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ANALYSIS OF A GRAVITY HINGE SYSTEM FOR WIND DEFLECTING
STRUCTURES OF ROOF TOP WIND TURBINES.
ANDREW M. D. MOSS
ABSTRACT
This study presents a mathematical modeling of behavior of a wind deflecting

structure having trap doors supported by gravity hinges. The function of the trap doors is
to be fully closed at low wind speeds (under 6.1 m/s), thereby increasing the wind speed,
and directing the air flow to a pair of roof top wind turbines (1.3 kW nameplate rating).
With wind speeds higher than 6.2 m/s the trap doors will start to open, letting the air
move though the structure rather than directing the air flow to the turbines. The opening
and closing of the trap doors take place with the help of gravity hinges. Under high-speed
wind conditions, the follower of the gravity hinge climbs up the cam surface. As long as
the wind speed stays high, the trap door stays open. When the wind speed falls below a
prescribed value, the force of gravity acting on the trap doors is a restoring force to bring
the trap door into its closed configuration. This study includes the drag force calculations
on the trap doors, the torque created by this drag force in an analysis to examine the
opening and closing behavior of the trap door under various wind speed conditions.
Under the closed trap door position, wind velocity analysis was performed in order to
demonstrate the intended function of the wind deflecting structure for amplifying the
natural wind speed. A detailed static analysis of the gravity hinge was performed to
examine the condition of opening of the trap doors under high wind conditions. A series
of parametric studies were performed to demonstrate the behavior of trap doors under

low and high wind speed conditions. A gravity hinge of a 5S-degree incline was
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considered in this study and the analysis shows the trap doors stay closed for wind speeds
of 6.2 m/s and below. Furthermore, the analysis shows that the trap door is fully open for
wind speeds above 18 m/s. A range of friction coefficient between 0.01 and 0.1 was

considered acting on the components of the gravity hinge.
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NOMENCLATURE

g = Gravitational acceleration constant (Meters/seconds?)

r = Radius of trap door (Meter)

ro = Outer radius of hinge (Meters)

ri = Inner radius of hinge (Meters)

Hcyi = Height of structure (Meters)

Woroject = Projected width of the trap door (Meters)

Viee = Freestream velocity (Meters/second)

Ruap = Radius of the trap door (Meters)

Qty = Number of hinges on a passively controlled trap door (#)
o = Angular opening of the trap door (°)

0 = Angle of inclination of the gravity hinge (°)

Farag = Drag Force from the Wind (Newtons)

u = Friction coefficient (Unitless)

C4 = Drag Coefficient (Unitless)

I = Moment of Inertia (Meters*)

Aswept = Area of wind turbine (Meters?)

m = Mass of the trap door (Kilograms)

p = Density of air (Kilograms/meters?)

Rioliower = Distance from axis of rotation to hinge radius of the acting force (Meters)
F,,;, = Normal force to the hinge surface (Newtons)

F4, = Gravitational force perpendicular force to hinge (Newtons)
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Fg = Gravitational parallel force to hinge surface(Newtons)
F, = Gravitational force acting on the system (Newtons)

Fw1 = Wind force perpendicular to the hinge surface (Newtons)
Fw) = Wind force parallel to the hinge surface (Newtons)
F,, = Wind force acting at the hinge (Newtons)

F, = Parrell force acting along the hinge incline (Newtons)
hx = Height of the door relative to the closed position (Meters)
Cop = Coefficient of performance of the wind turbine (Unitless)
ng = Generator efficiency (Unitless)

1 = Gearbox/Bearing efficiency (Unitless)

Re = Reynolds number (Unitless)

L. = Characteristic length (Meters)

KE = Kinetic Energy (Joules)

PE = Potential Energy (Joules)

v = Kinematic viscosity of air (Centipoises)

Rwind = Location of the wind that acts on the trap door (Meters)
A = Projected Area of the trap door (Meters?)

