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ME 314 - Mechanical Engineering Laboratory II – Spring 2011

Western New England College

Springfield, Massachusetts

Wind Turbine Evaluation Laboratory

Instructor:  Dr. Richard B. Mindek, Jr.


Rev. 6/21/10

WIND TURBINE EVALUATION LABORATORY

OBJECTIVES

The primary objective of this laboratory is to familiarize students with the theory, operation, and application of open rotor wind turbines.  This is accomplished by:

(1) Determining the Bergey wind turbine (1 kW, on top of Sleith Hall) experimental efficiency by measuring power output as a function of load;

(2) Calculating the theoretical power output of the Bergey wind turbine using Control Volume Theory;

(3) Comparing theoretical and experimental power output as a function of wind velocity;

(4) Introducing students to methods of measurement using data acquisition and personal computers;

DEFINITION OF SYMBOLS

Refer to the following for the definition of symbols used throughout this report.  Constants are also defined here, giving the values of the constants.


γ
=
Specific weight

· γ (H2O) = 62.4 lb/ft3
ρ 
= 
density of air in slugs/ft3

η 
=
Efficiency


D 
= 
Diameter of the wind turbine face in feet


F
= 
Faraday’s constant = 96485 C/mol (1 C = l Amp•sec)


gc
=
32.174 
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Hl 
=
Heating value of hydrogen2 = 10.8·106 J/m3 (also called ‘lower heating value’)


H0 
=
Gross calorific value of hydrogen1 = 12.745·106 J/m3 (also called ‘upper heating value’)


h 
=
Height in inches or meters

I
=
Current in amps

ISC
=
Short circuit current in amps

K
=
Conversion factor in Volts / (Watts/m2) of a pyranometer

P
=
Power in watts

p
=
Pressure in psf or kPa

psi 
= 
Ambient pressure in Pa (1 Pa = l N/m2)

pus 
= 
Pressure of the air in psf

R
=
Resistance in ohms

Rair = 
Gas constant of air (53.3
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RU
= 
Universal gas constant = 8.314 J/mol•K (1 J = 1 N•m)


SG
=
Specific gravity (dimensionless)

· SG (H2O) = 1

· SG (H2) = 0.070

t 
= 
Time in seconds

TK
= 
Ambient temperature in Kelvin

TR 
= 
Temperature of the air in Rankine

V
=
Voltage in volts


Va 
= 
Average air velocity in ft/s


V1 
= 
Air velocity exiting the wind tunnel in ft/s


V4
= 
Air velocity after the wind turbine in ft/s


VH2 =
Volume of hydrogen, in meters3

z 
= 
Number of electrons to release one molecule

· z (H2) = 2, i.e. 2 mols of electrons are required to release 1 mol of hydrogen

· z (02) = 4

Z
=
Impedance

**Any variable with a line above it means the average of that variable.  (Example - 
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 means the average voltage, current, or power.

1 ‘Gross calorific value’ is defined as the energy released during the combustion (oxidation) of a substance. It also includes the energy the water vapour from the fuel contains as condensation heat. This energy cannot be used in conventional firing systems. A value that neglects the condensation heat is therefore also formulated. This is called the heating value. The heating value is used in physics and engineering calculations, whereas the gross calorific value is used in chemistry.

2‘Heating value’ is defined as the energy released during the combustion (oxidation) of a substance. It also includes the energy the water vapour from the fuel contains as condensation heat. This energy cannot be used in conventional firing systems. A value that neglects the condensation heat is therefore also formulated. This is called the heating value. The heating value is used in physics and engineering calculations, whereas the calorific value is used in chemistry.

INTRODUCTION

Finding alternative sources of energy is an important area of research today.  Much time and many resources are being spent looking for effective and efficient alternative energy sources.  Today, fossil fuels are the most widely used fuel.  One major problem with fossil fuels is that they pollute the environment.  With the world becoming increasing aware of pollution, and the negative effects it has on the planet, finding ways of decreasing pollution is a must.  Also, there is a finite amount of fossil fuels.  Once these reserves are depleted, other ways of producing energy will be needed.  So the race is on to find other energy sources to replace fossils fuels (oil, gasoline, coal, etc).  There are three major alternative energy sources being used today – solar energy, wind energy, and hydrogen energy.

Solar energy is collected from the sun by photovoltaic cells.  The panels are comprised of solid-state semi conductors, which convert sun light into electrical energy.  One of the problems with the early solar panels was that they were very inefficient.  New technologies, better operating materials, and the increased efficiency of solar cells has renewed interest in collecting solar power.

