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Electric Current

Most practical applications of electricity deal with electric currents.

§ The electric charges move through some region of space.

The resistor is a new element added to circuits.

Energy can be transferred to a device in an electric circuit.

The energy transfer mechanism is electrical transmission, TET.

Introduction



Electric Current

Electric current is the rate of flow of charge through some region of space.

The SI unit of current is the ampere (A).

§ 1 A = 1 C / s

The symbol for electric current is I.
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Average Electric Current

Assume charges are moving 
perpendicular to a surface of area A.

If ΔQ is the amount of charge that 
passes through A in time Δt, then the 
average current is

avg
Q
t

D
=
D

I
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Instantaneous Electric Current

If the rate at which the charge flows varies with time, the instantaneous current, I, 
is defined as the differential limit of average current as Δt→0.

dQ
dt

ºI
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Direction of Current

The charged particles passing through the surface could be positive, negative or 
both.

It is conventional to assign to the current the same direction as the flow of 
positive charges.

In an ordinary conductor, the direction of current flow is opposite the direction of 
the flow of electrons.

It is common to refer to any moving charge as a charge carrier.
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Current and Drift Speed

Charged particles move through a 
cylindrical conductor of cross-sectional 
area A.

n is the number of mobile charge 
carriers per unit volume.
nAΔx is the total number of charge 
carriers in a segment.
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Current and Drift Speed, cont

The total charge is the number of carriers times the charge per carrier, q.

§ ΔQ = (nAΔx)q
Assume the carriers move with a velocity parallel to the axis of the cylinder such 
that they experience a displacement in the x-direction.

If vd is the speed at which the carriers move, then
§ vd = Δx / Δt and Dx = vd Dt

Rewritten: ΔQ = (nAvd Δt)q
Finally, current, Iave = ΔQ/Δt = nqvdA

vd is an average speed called the drift speed.
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Charge Carrier Motion in a Conductor

When a potential difference is applied 
across the conductor, an electric field is 
set up in the conductor which exerts an 
electric force on the electrons.
The motion of the electrons is no longer 
random.

The zigzag black lines represents the 
motion of a charge carrier in a 
conductor in the presence of an electric 
field.
§ The net drift speed is small.

The sharp changes in direction are due 
to collisions.
The net motion of electrons is opposite 
the direction of the electric field.
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Motion of Charge Carriers, cont.

In the presence of an electric field, in spite of all the collisions, the charge carriers 
slowly move along the conductor with a drift velocity, 

The electric field exerts forces on the conduction electrons in the wire.

These forces cause the electrons to move in the wire and create a current.

dv

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Motion of Charge Carriers, final

The electrons are already in the wire.

They respond to the electric field set up by the battery.

The battery does not supply the electrons, it only establishes the electric field.
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Example 27.1 Drift Speed in a Copper Wire

The 12-gauge copper wire in a typical residential building has a cross-sectional 
area of 3.31 x 10-6 m2. If it carries a current of 10.0 A, what is the drift speed of 
the electrons? Assume that each copper atom contributes one free electron to 
the current. The density of copper is 8.95 g/cm3. The molar mass of copper is 
63.5 g/mol. Recall that 1 mol of any substance contains Avogadro’s number of 
atoms (6.02 x 1023)

The speed of the charge carriers vd is an average speed called the drift speed. To
understand the meaning of drift speed, consider a conductor in which the charge car-
riers are free electrons. If the conductor is isolated—that is, the potential difference
across it is zero—then these electrons undergo random motion that is analogous to the
motion of gas molecules. As we discussed earlier, when a potential difference is applied
across the conductor (for example, by means of a battery), an electric field is set up in
the conductor; this field exerts an electric force on the electrons, producing a current.
However, the electrons do not move in straight lines along the conductor. Instead, they
collide repeatedly with the metal atoms, and their resultant motion is complicated and
zigzag (Fig. 27.3). Despite the collisions, the electrons move slowly along the conduc-
tor (in a direction opposite that of E) at the drift velocity vd.

We can think of the atom–electron collisions in a conductor as an effective internal
friction (or drag force) similar to that experienced by the molecules of a liquid flowing
through a pipe stuffed with steel wool. The energy transferred from the electrons to
the metal atoms during collisions causes an increase in the vibrational energy of the
atoms and a corresponding increase in the temperature of the conductor.

834 CHAPTE R  27 •  Current and Resistance

Figure 27.3 A schematic
representation of the zigzag
motion of an electron in a
conductor. The changes in
direction are the result of collisions
between the electron and atoms in
the conductor. Note that the net
motion of the electron is opposite
the direction of the electric field.
Because of the acceleration of the
charge carriers due to the electric
force, the paths are actually
parabolic. However, the drift speed
is much smaller than the average
speed, so the parabolic shape is not
visible on this scale.

Quick Quiz 27.1 Consider positive and negative charges moving horizon-
tally through the four regions shown in Figure 27.4. Rank the current in these four
regions, from lowest to highest.

Quick Quiz 27.2 Electric charge is conserved. As a consequence, when current
arrives at a junction of wires, the charges can take either of two paths out of the junction
and the numerical sum of the currents in the two paths equals the current that entered
the junction. Thus, current is (a) a vector (b) a scalar (c) neither a vector nor a scalar.
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Example 27.1 Drift Speed in a Copper Wire

The 12-gauge copper wire in a typical residential building
has a cross-sectional area of 3.31 ! 10"6 m2. If it carries a
current of 10.0 A, what is the drift speed of the electrons?
Assume that each copper atom contributes one free
electron to the current. The density of copper is 8.95 g/cm3.

Solution From the periodic table of the elements in
Appendix C, we find that the molar mass of copper is 
63.5 g/mol. Recall that 1 mol of any substance contains
Avogadro’s number of atoms (6.02 ! 1023). Knowing the
density of copper, we can calculate the volume occupied by
63.5 g (# 1 mol) of copper:

Because each copper atom contributes one free electron to
the current, we have

V #
m
$

#
63.5 g

8.95 g/cm3 # 7.09 cm3

From Equation 27.4, we find that the drift speed is

where q is the absolute value of the charge on each electron.
Thus,

2.22 ! 10"4 m/s#

 #
10.0 C/s

(8.49 ! 1028 m"3)(1.60 ! 10"19 C)(3.31 ! 10"6 m2)

vd #
I

nqA

vd #
I

nqA

 # 8.49 ! 1028 electrons/m3

n #
6.02 ! 1023 electrons

7.09 cm3
 ! 1.00 ! 106 cm3

1 m3 "

The speed of the charge carriers vd is an average speed called the drift speed. To
understand the meaning of drift speed, consider a conductor in which the charge car-
riers are free electrons. If the conductor is isolated—that is, the potential difference
across it is zero—then these electrons undergo random motion that is analogous to the
motion of gas molecules. As we discussed earlier, when a potential difference is applied
across the conductor (for example, by means of a battery), an electric field is set up in
the conductor; this field exerts an electric force on the electrons, producing a current.
However, the electrons do not move in straight lines along the conductor. Instead, they
collide repeatedly with the metal atoms, and their resultant motion is complicated and
zigzag (Fig. 27.3). Despite the collisions, the electrons move slowly along the conduc-
tor (in a direction opposite that of E) at the drift velocity vd.