L = Lagrange Factor (Joules)

dx = Discretization error (unitless)

Vx = Velocity (Meters/second)

Vy = Velocity (Meters/second)

xii



CHAPTER 1
INTRODUCTION

Wind energy is the largest portion of renewable energy used commercially in the
world. Every year continual improvements are made to increase the efficiency and
decrease the cost capital of the wind turbine systems. Wind turbines have been
implemented for harnessing energy since the first century AD and will continue to be
utilized for the foreseeable future. Many countries currently use wind energy as a part of
their overall energy plan with some having a significant percentage and others having a
moderate percentage of their plan.
1.1 History of Wind Turbines

The use of wind turbines for capturing the wind energy and transforming it into
mechanical energy has occurred for centuries. The first account of a wind-driven wheel
for powering a machine was developed by Heron of Alexandria (Shahan, 2019). Since
this invention, wind powered machines have been used to grind corn, flour, and move
water. The primary use for harnessing this energy was to power mechanical machines
until 1887, when Professor James Blyth used a charge accumulator to store wind energy
as electricity. In the early 1900’s, approximately 2,500 windmills were used in Denmark

for converting wind energy to mechanical energy. These wind turbines could produce



between 5 kW to 25 kW, depending on their size and now has advanced to 14 MW with
the Haliade-X14 MW wind turbine (Haliade-X offshore wind turbine).
1.2 Wind Turbine Advantages and Challenges

Wind energy is a preferred source of renewable energy due its many benefits.
Wind energy is the largest global source of renewable energy. Wind energy is generally a
long-term solution for companies because it is cost-effective. This is due to the ample tax
credits and the no fuel cost (wind), to power the turbine. The global cost to the consumer
in 2019 for on shore and offshore wind energy was 5.3 and 11.5 cents per kilowatt-hour
after including the tax credits (Reve, 2020). Wind turbines do not produce greenhouse
gases during energy generation. Only a comparatively minor amount of greenhouse gas is
emitted into the environment during the production, transportation, and installation.
These greenhouse gases are minor and can be annualized over the long service life.

Unlike other energy resources, the price of the wind energy does not fluctuate
within the commodity market because the wind, being at no cost, is not dictated by
resource or supply and demand factors. This leads to greater stability for energy pricing
for the local community by not being tied to the commodity market for an energy fuel
source (Bowers, 2020). With these advantages, wind energy can be a steady corner stone
of the energy market given the cost competitiveness and the independence of the fuel
source.

Despite the numerous benefits of wind energy, the capital cost and location of
generation can be major challenges for consumers to face. The consumer often seeks and
focuses on the lowest price for electric without researching the energy production’s

surrounding benefits, so the wind power needs the ability to compete within this market.



The current ideal location for wind turbines is in a rural setting, which is often a
significant distance from the nearest urban areas that would be consuming this electricity.
With the source being generated in a separate area, the electricity needs to be transmitted
to the consumer markets where combustion plants that require this energy can be
constructed. To fulfill this transfer of electricity from the wind turbines in remote
settings, installation of transmission lines, with additional cost, is required for the
electricity transportation. With this, an additional cost to using this type of product is
added. The wind turbine structures are also relatively large, and the turbine generates a
non-trivial amount of noise as the turbine blades spin. This type of aesthetic and the
added noise pollution are undesirable for a local community, which can make convincing
a community to install this type of a structure a challenge.

The wind turbines can only produce electricity when the wind speed is within the
operating speed of the turbine. The wind amplification geometry helps with meeting the
minimum wind speed requirement, but this also decreases the maximin free stream
velocity of the wind turbine. Despite these challenges, multiple countries have divulged
strategies for overcoming them.

