % i O 030 gpsor O 0000 000000 000ISL 226
12 5002 222 011 38% 23 439 0023 4597 0'610 1292 0;;0 05315 0.1501 0'225 %0 0 0;);)00 0'0(;25461 23322
13 5002 253 012 41% 26 431 0026 4513 0‘71 20 oéolo 06374 0.1501 0'§85 %0 0'03300 0'0%?81 2(')17
14 5002 261 013 45% 305 434 0031 4545 0‘91 3129 0;;0 0;14 0.1501 0'825 %0 0'08300 0'023263 24335
15 502 291 014 4% 335 4l7 0034 4367 Ut i 000 033 oasor 0000 00 000000 0008581244
16 5002 303 015  52% 38 416 0038 4356 0'616 1292 0"&0 04363 0.1501 0'326 06190 o.oggoo 0'021062 2::)5
17 5002 322 016 55% 42 411 0042 4304 0'118 1292 04%0 0(')?’63 0.1501 0'286 06190 0'08800 0'0?;‘1488 2;;8
18 5002 347 017 59% 485  40.1 0.049 4.199 0.20 1292 0530 0;;2 0.1501 0'226 06180 0'08?01 0'0%511 80 2é594
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19 5002 368 018 &% 53 392 0053 at0s gt 122 000 O30 gusor 0906 040 000001 0009659 260
20 502 39 019 6%  s8s 382 0059 4000 U7 1202 000 O30 gpsor 0996 0100 00T 0006243 206
21 502 413 020 6% 63 373 0063 3906 Vot 12 000 030 gyse 0007 010 0G0 0000720 208
2 5020 427 021 7% 68 366 0068 3833 70 1ao 00 02 gysor 0097 0400 0ODIOL 000128
23 5002 452 022 76% 745 359 0075 3759 2% ipep 00 028 gpse 0907 040 000001 0007541 285
24 5002 476 023 79% 785 346 0079 3623 UF7% 1a 00 02T guser 0997 040 000001 0008362 258
25 5020 501 024 8% 845 336 0o0ss 3519 02 1 000 02T gpsor 007 0400 0OD00T 0008997 302
26 5002 526 025 8% 9 328 0090 3435 0 1ae 000 036 gusor 0007 010 0000010009579 309
27 5002 544 026 0% 95 32 0095 3351 O30 a0 025 gysp 0907 0400 000001 0010107 317
28 5020 564 027 9% 10 3Ls 0100 3200 %% 1o OO0 025 gpsor 009 0400 0UIOL 0018636 322
29 5002 68 028 9% 107 30 o007 3142 0P nae G0 02 gusor O90% 010 000001 001373358
30 502 612 029 100% 11 292 0110 308 U0 1 000 0B gusor 0008 010 000001 0011687 347
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POWER (W)

Power vs Angular Velocity

8x 50.44mm cross section blades, U=5.002 m/s

0.400

0.350

0.300

0.250

0.200

0.150

0.100

0.050

0.000
0.000

1.000 2.000 3.000 4.000
ANGULAR VELOCITY (RAD/S)

5.000

6.000
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COEFFICIENT OF POWER (CP)

Coefficient of Performance vs Coefficient of
Speed
8x 50.44mm cross section blades, U=5.002 m/s
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C2. Rotor with Eight 25.28mm Square Blades

Data for Rotor with Eight 25.28mm Square Blades

U=3.036 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta Ampera % Torq RP | Torq o) Pow p Cp Cs Owindsp O Amp 0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” ced EA) (€3 (£ N-m) Ew *
er (m/s) ) A) Curre (N-¢ (N-m) s) (w) 3) * rad/s %)
nt m) m/s) )
0.00 0.00 0.47 0.091 0.000  0.10  0.00000 0.00
0,
1 3.036 0 0.00 0% 0 36.1  0.000 3.780 0 1.292 00 34 1 0 66 00 0.0000 00
0.00 0.00 0.47 0.091 0.004  0.10 0.00000 0.000267 2.83
0,
2 3.036 0.17 0.01 3% 0.25 36 0.003  3.770 9 1.292 1 70 1 15 66 64 60 93
0.01 0.00 0.47 0.091 0.004  0.10 0.00000 0.000373  2.86
0,
3 3.036 0.42 0.02 7% 0.35 356 0.004 3.728 3 1.292 16 17 1 30 66 66 36 59
0.01 0.00 0.46 0.091 0.004  0.10 0.00000 0.000426 2.92
0,
4 3.036 0.64 0.03 10% 0.4 349 0.004 3.655 5 1.292 17 55 1 45 65 69 9 04
0.01 0.00 0.45 0.091 0.004  0.10 0.00000 0.000533 2.95
0,
5 3.036 0.73 0.04 14% 0.5 345  0.005 3.613 3 1.292 2 79 1 50 65 71 25 20
0.02 0.00 0.44 0.091 0.004  0.10 0.00000 0.000692  3.01
0,
6 3.036 0.95 0.05 17% 0.65 338  0.007 3.540 3 1.292 27 79 1 75 65 73 67 07
0.02 0.00 043 0.091 0.004  0.10 0.00000 0.000851  3.10
0,
7 3.036 1.17 0.06 21% 0.8 32.7  0.008 3.424 - 1.292 33 33 1 90 64 75 85 95
0.03 0.00 0.41 0.091 0.005 0.10  0.00000 0.001064  3.22
0,
8 3.036 1.42 0.07 24% 1 31.5  0.010 3.299 3 1.292 39 74 1 05 64 78 00 55
0.04 0.00 0.39 0.091 0.005 0.10  0.00000 0.001382  3.37
0,
9 3.036 1.64 0.08 28% 1.3 30.1  0.013 3.152 ) 1.292 49 39 1 20 63 30 08 8
0.04 0.00 0.38 0.091 0.005 0.10  0.00000 0.001646  3.49
0,
10 3.036 1.76 0.09 31% 1.55 29 0.016  3.037 7 1.292 56 3 1 35 62 32 38 37
0.05 0.00 0.35 0.091 0.005 0.10  0.00000 0.001963  3.80
0,
11 3.036 2 0.10 34% 1.85 26.6 0.019 2.786 5 1.292 61 55 1 50 61 35 2 97
0.00 0.00 0.00 0.091 0.005 0.10  0.00000  0.000000  0.00
0,
12 3.036 223 0.11 38% 2.3 0 0.023  0.000 0 1.292 00 00 1 65 47 37 00 00

