Power at a Distance:  Edison’s Pearl Street Power Plant

Introduction:

The purpose of this lab is to illustrate the advantage of using high-resistance light bulbs in a power transmission system.  The lab simulates Edison’s (and the world’s) first important transmission system, the Pearl Street Power Plant in New York City. The Pearl Street plant provided the power to illuminate bulbs in nearby residences and businesses including J.P. Morgan’s office in the Wall Street Financial District.  The actual plant was built up of three basic components: the steam-powered dynamos located in the plant, the long underground copper transmission wires, and the light bulb such as the one in J.P. Morgan’s office.  The laboratory apparatus you will use is a small-scale representation of this system.  The dynamos, however, are replaced by a power drill, which has the same function of providing the necessary amount of power to run the system.  

Power transmission was a business enterprise and economy was critical to its success. Edison developed his system and chose his materials (both the wire and the bulb) based on this criterion.  The concepts that he used to guide his decisions are two of the fundamental laws of electricity: Ohm’s Law and Joule’s Law. According to Ohm’s law, voltage in a circuit is linearly related to current and resistance, or V = IR where V is voltage (Volts), I is current (Amperes), and R is resistance (Ohms).  Joule’s Law states the relationship between power, current, and voltage.  According to Joule’s Law, P = VI, where P is power measured in watts and V and I are voltage and current, as in the previous equation.  What this equation says, for example, is that the power used by a light bulb is related to the product of the current flowing through the wires and the voltage drop across the light bulb.  One can see that the two above equations are interrelated and a second form of Joule’s Law can be written.  This equation is P = I2R.  These equations are general.  In this lab, we will look at the equations in relation to the light bulb and the transmission wire.     

Edison knew that for his system to be able to compete economically with gas lamps, he needed the bulb to produce a constant level of light equivalent to that of a gas lamp.  Edison found that his bulbs needed to operate at a power of approximately 100W to produce the desired amount of light.  According to Joule’s law, however, an infinite number of combinations of lamp resistance and current can be used to achieve a given power rating.  Edison’s next task was to determine which combination would be the most efficient.  Efficiency of a system is the relationship between the power put into a system and the power that comes out, or efficiency = Pout / Pin.  In terms of the Pearl Street transmission system, Pin is the power the dynamos provide and Pout is the power used by the bulb.   The difference of the two values is the power (heat) lost through the wires (line loss).  Limiting line losses is critical to efficiency.  One can see from the equation P = I2R that if P is a measure of the power lost in the lines, then the lower the current in the wires and the lower the wire’s resistance, the lower the line losses.  Also, reducing current has a much larger effect than reducing resistance because that term is squared in the equation.  
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Resistance of a wire is inversely related to the wire diameter according to the equation               R = L/A, where R is resistance (Ohms),  is a material property (Ohm-inches), L is the wire length (inches), and A is the cross-sectional area of the wire (inches2).  When Edison, with the help of Princeton grad, Francis Upton, computed the cost of building and running the power system, it was found that the cost of the copper wires was a major factor in the expense of the system.  In other words, using large-diameter wires to reduce resistance was not economical.  To keep wire resistance to a minimum, it was therefore critical to minimize the distance between the bulb and the power station (low L) and to ensure that the wires were good conductors (low ).  

To further minimize line losses, it was also critical to operate the system at a low current.  Looking again at the equation P=I2R, if P is a measure of the power output of a bulb, then the higher the resistance of a bulb of a given power rating, the lower the current flowing through the wire.  Given that the desired power output was a constant (100W), Edison achieved a low current by building a high resistance electric light using a carbonized cardboard filament in an evacuated glass bulb.  A replica of the original design is shown in the Figure 1.  