We can think of the atom–electron collisions in a conductor as an effective internal
friction (or drag force) similar to that experienced by the molecules of a liquid flowing
through a pipe stuffed with steel wool. The energy transferred from the electrons to
the metal atoms during collisions causes an increase in the vibrational energy of the
atoms and a corresponding increase in the temperature of the conductor.
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current of 10.0 A, what is the drift speed of the electrons?
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The speed of the charge carriers vd is an average speed called the drift speed. To
understand the meaning of drift speed, consider a conductor in which the charge car-
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across it is zero—then these electrons undergo random motion that is analogous to the
motion of gas molecules. As we discussed earlier, when a potential difference is applied
across the conductor (for example, by means of a battery), an electric field is set up in
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collide repeatedly with the metal atoms, and their resultant motion is complicated and
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The 12-gauge copper wire in a typical residential building
has a cross-sectional area of 3.31 ! 10"6 m2. If it carries a
current of 10.0 A, what is the drift speed of the electrons?
Assume that each copper atom contributes one free
electron to the current. The density of copper is 8.95 g/cm3.
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where q is the absolute value of the charge on each electron.
Thus,

2.22 ! 10"4 m/s#

 #
10.0 C/s

(8.49 ! 1028 m"3)(1.60 ! 10"19 C)(3.31 ! 10"6 m2)

vd #
I

nqA

vd #
I

nqA

 # 8.49 ! 1028 electrons/m3

n #
6.02 ! 1023 electrons

7.09 cm3
 ! 1.00 ! 106 cm3

1 m3 "



Problem 27.1

In a particular cathode ray tube, the measured beam current is 30.0 µA. How 
many electrons strike the tube screen every 40.0 s?
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Q27.18 Current moving through a wire is analogous to a longitudinal wave moving through the electrons of
the atoms. The wave speed depends on the speed at which the disturbance in the electric field can
be communicated between neighboring atoms, not on the drift velocities of the electrons
themselves. If you leave a direct-current light bulb on for a reasonably short time, it is likely that no
single electron will enter one end of the filament and leave at the other end.

Q27.19 More power is delivered to the resistor with the smaller resistance, since P =
∆V

R

2

.

Q27.20 The 25 W bulb has a higher resistance. The 100 W bulb carries more current.

Q27.21 One ampere–hour is 3 600 coulombs. The ampere–hour rating is the quantity of charge that the
battery can lift though its nominal potential difference.

Q27.22 Choose the voltage of the power supply you will use to drive the heater. Next calculate the required

resistance R as 
∆V 2

P
. Knowing the resistivity ρ of the material, choose a combination of wire length

and cross–sectional area to make 
A
A

RF
HG
I
KJ =
F
HG
I
KJρ . You will have to pay for less material if you make both

A  and A smaller, but if you go too far the wire will have too little surface area to radiate away the
energy; then the resistor will melt.

SOLUTIONS TO PROBLEMS
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Problem 27.11

An aluminum wire having a cross-sectional area of 4.00 x 10-6 m2 carries a 
current of 5.00 A. Find the drift speed of the electrons in the wire. The density of 
aluminum is 2.70 g/cm3. Assume that one conduction electron is supplied by 
each atom.
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P27.11 We use I nqAvd= n is the number of charge carriers per unit volume, and is identical to the number
of atoms per unit volume. We assume a contribution of 1 free electron per atom in the relationship
above. For aluminum, which has a molar mass of 27, we know that Avogadro’s number of atoms,
NA , has a mass of 27.0 g. Thus, the mass per atom is

27 0 27 0
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23. .

.
.

 g  g
 g atom

NA
=

×
= × − .

Thus, n = =
× −

density of aluminum
mass per atom
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Section 27.2 Resistance
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P27.14 (a) Applying its definition, we find the resistance of the rod,
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(b) The length of the rod is determined from the definition of resistivity: R
A

=
ρA

. Solving for A

and substituting numerical values for R, A, and the value of ρ given for carbon in Table 27.1,
we obtain
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Current Density

J is the current density of a conductor. 

It is defined as the current per unit area.

§ J ≡ I / A = nqvd

§ This expression is valid only if the current density is uniform and A is 
perpendicular to the direction of the current.

J has SI units of A/m2

The current density is in the direction of the positive charge carriers.
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Conductivity

A current density and an electric field are established in a conductor whenever a 
potential difference is maintained across the conductor.
For some materials, the current density is directly proportional to the field.
The constant of proportionality, σ, is called the conductivity of the conductor.
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Ohm’s Law

Ohm’s law states that for many materials, the ratio of the current density to the 
electric field is a constant σ that is independent of the electric field producing the 
current.
§ Most metals obey Ohm’s law

§ Mathematically, J = σ E

§ Materials that obey Ohm’s law are said to be ohmic

§ Not all materials follow Ohm’s law
§ Materials that do not obey Ohm’s law are said to be nonohmic.

Ohm’s law is not a fundamental law of nature.

Ohm’s law is an empirical relationship valid only for certain materials.
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Georg Simon Ohm

1789 -1854

German physicist

Formulated idea of resistance

Discovered the proportionalities now 
known as forms of Ohm’s Law 
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Resistance

In a conductor, the voltage applied across the ends of the conductor is 
proportional to the current through the conductor.

The constant of proportionality is called the resistance of the conductor.

SI units of resistance are ohms (Ω).

§ 1 Ω = 1 V / A

Resistance in a circuit arises due to collisions between the electrons carrying the 
current with the fixed atoms inside the conductor.

VR D
º
I
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Resistors

Most electric circuits use circuit 
elements called resistors to control the 
current in the various parts of the 
circuit.

Stand-alone resistors are widely used.

§ Resistors can be built into 
integrated circuit chips.

Values of resistors are normally 
indicated by colored bands.

§ The first two bands give the first 
two digits in the resistance value.

§ The third band represents the 
power of ten for the multiplier band.

§ The last band is the tolerance.
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Resistor Color Codes

Section  27.2



Resistor Color Code Example

Red (=2) and blue (=6) give the first two digits:  26

Green (=5) gives the power of ten in the multiplier: 105

The value of the resistor then is 26 x 105 Ω (or 2.6 MΩ)

The tolerance is 10% (silver = 10%) or 2.6 x 105 Ω
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Resistivity

The inverse of the conductivity is the resistivity:

§ ρ = 1 / σ
Resistivity has SI units of ohm-meters (Ω . m)

Resistance is also related to resistivity:

R ρ
A

=

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Resistivity Values
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Resistance and Resistivity, Summary

Every ohmic material has a characteristic resistivity that depends on the 
properties of the material and on temperature.

