Laboratory Experiments for 

Ehrlich Half of HNRS 228

Spring 2003 Semester

Introduction

This set of seven experiments is concerned with topics relating to various forms of energy, and energy efficiency.  The first experiment is to be done at home and the rest are done in lab.  Experiments are to be written up as described below, and each write-up is due the following week.  No late labs are accepted.  Write-ups should be word-processed, and should include the following: (1) a description of the basic idea of the experiment in your own words, (2) the original data, (3) all calculations, (4) any graphs – drawn properly – preferably by computer, (5) answers to all questions not answered in class, (6) conclusions, including some discussion of experimental errors, plus any original insights you might have.  Do not bother to include the list of procedures followed.  Before you leave the lab be sure to (1) do all calculations, (2) make any graphs by hand, (3) let me check your data, calculations and graphs.  Lab reports must be turned in by the following lab – no late reports accepted.  Grades on reports will be based on: the clarity of your descriptions, the correctness of your results, the completeness and correctness of your answers to questions and your conclusions.  How well the graphs are drawn and labeled, and neatness in general will also be a factor.

You are expected to turn in two lab reports for the Saturday field trip to the Mason Dixon Farm and the Garrett Wind Farm.
List of experiments:

1. Conservation of Mechanical Energy (*******skipped)
2. Newton’s Exponential Law of Cooling

3. Relation Between Power and Energy

4. Efficiency of a Thermoelectric Generator

5. Efficiency of Two Light Bulbs

6. Measuring the Incident Solar Power

7. Solar Electricity

Experiment 1: Conservation of Mechanical Energy (Skip)
This is the only  “do-at-home” lab.  Please ask me in class or by e-mail if you have any questions about the theory or the procedures before you carry it out.  Turn in your lab report at the next in-lab class.

Purpose

To see how well mechanical energy is conserved when you drop a ball or a marble from a given height

Introduction

Mechanical energy, ME, is defined as the sum of the kinetic and potential energy of an object, or in symbols: ME = KE+PE.  Kinetic energy (also known as energy of motion) is defined as: 
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 where m and v are the mass and speed or velocity of some object.  Potential energy is defined as PE = mgh, where h is the height of the object and g is the known acceleration of all falling objects.  During an object’s motion, if no friction is present, its total mechanical energy should remain constant, assuming no work is done on it by outside forces.  Thus, if an object is dropped from rest, for example, from a height h, it starts out with zero kinetic energy and a potential energy mgh.  Just before the object hits the ground it will have lost all its potential energy (since h=0), and the initial potential energy has been converted entirely into kinetic energy.  In this experiment we shall find the initial PE before a small ball or marble is dropped, and its final KE just before it strikes the ground, and see if the two quantities are equal within the measurement uncertainties.  (Two things will never be measured to be exactly equal, so it is important to keep track of the uncertainties.)  We shall need to make one assumption about a falling ball, namely that as it falls, its speed increases at a constant rate, or in other words, its acceleration, g, remains constant.  If the speed starts at zero (object initially at rest), and reaches some final value v (just before impact), then its average speed is (0 + v)/2, or simply half the final value.

Materials

1. A  small marble or ball or a coin.

2. A digital watch with a hundredth of a second stopwatch timer.

3. A yardstick.

Procedure

1. Make a mark on the wall, which is exactly 4 feet above the floor.

2. Using your digital watch, practice timing the fall of the marble or coin from a height of 4 feet.  Be sure to always drop it from exactly the same height.  You should control the watch with one hand and release the ball with the other.  After some practice, you should find that the time for repeated drops varies by less than a tenth of a second, and lie fairly close to 0.50 seconds.  Be sure to record the times in hundredths of a second.

3. After you have practiced a while and gotten fairly consistent times for a number of drops, record the times for ten drops from a height of 4 ft.

4. Compute the average of the ten drop times, and also compute the standard deviation, dt, expressing your result as some average time with its uncertainty: t + dt = _________.  Also calculate a percent uncertainty in t based on the value of dt/t.  Percent uncertainty = _________

5. Using the average time of fall, compute the average speed during the drop, by dividing the distance of fall (4 ft) by your average value of t.  As explained in the introduction, the average speed is half the final speed, so you can find the final speed (just before impact) by doubling your average speed.

6. Once you have found the final speed, find the final kinetic energy KE using the formula given in the introduction.  Just assume the mass of the marble to be one, since it turns out the results don’t depend on the mass.  Express your result with an uncertainty: KE + dKE, where the uncertainty dKE as a percentage of KE is twice as great as the percentage uncertainty you found for the drop time in 4.  Percent uncertainty in KE = _________.  KE + dKE = _____________

7. Calculate the initial potential energy of the ball PE using the formula PE = mgh, where h = 4 ft, 

m=1, and g = 32 ft per second per second.  The potential energy also has some uncertainty, since h can vary a bit from one drop to the next, but this should be fairly small if you were careful, so we’ll ignore it.  PE = __________

8. According to the principle of conservation of mechanical energy, you should find that the values you computed for the final KE of the marble in 6 and its initial PE  in 7 are equal within the uncertainty in the KE value.  If that is not the case, there must be some other source of uncertainty or experimental error that accounts for the discrepancy.