Wind energy has been used for thousands of year.  It was first used to sail ships and to power windmills that drained water or ground grain.  Wind energy technology received more attention during the oil problems in the 1970’s.  The ideas of wind energy were refined and new technologies were developed.  Improvements included better frames, different blade geometries, and better turbines.  These helped to increase the efficiency of wind turbines, and that work continues today.  

One of the newer alternative energy sources being explored intensively today is hydrogen power.  Even the automobile manufacturers are developing hydrogen powered vehicles.  For hydrogen power, fuel cells are used.  A hydrogen fuel cell takes a hydrogen molecule and recombines it with an oxygen molecule.  In this process, energy is produced, which can then be used.  The only byproduct of this process is water.  For the fuel cell to work, it uses hydrogen, which has to be produced – mainly from the electrolysis of water (using a device called an electrolyzer).  It has been proposed to use solar and wind energy to power an electrolyzer.  The electrolyzer produces hydrogen, which is then used by the fuel cell.  An advantage of a system like this is that it only uses alternative energy sources, so the worries about pollution and depleting fossils fuels are not a concern.

The purpose of this project was to design and construct a demonstration system that used solar and wind energy to power a fuel cell.  This system could then be used to demonstrate the capabilities, safety, and benefits of using alternative energy.  The set up had to be easily operated and aesthetically pleasing.  Tests were performed to find the power curves, the voltage-current characteristics, and the efficiencies of the individual components.

IMPEDANCE MATCHING

Impedance is defined as a measure of the total opposition to current flow in an alternating current circuit, made up of two components, ohmic resistance and reactance, and usually represented in complex notation as Z = R + iX, where R is the ohmic resistance and X is the reactance.  This impedance represents the relationship between voltage and current which a device is capable of accepting or delivering, as shown by:
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For a pure resistor, Z = R.  Because the phase affects the impedance and because the contributions of capacitors and inductors differ in phase from resistive components by 90 degrees, a process like vector addition is used to develop expressions for impedance.  Combining impedances has similarities to the combining of resistors, but the phase relationships make it practically necessary to use the complex impedance method for carrying out the operations.  (Nave, 2005)

The maximum power output of a device (solar panel, wind turbine, fuel cell) occurs when the impedance of the source equals the load.  This is known as impedance matching.  Devices like motors, solar panels, wind turbines, fuel cells, etc., all have impedances.  Different loads (impedances) that are applied to these devices will result in slightly different power outputs of the devices.  So, as different loads are applied, the power output will change, with a maximum when the impedance of the source equals the load.  The impedances can be matched experimentally by varying the load and finding the maximum power output.  (What is Impedance?, 2005)
WIND TURBINE BACKGROUND

Wind turbines capture the wind's energy with two or three propeller-like blades, which are mounted on a rotor, to generate electricity. The turbines sit high atop towers, taking advantage of the stronger and less turbulent wind at 100 feet or more above ground. A blade acts much like an airplane wing. As the wind blows, a pocket of low-pressure air forms on the downwind side of the blade. The low-pressure air pocket then pulls the blade toward it, causing the rotor to turn (called lift).  The force of the lift is actually much stronger than the wind's force against the front side of the blade (drag). The combination of lift and drag causes the rotor to spin like a propeller, and the turning shaft spins a generator to produce electricity.  Modern wind turbines are divided into two major categories: horizontal axis turbines and vertical axis turbines.  (Wind Energy Basics, 2004)
Horizontal axis turbines are the most common turbine configuration used today. They consist of a tall tower, atop which sits a fan-like rotor that faces into or away from the wind, the generator. Most horizontal axis turbines built today are two- or three-bladed, although some do have more or less blades.  A horizontal wind turbine is shown in Figure 1.  (Wind Energy Technologies, 2004)
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Figure 1 – Horizontal axis wind turbine (Wind Energy Technologies, 2004)
Vertical axis turbines wind fall into two major categories: Savonius and Darrieus.  The Darrieus turbine is often described as looking like an eggbeater.  This vertical axis wind turbine has vertical blades that rotate into and out of the wind. Using aerodynamic lift, these turbines can capture more energy than drag devices. The Giromill and cycloturbine are variants on the Darrieus turbine.  

