resistor, since PE = gAV/, and the same ¢ flows through each. Thus the energy supplied by the voltage source and
the energy converted by the resistor are equal. (See Figure 20.9.)
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FIGURE 20.9 The voltage drop across a resistor in a simple circuit equals the voltage output of the battery.

@ PHET EXPLORATIONS

Making Connections: Conservation of Energy

In a simple electrical circuit, the sole resistor converts energy supplied by the source into another form.
Conservation of energy is evidenced here by the fact that all of the energy supplied by the source is converted to
another form by the resistor alone. We will find that conservation of energy has other important applications in
circuits and is a powerful tool in circuit analysis.

@ PHET EXPLORATIONS

Ohm's Law

See how the equation form of Ohm's law relates to a simple circuit. Adjust the voltage and resistance, and see the
current change according to Ohm's law. The sizes of the symbols in the equation change to match the circuit
diagram.

simple-circuits)

20.3 Resistance and Resistivity

LEARNING OBJECTIVES
By the end of this section, you will be able to:
- Explain the concept of resistivity.
- Use resistivity to calculate the resistance of specified configurations of material.
» Use the thermal coefficient of resistivity to calculate the change of resistance with temperature.

Material and Shape Dependence of Resistance

The resistance of an object depends on its shape and the material of which it is composed. The cylindrical resistor in
Figure 20.10 is easy to analyze, and, by so doing, we can gain insight into the resistance of more complicated
shapes. As you might expect, the cylinder’s electric resistance R is directly proportional to its length L, similar to
the resistance of a pipe to fluid flow. The longer the cylinder, the more collisions charges will make with its atoms.
The greater the diameter of the cylinder, the more current it can carry (again similar to the flow of fluid through a
pipe). In fact, R is inversely proportional to the cylinder’s cross-sectional area A.
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A = area
L = length

R:p_

FIGURE 20.10 A uniform cylinder of length L and cross-sectional area A. Its resistance to the flow of current is similar to the resistance
posed by a pipe to fluid flow. The longer the cylinder, the greater its resistance. The larger its cross-sectional area A, the smaller its
resistance.

For a given shape, the resistance depends on the material of which the object is composed. Different materials offer
different resistance to the flow of charge. We define the resistivity p of a substance so that the resistance R of an
object is directly proportional to p. Resistivity p is an intrinsic property of a material, independent of its shape or
size. The resistance R of a uniform cylinder of length L, of cross-sectional area A, and made of a material with
resistivity p, is

_rL

==

Table 20.1 gives representative values of p. The materials listed in the table are separated into categories of
conductors, semiconductors, and insulators, based on broad groupings of resistivities. Conductors have the smallest
resistivities, and insulators have the largest; semiconductors have intermediate resistivities. Conductors have
varying but large free charge densities, whereas most charges in insulators are bound to atoms and are not free to
move. Semiconductors are intermediate, having far fewer free charges than conductors, but having properties that
make the number of free charges depend strongly on the type and amount of impurities in the semiconductor. These
unique properties of semiconductors are put to use in modern electronics, as will be explored in later chapters.

R 20.18

Material Resistivity p (€ - m)

Conductors

Silver 1.59x 1078
Copper 1.72%x 1078
Gold 244 %1078
Aluminum 2.65%x1078
Tungsten 5.6x 1078
Iron 9.71x107®
Platinum 10.6 x 1078
Steel 20x 1078
Lead 22x1078
Manganin (Cu, Mn, Nialloy) | 44 x 1078

TABLE 20.1 Resistivities p of Various materials at 20°C



@ EXAMPLE 20.5

Material Resistivity p (- m)
Constantan (Cu, Ni alloy) 49 % 1078
Mercury 96 x 1078
Nichrome (Ni, Fe, Cr alloy) 100 x 1078
Semiconductors®
Carbon (pure) 3.5% 107

Carbon

(3.5 — 60)x107°

Germanium (pure)

600 x 1073

Germanium (1- 600)><10_3
Silicon (pure) 2300

Silicon 0.1-2300
Insulators

Amber 5% 10
Glass 10° - 101
Lucite >10"

Mica 10! — 10"
Quartz (fused) 75 x 1010
Rubber (hard) 1013 — 10'°
Sulfur 1013

Teflon >10"3
Wood 10% — 10!