Does PE fall between KE – dKE   and  KE + dKE  ? _________

Questions

1. How consistent were your results with the above prediction of conservation of mechanical energy, given the value you found for the uncertainty in kinetic energy, dKE?  What might be a specific source of experimental error that could explain any inconsistency? (Be specific.)

2. If the marble were dropped from a very great height (say a mile instead of 4 feet), why would the final kinetic energy before impact be less than the initial potential energy?

3. In the actual experiment, at what point during the marble’s fall is the mechanical energy shared equally between the kinetic and potential forms?

4. After the marble makes impact with the floor it doesn’t rebound as high as its original drop height because some of the mechanical energy has been converted into thermal energy or heat.  Exactly why does that occur?  (Hint: what is thermal energy?)

5. How come it was OK to assume that the marble had a mass m = 1 here?

Experiment 2: Newton’s Exponential Law of Cooling

Purposes

1. To verify that an object without any source of heat approaches the temperature of its surroundings in an exponential manner.

2. To get practice using Excel spreadsheets to make graphs.

Introduction

Any object that is initially hotter or colder than its surroundings will, over time, gradually approach the temperature of its environment.  This approach follows a negative exponential function, so that as a result, the temperature asymptotically approaches that of the environment, assuming that the object has no outside source of heat.

Materials

1. A small cup

2. A digital thermometer with an external probe

3. A stopwatch

Procedures

1. Set the digital thermometer to read “outside” temperatures (which activates the probe), and after a minute or so, when the temperature reading has stopped rising, record its value: T_room = ________.

2. Put around an ounce of very hot tap water into the small cup, and place the temperature probe submerged in the water.  Do not move the probe for the rest of the experiment.

3. Once the temperature reading stops rising, record the temperature each successive minute for a total of 30 minutes.  (Have one person keep track of the time, and another the temperature, and record the data in two columns.)

4. In a third column calculate the differences between successive temperatures. (Before you do the Excel spreadsheet analysis, be sure to let me look over your data.)

5. Enter the readings for the time and temperature in the first two columns of an Excel spreadsheet.  In the third column calculate the excess above room temperature (by subtracting T_room from the values in the second column.

6. Plot the excess above room temperature versus time in Excel, and you should find a smooth “exponential-looking” curve. Observe the time at which the temperature excess above room temperature has reached half its initial value: t_1/2 = ________, and also the time at which the temperature has reached a quarter of its initial value: t_1/4 = ________.

7. To see whether the curve you found really is an exponential, calculate in the fourth column of the spreadsheet the natural logarithm of the values in the third column, and use Excel to plot that fourth column versus time.  This should give you a downward-sloping straight line if the original function was a negative exponential.  

Questions

1. Why did it take a while for the temperature probe to read the correct initial temperature of the water when it was first placed in the water?

2. How are the two times you recorded as t_1/2 and t_1/4 related?  Why should that be?  What is the time t_1/2 called?

3. How long would it take for the temperature excess above room temperature to become 1/32 of its initial value?  (Hint: 1/32 is ½ to the fifth power.)

4. Explain why you should get a linear function when you take the natural logarithm of an exponential function.  How linear did your plot turn out?

5. How would you expect the results of this experiment to change if you used a larger amount of water?  Why did we use one ounce of water in the experiment rather than eight?

6. Why is it natural that a hot object approaches the temperature of its surroundings in an exponential manner, rather than say in a linear manner? 


Experiment 3: Relation between Power and EnergyPRIVATE 

Purposes
1. To verify the relationship between power and energy.

2. To show that in a “temperature inversion” little circulation occurs.

Introduction
Electrical power of an appliance (measured in watts or kilowatts) is the rate at which electrical energy is used (power = energy per unit time).  If the appliance is an electric heater, nearly all the electrical energy is converted into heat.  Since the power of most appliances stays constant when they are plugged in, electric heaters supply heat energy at a constant rate.  An immersion heater in a cup of water, therefore, should raise the temperature of the water at a steady (constant) rate until the boiling point is reached.  This rate of rise R can be expressed in terms of some number of degrees per minute.  As shown in the appendix, the predicted rate of temperature increase R is 0.873(p/m) degrees Fahrenheit per minute, where p is the power of the heater in watts, and m is the number of ounces of water being heated.  Thus, if m ounces of water is heated by a heater of power p, we predict that the slope of a graph of temperature versus time should be R= 0.873(p/m), assuming all parts of the water are at a constant temperature at any given time.

Materials
1-digital thermometer with external probe.

1-immersion heater

2-Styrofoam cups, one eight oz and one 16 oz.