1.3 Country Breakdowns

The benefits and disadvantages on installing wind turbine structures are major
factors on how each country incentivizes renewable energy. Overall, in 2019, the world
produced 26,913 terawatt hours of electricity and only 26.6% of the energy was
renewable. The United States of America produced 4385 terawatt hours and 17.9% was
renewable resources. Sweden produced 157 terawatt hours of electricity in 2019 and

58.7% of it was renewable energy. Saudi Arabia produced 350 terawatt hours with 0.3%



being renewable (2019). Each area’s local environment and incentives play major factors
in the renewable energy production of their country.
1.4 Wind Amplification Concepts

The ability to capture more wind energy has driven the industry to invent new
concepts for increasing the power output of the wind turbine. These concepts range from
increasing the size of the turbine to capture more wind energy, to strategically placing
wind turbines in an arrangement to maximize the output, or to diverting the free stream
velocity towards the wind turbine. The larger the wind turbine is, the higher the power
output is, but this also attributes to a higher capital cost. The larger wind turbine size
becomes, the more difficult it is to implement in a rural setting. The rural setting does not
allow for a wind farm where one turbine is fed oft another wind turbine. The best
approach to incorporate when using urban wind turbines, is a wind deflecting structure.
This is due to a lower capital cost and maximizing the wind energy while maintaining a
smaller system.

The Wind Turbine concept introduced by Dr. Rashidi consists of a cylinder as a
wind deflecting structure to amplify the free stream velocity. At least two turbines are
placed in the amplified wind zone near the wind deflecting structure as shown in Figure
2. This will essentially increase the power of the turbine and allows this turbine to be
placed in lower wind speed environments where the use of a traditional turbine would not
be economically feasible. The Cleveland State University wind turbines, that are based on
the patented Rashidi design, were destroyed during Hurricane Sandy (2016) when the
wind speeds were well above the operation condition of the electronics of the power

generation system. Dr. Rashidi proposed using a gravity hinge to open the wind



deflecting structure during the high wind speed period. The concept of using a gravity
hinge for controlling the wind speed will maximizing the operational range for the
turbine while limiting the potential for turbine damage during high wind speeds.

1.5 Gravity Hinge Background

Wind turbines can become self-destructive if the turbine speed is not controlled
during a period of high wind speeds. The failures of the wind turbine can include, but are
not limited to, destroyed bearings, overheated electronics, catastrophic failure of the
turbine blades, and fire. A wind turbine that is used in conjunction with a wind
amplification structure is at a higher risk of these failures if the system doesn’t have a
secondary protection method for controlling the turbine speed.

The challenge with the wind structure’s wind speed is the potential for exceeding
the cut off speed of the wind turbine. The typical industry standard for cut-off speed of a
wind turbine is 25 m/s. Therefore, a solution is needed for protecting the system. The
cylindrical structure in Figure 4 that uses gravity hinges to control the trap doors,
provides a solution to maximize the wind speed range the turbine can operate under. The
increase in the wind speed range will equate to a higher power output of the turbine over
a larger wind velocity range.

The gravity hinge provides the system with a self-return mechanism using the
gravitational potential energy of the moving door. The gravity hinge is typically found on
a double swing door such as those found in restaurants, to make sure the doors
automatically close. The mechanism is shaped so that when the external forces are no
longer applied, the system will seek the lowest potential energy of the system which is

the close position. The gravity hinges are constructed with using a V cam, where the






wind speeds surpass the wind turbine cutout speed. The addition of passively controlled
trap doors can mitigate the dangers of the high wind speeds. This passive control
mechanism for actuating the trap door, is a gravity hinge that can be designed to increase
the operating range of the wind turbine. When used in conjunction with a wind
amplifying structure, this adds a layer of protection to limit the amplification factor

during extreme wind conditions.















mechanism is the passive control mechanism that can be fine-tuned with various

parameters in the design. The trap doors have the largest angle opening the cylindrical
structure can offer. The gravitational hinge provides a solution to maximizing the safe
operational speed of the turbine by changing the wind speed amplification factor with

opening and closing of the trap door based off the prevailing wind speeds.
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CHAPTER III
MECHANICAL ANALYSIS

The wind deflecting trap door cases that need to be analyzed are the closed and
open positions. The closed position (Figure 4) is when the wind speeds are in the
allowable designed range. The open position (Figure 5) is where the wind speeds exceed
the designed limits. In the open position, the trap doors function to limit the amplification
factor of the wind, limiting potential damage to the wind turbines. The open case is
critical because when the wind speed slows down, the trap doors need to return to a
closed configuration so the wind speed amplification factor will be maximum during the
low wind speeds. A force analysis for the opening and closing of the wind deflecting
structure was conducted in both scenarios.