§ Resistivity is a property of substances.

The resistance of a material depends on its geometry and its resistivity.

§ Resistance is a property of an object.

An ideal conductor would have zero resistivity.

An ideal insulator would have infinite resistivity.
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Ohmic Material, Graph

An ohmic device

The resistance is constant over a wide 
range of voltages.
The relationship between current and 
voltage is linear.
The slope is related to the resistance.
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Nonohmic Material, Graph

Nonohmic materials are those whose 
resistance changes with voltage or 
current.
The current-voltage relationship is 
nonlinear.
A junction diode is a common example 
of a nonohmic device.
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Resistance of a Cable, Example

Assume the silicon between the 
conductors to be concentric elements of 
thickness dr.

The resistance of the hollow cylinder of 
silicon is 

2
ρdR dr
πrL

=
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Resistance of a Cable, Example, cont.

The total resistance across the entire thickness is

This is the radial resistance of the cable.
The calculated value is fairly high, which is desirable since you want the current 
to flow along the cable and not radially out of it.

2
ln

b

a

ρ bR dR
πL a

æ ö= = ç ÷
è øò
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Example 27.2 The Resistance of a Conductor

Calculate the resistance of an aluminum cylinder that has a length of 10.0 cm 
and a cross-sectional area of 2.00 x 10-4 m2. Repeat the calculation for a cylinder 
of the same dimensions and made of glass having a resistivity of 3.0 x 1010 Ω.m.

For aluminum

For glass
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unit length vary along the wire as the area becomes smaller? (a) The drift velocity and
resistance both increase. (b) The drift velocity and resistance both decrease. (c) The
drift velocity increases and the resistance decreases. (d) The drift velocity decreases
and the resistance increases.

Quick Quiz 27.4 A cylindrical wire has a radius r and length !. If both r and !
are doubled, the resistance of the wire (a) increases (b) decreases (c) remains the same.

Quick Quiz 27.5 In Figure 27.7b, as the applied voltage increases, the resis-
tance of the diode (a) increases (b) decreases (c) remains the same.

Example 27.2 The Resistance of a Conductor

Example 27.3 The Resistance of Nichrome Wire

Example 27.4 The Radial Resistance of a Coaxial Cable

Calculate the resistance of an aluminum cylinder that
has a length of 10.0 cm and a cross-sectional area of
2.00 ! 10"4 m2. Repeat the calculation for a cylinder of the
same dimensions and made of glass having a resistivity of
3.0 ! 1010 # $ m.

Solution From Equation 27.11 and Table 27.1, we can cal-
culate the resistance of the aluminum cylinder as follows:

1.41 ! 10"5 #%

R % &  
!

A
% (2.82 ! 10"8 #$m) ! 0.100 m

2.00 ! 10"4  m2 "

Similarly, for glass we find that

As you might guess from the large difference in resistivities,
the resistances of identically shaped cylinders of aluminum
and glass differ widely. The resistance of the glass cylinder is
18 orders of magnitude greater than that of the aluminum
cylinder.

1.5 ! 1013 #%

R % & 
!

A
% (3.0 ! 1010 #$m) ! 0.100 m

2.00 ! 10"4 m2 "

(A) Calculate the resistance per unit length of a 22-gauge
Nichrome wire, which has a radius of 0.321 mm.

Solution The cross-sectional area of this wire is

The resistivity of Nichrome is 1.5 ! 10" 6 # $ m (see
Table 27.1). Thus, we can use Equation 27.11 to find the
resistance per unit length:

(B) If a potential difference of 10 V is maintained across a
1.0-m length of the Nichrome wire, what is the current in
the wire?

4.6 #/m
R
!

%
&

A
%

1.5 ! 10"6 #$m
3.24 ! 10"7 m2 %

A % 'r 
2 % '(0.321 ! 10"3 m)2 % 3.24 ! 10"7 m2

Solution Because a 1.0-m length of this wire has a resis-
tance of 4.6 #, Equation 27.8 gives

Note from Table 27.1 that the resistivity of Nichrome wire is
about 100 times that of copper. A copper wire of the same
radius would have a resistance per unit length of only
0.052 #/m. A 1.0-m length of copper wire of the same
radius would carry the same current (2.2 A) with an applied
potential difference of only 0.11 V.

Because of its high resistivity and its resistance to
oxidation, Nichrome is often used for heating elements in
toasters, irons, and electric heaters.

2.2 AI %
∆V
R

%
10 V
4.6 #

%

silicon, in the radial direction, is unwanted. (The cable is 
designed to conduct current along its length—this is not
the current we are considering here.) The radius of the 
inner conductor is a % 0.500 cm, the radius of the outer
one is b % 1.75 cm, and the length is L % 15.0 cm. 

Coaxial cables are used extensively for cable television and
other electronic applications. A coaxial cable consists of 
two concentric cylindrical conductors. The region 
between the conductors is completely filled with silicon, as
shown in Figure 27.8a, and current leakage through the 
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unit length vary along the wire as the area becomes smaller? (a) The drift velocity and
resistance both increase. (b) The drift velocity and resistance both decrease. (c) The
drift velocity increases and the resistance decreases. (d) The drift velocity decreases
and the resistance increases.

Quick Quiz 27.4 A cylindrical wire has a radius r and length !. If both r and !
are doubled, the resistance of the wire (a) increases (b) decreases (c) remains the same.

Quick Quiz 27.5 In Figure 27.7b, as the applied voltage increases, the resis-
tance of the diode (a) increases (b) decreases (c) remains the same.

Example 27.2 The Resistance of a Conductor

Example 27.3 The Resistance of Nichrome Wire

Example 27.4 The Radial Resistance of a Coaxial Cable

Calculate the resistance of an aluminum cylinder that
has a length of 10.0 cm and a cross-sectional area of
2.00 ! 10"4 m2. Repeat the calculation for a cylinder of the
same dimensions and made of glass having a resistivity of
3.0 ! 1010 # $ m.

Solution From Equation 27.11 and Table 27.1, we can cal-
culate the resistance of the aluminum cylinder as follows:

1.41 ! 10"5 #%

R % &  
!

A
% (2.82 ! 10"8 #$m) ! 0.100 m

2.00 ! 10"4  m2 "

Similarly, for glass we find that

As you might guess from the large difference in resistivities,
the resistances of identically shaped cylinders of aluminum
and glass differ widely. The resistance of the glass cylinder is
18 orders of magnitude greater than that of the aluminum
cylinder.

1.5 ! 1013 #%

R % & 
!

A
% (3.0 ! 1010 #$m) ! 0.100 m

2.00 ! 10"4 m2 "

(A) Calculate the resistance per unit length of a 22-gauge
Nichrome wire, which has a radius of 0.321 mm.