103



POWER (W)

Power vs Angular Velocity Coefficient of Performance vs Coefficient

8x 25.28mm cross section blades, U=3.036 m/s of Speed
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Data for Rotor with Eight 25.28mm Square Blades

U=3.476 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta Ampera % Torq RP Torq o Pow p Cp Cs O\indspee G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” d FA) (€3 (=N'm) Ew (€3
er (m/s) ) A) Curre (N-¢c (N-m) s) w) 3) (£ m/s) rad/s %)
nt m) )

0.00 0.00 048 0.000  0.106  0.00000 0.00

0,
1 3.476 0 0.00 0% 0 422 0.000 4419 0 1.292 00 34 0.1043 0 9 00 0.0000 00
0.01 0.00 048 0.004 0.106 0.00000 0.000268 2.44

0,
2 3.476 0.18 0.01 3% 0.25 42 0.003  4.398 1 1.292 09 61 0.1043 15 9 64 77 44
0.01 0.00 048 0.004 0.106 0.00000 0.000375 2.44

0,
3 3.476 0.39 0.02 7% 035 418 0.004 4377 5 1.292 12 38 0.1043 30 9 66 30 97
0.01 0.00 048 0.004  0.106 0.00000 0.000428  2.46

0,
4 3.476 0.54 0.03 10% 0.4 41.5 0.004 4346 7 1.292 14 03 0.1043 45 9 69 61 56
0.02 0.00 047 0.004  0.106 0.00000 0.000535  2.49

0,
5 3.476 0.72 0.04 14% 0.5 40.9 0.005 4.283 1 1.292 17 34 0.1043 60 9 7 17 90
0.02 0.00 0.46 0.004 0.106 0.00000 0.000694  2.55

0,
6 3.476 0.94 0.05 17% 0.65 40 0.007  4.189 7 1.292 2 30 0.1043 75 3 73 97 25
0.03 0.00 045 0.004  0.106 0.00000 0.000854  2.58

0,
7 3.476 1.15 0.06 21% 0.8 394 0.008 4.126 3 1.292 26 60 0.1043 90 3 75 83 08
0.04 0.00 0.44 0.005 0.106 0.00000 0.001067  2.65

0,
8 3.476 1.37 0.07 24% 1 384 0.010 4.021 0 1.292 3 a4 0.1043 05 7 78 76 53
0.05 0.00 043 0.005 0.106 0.00000 0.001387 2.73

0,
9 3.476 1.56 0.08 28% 1.3 37.3  0.013  3.906 1 1.292 20 17 0.1043 20 7 30 10 17
0.05 0.00 041 0.005 0.106 0.00000 0.001652  2.85
10 3.476 1.84 0.09 31% 1.55 357 0.016 3.738 3 1.292 46 3 0.1043 35 6 2 ) 16
0.06 0.00  0.40 0.005 0.106 0.00000 0.001971 2.94

0,
11 3.476 2.02 0.10 34% 1.85 346 0.019 3.623 - 1.292 53 05 0.1043 50 5 35 07 05
0.08 0.00 0.38 0.005 0.106 0.00000 0.002449  3.03

0,
12 3.476 2.19 0.11 38% 2.3 335 0.023  3.508 1 1.292 64 77 0.1043 65 5 37 09 53
0.08 0.00 0.36 0.005 0.106 0.00000 0.002765 3.24

0,
13 3.476 24 0.12 41% 2.6 31.3  0.026 3.278 5 1.292 68 3 0.1043 30 4 39 48 51
0.00 0.00  0.00 0.005 0.104 0.00000 0.000000 0.00

0,
14 3.476 2.58 0.13 45% 3.05 0 0.031  0.000 0 1.292 00 00 0.1043 95 7 9 00 00
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POWER (W)

Power vs Angular Velocity
8x 25.28mm cross section blades, U=3.476 m/s
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Data for Rotor with Eight 25.28mm Square Blades