The Savonius turbine is S-shaped when viewed from above. This drag-type VAWT turns relatively slowly, but yields a high torque. It is useful for grinding grain, pumping water, and many other tasks, but its slow rotational speeds are not ideal for generating electricity.  (Egglestion, 1998)
Vertical axis turbines are rarely used today.  Different vertical axis wind turbines are shown in Figure 2.
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Figure 2 – Vertical axis wind turbines (Egglestion, 1998)
THEORY

The aim of the wind turbine testing is to find the maximum efficiency and to develop the voltage-current characteristic curve.  From the voltage-current characteristic, the power curve and maximum power are determined.  

From the maximum power output, the maximum efficiency of the wind turbine is obtained.  The maximum power output occurs when the impedance of the source equals the load.  Through varying the load on the wind turbine and recording the power output, the maximum output is found.  The power input to the wind turbine is delivered by the wind.

To find the efficiency of a wind turbine, a control volume is setup around it.  This is shown by Figure 7.
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Figure 7 – Control volume around a wind turbine (Janna, 1993)

This control volume is used to find the power into and out of the system.  The left side of the control volume (Station 1) represents the wind source.  This point is measured at 1.5 wind-turbine-diameters before the wind turbine.  Station 4 is measured 2 wind-turbine-diameters downstream from the wind turbine.

Wind turbines have a maximum possible efficiency, known as the Betz Limit, of 59%.  This is because as the wind turbine extracts energy from the air flow, the air is slowed down, which causes it to spread out, allowing it to divert around the wind turbine to some extent. A German physicist named Albert Betz determined in 1919 that a wind turbine can extract at most 59% of the energy that would otherwise flow through the turbine's cross section. The Betz limit applies regardless of the design of the turbine.

Simply put, if 100% of the energy available in the wind is captured, the wind would be stopped completely.  This would require the turbine to be like a solid disk, which would not rotate because the wind would simply blow around it.  The opposite of this is that if none of the energy in the wind is captured, a turbine is not needed.  A limit must exist therefore because the wind is able to flow around any major obstruction. (Harnessing the Energy of the Wind)
The efficiency of a wind turbine is defined as shown in the following equation.
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The power from the wind is theoretically calculated.  The theoretical power in is defined as,
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The theoretical power out is defined as shown in Equation 4.  The other variables need to calculate the different powers are defined in Equations 5-7.
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Theoretical and experimental efficiencies are found using Equations 8 and 9.  The theoretical experimental efficiency is found using the theoretical powers (PIN Theoretical and POUT Theoretical) calculated from experimental data.  This number can not be larger than 59%.  The experimental efficiency is found using the experimental power out (measured) and the theoretical power in, and will be less than and at most equal to the theoretical efficiency.
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Wind Turbine Testing Setup and Methodology

(Note: For complete detailed step by step instructions, see the Appendices.)


When testing the wind turbine, the load box was used.  The wind turbine was connected to port 1 and port 2 was left open.  The testing circuit used is shown in Figure 35.
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Figure 35 - Setup for determining the characteristics of a wind turbine

The wind turbine was setup behind a variable speed wind tunnel at a distance of 1.5 times the diameter of the wind turbine.  The Rutland 503 had a diameter of 20 inches meaning the wind turbine was placed 30 inches behind the wind tunnel.  Wind measurements were also taken at a section two diameters downstream from the wind turbine.  Using the Rutland 503, measurements were taken 40 inches downstream from the wind turbine.  Different points needed to be measured and the average of the points taken.  Below (Figure 36) are locations where measurement points were taken for both the wind tunnel exit and two diameters behind the wind turbine.
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Figure 36 – Measurement locations

The wind velocity was measured using the EXTECH Hydro-Thermo-Anemometer (Figure 37).
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Figure 37 – EXTECH Hydro-Thermo-Anemometer

Voltage-Current Characteristic and Power Curves


To obtain the voltage-current characteristic and power curves for the wind turbine, the wind tunnel was turned to maximum flow, the loads (resistances) of the load box were varied and the resistance, voltage, and current were recorded.  An elapse time of 20 seconds was allowed between measurements.  Using the experimental data, the voltage-current and power-voltage curves were plotted.

Maximum Efficiency


To find the maximum efficiency, the equations in Section III.A of this paper were used.  Both theoretical and experimental efficiencies were found.  The power in was found using the control volume analysis.  The maximum experimental power output was found from the power curve.