1-watch or stopwatch

Procedure (Part I)
1. Fill the eight ounce Styrofoam cup with cold water up to the 7.2 ounce mark -- the line just below the rim of the cup on the inside.

2. Place the unplugged immersion heater in the water locating the coils at the bottom of the cup.  DO NOT PLUG THE HEATER IN WHEN IT IS NOT IMMERSED IN WATER.  IT WILL BURN OUT IN TWO SECONDS.

3. Place the external probe of the digital thermometer just below the surface of the water, and don’t move it.  Wait a minute or so until the temperature stabilizes, and record the initial water temperature before the heater is plugged in.  (Be sure that the thermometer switch is set to "outside" rather than "inside" temperature.)

4. After plugging the heater in, record the temperature of the water every 15 seconds for a total time of four minutes.  If doing the experiment with two people, one person should shout out every 15 seconds, and the other should observe and record the temperature at those times.

5. Make a graph of temperature versus time using your data, choosing the scale for each quantity so as to spread the data points over the full range of the graph.  (Temperature is the dependent variable and goes on the vertical axis.)

6. Calculate the predicted slope of the straight line that should pass through your data using: 0.873(p/m).  For example if p = 200 watts, and m = 7.2 oz, the predicted slope would be (0.873)(200)/7.2 = 24.2 degrees F per minute.  (A line having this slope would rise vertically by 96.8 degrees in a time of 4 minutes.)

7. Draw a line having the predicted slope that most closely passes through your data points.  In drawing the best fit straight line disregard the four data points for the first minute.  (If you have not made any mistakes in recording or plotting the data, you should find an excellent fit.)

8. Using your calculator, enter the data points, and do a least squares fit to a straight line with the four data points for the first minute excluded.  How close does the calculated slope come to 24.2?

Introduction (Part II)
In the previous part of the experiment the immersion heater was placed near the bottom of the 8 oz cup.  Since hot water rises,  placing the heater near the bottom caused a steady circulation of water, which kept all parts of the water at nearly the same temperature during heating.  This method of heating is known as heating by "convection."  In part II of the experiment the immersion heater will be placed near the top part of a 16 oz cup.  By heating the top layer of water rather than the bottom we create a "temperature inversion," in which the circulation of water is minimal.  In this case, the temperature of the top layer of water will rise, while the lower layers of water will remain cold until heat descends from the top via heat conduction.  Heating by conduction is a much slower process than heating by convection.

Procedure (Part II)
Repeat the steps followed in part I using the 16 oz cup, and locating the temperature probe near the bottom of the water, while the heater is located near the top.  Be sure not to plug the heater in unless it is submerged.  You should find that the rate of temperature rise of the water is much less than in part I.   (A reduction by a factor of two is expected because there is twice as much water to heat, but the reduction in the rate of temperature rise should be much more than that.)

Questions on Parts I and II  (Those questions with an asterisk will be discussed in lab.  The others should be answered as part of your lab report.)

*1. Why is it reasonable to assume that nearly all the electrical energy of the heater heats up the water? (In other words, why is the conversion of electrical energy into heat almost 100 percent efficient? What about heat loss to the environment?)

*2. Why is it reasonable that the rate of temperature rise of the water is directly proportional to the power of the heater, and inversely proportional to the amount of water.

3. Suppose that when you used a 100 watt heater it took 5 minutes to bring a filled 8 ounce cup of water to a boil.  How long would it take to bring a 16 ounce cup to a boil using a 200 watt heater?  How long would it take to boil a 16 ounce cup of water using the original 100 watt heater?

4. Why would the heater burn out almost immediately if it is not immersed, but not if it is underwater?

*5. Why are the four data points on your plot in part I for the first minute so irregular?

6. What do you conclude from the fact that the data points (after the first minute) closely lie on a straight line? (What equation does this confirm?)

7. What is the percentage difference between the predicted slope of the straight line (21.8 degrees F/min -- assuming p=200 watts and m=8 oz) and the slope from your least squares fit in part I?

8. How come the temperature of the water at the bottom is found to be rising much more slowly in part II than part I?  What must be happening to the energy supplied by the heater?  

Appendix: Derivation of the rate of temperature rise: R=
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Recall that energy = power x time (
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).  The energy (in Calories) added to water depends on the mass (in grams), and temperature rise according to: 
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.  This result is based on the definition of the Calorie.  Next, use the preceding two equations, and solve for the rate of temperature rise in degrees C per second, and then convert units.  Note, 1 watt = 1 Joule/sec, 1 Calorie = 4.186 Joules, and 29.55 grams of water make up one ounce:
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Finally, convert the result to degrees F per minute, using the fact that a rise of 100 degrees C is equivalent to a rise of 180 degrees F, and 1 min = 60 seconds:
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Experiment 4: Efficiency of a Thermoelectric GeneratorPRIVATE 

Purpose
To measure the efficiency of a thermoelectric generator.