Solution The cross-sectional area of this wire is

The resistivity of Nichrome is 1.5 ! 10" 6 # $ m (see
Table 27.1). Thus, we can use Equation 27.11 to find the
resistance per unit length:

(B) If a potential difference of 10 V is maintained across a
1.0-m length of the Nichrome wire, what is the current in
the wire?

4.6 #/m
R
!

%
&

A
%

1.5 ! 10"6 #$m
3.24 ! 10"7 m2 %

A % 'r 
2 % '(0.321 ! 10"3 m)2 % 3.24 ! 10"7 m2

Solution Because a 1.0-m length of this wire has a resis-
tance of 4.6 #, Equation 27.8 gives

Note from Table 27.1 that the resistivity of Nichrome wire is
about 100 times that of copper. A copper wire of the same
radius would have a resistance per unit length of only
0.052 #/m. A 1.0-m length of copper wire of the same
radius would carry the same current (2.2 A) with an applied
potential difference of only 0.11 V.

Because of its high resistivity and its resistance to
oxidation, Nichrome is often used for heating elements in
toasters, irons, and electric heaters.

2.2 AI %
∆V
R

%
10 V
4.6 #

%

silicon, in the radial direction, is unwanted. (The cable is 
designed to conduct current along its length—this is not
the current we are considering here.) The radius of the 
inner conductor is a % 0.500 cm, the radius of the outer
one is b % 1.75 cm, and the length is L % 15.0 cm. 

Coaxial cables are used extensively for cable television and
other electronic applications. A coaxial cable consists of 
two concentric cylindrical conductors. The region 
between the conductors is completely filled with silicon, as
shown in Figure 27.8a, and current leakage through the 
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Example 27.3 The Resistance of Nichrome Wire

Calculate the resistance per unit length of a 22-gauge Nichrome wire, which has 
a radius of 0.321 mm.

If a potential difference of 10 V is maintained across a 1.0-m length of the 
Nichrome wire, what is the current in the wire?
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unit length vary along the wire as the area becomes smaller? (a) The drift velocity and
resistance both increase. (b) The drift velocity and resistance both decrease. (c) The
drift velocity increases and the resistance decreases. (d) The drift velocity decreases
and the resistance increases.

Quick Quiz 27.4 A cylindrical wire has a radius r and length !. If both r and !
are doubled, the resistance of the wire (a) increases (b) decreases (c) remains the same.

Quick Quiz 27.5 In Figure 27.7b, as the applied voltage increases, the resis-
tance of the diode (a) increases (b) decreases (c) remains the same.

Example 27.2 The Resistance of a Conductor

Example 27.3 The Resistance of Nichrome Wire

Example 27.4 The Radial Resistance of a Coaxial Cable

Calculate the resistance of an aluminum cylinder that
has a length of 10.0 cm and a cross-sectional area of
2.00 ! 10"4 m2. Repeat the calculation for a cylinder of the
same dimensions and made of glass having a resistivity of
3.0 ! 1010 # $ m.

Solution From Equation 27.11 and Table 27.1, we can cal-
culate the resistance of the aluminum cylinder as follows:

1.41 ! 10"5 #%

R % &  
!

A
% (2.82 ! 10"8 #$m) ! 0.100 m

2.00 ! 10"4  m2 "

Similarly, for glass we find that

As you might guess from the large difference in resistivities,
the resistances of identically shaped cylinders of aluminum
and glass differ widely. The resistance of the glass cylinder is
18 orders of magnitude greater than that of the aluminum
cylinder.

1.5 ! 1013 #%

R % & 
!

A
% (3.0 ! 1010 #$m) ! 0.100 m

2.00 ! 10"4 m2 "

(A) Calculate the resistance per unit length of a 22-gauge
Nichrome wire, which has a radius of 0.321 mm.

Solution The cross-sectional area of this wire is

The resistivity of Nichrome is 1.5 ! 10" 6 # $ m (see
Table 27.1). Thus, we can use Equation 27.11 to find the
resistance per unit length:

(B) If a potential difference of 10 V is maintained across a
1.0-m length of the Nichrome wire, what is the current in
the wire?

4.6 #/m
R
!

%
&

A
%

1.5 ! 10"6 #$m
3.24 ! 10"7 m2 %

A % 'r 
2 % '(0.321 ! 10"3 m)2 % 3.24 ! 10"7 m2

Solution Because a 1.0-m length of this wire has a resis-
tance of 4.6 #, Equation 27.8 gives

Note from Table 27.1 that the resistivity of Nichrome wire is
about 100 times that of copper. A copper wire of the same
radius would have a resistance per unit length of only
0.052 #/m. A 1.0-m length of copper wire of the same
radius would carry the same current (2.2 A) with an applied
potential difference of only 0.11 V.

Because of its high resistivity and its resistance to
oxidation, Nichrome is often used for heating elements in
toasters, irons, and electric heaters.

2.2 AI %
∆V
R

%
10 V
4.6 #

%

silicon, in the radial direction, is unwanted. (The cable is 
designed to conduct current along its length—this is not
the current we are considering here.) The radius of the 
inner conductor is a % 0.500 cm, the radius of the outer
one is b % 1.75 cm, and the length is L % 15.0 cm. 

Coaxial cables are used extensively for cable television and
other electronic applications. A coaxial cable consists of 
two concentric cylindrical conductors. The region 
between the conductors is completely filled with silicon, as
shown in Figure 27.8a, and current leakage through the 
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unit length vary along the wire as the area becomes smaller? (a) The drift velocity and
resistance both increase. (b) The drift velocity and resistance both decrease. (c) The
drift velocity increases and the resistance decreases. (d) The drift velocity decreases
and the resistance increases.

Quick Quiz 27.4 A cylindrical wire has a radius r and length !. If both r and !
are doubled, the resistance of the wire (a) increases (b) decreases (c) remains the same.

Quick Quiz 27.5 In Figure 27.7b, as the applied voltage increases, the resis-
tance of the diode (a) increases (b) decreases (c) remains the same.

Example 27.2 The Resistance of a Conductor

Example 27.3 The Resistance of Nichrome Wire

Example 27.4 The Radial Resistance of a Coaxial Cable

Calculate the resistance of an aluminum cylinder that
has a length of 10.0 cm and a cross-sectional area of
2.00 ! 10"4 m2. Repeat the calculation for a cylinder of the
same dimensions and made of glass having a resistivity of
3.0 ! 1010 # $ m.

Solution From Equation 27.11 and Table 27.1, we can cal-
culate the resistance of the aluminum cylinder as follows:

1.41 ! 10"5 #%

R % &  
!

A
% (2.82 ! 10"8 #$m) ! 0.100 m

2.00 ! 10"4  m2 "

Similarly, for glass we find that

As you might guess from the large difference in resistivities,
the resistances of identically shaped cylinders of aluminum
and glass differ widely. The resistance of the glass cylinder is
18 orders of magnitude greater than that of the aluminum
cylinder.