Wind Speed Curves


Instead of varying the load, the load can be held constant and the wind speed can be varied.  This was done.  For each setting of the wind tunnel, the wind speed at the nine points, voltage, and current were measured.  For each wind tunnel speed, the power and efficiency were calculated.  These were then plotted against the wind speed of the incoming air.

Wind Turbine Results and Discussion

The wind speed on the wind tunnel was held constant.  The load was varied.  The following data was taken (Tables 1-3).  

Table 1 – Wind tunnel exit (1.5 diameters before the wind turbine)

	Wind Tunnel Outlet (ft/min) - V1

	Blower 
Setting
	Point
1
	Point
2
	Point
3
	Point
4
	Point
5
	Average
(ft/min)
	Average
(ft/s)
	Average
(mi/hr)

	100
	2490
	2001
	2236
	2007
	2040
	2154.80
	35.91
	24.49


Table 2 – Two diameters downstream from the wind turbine

	2 Diameters (40 in) After Wind Turbine (ft./min) - V4

	Blower 
Setting
	Point
1
	Point
2
	Point
3
	Point
4
	Average
(ft/min)
	Average
(ft/s)
	Average
(mi/hr)

	100
	40
	36
	44
	41
	40.25
	0.67
	0.46


Table 3 – Voltage and Current

	Load (Ohms)
	V (volts)
	I (amps)
	P= I۰V
(watts)

	0
	0.20
	0.91
	0.182

	0.2
	0.20
	0.91
	0.182

	0.4
	0.40
	0.93
	0.372

	0.6
	0.52
	0.95
	0.495

	0.7
	1.61
	0.98
	1.578

	3.6
	3.42
	1.00
	3.420

	33
	22.80
	0.67
	15.185

	69
	27.05
	0.34
	9.197

	104.8
	27.61
	0.24
	6.626

	249
	28.26
	0.15
	4.267

	332
	28.71
	0.10
	2.928

	424
	29.42
	0.06
	1.618

	∞
	30.60
	0.00
	0.000


Tables 4 and 5 show the additional data needed for calculating the efficiencies of the wind turbine.  They were used in Equations 4 and 5.

Table 4 – Density calculations for air

	Pressure =
	14.7
	psi
	2116.8
	psf

	Temp = 
	60
	°F
	520
	R

	ρ = 
	0.0763747
	lbm/ft³
	0.002374
	slug/ft³


Table 5 – Area calculations

	Diameter =
	19.7
	in

	
	1.64
	ft²

	Area =
	1.29
	ft²


From the data in Table 3, the following plots were generated, Figures 43 and 44. 
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Figure 43 – Voltage-current characteristic of the wind turbine
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Figure 44 – Power curve of the wind turbine

In Figure 43, the general trend shows that as the voltage increased, the current decreased.  Figure 44 shows the power curve.  As shown, the maximum power output was 15.2 watts.  This power occurred at a resistance of 33 ohms.  


Once the maximum power was found, the maximum efficiency was found.  Using the data in Tables 1, 2, 4, and 5, Table 6 was generated.  This table shows the theoretical and experimental efficiencies for a load of 33 ohms at a constant wind speed.

Table 6 – Maximum efficiency calculations
	Blower 
Setting
	V1
 (ft/s)
	Power-In
(Theoretical)
	V4
(ft/s)
	Va
(ft/s)
	Power-Out
(Theoretical)
	Efficiency
(Theoretical)
	Power-Out
(Experimental)
	Efficiency
(Experimental)

	100
	35.91
	70.89
	0.67
	18.29
	36.09
	50.9%
	15.18
	21.4%


As this table shows, the maximum efficiency of the wind turbine was found to be 21.4% using a 33 ohm load.


Next, the efficiency and wind speed curves were plotted.  To do this, the load (resistance) was held constant and the wind speed was varied.  Because the maximum power occurred at 33 ohms, it was used for this test.  Tables 7-9 show the results of this test.