Introduction
Conventional electric generators produce electricity by forcing a coil of wire to turn through a magnetic field.  The electrical energy produced is a result of the work done in making the generator turn, which can be due to the force of falling water, or the high pressure of steam from a boiler heated by fossil fuels or nuclear fuel.  In contrast to a conventional generator, the thermoelectric generator has no moving parts!  It is made from some semiconductor cells (like solar cells) connected in series to a pair of aluminum “legs.”  The device relies on something known as the Seebeck Effect discovered in 1821.  In the Seebeck Effect heat that flows through the thermoelectric generator is directly converted to electricity,  similar to what happens in solar cells where light is directly converted to electricity.  Here we shall investigate the behavior of a thermoelectric generator, which is used to power a small motor.  The motor will automatically start when a sufficient amount of heat flows through the device.

Materials
1-thermoelectric generator

1-digital thermometer with external probe.

1-immersion heater

2-Styrofoam cups, one eight oz and one 16 oz.

1-watch or stopwatch

Procedure
1. Fill two eight ounce Styrofoam cups with cold water up to the eight ounce mark -- the line just below the rim of the cup on the inside.

2. Place the thermoelectric generator in the water, with one leg in each cup.  The switch on the device should be in position A. 

3. Place the unplugged immersion heater in the water locating the coils at the bottom of the cup.  DO NOT PLUG THE HEATER IN WHEN IT IS NOT IMMERSED IN WATER.  IT WILL BURN OUT IN TWO SECONDS.

4. Place the external probe of the digital thermometer at the bottom of the cup not containing the immersion heater, and record the temperature.  Be sure that the thermometer is set to read “outdoor temperature.”

            Temperature of the cold water: ______________

5. Place the external probe of the digital thermometer at the bottom of the cup containing the immersion heater.

6. Plug the heater in, and record the temperature at which the thermoelectric generator begins to make the motor start turning.  Until this point the heat flow through the device did not produce a large enough electric current to start the motor.

             Temperature of the hot water when motor just starts: ______________

7. As the water temperature continues to rise, observe that the motor runs faster.  Unplug the immersion heater, and remove it from the cup when the water temperature reaches 170 degrees F, and notice that the motor keeps running even though the heater is unplugged.

8. Transfer the temperature probe to the cold water, and wait a minute or so until the probe temperature stabilizes.  Be sure the probe is right next to one leg of the device.  Now record the cold water temperature at one minute intervals over the next 6 minutes. Notice that the temperature of the cold water continues to slowly rise because of the heat flowing through the thermoelectric generator.  Based on your readings, what is the rate of temperature rise of the water per minute?  (Just divide the temperature rise by the number of minutes.)


Temperature increase per minute: R1  = _________________

The flow of heat into the cold water represents a certain amount of added power (since power is energy per unit time). To find out how much that power was we can add power at a known rate, and see what the rate of temperature rise of the cold water is in that case. (step 9)  

9. Remove the thermoelectric generator from the two cups.  Notice that the motor keeps turning for a while even after the generator is removed.  Place the immersion heater in the cold water cup, and plug it in.  Place the temperature probe near the immersion heater, and record the temperature of the water at one minute intervals over the next 6 minutes. Based on your readings, what is the rate of temperature rise of the water per minute?  (Just divide the temperature rise by the number of minutes.)


Temperature increase per minute: R2 = _________________

10. The temperature rise R2  was produced by the 200 watt immersion heater, while the temperature rise R1 was produced by the unknown power added by the thermoelectric generator.  We can find that unknown power, based on the following equation:
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 .  Solve for p, and find the numerical value.

             Calculated heat flow through generator:   p = 200 R1/R2  = __________________________

11. The law of conservation of energy says that the “input” power supplied by the hot water must equal the “output” power needed to run the motor (approximately 0.5 watts) plus the power expelled to the cold water,  p.  To find the efficiency of the thermoelectric generator we need to divide the output by the input power, and multiply by 100.  You should calculate the efficiency of the generator from the equation:


Efficiency =  100 x output / input power = 100 x 0.5/{p + 0.5)= ___________________

Part 2:

Think of a way to show that the thermoelectric generator starts to turn when the two legs are in water that has some particular difference in temperature, irrespective of the temperature of the water in each cup.  Carry out your procedure, and state whether or not the hypothesis (that only the difference in temperature counts) is fulfilled.

Part 3:

So far we have used the thermoelectric generator to produce electricity based on a temperature difference, or a “thermal gradient.”  The device can also operate in the reverse mode: creating a temperature difference when electricity is put through it.  

1. Put the switch on the generator to position B, and wait until both legs of the device have reached room temperature when they are no longer immersed in water.

2. Connect wires from the + and – (red and black) terminals on the device to the ends of a 1.5 Volt battery.  (The plus terminal of the battery goes to the +.)

3. Keep your fingers on the two legs of the device, and feel what happens to the temperature of each leg over a time of several minutes.

Questions

1. Why does the motor turn more rapidly as the hot water temperature continues to rise?

2. Why did the motor keep turning even when the immersion heater was unplugged at 170 degrees?  How come it kept turning even after the device was removed from the cups?