1.5 ! 1013 #%

R % & 
!

A
% (3.0 ! 1010 #$m) ! 0.100 m

2.00 ! 10"4 m2 "

(A) Calculate the resistance per unit length of a 22-gauge
Nichrome wire, which has a radius of 0.321 mm.

Solution The cross-sectional area of this wire is

The resistivity of Nichrome is 1.5 ! 10" 6 # $ m (see
Table 27.1). Thus, we can use Equation 27.11 to find the
resistance per unit length:

(B) If a potential difference of 10 V is maintained across a
1.0-m length of the Nichrome wire, what is the current in
the wire?

4.6 #/m
R
!

%
&

A
%

1.5 ! 10"6 #$m
3.24 ! 10"7 m2 %

A % 'r 
2 % '(0.321 ! 10"3 m)2 % 3.24 ! 10"7 m2

Solution Because a 1.0-m length of this wire has a resis-
tance of 4.6 #, Equation 27.8 gives

Note from Table 27.1 that the resistivity of Nichrome wire is
about 100 times that of copper. A copper wire of the same
radius would have a resistance per unit length of only
0.052 #/m. A 1.0-m length of copper wire of the same
radius would carry the same current (2.2 A) with an applied
potential difference of only 0.11 V.

Because of its high resistivity and its resistance to
oxidation, Nichrome is often used for heating elements in
toasters, irons, and electric heaters.

2.2 AI %
∆V
R

%
10 V
4.6 #

%

silicon, in the radial direction, is unwanted. (The cable is 
designed to conduct current along its length—this is not
the current we are considering here.) The radius of the 
inner conductor is a % 0.500 cm, the radius of the outer
one is b % 1.75 cm, and the length is L % 15.0 cm. 

Coaxial cables are used extensively for cable television and
other electronic applications. A coaxial cable consists of 
two concentric cylindrical conductors. The region 
between the conductors is completely filled with silicon, as
shown in Figure 27.8a, and current leakage through the 
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unit length vary along the wire as the area becomes smaller? (a) The drift velocity and
resistance both increase. (b) The drift velocity and resistance both decrease. (c) The
drift velocity increases and the resistance decreases. (d) The drift velocity decreases
and the resistance increases.

Quick Quiz 27.4 A cylindrical wire has a radius r and length !. If both r and !
are doubled, the resistance of the wire (a) increases (b) decreases (c) remains the same.

Quick Quiz 27.5 In Figure 27.7b, as the applied voltage increases, the resis-
tance of the diode (a) increases (b) decreases (c) remains the same.

Example 27.2 The Resistance of a Conductor

Example 27.3 The Resistance of Nichrome Wire

Example 27.4 The Radial Resistance of a Coaxial Cable

Calculate the resistance of an aluminum cylinder that
has a length of 10.0 cm and a cross-sectional area of
2.00 ! 10"4 m2. Repeat the calculation for a cylinder of the
same dimensions and made of glass having a resistivity of
3.0 ! 1010 # $ m.

Solution From Equation 27.11 and Table 27.1, we can cal-
culate the resistance of the aluminum cylinder as follows:

1.41 ! 10"5 #%

R % &  
!

A
% (2.82 ! 10"8 #$m) ! 0.100 m

2.00 ! 10"4  m2 "

Similarly, for glass we find that

As you might guess from the large difference in resistivities,
the resistances of identically shaped cylinders of aluminum
and glass differ widely. The resistance of the glass cylinder is
18 orders of magnitude greater than that of the aluminum
cylinder.

1.5 ! 1013 #%

R % & 
!

A
% (3.0 ! 1010 #$m) ! 0.100 m

2.00 ! 10"4 m2 "

(A) Calculate the resistance per unit length of a 22-gauge
Nichrome wire, which has a radius of 0.321 mm.

Solution The cross-sectional area of this wire is

The resistivity of Nichrome is 1.5 ! 10" 6 # $ m (see
Table 27.1). Thus, we can use Equation 27.11 to find the
resistance per unit length:

(B) If a potential difference of 10 V is maintained across a
1.0-m length of the Nichrome wire, what is the current in
the wire?

4.6 #/m
R
!

%
&

A
%

1.5 ! 10"6 #$m
3.24 ! 10"7 m2 %

A % 'r 
2 % '(0.321 ! 10"3 m)2 % 3.24 ! 10"7 m2

Solution Because a 1.0-m length of this wire has a resis-
tance of 4.6 #, Equation 27.8 gives

Note from Table 27.1 that the resistivity of Nichrome wire is
about 100 times that of copper. A copper wire of the same
radius would have a resistance per unit length of only
0.052 #/m. A 1.0-m length of copper wire of the same
radius would carry the same current (2.2 A) with an applied
potential difference of only 0.11 V.

Because of its high resistivity and its resistance to
oxidation, Nichrome is often used for heating elements in
toasters, irons, and electric heaters.

2.2 AI %
∆V
R

%
10 V
4.6 #

%

silicon, in the radial direction, is unwanted. (The cable is 
designed to conduct current along its length—this is not
the current we are considering here.) The radius of the 
inner conductor is a % 0.500 cm, the radius of the outer
one is b % 1.75 cm, and the length is L % 15.0 cm. 

Coaxial cables are used extensively for cable television and
other electronic applications. A coaxial cable consists of 
two concentric cylindrical conductors. The region 
between the conductors is completely filled with silicon, as
shown in Figure 27.8a, and current leakage through the 
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Problem 27.12

Calculate the current density in a gold wire at 20°C, if an electric field of 0.740 
V/m exists in the wire.

110     Current and Resistance

P27.11 We use I nqAvd= n is the number of charge carriers per unit volume, and is identical to the number
of atoms per unit volume. We assume a contribution of 1 free electron per atom in the relationship
above. For aluminum, which has a molar mass of 27, we know that Avogadro’s number of atoms,
NA , has a mass of 27.0 g. Thus, the mass per atom is

27 0 27 0
6 02 10

4 49 1023
23. .

.
.

 g  g
 g atom

NA
=

×
= × − .

Thus, n = =
× −
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mass per atom

 g cm
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P27.14 (a) Applying its definition, we find the resistance of the rod,
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(b) The length of the rod is determined from the definition of resistivity: R
A

=
ρA

. Solving for A

and substituting numerical values for R, A, and the value of ρ given for carbon in Table 27.1,
we obtain
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Problem 27.15

A 0.900-V potential difference is maintained across a 1.50-m length of tungsten 
wire that has a cross-sectional area of 0.600 mm2. What is the current in the 
wire?