TABLE 20.1 Resistivities p of Various materials at 20°C

Calculating Resistor Diameter: A Headlight Filament

A car headlight filament is made of tungsten and has a cold resistance of 0.350 Q. If the filament is a cylinder 4.00

1 Values depend strongly on amounts and types of impurities



cm long (it may be coiled to save space), what is its diameter?

Strategy

We can rearrange the equation R = % to find the cross-sectional area A of the filament from the given
information. Then its diameter can be found by assuming it has a circular cross-section.

Solution
The cross-sectional area, found by rearranging the expression for the resistance of a cylinder given in R = %, is
L
A= p_‘ 20.19
R
Substituting the given values, and taking p from Table 20.1, yields
(5.6%1078 Q-m)(4.00x1072 m)
= 0350 @ 20.20
= 6.40x107° m?.
The area of a circle is related to its diameter D by
2
A= 20.21
4
Solving for the diameter D, and substituting the value found for A, gives
9 2 3
1 6.40x10~° m* \ 2
D = 2(A\2 = —

9.0x10™ m.

Discussion

The diameter is just under a tenth of a millimeter. It is quoted to only two digits, because p is known to only two
digits.

Temperature Variation of Resistance

The resistivity of all materials depends on temperature. Some even become superconductors (zero resistivity) at
very low temperatures. (See Figure 20.11.) Conversely, the resistivity of conductors increases with increasing
temperature. Since the atoms vibrate more rapidly and over larger distances at higher temperatures, the electrons
moving through a metal make more collisions, effectively making the resistivity higher. Over relatively small
temperature changes (about 100°C or less), resistivity p varies with temperature change AT as expressed in the
following equation

p = po(1+ aAT), 20.23

where pg is the original resistivity and « is the temperature coefficient of resistivity. (See the values of ain Table
20.2 below.) For larger temperature changes, a may vary or a nonlinear equation may be needed to find p. Note that
a is positive for metals, meaning their resistivity increases with temperature. Some alloys have been developed
specifically to have a small temperature dependence. Manganin (which is made of copper, manganese and nickel),
for example, has « close to zero (to three digits on the scale in Table 20.2), and so its resistivity varies only slightly
with temperature. This is useful for making a temperature-independent resistance standard, for example.



FIGURE 20.11 The resistance of a sample of mercury is zero at very low temperatures—it is a superconductor up to about 4.2 K. Above that
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critical temperature, its resistance makes a sudden jump and then increases nearly linearly with temperature.

Coefficient a(1/°C)g

Material
Conductors
Silver 3.8% 1073
Copper 3.9%x 1073
Gold 34x1073
Aluminum 39%x1073
Tungsten 45% 1073
Iron 50x 1073
Platinum 3.93x 1073
Lead 3.9% 107
Manganin (Cu, Mn, Ni alloy) | 0.000 x 1073
Constantan (Cu, Ni alloy) 0.002x 1073
Mercury 0.89 x 1073
Nichrome (Ni, Fe, Cr alloy) 0.4x1073
Semiconductors
Carbon (pure) -05x%x1073

TABLE 20.2 Tempature Coefficients of Resistivity

2 Values at 20°C.



Material Coefficient a(l/"C)2

Germanium (pure) -50%x 1073

Silicon (pure) -70x 1073

TABLE 20.2 Tempature Coefficients of Resistivity a

Note also that a is negative for the semiconductors listed in Table 20.2, meaning that their resistivity decreases with
increasing temperature. They become better conductors at higher temperature, because increased thermal
agitation increases the number of free charges available to carry current. This property of decreasing p with
temperature is also related to the type and amount of impurities present in the semiconductors.