U=3.958 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ) Pow p Cp Cs Glvindsp G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m* ced (*A) & (= N'm) = w (€2
er (m/s) V) A) Curre (N-c (N*m) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
1 3.958 0 0.00 0% 0 48.5 0.000 5.079 0'80 1.292 0(')(())0 0;;39 0'1718 0'%00 0&130 0'08800 0.0000 0(')%0
2 3.958 0.14 0.01 3% 0.25 482  0.003  5.047 O';)l 1.292 0(')(;0 0;;8 0'1718 0'?;)4 0,'7120 0'02200 0'0%(3‘270 2(')1)4
3 3.958 0.35 0.02 7% 0.35 48.1 0.004 5.037 O'gl 1.292 0(')%0 0{;;8 0'1718 0'284 0,'7120 0.02200 0'0%01376 2&1‘3
4 3.958 0.62 0.03 10% 0.4 47.8 0.004 5.006 0'(())2 1.292 Oi(;o 0;;8 0'1718 0'2;)4 0&120 0'02300 0'032430 2é194
5 3.958 0.72 0.04 14% 0.5 47.6  0.005 4.985 0'22 1.292 Oi(;O 0;;8 0'1718 0'284 0&120 0'0;)?00 0'023537 25155
6 3.958 0.93 0.05 17% 0.65 46.8  0.007 4.901 0'33 1.292 Oi(;o 0;;7 0'1718 0';)24 0,'7120 0'0%)00 0'022697 2;68
7 3.958 1.27 0.06 21% 0.8 45.6  0.008 4.775 0'§3 1.292 02(10 0;;6 0'1718 0'884 0,'7110 0'0;)200 0'0%2857 25%)4
8 3958 144 007 2% 1 45 0010 a7iz P9 gpep 000 045 OIS 0005 0100000000 000071 227
9 3.958 1.59 0.08 28% 1.3 442 0.013 4.629 0'86 1.292 03'%0 0;;4 0'1718 0'385 0&1)0 O-OE?(())OO 0'0%1‘391 2%1
10 3.958 1.73 0.09 31% 1.55 434 0.016 4.545 0'(())7 1.292 03%0 0;14 0'1718 0';)25 0&1)0 0'0;;)300 0'0%10658 2"‘375
11 3.958 1.97 0.10 34% 1.85 423  0.019 4430 0'38 1.292 0[.1(4)10 0(';(1)3 0'171 8 0'285 06190 0'0;;)200 0'0%15978 2:;1
12 3.958 2.2 0.11 38% 2.3 40.7  0.023  4.262 0'39 1.292 05'(;0 0;;1 0'1718 0.2;)5 06190 0'0;;;)00 0'0%25457 2&530
13 3958 239 012 41% 26 392 0026 4105 00 qaep 000 08 OIS 00050400 000000 0009776 200
14 3.958 2.61 0.13 45% 3.05 38.1  0.031 3.990 0'212 1.292 Oé%O 0%8 0'1718 0'325 06170 0'08300 0'0%%255 2"&7
15 3.958 2.83 0.14 48% 3.35 36 0.034 3.770 0.6]2 1.292 06%0 05396 0'!7]8 0'?86 06160 0'08200 0'0(3‘3357] 2,'/%2
16 3.958 3.04 0.15 52% 3.8 33.8  0.038  3.540 0'513 1.292 0;;0 0?-;364 0'1718 0'326 06150 0'08200 0'022046 3;;0
17 3.958 3.25 0.16 55% 42 0 0.042  0.000 O'(())O 1.292 O(')%O 0(')%0 0'%718 0'286 0;70 0.08800 0.0000 O(')%O
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POWER (W)

Power vs Angular Velocity
8x 25.28mm cross section blades, U=3.958 m/s
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Data for Rotor with Eight 25.28mm Square Blades

U=4.432 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gwindsp G Amp [0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* eed A * (= N'm) ZEw *
er (m/s) W) A) Curre (N-c (N'm) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
1 4432 0 0.00 0% 0 556 0000 ssa2 g0 iz OO0 050 033 0990 00 00000 g 6909 O
2 4432 021 001 3% 025 552 0003 szt OPl 1292 0(')%0 030 0'})33 0'?24 0#60 0'02200 0'0%%271 1§817
3 4432 041 002 7% 035 546 0004 5718 0‘82 1292 0(')%0 0;29 0'1)33 0';)84 0&160 0'02200 0.000578 1 f)g
4 4432 063 003 10% 04 543 0004 5.686 0‘;)2 1292 0(')%0 0{;9 0'1)33 0'224 0&160 o.oggoo 0'0%01432 1£‘9
5 4432 077 0.04 14% 05 54 0005 5.655 0‘52 1292 Oﬁo 0(';;9 0'1)33 0.284 0&150 0'0;)?00 0'0225 39 1&910
6 4432 095 005 17% 065 532 0007 5.571 0‘23 1202 0% 0;;8 0'})33 0';)24 0#50 0'0%)00 0'0%07699 15%3
7 4432 117 006 2% 08 526 0008 5508 U9t 1292 oi(;o 0;;7 0'1)33 0'884 0&150 0'0;)200 0'02%860 1535
8 4432 135 007  24% 1 521 0010 5456 0'25 1292 0;;0 0;;7 0'1)33 0'825 0;10 O'O%?OO 0'0211075 1(')997
9 4432 154 008  28% 13 513 0013 5372 0'37 1292 0;;0 0;;6 0'1)33 0'385 O&LO o.og(())oo 0'0%1‘396 2(')%0
10 4432 176 009 31% 155 502 0016 5257 7% 1292 03'(10 0;;5 0. 1)3 3 0?25 0&130 o.oggoo 0'0316664 2;;4
1 4432 198 010  34% 185 492 0019 5.152 0'29 1292 03'(;0 06%4 0'1)33 0'285 0&130 o.og;)oo 0'0?‘15985 25%8
12 4432 218 011 38% 23 481 0023 5037 0'6“ 1292 0430 Oé? 0'1)33 0'225 0#20 o.og;)oo 0'0%27466 2;32
13 4432 238 012 41% 26 471 0026 4932 0';2 1292 04%0 0%2 0'1)33 0'&?5 0&120 o.oggoo 0'0%787 251‘7
14 4432 259 003 45% 305 457 0031 4786 0'614 1292 05'%0 Oﬁgl 0'1)33 0'825 0&110 o.oggoo 0'0233267 2;3
15 4432 286 014 48% 335 439 0034 4597 iS 1292 05'(;() °é359 0'1)33 0'?86 %0 0'08200 0'0237585 2é312
16 4432 307 015 52% 38 425 0038 4451 0'916 1292 0620 0528 0'})33 0'326 06190 o.o;)goo O'O(ﬁ%“ 2;10
17 4432 335 016 55% 42 398 0042 4168 0'51 T 129 oé(;o °i336 0'})33 0'286 06180 0'08800 0'0%‘!‘485 22576
18 4432 357 007 59% 485 366 0049 3.833 0'61 8 129 0&20 0> 0'1033 0'226 06160 0'08?01 0'0%%1 2 2;38
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Data for Rotor with Eight 25.28mm Square Blades