110     Current and Resistance

P27.11 We use I nqAvd= n is the number of charge carriers per unit volume, and is identical to the number
of atoms per unit volume. We assume a contribution of 1 free electron per atom in the relationship
above. For aluminum, which has a molar mass of 27, we know that Avogadro’s number of atoms,
NA , has a mass of 27.0 g. Thus, the mass per atom is

27 0 27 0
6 02 10

4 49 1023
23. .

.
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 g  g
 g atom

NA
=

×
= × − .

Thus, n = =
× −

density of aluminum
mass per atom

 g cm
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32 70
4 49 10 23
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n = × = ×6 02 10 6 02 1022 28. . atoms cm  atoms m3 3 .
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P27.14 (a) Applying its definition, we find the resistance of the rod,

R
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I
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15 0

10
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.  V
4.00  A

 = 3.75 k .

(b) The length of the rod is determined from the definition of resistivity: R
A

=
ρA

. Solving for A

and substituting numerical values for R, A, and the value of ρ given for carbon in Table 27.1,
we obtain

A = =
× ×
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Problem 27.16

A conductor of uniform radius 1.20 cm carries a current of 3.00 A produced by an 
electric field of 120 V/m. What is the resistivity of the material?

Chapter 27     111
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Problem 27.22

Aluminum and copper wires of equal length are found to have the same 
resistance. What is the ratio of their radii?

112     Current and Resistance
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Section 27.3 A Model for Electrical Conduction
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Resistance and Temperature

Over a limited temperature range, the resistivity of a conductor varies 
approximately linearly with the temperature.

§ ρo is the resistivity at some reference temperature To

§ To is usually taken to be 20° C
§ α is the temperature coefficient of resistivity

§ SI units of α are oC-1

The temperature coefficient of resistivity can be expressed as

[1 ( )]o oρ ρ α T T= + -

1
o T

ra
r

D
=

D
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Temperature Variation of Resistance

Since the resistance of a conductor with uniform cross sectional area is 
proportional to the resistivity, you can find the effect of temperature on 
resistance.

R = Ro[1 + α(T - To)]
Use of this property enables precise temperature measurements through careful 
monitoring of the resistance of a probe made from a particular material.
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Resistivity and Temperature, Graphical View

For some metals, the resistivity is 
nearly proportional to the temperature.

A nonlinear region always exists at very 
low temperatures.

The resistivity usually reaches some 
finite value as the temperature 
approaches absolute zero.
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Residual Resistivity

The residual resistivity near absolute zero is caused primarily by the 
collisions of electrons with impurities and imperfections in the metal.

High temperature resistivity is predominantly characterized by collisions 
between the electrons and the metal atoms.

§ This is the linear range on the graph.
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Semiconductors

Semiconductors are materials that exhibit a decrease in resistivity with an 
increase in temperature.

α is negative

There is an increase in the density of charge carriers at higher temperatures.
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Example 27.6 A Platinum Resistance Thermometer

A resistance thermometer, which measures temperature by measuring the 
change in resistance of a conductor, is made from platinum and has a resistance 
of 50.0 Ω at 20.0°C. When immersed in a vessel containing melting indium, its 
resistance increases to 76.8 Ω. Calculate the melting point of the indium.

27.4 Resistance and Temperature

Over a limited temperature range, the resistivity of a conductor varies approximately
linearly with temperature according to the expression

(27.19)

where ! is the resistivity at some temperature T (in degrees Celsius), !0 is the resistivity
at some reference temperature T0 (usually taken to be 20°C), and " is the tempera-
ture coefficient of resistivity. From Equation 27.19, we see that the temperature
coefficient of resistivity can be expressed as

(27.20)

where #! $ ! % !0 is the change in resistivity in the temperature interval #T $ T % T0.
The temperature coefficients of resistivity for various materials are given in

Table 27.1. Note that the unit for " is degrees Celsius% 1 [(°C)% 1]. Because resistance
is proportional to resistivity (Eq. 27.11), we can write the variation of resistance as

(27.21)

Use of this property enables us to make precise temperature measurements, as shown
in Example 27.6.

R $ R 0[1 & "(T % T0)]

" $
1
!0

 
∆!

∆T

! $ !0[1 & "(T % T0)]
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Quick Quiz 27.6 When does a lightbulb carry more current: (a) just after it
is turned on and the glow of the metal filament is increasing, or (b) after it has been
on for a few milliseconds and the glow is steady?

which is equivalent to 40 nm (compared with atomic 
spacings of about 0.2 nm). Thus, although the time interval
between collisions is very short, an electron in the wire
travels about 200 atomic spacings between collisions.

Solution From Equation 27.18,

4.0 ' 10%8 m$

! $ v( $ (1.6 ' 106 m/s)(2.5 ' 10%14 s)

Example 27.6 A Platinum Resistance Thermometer

A resistance thermometer, which measures temperature by
measuring the change in resistance of a conductor, is made
from platinum and has a resistance of 50.0 ) at 20.0°C.
When immersed in a vessel containing melting indium, its
resistance increases to 76.8 ). Calculate the melting point
of the indium.

Solution Solving Equation 27.21 for #T and using the "
value for platinum given in Table 27.1, we obtain

Because T0 $ 20.0°C, we find that T, the temperature of the

melting indium sample, is 157*C.

 $ 137*C

∆T $
R % R 0

"R 0
$

76.8 ) % 50.0 )
[3.92 ' 10%3(*C )%1](50.0 ))

For metals like copper, resistivity is nearly proportional to temperature, as shown
in Figure 27.10. However, a nonlinear region always exists at very low temperatures,
and the resistivity usually reaches some finite value as the temperature approaches
absolute zero. This residual resistivity near absolute zero is caused primarily by the

Variation of ! with temperature

Temperature coefficient of
resistivity



Problem 27.32

An aluminum rod has a resistance of 1.234 Ω at 20.0°C. Calculate the 
resistance of the rod at 120°C by accounting for the changes in both the 
resistivity and the dimensions of the rod.
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Problem 27.33

What is the fractional change in the resistance of an iron filament when its 
temperature changes from 25.0°C to 50.0°C?
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Section 27.5 Superconductors

Problem 48 in Chapter 43 can be assigned with this section.
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Electrical Power

Assume a circuit as shown
The entire circuit is the system.
As a charge moves from a to b, the 
electric potential energy of the system 
increases by QDV.
§ The chemical energy in the battery 

must decrease by this same 
amount.

This electric potential energy is 
transformed into internal energy in the 
resistor.
§ Corresponds to increased 

vibrational motion of the atoms in 
the resistor

Section  27.6



Electric Power, 2

The resistor is normally in contact with the air, so its increased temperature will 
result in a transfer of energy by heat into the air.

The resistor also emits thermal radiation.

After some time interval, the resistor reaches a constant temperature.

§ The input of energy from the battery is balanced by the output of energy by 
heat and radiation.

The rate at which the system’s potential energy decreases as the charge passes 
through the resistor is equal to the rate at which the system gains internal energy 
in the resistor.