Useful equations:

The equation governing the relationship between current, voltage, and power is:


P = VI 
Using ohm’s law, the above equation can also be expressed as:


P = I2R



P is the power used by the device (wire or bulb, for example), measured in Watts, W


I is the current in the wires and bulb and is measured in Amperes (Amps), A


R is resistance and is measured in Ohms, 

V is voltage and is measured in Volts, V

Resistance of a wire is dependent on material properties of the wire.  It can be determined from the equation:


R = L/A

is the resistivity constant of the material (  copper = 0.67 x 10-6 Ohm-inches


L is the length of the wire (inches)


A is the cross-sectional area (inches2) ( Area = D2/4 , where D=diameter of wire



The wire used in this lab is AWG 26  (diameter = 0.0159 inches)
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The resistance of two or more resistors in series in a circuit can be added together to find an equivalent “series resistance”


Rseries = R1 + R2 + R3 + …
The resistance of two or more resistors in parallel in a circuit can be added together to find an equivalent “parallel resistance”

[image: image3.png]




[image: image7.jpg]



Setup:

The apparatus in this lab consists of two volt meters, an ammeter, two lengths of copper wire (each 150 ft long), two light bulbs (14V at 0.214A and 6V at 0.5A), and an electric power drill and a hand crank, both of which can serve as the power generator (dynamo) for the circuit.  In addition to the voltmeters and ammeters, this lab uses the help of the computer by using Science Workshop voltage sensors to record and collect measurements in the experiment.  Figure 2 shows the schematic diagram of the circuit and some of the actual lab equipment in its typical setup.
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Based on the above series circuit, write the equation for the current I in the wires: 

I = ____________________________

Now write the equations for the power provided by the dynamo, the power lost in the wires, and the power used by the bulb:

Pdynamo = ____________________________

Pwire = ______________________________

Pbulb = ______________________________
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Figure 3 shows one of the “power generator boards” used in this lab.  The metal box on the far right is one of the power generators.  The black handle is used as a hand crank to manually generate power.  Alternatively, the hand crank can be replaced by an electric drill to provide more consistent and higher output from the generator.  The meter in the middle of the board is used to measure the current in the circuit.  The meter on the left of the board is used to measure the drop in voltage across the two leads located at the bottom left corner (one lead is red and the other is black).  This measurement tells you how much voltage the generator is producing (i.e. the variable Vdynamo in the above circuit diagram).  Together with the current measurement, one can calculate the power produced by the generator.  This is the power before any losses through the lines (wires).

Figure 4 shows the “wire distance board.”  This board represents the long wires used to deliver the power from the power station to an appliance such as a light bulb.  This board contains two long lengths of copper wires.  The top one is for current going to the appliance and the lower is for the current coming back from the appliance.  Thus this board has two wire leads on both the right and left side of the board.  On the right, the two leads can be attached to the leads coming from the power generator board.  On the left, the two leads can be attached to an appliance such as a single light bulb or a series of light bulbs.  The voltage meter on the left of the board is used to measure the voltage drop across the appliance (after the current passes through 300 feet of copper wire).  The difference between the dynamo voltage and the bulb voltage is the voltage dropped by the two coils of wire.  

The wire gauge that is used in this lab is:

AWG 26
diameter = 0.0159 inches


Figure 5 shows the “appliance board” with the bulb appliance installed. Two different appliances will be used in this lab.  One will test the 6-volt, 0.5-amp bulb.  The other will test the 14-volt, 0.214-amp bulb.  The appliance board will be connected to the left end of the “wire distance board.”

The first part of the lab deals with learning how to set up a complete circuit.  In part 2, you will compare two bulbs operating at the same power (3 watts).  You will take manual measurements of voltage and current using the meters in order to compare the properties of the circuit.  Part 3 involves taking measurements using Science Workshop (for precision and ease of taking a lot of data) and making comparisons between two bulbs operating at the same brightness.

Procedure:

Part 1 - Setting up a complete circuit and testing it by hand


The first operation in the lab is designed to help familiarize you with the components of the experiment and get a real feel for the task of the power generator.

1.  Verify that the two red and two black leads connecting the                                                                    power generator, wire distance, and appliance boards are           plugged in.

2.  The hand crank should be attached to the generator as shown in Figure 6. Ask your instructor for help if needed.

3.   Place the 6 volt bulb appliance on the appliance board, and plug the black lead into the black jack near the back of the appliance board. The circuit is not complete until the red lead is plugged in (no current can flow through the circuit).

4. Have one person start turning the hand crank at a brisk, constant pace. While one person is briskly cranking, have another person complete the circuit by plugging the red lead into the red jack near the front of the appliance board.