U=4.992 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq [ Pow p Cp Cs Glvindsp G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” ced EA) & (£ N-m) Ew (€3
er (m/s) V) A) Curre (N-¢c (N-m) s) w) 3) (€3 rad/s %)
nt m) m/s) )
1 4.992 0 0.00 0% 0 628 0.000 6576 0‘80 1.292 0(')%0 05510 0'?9 0'%00 Oéi)o 0‘08800 0.0000 0(‘)%0
2 4.992 0.16 0.01 3% 025 626 0003 6.555 0‘21 1.292 0(')30 04550 0'?9 0'?24 Oéi)o o.og;)oo 0.033273 1&626
3 4992 038 002 7 035 626 0004 6555 97 gp9p 000 0900 0449 00040000 000000 0.000380 105
4 4992 061 003 10% 04 619 0004 64s2 OO0 qpep 000 OB 09 09040400 00000 000084 o7
5 4.992 071 0.04 14% 05 617 0.005 6461 0'33 1.292 0(')%0 0;29 0'?9 0'284 Oéi)o 0‘0;)?00 0'0%%541 16677
6 4.992 0.92 0.05 17% 065 61.5 0.007 6.440 0‘34 1.292 Oﬁo 05‘29 0'?9 0';)24 0&190 0'0%)00 0'0?%703 15',687
7 4992 11 006 21% 08 09 0008 6377 O 1pop 000 049 0449 000 01D 0.00000 0000864 165
8 4992 144 0.07 24% 1 596 0010 6241 0‘36 1292 oi(;o 0(')‘;8 0'1849 0'825 0&180 °'°7°§°° 0'0%079 15762
9 4.992 1.62 0.08 28% 13 594 0013 6220 0'?8 1.292 0;;0 o;;7 0'1849 0'385 0%0 °'°§8°° 0'0%17402 ! 4763
10 4992 1.81 0.09 31% 155 585 0016 6.126 0‘;’9 1292 oi(;o Oi‘? 0'1849 0'225 0&130 °'°§§°° 0'0%671 1(')726
11 4992 1.98 0.10 34% 185 579 0019  6.063 0‘21 L) 03%0 06‘26 0'1849 0'285 0&180 °'°gg°° 0'0%16994 1&777
12 4.992 221 0.11 38% 23 568 0.023 5.948 0'713 1.292 oé(;o 0;;;5 0'1849 0'225 0&170 0'080;)00 0'0%477 lff)l
13 4.992 235 0.12 41% 26 558 0026 5.843 0'215 1.292 0230 0;;4 0'1849 0'385 0&160 0'080300 0'0(126799 1;14
14 4992 257 0.13 45% 305 552 0031 5781 0‘61 T 129 04‘;0 04‘;4 0'1849 0'825 0&160 0'03300 0'022282 liff
15 4992 2.86 0.14 48% 335 534 0034 5592 0"71 8 129 05%0 0(')13 0'?9 0'?86 0&150 0'03200 0'0(136602 1é992
16 4992 3.05 0.15 52% 38 526 0.038 5.508 0'920 1.292 0520 0_;";2 0';49 0'326 0&150 0'03200 0'02‘2084 13’5
17 4992 323 0.16 55% 42 514 0042 5.383 0'622 1.292 0620 0:;1 0'1849 0'286 O&LO 0'08800 0'095‘;5 1 15979
18 4992 3.44 0.17 59% 485 503 0.049 5267 0"525 1292 oé(;o 0;“0 0'1349 0'226 0;10 0'08?01 0'0%51206 2;;3
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19 499 367 018 &% 53 486 0053 5089 U’ gp9p 000 039 014900060100 000001 0.00985 - 2.]0
20 4990 388 019 66% 585 469 0059 4911 2% gpep 000 03T 01490006 0100 00001 0000269 2 I8
21 4992 408 020 6% 63 453 0063 4744 g% qoep 000 036 014900070100 000001 0.000746 225
2 4992 428 021 T% 68 43 0068 4503 o0 1gep  OJ0 O34 01900070100 0ONOL 000727 2T
23 4992 452 02 76% 745 0 0075 0000 00 ypp 000 000 01490007 0100 000001 g 990 000
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POWER (W)

Power vs Angular Velocity

8x 25.28mm cross section blades, U=4.992 m/s
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Data for Rotor with Eight 25.28mm Square Blades