The power is the rate at which the energy is delivered to the resistor.
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Electric Power, final

The power is given by the equation P = I ΔV.

Applying Ohm’s Law, alternative expressions can be found:

Units: I is in A, R is in Ω, ΔV is in V, and P is in W

( )22 
V

P V R
R
D

= D = =I I
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Some Final Notes About Current

A single electron is moving at the drift velocity in the circuit.

§ It may take hours for an electron to move completely around a circuit.

The current is the same everywhere in the circuit.

§ Current is not “used up” anywhere in the circuit

The charges flow in the same rotational sense at all points in the circuit.



Electric Power Transmission

Real power lines have resistance.

Power companies transmit electricity at high voltages and low currents to 
minimize power losses.



Example 27.7 Power in an Electric Heater

An electric heater is constructed by applying a potential difference of 120 V to a 
Nichrome wire that has a total resistance of 8.00 Ω. Find the current carried by 
the wire and the power rating of the heater.

transformer drops the potential difference to 240 V before the electricity finally
reaches your home. Of course, each time the potential difference decreases, the
current increases by the same factor, and the power remains the same. We shall
discuss transformers in greater detail in Chapter 33.

Demands on our dwindling energy supplies have made it necessary for us to be
aware of the energy requirements of our electrical devices. Every electrical
appliance carries a label that contains the information you need to calculate the
appliance’s power requirements. In many cases, the power consumption in watts is
stated directly, as it is on a lightbulb. In other cases, the amount of current used by
the device and the potential difference at which it operates are given. This
information and Equation 27.22 are sufficient for calculating the power require-
ment of any electrical device.
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Quick Quiz 27.7 The same potential difference is applied to the two
lightbulbs shown in Figure 27.14. Which one of the following statements is true?
(a) The 30-W bulb carries the greater current and has the higher resistance.
(b) The 30-W bulb carries the greater current, but the 60-W bulb has the higher
resistance. (c) The 30-W bulb has the higher resistance, but the 60-W bulb carries
the greater current. (d) The 60-W bulb carries the greater current and has the
higher resistance.

Quick Quiz 27.8 For the two lightbulbs shown in Figure 27.15, rank the
current values at points a through f, from greatest to least.

Figure 27.14 (Quick Quiz 27.7) These lightbulbs operate at their rated power only
when they are connected to a 120-V source.

Figure 27.15 (Quick Quiz 27.8)
Two lightbulbs connected across
the same potential difference.
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Example 27.7 Power in an Electric Heater

An electric heater is constructed by applying a potential
difference of 120 V to a Nichrome wire that has a total
resistance of 8.00 !. Find the current carried by the wire
and the power rating of the heater.

Solution Because "V # IR , we have

We can find the power rating using the expression 
! # I 2R :

! # I  
2R # (15.0 A)2(8.00 !) # 1.80 $ 103 W

15.0 AI #
∆V
R

#
120 V
8.00 !

#

What If? What if the heater were accidentally connected to a
240-V supply? (This is difficult to do because the shape and
orientation of the metal contacts in 240-V plugs are different
from those in 120-V plugs.) How would this affect the current
carried by the heater and the power rating of the heater?

Answer If we doubled the applied potential difference,
Equation 27.8 tells us that the current would double.
According to Equation 27.23, ! # ("V )2/R, the power
would be four times larger.

1.80 kW! #

transformer drops the potential difference to 240 V before the electricity finally
reaches your home. Of course, each time the potential difference decreases, the
current increases by the same factor, and the power remains the same. We shall
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Example 27.8 Linking Electricity and Thermodynamics

(A) What is the required resistance of an immersion heater that will increase the 
temperature of 1.50 kg of water from 10.0°C to 50.0°C in 10.0 min while 
operating at 110 V?
(B) Estimate the cost of heating the water.
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Example 27.8 Linking Electricity and Thermodynamics

Example 27.9 Current in an Electron Beam

(A) What is the required resistance of an immersion heater
that will increase the temperature of 1.50 kg of water from
10.0°C to 50.0°C in 10.0 min while operating at 110 V?

(B) Estimate the cost of heating the water.

Solution This example allows us to link our new under-
standing of power in electricity with our experience with
specific heat in thermodynamics (Chapter 20). An immer-
sion heater is a resistor that is inserted into a container of
water. As energy is delivered to the immersion heater,
raising its temperature, energy leaves the surface of the
resistor by heat, going into the water. When the immersion
heater reaches a constant temperature, the rate of energy
delivered to the resistance by electrical transmission is equal
to the rate of energy delivered by heat to the water.

(A) To simplify the analysis, we ignore the initial period
during which the temperature of the resistor increases, and
also ignore any variation of resistance with temperature. Thus,
we imagine a constant rate of energy transfer for the entire
10.0 min. Setting the rate of energy delivered to the resistor
equal to the rate of energy entering the water by heat, we have

where Q represents an amount of energy transfer by heat
into the water and we have used Equation 27.23 to express

! !
(∆V )2

R
!

Q
∆t

the electrical power. The amount of energy transfer by heat
necessary to raise the temperature of the water is given by
Equation 20.4, Q ! mc "T. Thus,

Substituting the values given in the statement of the 
problem, we have

(B) Because the energy transferred equals power multiplied
by time interval, the amount of energy transferred is

If the energy is purchased at an estimated price of 10.0¢ per
kilowatt-hour, the cost is

0.7 ¢!

Cost ! (0.069 8 kWh)($0.100/kWh) ! $0.006  98

! 69.8 Wh ! 0.069 8 kWh

! ∆t !
(∆V  )2

R
 ∆t !

(110 V )2

28.9 #
 (10.0 min) " 1 h

60.0 min #

28.9 #!

R !
(110 V )2(600 s)

(1.50 kg)(4186 J/kg $%C)(50.0%C & 10.0%C)

(∆V )2

R
!

mc ∆T
∆t

 9:  R !
(∆V )2 ∆t

mc ∆T

Solution We use Equation 27.2 in the form dQ ! I dt and
integrate to find the charge per pulse. While the pulse is on,
the current is constant; thus,

Dividing this quantity of charge per pulse by the electronic
charge gives the number of electrons per pulse:

 ! 5.00 ' 10&8 C

Q pulse ! I $ dt ! I ∆t ! (250 ' 10&3 A)(200 ' 10&9 s)

In a certain particle accelerator, electrons emerge with
an energy of 40.0 MeV (1 MeV ! 1.60 ' 10& 13 J). The
electrons emerge not in a steady stream but rather in pulses
at the rate of 250 pulses/s. This corresponds to a time
interval between pulses of 4.00 ms (Fig. 27.16). Each pulse
has a duration of 200 ns, and the electrons in the pulse
constitute a current of 250 mA. The current is zero between
pulses.

(A) How many electrons are delivered by the accelerator
per pulse?

Interactive

At the Interactive Worked Example link at http://www.pse6.com, you can explore the heating of the water.