Two frontal facing trap doors are configured in Figure 7. These four trap doors
will be split into four sections to maximize the operation of the wind turbine. The two
doors facing the free stream velocity will split the structure in half and hinge vertically
per Figure 7. This figure shows the two extreme positions which minimize the wind

amplification factor in the trap door open position.
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The flow around the cylinder is categorized as laminar if the Reynold’s number is
below 5 x 10”5 and turbulent for anything above. Whether or not the flow is categorized
as a laminar or turbulent flow is determined by the Reynolds Number in Equation 2. The

trap door is considered to be a flat plate for determining the flow phenomenon.

Re — VfreeLc (2)

v

Where V,.q. 1s the free stream velocity (15 m/s), L is the characteristic length
(the diameter of the trap door (1 meter), and v is the kinematic viscosity of air at 20°C
(15.16 centipoise). The resulting Reynolds number is 1x 10”6, which places the flow
phenomenon in the turbulent region.

This fluid flow can be approximated using the inviscid flow with the assumption
that the boundary layer is thin and negligent to the area of concern. Since the edge of the
wind turbine is not located inside of the boundary layer, this provides an accurate
modeling technique of the flow field the wind turbine will experience.

3.2 Kinematics of the Trap Door

The drag force relies upon the projected frontal area as a variable, and since the
trap doors move during different loading conditions, a solution for solving the frontal
area of the trap doors needs to be solved. The frontal area will depend on the rotation of
the trap door which is determined by the static equilibrium of the system. The trap door’s

movement is shown in Figure 8.
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The trap doors in this configuration can only open 45 degrees, so the projected
area will decrease up to 30% when the trap door is fully opened. This reduction in
projected area directly relates to the drag force equation (Equation 1) where the applied
force will be reduced as the trap doors reach their open position.

The wind deflecting structure contains passively controlled trap doors by way of a
gravity hinge mechanism. The proposed structure will result in the wall of the trap door
moving up to 30% of its diameter away from the turbine. This movement away from the
wind turbine will decrease the wind speed amplification factor. The flow field of the
structure needs to be analyzed to solve for the impact of the wall of the trap door moving
up to 30 % of the diameter away from the turbine location.

3.3 Wind Drag Force (Density and Velocity)

The cut-off speed for a typical wind turbine is 25 m/s, but this is the local wind
speed prior to being amplified by the wind structure. The cylinder shape increases the
wind speed by an amplification factor of 1.6 times so the critical free stream velocity is

defined by Equation 9.

cut—off speed

V= 9)

amplification factor

The resulting free stream velocity acting on the trap doors is 15.6 m/s and this will
be used to determine the resulting drag force on the trap door. The drag force acting on
the projected frontal area will be in the center of the chord of the trap door. This
information is used for the force analysis of the structure and then is used for the contact

pressure and force analysis of the gravity hinge.
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CHAPTER IV
FLUID DYNAMIC ANALYSIS
The critical aspect of the wind turbine and structure is to maximize the power
output and maintain a safe working speed below the cut-out speed. A typical industry cut-
out speed for wind turbines is 25 m/s and the wind amplification factor for a cylinder has
been determined to be 1.6. The relationships between the wind speed and amplified wind
speed are listed in Equation 10:

Vampiiriea = Vrree (amplification factor) (10)

cht—off speed (11)
amplification factor

Vfree =
Using the industry cut out speed and 1.6 for the amplification factor, the

maximum free stream velocity that the system can see is 15.6 m/s prior to cutting out
electricity generation. This analysis is done for the closed position, but the trap door in
the open position will have a different amplification factor due to the angular position of
the trap door in relationship to the incoming free stream velocity. When the trap door
opens, the structure and the trap doors change from a cylinder to an air foil that will
experience a lower drag force due to the change in projected area of the trap door.