U=5.482 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gwindsp G Amp [0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* eed A * (= N'm) ZEw *
er (m/s) W) A) Curre (N-c (N'm) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
1 5.482 0 0.00 0% 0 691 0000 7236 g0 paep 00 050 01640090 010000000000 O
2 5482 016 001 3% 025 685 0003 7.173 0'3 120 0(')30 02570 0'1564 0'?24 03130 0'02200 0'0%‘;274 ! i533
3 548 043 0.02 7% 035 683 0004 7.152 0‘22 1292 0(')(;0 0i520 0'1564 0';)84 03130 0'02200 0'0%%381 ! 5592
4 548 065 003 10% 04 681 0004 7.131 0‘32 1292 0(')%0 05;9 0'1564 0224 03130 o.og;)oo 0'0%‘)9435 1;12
5 5482 076 004 14% 05 675 0005 7.069 0‘23 1292 0(')%0 0;1‘9 0'1564 0'284 03130 0'0;)?00 0'02%543 1;03
6 5482 093 0.5 17% 065 672 0007 7.037 0‘24 1292 06(;0 0;;9 0'1564 0';)24 Oélzo 0'0%)00 0'03%705 o
7 5482 124 006  21% 08 663 0008 6943 0‘25 1292 Oﬁo 06‘28 0'1564 0'884 03120 0'0;);)00 0'0(101867 ! i516
8 5482 142 007 24% 1 663 0010 6943 0'36 1292 oi(lo Ogég 0'1564 0'825 05';120 0'0%)00 0'0216083 1(')526
9 5482 166 008  28% 13 652 0013 6828 0'3 8 12m Oi%O 0;3_7 0. 1564 0'385 Oéllo o.og(())oo 0'0%10406 ! 4598
10 5482 189 009  31% 155 641 0016 6713 :0 1292 0;10 0(';;7 0'1564 0';)25 08110 o.oggoo 0'0%19676 1(')691
1 5482 209 0.0  34% 185 635 0019 6650 0'312 1292 0;;0 06‘(1)6 0'1564 0'285 Oéi)o o.og;)oo 0'0%12999 ! éiz
12 5482 228 0.1 38% 23 624 0023 6535 0'(} S 129 03%0 0;;5 0. 1564 0'225 Oéi)o o.og;)oo 0'0225484 15?)5
13 5.482 24 012 41% 26 623 0026 6524 0'(} T 129 0330 0;;5 0'1564 0'&?5 Oéi)o o.oggoo 0'0(123808 ! 5655
14 5482 262 013 45% 305 616 0031 6451 0'719 1292 04%0 0 0'1564 0'825 0&190 0'03300 0'0%36292 lé?
15 5482 282 0.4 48% 335 606 0034 6346 0'321 1292 04(;0 0:;4 0'1564 0'?86 0&190 0'08200 0'0%%614 1(')10
16 548 306 0.5 52% 38 591 0038 6.189 0'523 1292 04.‘%0 0;‘73 0'1564 0'326 0&180 o.oggoo 0.024;097 1;;‘
17 482 326 006 5S% 42 574 0042 6011 020 1292 05'(10 08 0 1564 0'286 0;70 0'08800 0'0%‘;524 1;39
18 482 342 007 9% 485 572 0049 5990 P 1292 0;;0 0;;;1 0. 1564 0'226 0&170 0'08?01 0'0(;51224 15';9
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19 s482 367 018 6% 53 557 0053 583 g0 1pep 000 040064 0006000000001 0005705 184
20 S482 384 019 66% 585 s4s 0059 5707 U0 agep 000 040 01640006000 00001 0000293 188
21 S482 407 020 69% 63 529 0063 5540 gt apep 000 0580163 OG0T 0100000001 0006772 1o
2 5482 43 021 7% 68 515 0068 5303 20 1pep OO0 037 008 0007 010 000001 0007304 1
23 S482 456 022 T6% 745 495 0075 sase o0 qpep 000 036 016400070100 00001 0007554 207
24 S482 477 023 7% 785 468 0079 4901 30 1gep 00 O34 01640007 0100 00001 000813 28
25 s482 496 024 8% 845 0 0085 0000 g0 1200 GO0 040 0164 0007010000001 g g0 000
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Data for Rotor with Eight 25.28mm Square Blades

U=5.870 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq [ Pow p Cp Cs Glvindsp G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” ced EA) & (£ N-m) Ew (€3
er (m/s) V) A) Curre (N-¢c (N-m) s) w) 3) (€3 rad/s %)
nt m) m/s) )
1 5.87 0 0.00 0% 0 748 o000 7833 g0 1202 000 05T 00760000 080000000 g 0099 000
2 587 017 001 3% 025 741 0003 7760 0‘3 120 0(')%0 0&590 0'1176 0'?24 05160 o.og;)oo 0'0%%275 1;;2
3 5.87 04 002 7 035 739 oom 7739 9P gpep 000 000 0176 0.064 0800 000000 0000383 14l
4 S8T 062 003 1% 04 734 0004 7Tese )0 120 G0 030 0476 000 0/0 0.00000 0000437142
5 S87 083 004 4% 05 732 0005 7665 g0 1202 000 090 0476 0004 0000 0.00000 0000545 142
6 587 096 0.5 17% 065 732 0007 7.665 0‘85 1292 0(')%0 0i570 0'1176 0';)24 05160 0'0%)00 0'0%%707 1(')‘;2
7 s1 117 006 21% 08 727 0008 7613 00 1pep 000 049 0476 000 010 0.00000 0000870 142
8 5.87 138 007 24% 1 720010 7.540 0';)7 1292 %9 0;;9 0176 0'825 08150 0'070;;00 0'0%086 1;:)4
9 5.87 162 008 2% 13 714 0013 7477 "% qgep 000 04800760005 0100 000000 0001411145
10 5.87 178 009 31% 155 700 0016 7341 0 1202 0 0(';“8 0'1176 000> 0L 00000 0'0%681 1;;7
1 5.87 197 010 34% 185 697 0019 7209 0 1200 O 0;;7 0176 000> 0L 000000 0.002005 1;‘18
12 587 218 011  38% 23 686 0023 7.184 0'516 1292 0;;0 0(')‘;7 0176 0'225 0;30 0.0é);)00 0'0(;25491 1;20
13 s81 242 012 4% 26 617 0026 7000 % 1p0p 000 086 0476 0005 0100 0.00000 0003815102
14 587 267 013 4% 305 668 0031 6995 20 1200 O 0;;5 0'1176 000> 00 000000 0.003301 1&534
15 S87 285 014 4g% 335 661 0034 692 20 e O O 00760 0000 0100 000000 000624 136
16 5.87 307 015 52% 38 651 0038 6817 0'925 1292 0420 0&4 0'1176 0'326 05;110 0'08200 0'03%109 ! 5,’8
17 S87 326 016 5% 42 639 0042 662 2 12 0% 0;;3 0176 0006 040 0'08800 0:009539 101
18 5.87 3.5 017  59% 485 628 0049 6576 0';1 1202 00 043 0076 0006 00 000001 0005238 104
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19 S8T 368 008 6% 53 615 0053 6ado 07t ppep 000 042 0476 0006 00 0.00001 0008721 167
20 S8T 387 009 ee% 585 608 0059 6367 Uy 1pep  O%0 040476 09060/ 0.00001 0006312 165
21 S8T 408 020 6% 63 60 006 6283 020 102 000 0404760007 00 0.00001 0006795 171
2 S8T 428 021 7% 68 585 0068 6126 OF0 102 OO0 040 0476 0907 0.0 00001 009732917
23 S8T 448 022 7e% 745 572 0075 s990 C#t ppep 000 039 0476 0007010000001 0008025 179
24 5.87 47 023 7% 785 558 0079 ssa3 U 1pep OO0 0S8 01760007 000009001 0008850 184
25 SRT 496 024 8% 845 539 0085 ses  OF7 1o OO0 030 0476 0007010 0.00001  0.00%87 190
26 &7 529 025 8e% 9 508 0000 5320 U3 ipep 000 O34 0476 0007010 000001 0.009664 201
27 S87 549 026 9% 95 0 0095 0000 O ypop 000 000004760807 010 000001 44099 000