3. Suppose instead of starting with both cups of water at room temperature, one cup contained ice water, which is about 30 degrees colder than room temperature.  At what temperature hot water would you expect the motor to turn on now?  (Hint: The rate of heat flow between two points depends on the difference in temperature.)

4. Could a thermoelectric generator operate by absorbing heat from some water at high temperature converting that heat into electricity without expelling any heat to some cold water?  If your answer is no, explain what principle of physics forbids such a process.

5. Thermoelectric generators are not used on a large scale for generating electricity.  Suggest some possible reasons why the device might be less suitable than more conventional methods.


Experiment 5: Efficiency of Two Light BulbsPRIVATE 

Purposes
1. To measure the relative efficiency of an incandescent light bulb and a fluorescent bulb.

2. To estimate the efficiency of an incandescent bulb.

Introduction
Incandescent light bulbs glow because the wire filament inside is heated to a very high temperature.  These bulbs are extremely inefficient because a large fraction of the electromagnetic radiation they produce lies in the invisible infrared region of the spectrum, where it is perceived as heat not light.  In contrast, fluorescent lights produce more light and less heat for each watt of electrical power supplied to them, and they are therefore more efficient.  The relative efficiency of the two types of bulbs may be compared by measuring their brightness, for a given electrical power supplied.  For example, if we use an incandescent bulb that consumes 60 watts and a fluorescent bulb that consumes 15 watts and find they are equally bright, the fluorescent bulb would be 4 times as efficient.  Another way to express this would be to say that the relative efficiency of an incandescent bulb is 25 percent of a fluorescent bulb.  We could still find the bulbs relative efficiency even if they weren’t equally bright as long as we could measure the ratio of their brightness or luminous power.  As shown in an appendix this ratio can be found from: :                     R = 
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, where r1 and r2 are the distances of each bulb to a screen on which they produce equal light intensity.

Materials
1-60 watt incandescent light bulb.

1-15 watt high efficiency incandescent light bulb

1-meter stick

2-lamp sockets

1-index card with a grease spot

Procedure (Part I):

1. Put the two light sockets on a table, and make sure that the bulbs are at the same horizontal level.   (If they are, you should be able to rest the two ends of a meter stick on top of each light bulb, and have the stick remain horizontal when the bulbs are located a meter apart.)  The zero cm end of the meter stick should be located at the center of the incandescent bulb, and the 100 cm end at the center of the fluorescent bulb.

2.  Unlike the incandescent bulb, which gives equal light intensity in different directions, the fluorescent bulb gives more light in some directions than others.  Start the experiment with the fluorescent bulb oriented so that the company logo on the socket faces the incandescent bulb.  For this “favorable” orientation maximum light travels in the direction of the meter stick, and the least amount of light travels along a perpendicular direction.

3. Leave the fluorescent bulb on a few minutes before making any measurements because its brightness increases as the bulb warms up.  Put your hand near each bulb to verify that the incandescent bulb produces far more heat than the fluorescent.

4. Hold the index card with the grease spot right under the meter stick, and keep the card perpendicular to the stick so that opposite sides of the card are illuminated by the two bulbs.  Observe how the appearance of the spot changes as the card is moved from one bulb towards the other.  You should find that the spot appears either darker or lighter than the rest of the card depending on which side of the card receives the greater light intensity.  The location of the card where the grease spot is invisible marks the point where both sides of the card receive the same light intensity.  Since you may get different results for repeated measurements record the average of three trials below for a and b:

Location of card when grease spot is invisible:

(a) when card viewed from incandescent bulb side = ________________________ cm

(b) when card viewed from fluorescent bulb side    = ________________________ cm

6. Now rotate the fluorescent bulb socket by 90 degrees, so that the manufacturer’s logo is oriented at right angles to the meter stick, and repeat the measurements made in 5.

Location of card when grease spot is invisible:

(c) when card viewed from incandescent bulb side = ________________________ cm

(d) when card viewed from fluorescent bulb side    = ________________________ cm

Average of the four measurements a,b,c,d =               ________________________cm

7. Using the average of the four measurements as the quantity r1 , the distance to bulb 1 (the incandescent bulb), find the distance to bulb 2 (the fluorescent bulb) from r2 = 100 - r1.  Then, using the equation in the introduction compute the ratio R of the two bulb’s luminous power:

Luminous power ratio for two bulbs:      
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8. The final step is to use the above luminous power ratio R in order to find the two bulb’s relative efficiency.  Since the 60 watt incandescent bulb uses 4 times the electrical power of the 15 watt fluorescent bulb, the proper formula is:

Relative efficiency of  bulbs :  e = 25R =____________ percent

Notice that the preceding formula gives e = 25 percent in the case R = 1, as expected based on the example in the introduction.

