Blade Variables and Turbine Efficiency

Blade Variables and Turbine Efficiency
Wind turbines extract energy by slowing down the wind. The blades of a wind turbine capture the kinetic energy of the wind and ultimately convert it into electrical energy. 
The efficiency of a wind turbine can be defined by the following equation 
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For a wind turbine to be 100% efficient, all of the energy available in the wind would be converted into electricity. In other words, all of the energy in the wind would be transformed and the wind would stop moving. This is not possible in practice, because a wind turbine needs some wind to pass through the blades in order to rotate. If a rotor stopped all the wind, it would not turn, and therefore it would not be able to convert the wind’s kinetic energy to electrical energy.
[image: image1.wmf]Electrical power transformed by the wind

 turbine

Efficiency

Power available in the wind

=

[image: image4.jpg])

N
= g
=1 _\|¥
STt
NV, Y

V[ \\[—>




[image: image5.jpg]


A German physicist, Albert Betz, calculated that no wind turbine could convert more than 59.3% of the kinetic energy of the wind into mechanical energy turning a rotor. This is known as the Betz Limit, and it is the theoretical maximum efficiency for any wind turbine. In typical operating wind speeds, most modern wind turbines are 25–45% efficient.
Figure 1

The Betz Limit applies only to the transformation of the kinetic energy in the wind into mechanical energy in the rotating blades. The generator in the wind turbine, which transforms the mechanical energy into electrical energy, further reduces the total efficiency. To understand this process, imagine that the blades of the wind turbine in Figure 1 convert 50% of the available power in the wind into mechanical energy (rotation). Then, the generator converts 80% of this mechanical energy into electrical energy. The overall efficiency of this wind turbine would therefore be 0.5 x 0.8 = 0.4, or 40% efficient. 
Wind turbine blades will perform differently in different wind speeds. Wind turbine engineers try to maximize the efficiency of the rotor across a range of wind speeds. A wind turbine needs to be highly efficient at low wind speeds (4–8 m/s), which are most common. But the turbine also needs to perform and survive in extreme wind speeds (>25 m/s)! This can be quite a challenge for wind turbine engineers.
Over time, engineers have experimented with many different shapes, designs, materials, and numbers of blades to find which work best. In this experiment, you will explore the optimal blade design to maximize efficiency.
OBJECTIVES

· Collect data and determine how much electricity is produced by a wind turbine.

· Calculate the efficiency of a wind turbine.
· Understand how blade design variables affect efficiency.
· Test blade design variables.
· Evaluate data to determine which blade design is most efficient.
MATERIALS

	Vernier data-collection interface
	large KidWind turbine

	Logger Pro or LabQuest App
	fan

	Vernier Differential Voltage Probe
	blades

	Vernier Current Probe
	tools to modify blades:

	Vernier Anemometer
	   scissors, protractor, ruler, etc.

	Vernier Resistor Board
	ruler

	safety glasses
	


Preliminary Questions
1.
How many blades do most wind turbines have? What do you think would happen if a wind turbine had more or fewer blades?

2.
What do you think makes one turbine work better than another?

3.
What variables affect the amount of power a turbine can generate? Do some variables matter more than others? For example, is blade pitch more important than the number of blades?

PROCEDURE

1.
Connect the Current Probe, Voltage Probe, and Anemometer to the data-collection interface. Choose New from the File menu. The default data-collection parameters work well for this experiment.

2.
Create a plan to collect data for the blade variable you are testing. You will modify the blades 3–5 times for your blade variable. For example, if you are testing blade pitch, you will collect data for 3–5 different angles. 
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3.
Set up the equipment. 

a. Set up the blades based on your plan. For example, if you are testing blade length, your blades should be at the longest length that you will test.
b. Measure the radius of the turbine (see Figure 2) and record the value in Table 2.
c. Position the equipment as shown in Figure 3. Align the center of the fan with the center of the wind turbine hub. Measure the distance between the fan and the turbine hub and ensure that the distance remains constant throughout the experiment.

d. Position the Anemometer between the fan and the turbine. It should be in the same position each time you collect data.

4.
Connect the turbine, 30 ( resistor, wires, and clips as shown in Figure 4. The T in the circuit diagram is the wind turbine. Take care that the red lead from the turbine and the red terminal of the Current Probe are connected.

5.
Zero the probes.

a. Ensure that the fan is off and the turbine is fully stopped.

b. With no current flowing and with no voltage applied, wait for the readings on the screen to stabilize. 

c. When the readings on the screen stabilize, choose Zero►All Sensors from the Sensors menu. The readings for all sensors should be close to zero.


6.
Since the direction of spin of the turbine depends on the design of the blades, you will need to check to see that both the current and voltage readings are positive.

a. Turn on the fan.

b. Look at the meter for the live readouts and note whether either reading is negative or zero.

c. If the voltage reading is negative or zero, unclip the Voltage Probe clips and switch them.

d. If the current reading is negative, switch the clips on the Current Probe to the opposite terminals.