The resistance of an object also depends on temperature, since Ry is directly proportional to p. For a cylinder we
know R = pL/A, and so, if L and A do not change greatly with temperature, R will have the same temperature
dependence as p. (Examination of the coefficients of linear expansion shows them to be about two orders of
magnitude less than typical temperature coefficients of resistivity, and so the effect of temperature on L and A is
about two orders of magnitude less than on p.) Thus,

R = Ry(1 + aAT) 20.24

is the temperature dependence of the resistance of an object, where Ry is the original resistance and R is the
resistance after a temperature change AT. Numerous thermometers are based on the effect of temperature on
resistance. (See Figure 20.12.) One of the most common is the thermistor, a semiconductor crystal with a strong
temperature dependence, the resistance of which is measured to obtain its temperature. The device is small, so that
it quickly comes into thermal equilibrium with the part of a person it touches.

FIGURE 20.12 These familiar thermometers are based on the automated measurement of a thermistor’s temperature-dependent
resistance. (credit: Biol, Wikimedia Commons)

@ EXAMPLE 20.6

Calculating Resistance: Hot-Filament Resistance

Although caution must be used in applying p = pg(1 + aAT) and R = Ry (1 + aAT) for temperature changes
greater than 100°C, for tungsten the equations work reasonably well for very large temperature changes. What,
then, is the resistance of the tungsten filament in the previous example if its temperature is increased from room
temperature (20°C) to a typical operating temperature of 2850°C?

Strategy

This is a straightforward application of R = Ry (1 + aAT), since the original resistance of the filament was given to
be Ry = 0.350 Q, and the temperature change is AT = 2830°C.

Solution
The hot resistance R is obtained by entering known values into the above equation:
R = Ro(1+aAT)
(0.350 Q)[14+(4.5x1073/°C)(2830°C)] 20.25
4.8 Q.



Discussion

This value is consistent with the headlight resistance example in Ohm’s Law: Resistance and Simple Circuits.

PHET EXPLORATIONS

Resistance in a Wire
Learn about the physics of resistance in a wire. Change its resistivity, length, and area to see how they affect the
wire's resistance. The sizes of the symbols in the equation change along with the diagram of a wire.

Click to view content (https://openstax.org/books/college-physics-2e/pages/20-3-resistance-and-resistivity)

20.4 Electric Power and Energy

LEARNING OBJECTIVES

By the end of this section, you will be able to:
= Calculate the power dissipated by a resistor and power supplied by a power supply.
» Calculate the cost of electricity under various circumstances.

Power in Electric Circuits

Power is associated by many people with electricity. Knowing that power is the rate of energy use or energy
conversion, what is the expression for electric power? Power transmission lines might come to mind. We also think
of lightbulbs in terms of their power ratings in watts. Let us compare a 25-W bulb with a 60-W bulb. (See Figure
20.13(a).) Since both operate on the same voltage, the 60-W bulb must draw more current to have a greater power
rating. Thus the 60-W bulb’s resistance must be lower than that of a 25-W bulb. If we increase voltage, we also
increase power. For example, when a 25-W bulb that is designed to operate on 120 V is connected to 240V, it
briefly glows very brightly and then burns out. Precisely how are voltage, current, and resistance related to electric
power?

()

FIGURE 20.13 (a) Which of these lightbulbs, the 25-W bulb (upper left) or the 60-W bulb (upper right), has the higher resistance? Which
draws more current? Which uses the most energy? Can you tell from the color that the 25-W filament is cooler? Is the brighter bulb a
different color and if so why? (credits: Dickbauch, Wikimedia Commons; Greg Westfall, Flickr) (b) This compact fluorescent light (CFL) puts
out the same intensity of light as the 60-W bulb, but at 1/4 to 1/10 the input power. (credit: dbgg1979, Flickr)

Electric energy depends on both the voltage involved and the charge moved. This is expressed most simply as
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