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Chapter 20 – Electric Circuits

Electromotive Force

As we will see electric current is the motion of electric charge through a conductor. Work (or an expenditure of energy) is required to move electric charge through a conductor. As you are aware, a battery, a generator, a solar cell and so on, can provide such work. We shall call any device that is capable of moving charge through a conductor a seat of electromotive force or “seat of emf” or just “emf” for short.

*A seat of electromotive force converts a non-electric form of energy to electric potential energy.
Examples: A flashlight battery converts chemical energy into electric potential energy.

The generators at Hoover Dam convert the gravitational potential energy of water into electric potential energy.

The generators at Peach Bottom convert nuclear energy into electric potential energy.

All these devices are examples of seats of emf. You can probably think of others.

Benjamin Franklin did the earliest studies of electricity in America. He assumed that electric current is the motion of positive charge in a conductor. We know today that this point of view is wrong and that electric current is the motion of negative charge (electrons) through a conductor. However, for most practical applications of electricity distinction is irrelevant. Hence we will adopt Franklin’s view that positive charge is moving and call this the conventional current (or just current). The actual current will be referred to as the electron current.
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The conventional current flows from the positive (+) terminal to the negative (-) terminal of a seat of emf. (The electron current really flows the other way.)

Consider the battery shown at the left. A conducting wire has been connected from its positive terminal to its negative terminal. Electric current flows through this conductor. The battery and connecting wire are said to form an electric circuit (or just circuit). From now on we will not be concerned with the electron current, unless it is necessary. So let us consider what happens to a charge of conventional current as it moves through the circuit.

[image: image32.wmf]While moving through the external conducting wire a positive charge of conventional current is naturally repelled from the + terminal of the battery and attracted to the – terminal. Once inside the battery, however, the positive charge must be forced from the – terminal to the + terminal to keep the current moving through the circuit.

Work is done by a seat of emf on a small positive charge q0 of conventional current as the charge moves from the – terminal (point A) to the + terminal (point B) inside the seat of emf. Call this work WAB. This work increases the electric potential energy of the charge. The electromotive force E  is defined as the work per unit charge done by the seat of emf as it internally moves charges from the – terminal to the + terminal:
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The units of electromotive force are J/C, or volts, the same as electric potential.

(Note: The use of the word “force” is really inappropriate, since we are not measuring force (which, of course, is measured in newtons). We are really measuring work done per unit charge.)

As we will see the electromotive force E of a seat of emf is just the maximum potential difference between its positive and negative terminals. (This is how the text defines electromotive force.)
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If the seat of emf is a single cell its symbol is: If the seat of emf is a battery (several cells connected in series) its symbol is: The long line in the symbol indicates the positive terminal; the short line the negative terminal.


There is a simple mechanical analogy for the circuit just described. A marble rolls down a ramp, strikes a bumper, rolls along a horizontal surface by the ramp, and is grabbed by a clamp that is attached to rope that goes over a pulley. A little man pulls the marble up to the top of the ramp and the whole sequence of events repeats itself. The marble rolling down the ramp (and losing gravitational potential energy) is analogous to the charge of conventional current moving through the external conducting wire from the + terminal to the – terminal of the battery (and losing electric potential energy). The work done by the little man to bring the marble back to the top of the ramp (and increase its gravitational potential energy) is analogous to the work done by the battery to move the charge from the – terminal to the + terminal inside the battery (and increase the charge’s electric potential energy).

Current

Suppose a charge 
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 moves through the external wire from the + terminal to the – terminal of the battery in the previous example. The charge does not move instantaneously but rather requires a certain amount of time to move through the wire. Consider a cross-section of the wire. If there is a current in the wire (that is, if electric charge is migrating through the wire at a certain rate) a charge 
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 will pass through the cross-section in time 
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. The electric current I in the wire is defined as:
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The units of electric current are C/s (coulombs per second). *1 C/s is defined as one ampere (or one amp) (A):

1 C/s = 1 A.

The ampere is named after the French mathematician André-Marie Ampère (1775 – 1836).

If the current is constant in time it is called direct current (DC).

If the current alternates in direction, first moving one way then the opposite way, changing direction from moment to moment, the current is called alternating current (AC).