The wind amplification factor is dependent on the geometry of the structure and

the location of the wind turbine. The opening of the passive trap door will vary the wind
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4.2 Scheme for Solving the Stream Function Around the Closed Trap Door
Structure

The scheme used for analyzing the structure in the closed position is successive-
over relaxation. The steps involved with solving the flow field include the following:

1. Set the stream function for the boundary.

2. Solve the flow field using Gauss-Seidel.

3. Calculate the error between the last time step and the current stream values.

4. When the error is less than a determined value the solution has converged.

5. Solve for the component velocities in the flow field with central difference

method to determine the node values.
6. Plot the stream function and the “Vy” wind velocity at the center of the
structure.

The parameters used for this simulation include the following radius of 0.5
meters, Viee Of 15.6 m/s, and the computational domain of 3 meters.
4.3 Errors

The potential errors when using a computational method include discretization
error, time step error, boundary layer error, and residual error. Each of these sources need
to be analyzed prior to stating the results to determine the accuracy of the computational
fluid dynamics analysis.
Time Step

The time step does not contribute to the error because this is a steady state
analysis. The time is pseudo and used for tracking the number of iterations until the

solution converges.
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Residual Error

The residual error in Gauss-Seidel is set as a convergence criterion so the code
does not converge unless the delta between iterations is under 5 X 1078, The sum of the
error between the time steps divided by the number of nodes needs to be less than the
convergence criteria. The delta between the stream function time steps needs to be less
than 0.0005 which correlates to a velocity of 0.0495 meters per second. The residual error
is acceptable for the analysis.
Discretization Error

The computational domain is 400 nodes by 400 nodes and the length of the
computation domain is 3 meters. The distance between each node is 7.5 millimeters with
this resolution and the results will not be any finer than this distance. The computational
domain was doubled to 800 by 800 with the distance between the nodes being 3.75mm.
The resulting stream function near the wall did not change so the computation domain of
400 by 400 is sufficient for capturing the fluid phenomenon around the passive trap door.
Boundary Layer Error

The boundary layer error is the thin fluid region near the walls of the trap door.
The thickness of the boundary layer is determined by the wall function equation. The
boundary layer was assumed to be minimal due to the highly turbulent flow in the field
and the fact of the wind turbine being located outside of the boundary layer.
Solving component velocity error

The stream function is solved for going around the wind deflecting structure as
shown in Figure 9. The wind velocity is then resolved to the components as shown in

Figure 9.
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wind amplification factor also means that the trap door doesn’t have to be completely
open at the free stream velocity of 15.6 m/s. Table 2 is a prediction based off the distance
the wind turbine will be at various velocities and predicts the wind speed the trap door

needs to fully open.

Free Stream Closed Position Open Position
Velocity (m/s) Velocity (m/s) Velocity (m/s)
10 16.1 12.7
11 17.7 14.0
12 19.3 153
13 20.9 16.6
14 22.5 17.8
15 241 19.1
16 25.8 204
17 27.4 21.7
18 29.0 229
19 30.6 242
20 322 255

Table II: Free stream velocity vs turbine speed with the trap door open and closed.
Table 2 shows that the trap door does not have to open to the maximum position
until the free stream velocity reaches 19 m/s due to the decreased wind speed
amplification factor. The parametric study of gravitational hinge parameters will use a
free stream velocity of 18 m/s for having the trap door in the open position which makes

sure the trap doors are fully open before the amplified wind speed gets to 25 m/s.
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¢ = \Ja? + b2 — 2abcos(y) (19)

c= \/ 2R% — 2Rpyqp°cos(y) (20)

c= |2Rerap (1= costr)) (21

¢ = RTrap\/Z(1 —cos(y)) (22)

y = 45; becausea = b = RTrap

c= RTmp\/Z(l—cos G)) (23)
¢ = Rppgp + 0.7653 (24)