7.
Collect data and determine the average current and voltage readings.

a. Start data collection.

b. When data collection is complete, choose Statistics►Current from the Analyze menu. 

c. Record the mean current reading in your data table.

d. Choose Statistics►Voltage from the Analyze menu.

e. Record the mean voltage reading in your data table. 

f. Choose Statistics►Wind speed from the Analyze menu.

g. Record the mean wind speed reading in your data table. 

8.
Collect a second run.

e. Repeat Step 4 one more time, for a total of two runs.

f. Turn off the fan.

9.
Adjust the blades and collect additional data. 

g. Modify the blades according to your plan. 

h. Measure the radius of the turbine (see Figure 2) and record the value in Table 2.

i. Return the fan, wind turbine, and Anemometer to the correct positions. Check the distance between the fan and turbine and the position of the Anemometer. The wind speed should be the same each time you collect data.

j. Turn on the fan to the high setting. Wait for 60 seconds, or until the fan and the blades reach a constant speed.

k. Repeat Steps 7–8 to collect a total of two runs of data.


10.
Repeat Step 9 until you have collected all the data that you need to test your blade variable.
DATA table
	Table 1

	Variable
(length, blade pitch, etc)
	Run
	Average voltage
(V)
	Average current 
(A)
	Average wind speed 
(m/s)
	Power
(W)

	
	1
	
	
	
	

	
	2
	
	
	
	

	
	Average wind speed (m/s): 
	Average power (W):

	
	1
	
	
	
	

	
	2
	
	
	
	

	
	Average wind speed (m/s): 
	Average power (W):

	
	1
	
	
	
	

	
	2
	
	
	
	

	
	Average wind speed (m/s): 
	Average power (W):

	
	1
	
	
	
	

	
	2
	
	
	
	

	
	Average wind speed (m/s): 
	Average power (W):

	
	1
	
	
	
	

	
	2
	
	
	
	

	
	Average wind speed (m/s): 
	Average power (W):


	Table 2

	Variable
(length, blade pitch, etc)
	Average wind speed
(m/s)
	Radius 
(m)
	Swept area
(m2)
	Wind power available
(W)
	Efficiency
(%)

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	


	Table 3

	Air density, (
	kg/m3


ANALYSIS

Part I  Turbine power

Wind turbines contain generators to transform rotational force into electricity. Using your current and voltage measurements, you can determine the power generated by the wind turbine for each blade variable tested.

1.
Using the wind speed values you recorded, calculate an average wind speed for each modification you made.

2.
Use the average current and voltage values to calculate the power for each modification of the blade variable. This is the amount of wind energy that was converted to electricity, in other words, the turbine power. Record the results in Table 1. 
Note: Power = Current ( Voltage
3.
Using the power values you calculated, calculate an average power value for each modification.

Part II  Wind power

Only a fraction of the wind energy available is converted to electricity. In order to determine the efficiency of the turbine, you will first need to determine the wind energy theoretically available in a column of wind of a certain area.
4.
Copy the variable information and the average wind speed values from Table 1 into Table 2. 
5.
Record the air density, (, in Table 3. At sea level and at 15°C, air has a density of approximately 1.225 kg/m3. If you are located at a high altitude or extreme temperature, consult your instructor for the appropriate values for your area.

6.
Calculate the swept area, A, for each blade modification. If you did not change the length of the blade, you may only have to do this calculation one time.
l. The blade sweeps out an area in the shape of a circle of radius, r (see Figure 2). Calculate the swept area, A = (r2, for each modification that you made and record the results in Table 2.
m. Using your values for air density ((), swept area (A), and average wind speed (v), calculate how much power is theoretically available in the wind.
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Record your result in Table 2 for each blade modification.
Part III  Efficiency
The efficiency of a wind turbine can be defined by the following equation 
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7.
Calculate the ratio of turbine power to wind power to determine the efficiency for each blade modification.

8.
Create a graph of turbine efficiency vs. the variable you tested.

9.
Which blade modification produced the most efficient wind turbine? The least?


10.
Compare the wind turbine efficiency values to the Betz Limit.


11.
Most modern wind turbines are 25–45% efficient. How do your values compare? Explain any discrepancies.

Extensions
1.
Share your results with the rest of the class. Then, summarize the group findings in a report. Answer at least some of the following questions in your summary.

· What variable has the greatest impact on power output?

· What type of blades were the most efficient at low speeds? High speeds?

· What number of blades was most efficient?
· What shapes worked best? 
· What length worked best? Did longer blades bend in the wind? Was this a problem?
· What problems did you encounter?

· What happened when the diameter of the turbine rotor was bigger than the diameter of the fan?

2.
Use the collected data to design more efficient wind turbine blades and test what you predict will be the best combination.
3.
Test blades at a different wind speed. Does this affect the efficiency?
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