Table 7 – Wind Tunnel Exit (1.5 diameters before the wind turbine)

	Wind Tunnel Outlet (ft/min) - V1

	Blower 
Setting
	Point
1
	Point
2
	Point
3
	Point
4
	Point
5
	Average
(ft/min)
	Average
(ft/s)
	Average
(mi/hr)

	50
	0
	0
	0
	0
	0
	0.00
	0.00
	0.00

	60
	1006
	1154
	979
	1066
	1061
	1053.20
	17.55
	11.97

	70
	1345
	1553
	1320
	1444
	1345
	1401.40
	23.36
	15.41

	80
	1668
	1706
	1673
	1848
	1690
	1717.00
	28.62
	18.88

	90
	2094
	2417
	2100
	2324
	2111
	2209.20
	36.82
	24.29

	100
	2198
	2597
	2182
	2384
	2253
	2322.80
	38.71
	25.54



Table 8 – Two diameters downstream from the wind turbine

	2 Diameters (40 in) After Wind Turbine (ft./min) - V4

	Blower 
Setting
	Point
1
	Point
2
	Point
3
	Point
4
	Average
(ft/min)
	Average
(ft/s)
	Average
(mi/hr)

	50
	0
	0
	0
	0
	0.00
	0.00
	0.00

	60
	0
	0
	0
	0
	0.00
	0.00
	0.00

	70
	0
	0
	0
	0
	0.00
	0.00
	0.00

	80
	0
	0
	0
	0
	0.00
	0.00
	0.00

	90
	36
	36
	35
	33
	35.00
	0.58
	0.38

	100
	37
	37
	34
	34
	35.50
	0.59
	0.39


Table 9 – Voltage and current measurement

	Turbine Power @ 33Ω

	Blower 
Setting
	V (volts)
	I (amps)
	P= I۰V
(watts)

	50
	0
	0
	0.00

	60
	7.44
	0.2107
	1.57

	70
	11.64
	0.3105
	3.61

	80
	16.01
	0.472
	7.56

	90
	21.06
	0.627
	13.20

	100
	22.8
	0.666
	15.18


To calculate the efficiency at each wind speed, Equations 2-7 were used.  The air conditions and wind turbine area data in Tables 4 and 5 were also used.  The theoretical and experimental efficiencies were found using Equations 8 and 9.  The result is shown in Table 10.

Table 10 – Efficiency calculations

Blower 


V1


Power-In 


V4 


Va


Power-Out 


Efficiency



Power-Out


Efficiency


	(Experimental)

	60
	17.55
	8.28
	0.00
	8.78
	4.14
	50.0%
	1.57
	18.9%

	70
	23.36
	19.50
	0.00
	11.68
	9.75
	50.0%
	3.61
	18.5%

	80
	28.62
	35.86
	0.00
	14.31
	17.93
	50.0%
	7.56
	21.1%

	90
	36.82
	76.39
	0.58
	18.70
	38.79
	50.8%
	13.20
	17.3%

	100
	38.71
	88.79
	0.59
	19.65
	45.06
	50.8%
	15.18
	17.1%

	* Power in Watts
	
	
	
	
	
	


Using the data in Table 10, power vs. wind speed (Figure 45) and the efficiency vs. wind speed (Figure 46) were plotted.
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Figure 45 – Power vs. wind speed of the wind turbine

As Figure 45 shows, the power output of the wind turbine increased non-linearly as the wind speed increased.  The manufacturer stated the wind turbine could output 25 watts in a 22 mile per hour wind.  According to the plot, only about half of that (11 watts) was generated.  This loss may to due to the setup.  The outlet of the wind tunnel was smaller in diameter than the wind turbine.  It can be assumed that by the time the wind reached the wind turbine, it was not at 22 mph, but was slower because it expanded.  Also, the wind turbine itself slowed the wind down as the wind blew passed it.  Other losses could be attributed to measurement errors and losses in the wind turbine.
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Figure 46 – Efficiency vs. wind speed of the wind turbine


Figure 46 shows that even though the power output increased with the increase in wind speed, the efficiency actually decreased.  This decrease appeared to be a linear function of the wind speed.  As Table 10 shows, the average experimental efficiency was approximately 18.6%.  As expected, the theoretical efficiencies remained relatively constant, and did not exceed 59%.  Reasons for the low experimental efficiencies are again; errors due to losses in the turbine, instrumentation, and wind moving around rather than through the wind turbine.  Also, as shown from Table 3, the loads used went from 3.6 to 33 ohms.  Using the potentiometer in the load box, it was not possible to get resistance values between 3.6 and 33 ohms.  The maximum power output was found to be at 33 ohms from testing.

PROCEDURE AND REPORT REQUIREMENTS

(A) Verify that 

(J) Each member of the lab team is to write an individual technical memo summarizing the relevant aspects of this lab, using the format outlined in ME Notes on Technical Memoranda (Recall that this document was given to each student at the beginning of the semester, and is posted on Manhattan Virtual Classroom).
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