5. Before the circuit is completed, the ammeter should read zero (no current).  When the circuit is completed, the light bulb should start to glow, the ammeter should be non-zero, and the person turning the crank should notice a physical difference in the amount of work required to keep the hand crank turning.  Why does this occur?  Also note that the voltmeter at the generator should have a reading that varies with the speed of the hand crank.  The speed of the dynamo is directly proportional to the voltage that it produces.

6. Make sure to let each person in the group turn the hand crank and go through step 5.

Part 2 – Power loss in transmission for light bulbs operating at 3 watts.  

On a large scale, creating a lighting network that could operate at relatively low cost was crucial.  The goal of the second part of this experiment is to verify that using high resistance bulbs produces a more efficient system.  You will be measuring and comparing the line losses in a system that uses a low resistance bulb and one that uses a high resistance bulb.  It is important that both bulbs are operated at the same power rating of 3 watts.


 For Parts 2 and 3, you will detach the hand crank and safely install the power drill on top of the generator. Ask your instructor for assistance during this step.  The drill has a special housing unit that helps reduce noise and increase stability.  Make sure to carefully place the housing unit over the drill without damaging any of the connections on the generator.  

Setting up the circuit:

1. The speed of the power generator will be controlled by the variac. The variac is the round device to the right of the power generator. It functions by controlling the AC power to the drill motor. This varies the speed of the motor and therefore the speed of the generator. Think of the drill motor as a steam engine, and the variac as a steam valve. The dial on the top of the variac should be set to zero, and the toggle switch on the front should be in the off position. Verify that the power cord from the drill is plugged into the outlet on the front of the variac.

2. Ask your instructor to install the drill to the generator. Take care not to change the settings on the drill trigger. The apparatus has been adjusted so that you should be able to attain the required generator speeds for the experiment. If you find in the subsequent steps that the speed is too slow, ask your instructor for help.

3. Place the housing unit (big wooden box) over the drill/generator assembly and latch it in place. Do not turn on the variac until the housing is properly installed. Ask your instructor to check your set-up before proceeding. 

4. Verify that the 6 volt bulb appliance is installed to the appliance board and all the connections have been made to complete the circuit. Turn on the variac and turn the variac dial clockwise until the system is energized and the bulb begins to glow. Notice that as the dial on the variac is turned the current and voltage readings on the ammeter and voltmeter will also be affected.

5. Adjust the variac so that the current and the voltage for the 6 volt bulb corresponds to a power value between 2.9 and 3.1 watts. Typically one can expect the power to reach 3 watts at the bulb when the voltage across the bulb is 6 volts and the current through it is 0.5 amps (note that this would also be the current through all the elements of this series circuit). It should be pointed out that the exact values of current and voltage may be slightly different for each given bulb. For example, it might require 7 volts and 0.43 amps instead. Once you have reached the point where the bulb power is between 2.9 and 3.1 watts, record the bulb voltage, the dynamo voltage, and the current. Turn off the variac and reset the variac dial to zero.  

6. Repeat steps 4 and 5 for the 14 volt bulb using an operating current of about 0.21 amps and an operating voltage of about 14 volts.  Once again make certain that the bulb power is between 2.9 and 3.1 watts.

7. With the data collected calculate:

· The resistance of the transmission wire (using Ohm’s law, V = IR) – compare this to the resistance that you calculate using R = (L)/A.

· The effective resistance of the bulbs when operated at a power of 3 watts – use Ohm’s law.

· The power loss in the transmission wires – use Joule’s law.

· The power used by the bulbs – this should be nominally 3 watts.

To help with the calculations make a table with two rows – one for the 6V bulb and one for the 14V bulb.  The table will have several columns of measured quantities – voltage at the dynamo, voltage at the bulb, and current.  The table will also have several columns of computed quantities – power used to light the bulb (this should be roughly 3-watts), power loss in transmission, resistance of the transmission wires, effective resistance of the bulbs.  Include this table in the Analysis section of your report.  

Pay particular attention to the entries in your table for power loss in transmission.  Note that the power losses in transmission for the two bulbs are greatly different, even thought each is operated at the same power.