118



POWER (W)

Power vs Angular Velocity
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C3. Rotor with Four 50.44mm Square Blades

Data for Rotor with Four 50.44mm Square Blades

U=5.990 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gwindsp G Amp [0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* eed A * (= N'm) & w (€3
er (m/s) m) A) Curre (N-c (N*m) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
0.00 0.00 0.45 0.179 0.000 0.10  0.00000 0.00
0,
1 5.99 0 0.00 0% 0 67.8 0.000 7.100 0 1.292 00 54 7 0 33 00 0.0000 00
0.01 0.00 0.45 0.179 0.004 0.10  0.00000 0.000274  1.55
0,
2 5.99 0.16 0.01 3% 0.25 67.5 0.003 7.069 3 1.292 03 34 7 15 33 64 38 27
0.02 0.00 0.44 0.179 0.004 0.10  0.00000 0.000381 1.58
0,
3 5.99 0.39 0.02 7% 0.35 65.8 0.004 6.891 4 1.292 04 19 7 30 32 66 37 1
0.02 0.00 0.43 0.179 0.004 0.10  0.00000  0.000435 1.59
0,
4 5.99 0.6 0.03 10% 0.4 652 0.004 6.828 7 1.292 04 79 7 45 31 69 06 30
0.03 0.00 0.43 0.179 0.004 0.10 ~ 0.00000 0.000542  1.60
0,
5 5.99 0.75 0.04 14% 0.5 64.7 0.005 6.775 4 1.292 05 45 7 60 31 71 66 19
0.04 0.00 0.42 0.179 0.004 0.10  0.00000  0.000703 1.63
0,
6 5.99 1.01 0.05 17% 0.65 63.3 0.007 6.629 3 1.292 07 51 7 75 30 73 39 37
0.05 0.00 0.41 0.179 0.004 0.10  0.00000  0.000865 1.66
0,
7 5.99 1.21 0.06 21% 0.8 619 0.008 6.482 5 1.292 08 57 7 90 30 75 07 32
0.06 0.00 0.39 0.179 0.005 0.10  0.00000 0.001078  1.76
0,
8 5.99 1.41 0.07 24% 1 584 0.010 6.116 ) 1.292 09 2 7 05 78 78 32 40
0.07 0.00 0.38 0.179 0.005 0.10  0.00000 0.001401 1.79
0,
9 5.99 1.56 0.08 28% 1.3 57.5 0.013  6.021 3 1.292 12 62 7 20 77 30 33 02
0.09 0.00 0.38 0.179 0.005 0.10  0.00000 0.001669  1.81
0,
10 5.99 1.73 0.09 31% 1.55 56.8 0.016 5.948 5 1.292 14 15 7 35 77 82 97 13
0.10 0.00 0.34 0.179 0.005 0.10  0.00000 0.001987  1.99
0,
11 5.99 1.99 0.10 34% 1.85 51.5  0.019 5393 0 1.292 15 59 7 50 74 35 73 23
0.11 0.00 0.32 0.179 0.005 0.10 ~ 0.00000 0.002466 2.14
0,
12 5.99 2.14 0.11 38% 2.3 47.8  0.023  5.006 s 1.292 13 10 7 65 7 37 50 24
0.12 0.00 0.29 0.179 0.005 0.10  0.00000 0.002783  2.29
0,
13 5.99 2.39 0.12 41% 2.6 445  0.026  4.660 1 1.292 19 39 7 30 20 39 61 74
0.00 0.00 0.00 0.179 0.005 0.10  0.00000 0.00
0,
14 5.99 2.6 0.13 45% 3.05 0 0.031  0.000 0 1.292 00 00 7 05 47 9 0.0000 00
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Power vs Angular Velocity
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Data for Rotor with Four 50.44mm Square Blades