Example

A 9.0 volt battery is used to power a 0.15 watt bulb in a flashlight for 12 minutes.

a. How much energy did the battery dissipate?
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b. How much charge passed through the battery?
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c. What was the average current drawn from the battery?
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Resistance

For the purposes of this discussion it will be convenient to call a potential difference (V just V. Suppose that a potential difference V is applied across a piece of material and that this potential difference causes an electric current I to appear in the material. The resistance R of the material is defined as


[image: image9.wmf]volts

  units:  ()

amp

V

Rohms

I

==W


The unit of resistance is named after the German physicist Georg Simon Ohm (1789 – 1854) who discovered the following law that also bears his name.

Ohm’s Law

The ratio V/I is a constant, where V is the voltage applied across a piece of material and I is the current through the material:
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where R is the resistance of the material.

Remarks. Not all materials obey Ohm’s law. Also, materials that obey Ohm’s law under ordinary environmental conditions may not obey Ohm’s law under unusual environmental conditions (extreme heat or extreme cold). The equation 
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 is not Ohm’s law; it is just the definition of resistance R. Ohm’s Law is the statement that the potential difference across a material is proportional to the current through the material (or, equivalently, that the resistance is independent of voltage and current).

Example

Find the resistance of the light bulb of the flashlight in the previous example.

Here we know that the potential difference across the light bulb is 9.0 volts; the average current was calculated to be 17 mA. Thus
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A device designed for the purpose of providing resistance in an electric circuit is called a resistor. Its symbol is

Remark. Unlike a battery, a resistor does not have a fixed positive terminal and a fixed negative terminal. However, a + sign is sometimes used to indicated which side of the resistor is at the higher potential in an electric circuit.

Resistivity
Resistance is a property of a specific object. It would be helpful if we had a measure of the ability of a given material to resist electric current. This measure is called resistivity and is defined as follows.

Suppose we have a slab of material of uniform cross-sectional area A and length L. Attach a (hypothetical) wire with zero resistance to the front end and a similar wire to the back end and measure the resistance of the slab. We find that the resistance is directly proportional to L and inversely proportional to A. (Does this make sense?)
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where ( is the resistivity of the material in the slab. We can also write 
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. Resitivities of various materials are given in Table 20.1 in your text. Unlike resistance (which applies to a specific object) resistivity is a property of bulk matter.

Questions:

Would you expect the resistivity of copper to be a large or small number? Why?

Would you expect the resistivity of rubber to be a large or small number? Why?

Example

Suppose that the wire that makes up the filament of the light bulb of the previous example has diameter 0.82 (m and length 5.0 mm. What is the resistivity of the material in the wire?

Assuming the wire has a circular cross-section its area is
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*Based on Table 20.1, what material is this wire probably made of?

Temperature Coefficient of Resistivity
The resistivity of a material depends upon its temperature. The resistivity of metals increases with temperature; the resistivity of semiconductors decreases with temperature. In general, the temperature dependence of resistivity is nonlinear. However, for many materials and limited temperature ranges (i.e. if the temperature does not change too much), it is possible to use a linear approximation for the temperature dependence of the resistivity:
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where

( = Resistivity of the material at temperature T
(0 = Resistivity of the material at temperature T0
( = the temperature coefficient of resistivity of the material
( has units of reciprocal temperature (Why?): 1/C( or 1/K, depending on the units of T.

Since the resistance R of an object is directly proportional to ( (provided we can neglect the changes in the dimensions of the object with temperature), we can write
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where

R = Resistance of the object at temperature T
R0 = Resistance of the object at temperature T0.

Example (Fractional change in a quantity x = 
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By what fraction does the resistance of a block of iron change when it is heated from 20(C to 31(C?
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Electric Power
When a seat of emf internally moves a charge (q from its – terminal to its + terminal it does work (W on the charge. The change in electric potential energy of the charge is (qV, where V is the potential difference between the terminals of the seat of emf. Hence
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The seat of emf does not do this work instantly; it requires a time (t. If we divide by this time we obtain
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 is the rate at which the seat of emf does work (the power expended by the seat of emf). 
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 is the current I in the circuit. Thus
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SI units of power: watts (W).

*If the resistance of the circuit through which I flows is R and if the circuit obeys Ohm’s law, then V = IR and
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Example

An insulated cup contains 300 cm3 of  water at 25(C. How long does it take a 25.0 ( water warmer plugged into a 115 vac outlet to boil this water? (Assume standard atmospheric pressure.)

1. Find the heat required to boil the water.
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2. Find the rate at which the water warmer produces heat energy (i.e. find the power).

*We know: V, R. To find P use the formula 
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3. Find the time using 
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