Discussion  and Procedure (Part II)

The figure on the next page is a plot of the amount of power produced by a 60 watt incandescent bulb for each wavelength.  For example, based on the graph, we see that maximum power is produced at an infrared (invisible) wavelength of around 1.2 microns.  In order to find the total power produced at all wavelengths in some range, we could just add up the power at each wavelength in that range.  This is equivalent to counting the number of little squares under the curve between the specified wavelengths.

Using the method just described, find the amount of power produced by a 60 watt bulb that lies in the visible region of the spectrum (wavelengths from 0.45 to 0.70 microns).  This is proportional to the luminous power:

Luminous power  = ______________ small boxes

Now, do the same for the entire spectrum to find the power produced at all wavelengths:

Total power = _____________ small boxes

Finally, divide the luminous power by the total power produced at all wavelengths to find the fraction of power that is luminous:

Luminous power as a fraction of the total  f = ______________

Discussion and Procedure (Part III)

In part I of this experiment we made use of the inverse square law (see equation 1 in appendix).  In this part of the experiment, we want to check that this law is correct.  Suppose we have two equally bright light bulbs spaced a meter apart.  Obviously, the point between them where the bulbs produce equal light intensity would be at the 50 cm mark on the ruler.  Now suppose that the left light bulb is replaced by two bulbs right next to one another placed side by side.  Where will the equal intensity point be now?  If the inverse square law is true, it should be at a point 58.6 cm from the left end of the ruler, and 41.4 cm from the right end.  That’s because if we compute the square of (58.6/41.4), we get 2.0.  Thus, the extra distance from the two bulbs at the left end reduces the intensity by just the right amount called for by the inverse square law.  Carry out the procedure suggested by this test, and report how well the test of the inverse square law came out.

Questions.

1. What does the size of f imply about the efficiency of an incandescent bulb?  If a similar calculation of luminous power as a fraction of the total were done for the fluorescent bulb, what would you expect to find?

2. Why did one orientation of the fluorescent bulb give a higher light intensity than the other?  Hint: look at the blob carefully.

3. If a fluorescent bulb lasts on the average 10,000 hours as the manufacturer claims, how much is the dollar savings in energy cost over the life of the bulb?  (Given the cost of electricity, the 15 watt fluorescent bulb saves 0.45 cents per hour compared to the 60 watt incandescent bulb.)

4. Given that incandescent bulbs only last 1,000 hours on the average, and that they cost 50 cents versus $15 for the fluorescent, what is the total dollar savings in using fluorescents over a 10,000 hour period?

5. Why might someone want to use fluorescent bulbs apart from the cost savings?  Why might they not want to use them, even if they save money?

_______________________________________________________________________________

 Appendix: The amount of light that a light bulb produces on a screen depends on both the brightness of the bulb, and how far away it is from the screen.  Suppose you had a light bulb that emitted light equally in all directions.  Imagine the light bulb is at the center of an imaginary sphere of radius R.  The luminous power from the light bulb P is equally spread out over the interior area of that sphere.  Since the area of a sphere is given by 
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Light intensity (power per unit area):      
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Now suppose that we had two light bulbs that produced equal light intensity on a screen.  In this case, equation (1) would require that:
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or equivalently that:                      
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In other words, using equation (3) we could find the ratio of the luminous power produced by two light bulbs by measuring their two distances from a screen on which they produce equal light intensity.

Experiment 6: Measuring the Incident Solar Power per cm2
Purposes

1. To measure the amount of solar power reaching the surface of the Earth per unit area.

2. To estimate the maximum possible human population, or the Earth’s “carrying capacity.”

Introduction

The amount of solar power reaching the Earth’s surface obviously depends on whether the sky is cloudy or clear.  It also depends on the angle of the sun in the sky.  In the previous experiment we related the power added to a given quantity of water by a heater to the measured rate at which the water temperature rose.  Here we do basically the same thing, except that the power is being added externally by sunlight rather than by an immersion heater.  By measuring the rate of temperature rise, we can then deduce what power is contained in sunlight.  As shown in the appendix, the result is:
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       (equation for finding incoming solar power per square centimeter),

where: R = the rate of temperature rise of the water in degrees F per minute


m = the number of ounces of water used


A = the surface area of the water in square centimeters (area of the tray it’s in)


cos C =  the cosine of C, which is the angle of the sun with the vertical


w = the calculated power in sunlight per square centimeter

Materials

1-digital thermometer

1-dark colored food tray (approx 13 inches long)

1-rectangular piece of Plexiglas large enough to cover the tray

1-watch or stopwatch

1-ruler

1-32 ounce Styrofoam cup of tap water

1-calculator

Procedure

1.  Take the materials outside on a bright sunny day when the outdoor temperature is moderate (50 degrees F or above).  The 32 oz cup should be filled with tap water whose temperature is close to the outdoor temperature.  If there is a line near the top of the cup, fill the cup to that line which measures 30 oz.