U=6.614 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gwindsp G Amp [0 oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* eed A * (= N'm) ZEw *
er (m/s) W) A) Curre (N-c (N'm) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
1 6.614 0 0.00 0% 0 762 0000 7980 g0 1zp OO0 040 00380090 0000000 g 0000 O
2 6614 025 001 3% 025 754 0003 7.896 0'82 1292 0(')%0 0525 0% 0'?24 0;70 0'02200 0'02‘;276 1;89
3 6614 052 002 7% 035 749 0004 7.844 0‘;)2 1292 0(')(;0 0;25 017 0';)84 Oéléo 0'02200 0'0(;%383 1;(')9
4 6614 073 003 10% 04 745 0004 7.802 0‘f3 1292 0(')30 0;;5 0'1‘98 0'224 03160 0'02800 0'0(;%437 1;;0
5 6614 083 004 14% 05 739 0005 7.739 0'33 1292 0(')30 0;;4 0'1‘98 0.284 03160 0'0;)?00 0'0(;01545 1(')‘;1
6 6614 111 005 17% 065 727 0007 7.613 0'34 1292 0(')%0 o4 0% 0';)24 0;50 0'0%)00 0'0%‘;707 1(')‘(‘)3
7 6614 123 006  21% 08 716 0008 7498 0‘86 1292 0(')(;0 0;;3 017 0'884 Oélso 0'0;)200 0'0(;%869 1;;4
8 6614 158 007 24% 1 682 0010 7.142 O'{” 1292 0(')%0 0:;1 0'1198 0'825 03130 0'0%)00 0'0213084 15531
9 6614 168 008  28% 13 676 0013 7.079 0'39 1292 Oﬁo Oél 0'1198 0';)85 03130 o.og(())oo 0'0211408 1(')553
10 6614 201 009  31% 155 652 0016 6828 0'610 1202 0% 06369 01 0'225 Oéllo o.oggoo 0'0%11677 ! 4568
1 6.614 22 010 34% 185 633 0019 6629 0'312 1292 oi(io 05%8 0'1198 0'285 Oéi)o o.og;)oo 0'0212999 1(')?
12 6614 226 0.1 3% 23 602 0023 6304 0'514 1292 oi(;o 06326 0'1198 0'225 0#90 0'02?;)00 0'0%26481 1i751
13 6614 231 012 41% 26 571 002 5979 0'51 S 1292 oi%o 0%4 0'1198 0'5?85 0&170 o.oggoo 0'0%26800 1i860
14 6614 256 013 45% 305 555 0031 5812 0'71 T 129 oé(())o 0&363 01 0'825 0%0 o.oggoo 0'0%32283 1;(‘)5
15 6614 281 0.4  48% 335 452 0034 4733 0'915 1292 Oi%() 04297 0'1198 0'?86 0&1]0 0'08200 0'0%37587 2é266
16 6614 301 015 2% 38 0 003 o000 90 1202 OO0 000 0198 0996 0000000 g 0999 00
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POWER (W)

Power vs Angular Velocity
4x 50.44mm cross section blades, U=6.614 m/s

0.200
0.180
0.160
0.140
0.120
0.100
0.080
0.060
0.040
0.020

0.000
0.000 2.000 4.000 6.000 8.000

ANGULAR VELOCITY (RAD/S)

10.000

123

COEFFICIENT OF POWER (CP)

Coefficient of Performance vs Coefficient

of Speed
4x 50.44mm cross section blades, U=6.614 m/s

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000 @
0.0000 0.1000 0.2000 0.3000 0.4000 0.5000

COEFFICIENT OF SPEED (CS)



C4. Rotor with Four 25.28mm Square Blades

Data for Rotor with Four 25.28mm Square Blades

U=6.082 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ) Pow p Cp Cs Glvindsp G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m” ced EA) (€5 (£ N-m) Ew (€3
er (m/s) V) A) Curre (N-c (N*m) s) (w) 3) (€3 rad/s %)
nt m) m/s) )

0.00 0.00 0.49 0.182  0.000 0.10  0.00000 0.00

0,
1 6.082 0 0.00 0% 0 752 0.000 7.875 0 1.292 00 74 5 0 37 00 0.0000 00
0.01 0.00 0.49 0.182  0.004 0.10 0.00000 0.000276  1.41

0,
2 6.082 0.16 0.01 3% 0.25 743 0.003 7.781 9 1.292 03 15 5 15 36 64 04 91
0.02 0.00 0.48 0.182  0.004 0.10 0.00000 0.000383 1.4l

0,
3 6.082 0.3 0.02 7% 0.35 74 0.004  7.749 7 1.292 04 95 5 30 36 66 53 41
0.03 0.00 0.48 0.182  0.004 0.10 0.00000 0.000437 1.4l

0,
4 6.082 0.5 0.03 10% 0.4 73.7 0.004 7.718 1 1.292 05 75 5 45 36 69 52 7
0.03 0.00 0.47 0.182  0.004 0.10 0.00000 0.000544 145

0,
5 6.082 0.7 0.04 14% 0.5 71.7  0.005 7.508 3 1.292 06 23 5 60 35 71 97 16
0.04 0.00 0.46 0.182  0.004 0.10 0.00000 0.000706  1.46

0,
6 6.082 0.89 0.05 17% 0.65 70.8  0.007 7.414 3 1.292 07 33 5 75 34 73 36 68
0.05 0.00 0.46 0.182  0.004 0.10 0.00000 0.000868  1.48

0,
7 6.082 1.09 0.06 21% 0.8 69.7 0.008 7.299 3 1.292 09 10 5 90 34 75 70 77
0.06 0.00 043 0.182  0.005 0.10  0.00000 0.001082  1.57

0,
8 6.082 1.42 0.07 24% 1 655 0.010 6.859 9 1.292 10 33 5 05 31 78 31 36
0.08 0.00 0.41 0.182  0.005 0.10  0.00000 0.001405 1.63

0,
9 6.082 1.55 0.08 28% 1.3 63 0.013  6.597 6 1.292 13 67 5 20 30 30 3 85
0.09 0.00 0.39 0.182  0.005 0.10  0.00000 0.001672  1.71

0,
10 6.082 1.68 0.09 31% 1.55 60.2 0.016 6.304 3 1.292 15 32 5 35 79 32 32 20
0.00 0.00 0.00 0.182  0.005 0.10  0.00000 0.00

0,
11 6.082 1.9 0.10 34% 1.85 0 0.019  0.000 0 1.292 00 00 5 50 47 35 0.0000 00
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Power vs Angular Velocity
4x 25.28mm cross section blades, U=6.082 m/s
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Data for Rotor with Four 25.28mm Square Blades