QUESTION:  What would the cross-sectional area of the transmission wires have to be so that the power loss in transmission for the 6V bulb would equal the power loss in transmission for the 14V bulb?  If the cost of 400 feet of 26AWG copper wire was $10, how much would transmission wires with this new cross-sectional area cost?

Part 3 – Power loss in transmission for light bulbs operating at the same brightness  

Creating a high resistance bulb that could economically produce as much light as a gas lamp was critical to Edison’s success.  In this last part of the laboratory experiment, you will compare the efficiency of two light bulbs by measuring the amount of power they require to produce a given amount of light.

In this part of the lab, the readings that were taken manually from the multi-meters will now be automated and read through the computer using the Science Workshop program and apparatus.  Keep the same board layout from Part 2.

1. Set up the circuit using the 14V bulb.  A light sensor is mounted on the ring-stand at a height of 16 inches directly above the bulb.  (The slide-switch on this sensor should be set to a gain of 1).  Make sure that the sensors are plugged into the Science Workshop Box shown in Figure 7.  The light sensor should be plugged into Analog Channel A.  The voltage leads attached to the voltmeter on the “Power Generator Board” should be plugged into Analog Channel B.  The voltage leads attached to the voltmeter on the Appliance Board should be plugged into Analog Channel C.

2. Before turning on the variac, start the computer program for the Science Workshop by opening the computer Icon labeled Pearl.SWS on the computer desktop.  Once the program has loaded, select the “mon” button in the program and the computer will begin taking readings from the voltage and light sensors.  

3. Turn on the variac and turn the variac dial clockwise until the system is energized and the bulb begins to glow. With the power generator supplying power to the circuit the readings on the computer screen should become active.  The program may be stopped at any time by pressing the stop button.  This action will allow readings from the sensors to be noted.  The computer program has been set up to display the following information:

· Brightness of the bulb (Intensity)

· Voltage drop across the dynamo (Station Voltage)

· Voltage drop across the appliance (Bulb Voltage)

· Current in the circuit (Current)

· Power produced by the generator (Station Power)

· Power used by the appliance (Bulb Power)

4. Adjust the variac so that the measured brightness is between 34 and 38 units (these are arbitrary units of brightness) above the background value of the sensor.  The non-zero background value is caused by background light in the room.

5. When you are ready to take data, verify that the brightness is stable and between 34 and 38 units. First press the “stop” button, then press the “rec” (record) button.  After a short period of time (for example, 5 to 10 seconds) press “stop”. Turn off the variac and reset the variac dial to zero.   Now you may read the average value of all the quantities at the bottom of the table.  Be careful to use the line labeled “mean” at the bottom of the table.  Also be careful that you used the “rec” button and not the “mon” button when you took the actual data.  The “mon” mode will not tabulate the mean values correctly.  Record the mean values of voltages, current, brightness, and powers in your notebook.  If the brightness in not between 34 and 38 units above the background value, repeat the measurement.  WARNING:  Do not allow the generator voltage indicator to exceed 20 V – if this happens the computer program might have to be restarted.  Also, do not allow the current to exceed 0.25 A – if this happens the bulb might burn out.

6. Repeat for the 6V bulb.  WARNING:  Do not allow the current indicator to exceed 0.6A – if this happens the bulb might burn out.

7. With the data collected, calculate:

· The effective resistance of the bulbs

· The actual power loss due to the transmission wires

      As with the previous section, arrange your data in a table with two rows, one for each        bulb.  

8. Choosing the best bulb:  How do the readings and calculations taken from Part 2 (measurements at constant power) compare with those of Part 3 (measurements at constant brightness)?  Based on observations of Part 2 or Part 3 or both, which bulb is preferable to use if one wants to minimize losses in transmission?
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Figure 5.  Appliance Board.
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Figure 3.  Power Generator Board





Figure 6.  Hand crank on generator
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Figure 1.  High-resistance cardboard filament lamp





Ammeter 





Dynamo (crank/drill)





+


 





         Vdynamo





-





Figure 2.  Schematic Diagram of Circuit
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Figure 7.  Science Workshop Box
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