Since a = b angles must be equal

180-45
€= =

675 (25
sin(e — @) = Ryal/c (26)
Rying = sin(e —a) - c (27)

Rying = sin (67.5 — @) * Ryyqp (28)

Equation 28 shows the relationship between the angular displacement (a) of the

trap door and the location of Rwind. The angular displacement can only be less than 45

degrees due to the mechanical limitations of the motion, so the magnitude of Rwing will

decrease as the angular displacement increases.

The sum of force is in the horizontal direction where Equation 29, shows the

reaction force of the hinge to counter the applied drag force. Equation 30 is the sum of

moments at the hinge to prevent the system from rotating because the trap door is in static

equilibrium.
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The free body diagram is shown in Figure 13: Free body diagram of the structure
and Figure 18: Force Analysis of the rise of the hinge. These figures were used to
calculate the component forces in the hinges. The component forces were then calculated
to determine if the hinge opens or closes based off the component values. The equations
listed above are used in the MATLAB code to determine the effect of each individual
parameter. The MATLAB code is used to determine how each parameter affects the

angular position of the trap door.
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CHAPTER VI
PARAMETRIC STUDIES

The problem has multiple parameters that can influence the trap door’s angular
position. These parameters include the trap door’s weight, trap door’s height, trap doors
projected diameter, coefficient of friction, hinge radius, angle of inclination, trap door
angle opening, and wind velocity. The key criteria include the trap doors are open at the
desired amplified wind speed of 25 m/s and return to the closed position when the free
stream wind speed is O m/s. The gravity hinge mechanism has multiple parameters that
need to be analyzed for understanding how each component influences the passive trap
door’s angular position.

A program written in MATLAB was used to analyze how each parameter effects
the position of the trap doors under various loading conditions. The code performs an
initial evaluation of the parameters to determine if the set satisfies the criteria of the trap
door opening and closing at the desired wind speeds. The loop of the MATLAB code
runs in the following order:

1. Generate a variation list of the parameters

a. Each parameter is varied independently

2. Calculate the drag force on the trap door in the closed position
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3. Perform a force analysis to determine if the trap door starts to open given the
drag force.

4. The drag force is re-calculated at the new position if the trap door changed
location and step 3 is repeated until the trap door is stable or in the max open
position. The code documents the parameters of the system and the angle of
opening.

6. The code sets the drag force to 0 Newtons for simulating when the free stream
velocity is 0 m/s.

7. The force analysis is completed and determined if the trap door moves down
the v-cam on the gravity hinge.

8. When the trap door reaches the end position (0°) or the door stable.

9. The code saves the angular position of the trap door, when the zero-drag force
is applied to the system.

10. The MATLAB code saves all the configurations that the system opens at the
desired speed and returns to the starting position when the drag force is removed.
11. These parameters are then filled into making detailed variation plots where
one parameter is varied when the others are held constant. This determines the
effect of each parameter on the system.

The initial parameter set included the following:

Rrrap = 0.5 meters

Hcyi= 1 meters

Vrree= 10 m/s and 18 m/s

Angle of inclination = 5°, 10°, 20°, 30°, 40°, and 45°
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The details in Figure 19: Interpreting the MATLAB Plots. gives a high-level
overview of how changing the coefficient of friction will affect the angular position of
the trap door. Each one of the MATLAB plot figures provides the parameters that are
held constant for the run, in this case wind speed is 18m/s, mass of the trap door is 100
kilograms, angle of inclination is 5 degrees, and the hinge radius is 10 millimeters. Plot 1
in Figure 19 shows how the sliding force changes based off various coefficients of
friction. Plot 2 shows the corresponding angular displacement of the trap door due to the
changing coefficient of friction. Plot 3 shows what the angle of the trap door will be at
when the wind speed subsides to Om/s after being opened to the angle in plot 2. For
example, a coefficient of friction of 0.01 will have an angular opening of 45 degrees
when the wind speed is 18m/s but when the wind changes to 0 m/s the wind trap door
will close. The second example is a coefficient of friction of 0.1 where the trap door will
fully open at a wind speed of 18m/s, but it will stay open when the wind speed changes to
0 m/s. The frictional force of the trap door is too high for the gravitational force of the
system to return the trap door back to the closed position. This system will only be
feasible when the coefficient of friction of the hinge is less than 0.05 because the
frictional force is too large in comparison with the gravity force for returning the trap
door. This combination of parameters is not ideal because the trap door opens regardless
of what the coefficient of friction, which means the structure will have opened before the
wind speed reached 18m/s. The low opening speed will result in a lower wind speed
amplification, but the turbine will be able to operate at higher free stream velocities vs

without having the gravitational hinge.
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CHAPTER VII
DYNAMIC RESPONSE OF THE SYSTEM

The atmospheric conditions are ever changing, and the passively controlled trap
door is designed to maximize the wind amplification without damaging the wind turbine.
The gravity hinge mechanism is designed to passively control the wind amplification
factor between 1.28 and 1.6 when the trap door is at various positions. The wind will
randomly fluctuate during a storm with gusts being a short burst of higher wind speed.
The trap doors will respond to the gusts with different angles of opening based off the
initial conditions and wind speeds applied. The dynamic response of the system was
derived using Lagrange Multiplier Technique.

The dynamic inputs to the trap door are the wind gusts, with an instantaneous
wind speed lasting at least three seconds over a sample period of ten minutes (Guide to
Meterological Instruments and Methods of Observation, 2008). A wind gust is defined as
a brief increase in the speed of the wind due to transient conditions. A squall is a strong
wind characterized by a sudden onset in which the wind speed increases at least 16 knots
(8.2 meters per second) and is sustained at 22 knots (11.3 meters per second) for at least

one minute. The passively controlled trap door needs to be analyzed with using a squall
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removed the pinon would loose contact with the cam which is impossible. Equation 43 is
a coorindate transformation to determine how far the trap door has traveled in the x-

cooridnate system.

tan(0) =22 -9 <45°  (43)

x
From Figure 27x =71« (44)
tan 0 = :—’; (45)
Equation 45 is the combination of Equation 43 and Equation 44 to relate how the

two different coordinate systems translate into each other. This is simplified to solve for

hx in Equation 46.
h,=tan(@) -r-a (46)
PE=m-g-tan(@) -r-a (47)

=11(@?-m-g-tan(®) -r-a (48

d oL\ oL
P (@) ~ 5o = Twina (49)

aL

o=m-g- tan(0) - r (50)
aL .
£ =la (51)

a [aL .
a(a) =ld (52)
a (L) L .
5(@) —a = Id +m-g-tan(0) - r = tywina (53)
The equation of motion is described by Equation 53. The torque applied to the

hinge due to the drag force applied to the trap door and the distance from the center of the

trap door to the hinge. The following simulations are for a trap door with a moment of
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position is 40 degrees when a sustain wind speed of 15 m/s occurs for a period of longer
than 12 seconds. The second case demonstrated that the trap door’s angular position will
decrease from 40 degrees to 5 degrees when the wind speed subsides from 15 m/s to 6

m/s. The gravity hinge system can passively control the angular position of the trap door

during transient wind speeds.
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CHAPTER VIII
WIND TURBINE POWER OUTPUT
The goal is to increase the wind turbine power output while maintaining the safety
and operation of the turbine. The comparison will be made between three cases including
“Free Stream Velocity”, “Wind Amplification System”, and “Gravity Hinge”. The wind
turbine and air deflecting system will be held constant. The free stream wind velocity will
be varied to see the power output of the wind turbine of each of the cases.