U=6.440 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta  Ampera % Torq RP Torq ® Pow p Cp Cs Gwindsp G Amp [0 oT cP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m”* eed A * (= N'm) & w (€3
er (m/s) m) A) Curre (N-¢ (N*m) s) (w) 3) (€3 rad/s %)
nt m) m/s) )
0.00 0.00 0.49 0.193 0.000 0.10  0.00000  0.000000  0.00
0,
1 6.44 0 0.00 0% 0 79.5 0.000 8.325 0 1.292 00 66 2 0 39 00 00 00
0.02 0.00 0.49 0.193 0.004 0.10  0.00000 0.000277 134
0,
2 6.44 0.15 0.01 3% 0.25 78.9  0.003 8.262 1 1.292 03 29 5 15 39 64 20 20
0.02 0.00 0.49 0.193 0.004 0.10  0.00000 0.000384 1.33
0,
3 6.44 0.34 0.02 7% 0.35 78.5 0.004 8.221 9 1.292 04 04 3 30 38 66 78 73
0.03 0.00 0.48 0.193 0.004 0.10  0.00000 0.000438 134
0,
4 6.44 0.55 0.03 10% 0.4 78.1  0.004 8.179 3 1.292 04 79 2 45 38 69 33 14
0.04 0.00 0.48 0.193 0.004 0.10  0.00000 0.000546  1.35
0,
5 6.44 0.71 0.04 14% 0.5 77.1  0.005 8.074 0 1.292 05 16 2 50 38 71 78 a
0.05 0.00 0.47 0.193 0.004 0.10  0.00000 0.000708  1.37
0,
6 6.44 0.93 0.05 17% 0.65 75.7  0.007  7.927 5 1.292 06 29 5 75 37 73 82 56
0.06 0.00 0.46 0.193 0.004 0.10  0.00000 0.000870  1.40
0,
7 6.44 1.11 0.06 21% 0.8 742  0.008 7.770 5 1.292 08 35 3 90 36 75 32 09
0.07 0.00 0.44 0.193 0.005 0.10  0.00000 0.001085 1.46
0,
8 6.44 1.36 0.07 24% 1 70.8 0.010 7.414 4 1.292 09 23 2 05 34 78 30 45
0.09 0.00 0.42 0.193 0.005 0.10 ~ 0.00000 0.001408 1.52
0,
9 6.44 1.61 0.08 28% 1.3 68 0.013  7.121 3 1.292 12 48 2 20 33 30 30 13
0.10 0.00 0.40 0.193 0.005 0.10  0.00000 0.001676  1.58
0,
10 6.44 1.77 0.09 31% 1.55 65.1 0.016 6.817 6 1.292 13 67 5 35 31 82 03 70
0.00 0.00 0.00 0.193 0.005 0.10  0.00000  0.000000  0.00
0,
11 6.44 1.99 0.10 34% 1.85 0 0.019  0.000 0 1.292 00 00 2 50 47 35 00 00
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Power vs Angular Velocity
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CS. Rotor with Two 50.44mm Square Blades

Data for Rotor with Two 50.44mm Square Blades

U=6.588 m/s
Recorded Data Calculated Data Uncertainty
Run Windspe Volta Ampera % Torq RP Torq o Pow p Cp Cs O\indspee G Amp (0} oT oP oP
Numb ed ge ge Max ue M ue (rad/ er (kg/m™ d FA) (€3 (= N'm) & w (€2
er (m/s) V) A) Curre (N-c (N'm) s) (w) 3) (£ m/s) rad/s %)
nt m) )
0.00 0.00 045 0.000  0.108  0.00000 0.00
0,
1 6.588 0 0.00 0% 0 742 0.000 7.770 0 1.292 00 31 0.1976 0 6 00 0.0000 00
0.01 0.00 045 0.004  0.108 0.00000 0.000275 1.42
0,
2 6.588 0.2 0.01 3% 025 737 0.003 7.718 9 1.292 02 01 0.1976 15 6 64 39 99
0.02 0.00 043 0.004  0.108 0.00000 0.000382  1.45
0,
3 6.588 0.4 0.02 7% 035 719 0.004 7.529 P 1.292 03 91 0.1976 30 5 66 9% 32
0.03 0.00 043 0.004  0.108 0.00000 0.000436  1.47
0,
4 6.588 0.6 0.03 10% 0.4 70.8 0.004 7.414 0 1.292 03 24 0.1976 45 4 69 67 24
0.03 0.00 042 0.004  0.108 0.00000 0.000544 1.48
0,
5 6.588 0.7 0.04 14% 0.5 69.9 0.005 7.320 7 1.292 04 69 0.1976 60 4 71 37 74
0.04 0.00 041 0.004  0.108 0.00000 0.000705 1.54
0,
6 6.588 0.9 0.05 17% 0.65 67.3 0.007 7.048 P 1.292 05 10 0.1976 75 5 73 47 00
0.05 0.00  0.39 0.004  0.108 0.00000 0.000866  1.59
0,
7 6.588 1.1 0.06 21% 0.8 64.8 0.008 6.786 4 1.292 06 57 0.1976 90 1 75 0 60
0.06 0.00  0.37 0.005  0.107 0.00000 0.001080  1.67
0,
8 6.588 1.3 0.07 24% 1 61.5 0.010 6.440 4 1.292 08 56 0.1976 05 9 73 56 78
0.07 0.00 035 0.005  0.107 0.00000 0.001401 1.77
0,
9 6.588 1.5 0.08 28% 1.3 58.1 0.013 6.084 9 1.292 09 48 0.1976 20 3 30 75 2
0.08 0.00 032 0.005  0.107 0.00000 0.001666  1.93
0,
10 6.588 1.7 0.09 31% 1.55 531 0.016 5.561 P 1.292 10 3 0.1976 35 5 32 38 40
0.00 0.00  0.00 0.005  0.104  0.00000 0.00
0,
11 6.588 1.9 0.10 34% 1.85 0 0.019  0.000 0 1.292 00 00 0.1976 50 7 35 0.0000 00
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