2.  Measure the angle of the sun with the vertical.  To do this stand a ruler on end so that it’s exactly vertical, and measure the length of its shadow on a horizontal surface.  Express the lengths of the ruler and its shadow in centimeters.  The tangent of the angle C can be found by dividing the shadow length by the ruler length.

3. Once you have found the tangent of  C as described above, you can easily find C and then its cosine using your calculator.  (Be sure that your answer the angle for C is reasonable, based on what your eyes tell you about the position of the sun in the sky.)  Warning: do not look directly at the sun!
4. Place the food tray on a horizontal surface such as the sidewalk, and pour the 30 oz of water into the tray.  Place the thermometer probe in the water, and cover the tray with the piece of Plexiglas.

5. Observe and record the thermometer reading every 30 seconds.  (Be sure that the switch on the thermometer is set to “outside” temperature, which is what the probe records.)  As you record the data also keep track of how much the temperature changes every time you record it.  You should find that the temperature of the water increases at a constant rate, so that apart from fluctuations, the change from one measurement to the next should be roughly constant.  Take data for a total of ten minutes (20 temperature measurements taken every 30 seconds.)

6. Make a plot of temperature versus time, with temperature on the vertical axis, and time in minutes on the horizontal axis.  

7. Draw a straight line by eye that best fits the data.  Calculate the slope of this line which is the increase in temperature per minute -- the quantity called R.  You should get roughly the same value by dividing the total change in temperature over the ten minute interval by 10.

8. Calculate the area A of the rectangular tray in square centimeters by measuring its length and width (in centimeters), and taking their product: A = length x width.

9. Now that you have found values for R, m, A, and C, you can use the equation given in the introduction to calculate w, the incoming solar power per cm2.  What value did you find?

Questions (Those questions marked with an asterisk will be discussed in lab.  The others should be answered as part of your lab report.)

1. Why must the tray be dark colored in this experiment?  Why does the experiment use a shallow tray rather than heating water by sunlight in a cup?

2. How come we need to use a piece of Plexiglas to keep heat from escaping in this experiment, while that was not necessary in the preceding experiment?

*3. In deriving the formula in the appendix for the amount of solar power incident on an area A, why do we use the “projected area” (area perpendicular to the sun’s rays)?  Why is that projected area given by A cos C?

4. Initially, when you first covered the tray with Plexiglas it was completely clear, but it got cloudy after it was in place for a little while.  Why is that?

5. Suppose you continued the experiment for a very long time.  Do you think the water temperature would keep rising at a constant rate?  Explain why or why not. (Hint: The rate of heat loss through the Plexiglas depends on the difference between the inside and outside temperatures.)

6. Can you suggest several specific reasons why the value you found for w the incoming solar power per cm2 will probably disagree with the commonly accepted value 0.08 watts per cm2?  Would the factors you identified tend to make your result lower or higher than the generally accepted value?  (Hint: See question 4 for a clue to one reason.)

Part II: Calculating the Earth’s “carrying capacity.”

The maximum number of humans that the Earth can support (its carrying capacity) can be calculated based on the solar power received by each square centimeter.  Let’s start by calculating how much solar energy is received by the entire Earth.  The Earth is a sphere of radius r = 6.38x106 meters, so the projected area is the Earth’s  cross sectional area, which can be found from 
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.  If w = 0.08 watts reach every square centimeter, then

6. How many watts reach every square meter? ____________ (Hint: 1 m2 = 104 cm2.)

7. How many watts reach the entire Earth? _____________ (Hint: what’s the Earth’s cross sectional area?)

In photosynthesis, a small fraction of the solar energy received by plants is stored in their structure. It has been estimated that 0.076 percent of the solar energy reaching Earth (on both land and water) is stored by plants, and that perhaps 10 percent of that amount (or 0.0076 percent) is available to humans as food.

8. How many watts of power are available to humans as food? _____________ (Hint: 0.0076 percent = 7.6x10-5.)

Normally, when considering the human intake of food we speak in food Calories per day, rather than watts.  But, food Calories per day is also a measure of power (energy divided by time), just like watts (Joules per second).  In fact, it can easily be shown that the normal food intake of an adult (approximately 3,000 food Calories per day) is equivalent to  145 watts.  

9. Given that each person as food needs 145 watts, how many people can be supported by all the solar power on Earth that is available as food? __________

Appendix: Derivation of formula for solar power per cm2
Suppose that on a clear day w watts reaches each square centimeter (cm2) of surface at sea level when the sun is directly overhead. The power reaching an area A is A times as much or WA watts.  But, what if the sun is not overhead, but makes an angle C with the vertical?  In that case, it’s not the area A that counts, but rather the “projected area,”  or the area perpendicular to the sun’s rays, given by: A cos C.  Thus, the solar power reaching an area A on the surface is predicted to be: ppred = wA cos C.  This power can be measured using a similar method as in experiment 1, by observing the rate of temperature rise of some known amount of water.  As found in experiment 1, when a power of p watts is added to m ounces of water, the rate of temperature rise in degrees F per minute is  R = 0.873 (p/m).  Solving this last equation for p, we find p = 1.145 Rm.  (Note, 1.145 is just the reciprocal of 0.873.)  Finally, equating this last result for p to the predicted power ppred,  gives us: wA cos C = 1.145 Rm, which we can solve for w to obtain the formula listed in the introduction.