The power output of the wind turbine is governed by the Equation 54 as shown

below.

1
P = EP ) Aswept Cop vfreeg "Ng " Mb (54)

Where is p air density (1.23 kg/m”3 at 20 C and 1 atm), Aswept 1S swept area of the
turbine (0.79 m? for one-meter diameter), is Cop coefficient of performance (turbine
specific), 4 is generator efficiency (assume 90%), and 1;, is gearbox/bearing efficiency
(assume 90%).

The coefficient of performance is the turbine’s ability to convert the wind energy
to rotational mechanical energy for the system. The Cop is dependent on the turbine and
specifically the blade geometer. Figure 31: Example of a coefficient of performance of

wind turbine, shows how the coefficient of performance changes based off the wind

52









Power Output (Watts)
Wind Gravity

Wind Speed No Wind Amplifying Hinge Trap
(m/s) Amplification Structure Door
6.2 50 200 200
15 460 1250 840
19 810 0 1250
25 1250 0 0

Table IIT: Power output of the same wind turbine in different settings.

The inclusion of a gravity hinge trap door mechanism can expand the operational
window of the wind turbine due to decreasing the free stream velocity. The gravity hinge
has the same power output of the wind amplifying structure between the cut-in speed and
the critical speed that the passively controlled trap doors start to open. The turbine
installation that is a free installation will be able to produce power during higher wind
velocities due to the fact the opened structure doesn’t completely mitigate the wind
amplification factor. The installation of a wind amplification system is beneficial due to
the lower cut-in speed of the wind turbine and the inclusion of a gravity hinge expands

the window of operation of the wind turbine.
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CHAPTER IX
SUMMARY AND FUTURE WORK

Wind energy is a major driving force in renewable energy. The major challenge
with wind turbines is the cut-in speed required for starting the system and the cut-off
speed where the turbine can’t produce any more energy safely. The wind deflecting
structure in conjunction with a gravitational hinge significantly improves the cut-in speed
and the cut-off speed of with wind turbine by passively controlling the angular position of
the trap doors.

A fluid dynamic analysis was conducted for predicting the amplified wind speed
the turbine captures. This allows the wind amplification system can be fine-tuned to
maximize the power output. A force analysis was conducted for analyzing if the passive
trap doors would move under the applied loading conditions. The coefficient of friction,
hinge radius (inner and outer), trap door mass, inclination angle, and wind velocity were
calculated to determine the angular position of the trap doors. The system was analyzed
to see if the trap doors would return to the closed position when the applied drag force
was removed.

The wind turbine power output was determined for 3 cases including the wind

amplifying structure, the passively controlled trap doors, and the free stream velocity.
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The system that produced the most power out of the wind turbine was the wind
amplifying structure alone, but it had a much lower cut-out speed. The passively
controlled trap door was able to be operated over a larger range of wind speeds due to
reducing the wind amplification factor.

The passively controlled system explored is the gravity hinge and this compares
to the spring-loaded hinge in the following areas. The gravity hinge is beneficial over the
spring hinge mechanism because the spring experiences fatigue where the spring
coefficient can creep essentially losing the force over time. The gravity hinge uses gravity
as the restoring force so it will not change over time for the system. One concern
regarding the gravity hinge is ensuring the coefficient of friction stays constant over time.
The surfaces of the gravitation hinge could corrode or oxidize and change the friction
coefficient. The spring-loaded hinge will be a lower cost due to the simpler construction
and not having to control the surface finish of the contacting surface. The benefit of using
a spring hinge mechanism is the ability to fine tune the spring force to make sure the door
stays closed.

The areas for future work include building a prototype system and instrumenting
for validating the response of the wind deflecting structure. The fluid flow analysis can
be completed for when the wind deflecting trap doors are in the fully open position. The
transient scenarios can be conducted to validate the response of the structure to a wind

gust.
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