Experiment 7: Solar Electricity

Purposes: 

1. To measure the power output of a solar cell, and to determine its efficiency.

2. To analyze some of the factors that influence the possible use of  solar cells for the generation of electricity.

Introduction: 

A source of electric power can be characterized by both its voltage V and the maximum electric power it can supply in watts.  The “efficiency” e of a solar cell may be defined as the electrical power it supplies for each watt of solar power incident on the cell, or equivalently efficiency is electrical power output divided by solar power input.

Materials:

1-photovoltaic solar cell with small motor

1-ruler

1-index card

Procedure:

1. Before taking your solar cell outside in direct sunlight, you should check that it is working properly by placing it under a bright lamp indoors, and seeing whether the motor connected to it turns.  Don’t leave it under the lamp to long, so as not to overheat it.

2. If it is a sunny day, bring the solar cell outdoors and point the solar panel so that the sun’s rays hit it at right angles.  You should find that the motor connected to the cell runs.

3. Keeping the cell oriented so the sun’s rays hit it at right angles, cover up most of the cell with an index card, and slowly withdraw the index card until the motor just starts.  Measure the exposed “active” area of the cell (length times width) for which the motor just starts.  (Notice that the only portion of the cell that is active is the striped central blue region, whose total area is about 16 square centimeters.)  Repeat your observations several times, and average your results.

Exposed active area when motor just starts A1 =  ____________

4. Now repeat your measurements from step 3, only this time find the smallest exposed active area of the cell for which the motor can keep running once it has already started.  Make several measurements and average your results.  (This area should be smaller than the previous one, because it takes less power to keep the motor running than to start it.)

Exposed active area for which motor just keeps running  A2= ___________

5. The measurements made in 3 and 4 should have been made with the sun’s rays hitting the solar cell at right angles.  Now orient the cell so that it lays on a flat horizontal surface, and see how much exposed active area is required for the motor to start.  (If the sun is fairly low in the sky, and the sun’s rays hit it at a very small angle,  the motor may not start at all even when the entire cell is uncovered.)

Exposed active area when motor just starts (with cell horizontal) A3= ______________

6. When the sun’s rays hit the solar cell at right angles approximately 0.08 watts of power are incident on each square centimeter.  Using your answer in step 3, we can calculate the input solar power to the cell:

input power  =  0.08 watts/sq cm x __________sq cm   =   ____________ watts

The output power is the minimum needed to start the small motor, which is known to be approximately 0.02 watts.  We can then compute the efficiency of the solar cell from:

e  =  100 x (output power) divided by (input power)  =  ________________

You need to multiply by 100 above to express e as a percentage rather than a fraction.  A typical value for the efficiency of a solar cell might be three to six percent.  If you found a value lower than 1 percent or higher than 10 percent you should recheck your calculations and measurements.

The electrical power output of the solar cell in watts can be calculated by recalling that an area A1 supplied 0.02 watts (the power needed to just start the motor) -- see step 3.  Therefore the power produced by the full 16 cm2 of the cell can be found from:  p = 0.32/A1.  (For example, if half the cell had to be uncovered to start the motor (A1 = 8 cm2), the output would be calculated as 0.32/8  =  0.04 watts.)

electrical power output of cell P =  0.32/A1 = ________________________

Questions:

1. Why did you find that a greater exposed area of the cell was needed to start the motor than to keep it going after it had been started?

2. Why was a greater exposed area of the cell needed to start the motor when the cell was horizontal than when the sun’s rays hit the cell at right angles?

3. The average electrical energy usage in a typical American home is 15 kW-hr per day.  A kilowatt-hr is the energy consumed by a 1 kilowatt appliance in one hour.  If on the average, the appliances in your home run 15 hours a day, how much electrical power needs to be continuously supplied during those 15 hours to keep the appliances running? 

4. How much electricity could be supplied by the sunlight falling on each square centimeter of the roof of your house, assuming that a typical solar cell is 6 percent efficient, and that 0.0177 watts of sunlight are incident on each square centimeter?  (This figure is a day/night average that takes into account weather, altitude, latitude, and seasons.)    

5. Based on your answer to 4, how many kilowatts of electricity can be produced by the sunlight falling on a square meter of surface of roof?  (Hint: the number of kilowatts per square meter is 10 times the number of watts per square centimeter.) 

6. Based on your answer to 5, how many square meters of roof would need to be covered with solar cells if they need to produce one kilowatt of electricity continuously? 

7. Based on your answer to 6, what fraction of the roof of the average American house would need to be covered with solar cells to supply its energy needs, assuming the average roof area is about 100 square meters, and that one kilowatt is the average power needed on a continuous basis?
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