I 2.00 × 10–7 s

t (s)

4.00 ms

Figure 27.16 (Example 27.9) Current versus time for a pulsed beam of electrons.
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standing of power in electricity with our experience with
specific heat in thermodynamics (Chapter 20). An immer-
sion heater is a resistor that is inserted into a container of
water. As energy is delivered to the immersion heater,
raising its temperature, energy leaves the surface of the
resistor by heat, going into the water. When the immersion
heater reaches a constant temperature, the rate of energy
delivered to the resistance by electrical transmission is equal
to the rate of energy delivered by heat to the water.

(A) To simplify the analysis, we ignore the initial period
during which the temperature of the resistor increases, and
also ignore any variation of resistance with temperature. Thus,
we imagine a constant rate of energy transfer for the entire
10.0 min. Setting the rate of energy delivered to the resistor
equal to the rate of energy entering the water by heat, we have

where Q represents an amount of energy transfer by heat
into the water and we have used Equation 27.23 to express
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(∆V )2

R
!

Q
∆t

the electrical power. The amount of energy transfer by heat
necessary to raise the temperature of the water is given by
Equation 20.4, Q ! mc "T. Thus,

Substituting the values given in the statement of the 
problem, we have

(B) Because the energy transferred equals power multiplied
by time interval, the amount of energy transferred is

If the energy is purchased at an estimated price of 10.0¢ per
kilowatt-hour, the cost is

0.7 ¢!

Cost ! (0.069 8 kWh)($0.100/kWh) ! $0.006  98

! 69.8 Wh ! 0.069 8 kWh
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Solution We use Equation 27.2 in the form dQ ! I dt and
integrate to find the charge per pulse. While the pulse is on,
the current is constant; thus,

Dividing this quantity of charge per pulse by the electronic
charge gives the number of electrons per pulse:

 ! 5.00 ' 10&8 C

Q pulse ! I $ dt ! I ∆t ! (250 ' 10&3 A)(200 ' 10&9 s)

In a certain particle accelerator, electrons emerge with
an energy of 40.0 MeV (1 MeV ! 1.60 ' 10& 13 J). The
electrons emerge not in a steady stream but rather in pulses
at the rate of 250 pulses/s. This corresponds to a time
interval between pulses of 4.00 ms (Fig. 27.16). Each pulse
has a duration of 200 ns, and the electrons in the pulse
constitute a current of 250 mA. The current is zero between
pulses.

(A) How many electrons are delivered by the accelerator
per pulse?

Interactive

At the Interactive Worked Example link at http://www.pse6.com, you can explore the heating of the water.

I 2.00 × 10–7 s

t (s)

4.00 ms

Figure 27.16 (Example 27.9) Current versus time for a pulsed beam of electrons.

848 CHAPTE R  27 •  Current and Resistance

Example 27.8 Linking Electricity and Thermodynamics

Example 27.9 Current in an Electron Beam

(A) What is the required resistance of an immersion heater
that will increase the temperature of 1.50 kg of water from
10.0°C to 50.0°C in 10.0 min while operating at 110 V?

(B) Estimate the cost of heating the water.

Solution This example allows us to link our new under-
standing of power in electricity with our experience with
specific heat in thermodynamics (Chapter 20). An immer-
sion heater is a resistor that is inserted into a container of
water. As energy is delivered to the immersion heater,
raising its temperature, energy leaves the surface of the
resistor by heat, going into the water. When the immersion
heater reaches a constant temperature, the rate of energy
delivered to the resistance by electrical transmission is equal
to the rate of energy delivered by heat to the water.

(A) To simplify the analysis, we ignore the initial period
during which the temperature of the resistor increases, and
also ignore any variation of resistance with temperature. Thus,
we imagine a constant rate of energy transfer for the entire
10.0 min. Setting the rate of energy delivered to the resistor
equal to the rate of energy entering the water by heat, we have

where Q represents an amount of energy transfer by heat
into the water and we have used Equation 27.23 to express

! !
(∆V )2

R
!

Q
∆t

the electrical power. The amount of energy transfer by heat
necessary to raise the temperature of the water is given by
Equation 20.4, Q ! mc "T. Thus,

Substituting the values given in the statement of the 
problem, we have

(B) Because the energy transferred equals power multiplied
by time interval, the amount of energy transferred is

If the energy is purchased at an estimated price of 10.0¢ per
kilowatt-hour, the cost is

0.7 ¢!

Cost ! (0.069 8 kWh)($0.100/kWh) ! $0.006  98

! 69.8 Wh ! 0.069 8 kWh

! ∆t !
(∆V  )2

R
 ∆t !

(110 V )2

28.9 #
 (10.0 min) " 1 h

60.0 min #

28.9 #!

R !
(110 V )2(600 s)

(1.50 kg)(4186 J/kg $%C)(50.0%C & 10.0%C)

(∆V )2

R
!

mc ∆T
∆t

 9:  R !
(∆V )2 ∆t

mc ∆T

Solution We use Equation 27.2 in the form dQ ! I dt and
integrate to find the charge per pulse. While the pulse is on,
the current is constant; thus,

Dividing this quantity of charge per pulse by the electronic
charge gives the number of electrons per pulse:

 ! 5.00 ' 10&8 C

Q pulse ! I $ dt ! I ∆t ! (250 ' 10&3 A)(200 ' 10&9 s)

In a certain particle accelerator, electrons emerge with
an energy of 40.0 MeV (1 MeV ! 1.60 ' 10& 13 J). The
electrons emerge not in a steady stream but rather in pulses
at the rate of 250 pulses/s. This corresponds to a time
interval between pulses of 4.00 ms (Fig. 27.16). Each pulse
has a duration of 200 ns, and the electrons in the pulse
constitute a current of 250 mA. The current is zero between
pulses.

(A) How many electrons are delivered by the accelerator
per pulse?

Interactive

At the Interactive Worked Example link at http://www.pse6.com, you can explore the heating of the water.

I 2.00 × 10–7 s

t (s)

4.00 ms

Figure 27.16 (Example 27.9) Current versus time for a pulsed beam of electrons.

848 CHAPTE R  27 •  Current and Resistance

Example 27.8 Linking Electricity and Thermodynamics

Example 27.9 Current in an Electron Beam

(A) What is the required resistance of an immersion heater
that will increase the temperature of 1.50 kg of water from
10.0°C to 50.0°C in 10.0 min while operating at 110 V?

(B) Estimate the cost of heating the water.

Solution This example allows us to link our new under-
standing of power in electricity with our experience with
specific heat in thermodynamics (Chapter 20). An immer-
sion heater is a resistor that is inserted into a container of
water. As energy is delivered to the immersion heater,
raising its temperature, energy leaves the surface of the
resistor by heat, going into the water. When the immersion
heater reaches a constant temperature, the rate of energy
delivered to the resistance by electrical transmission is equal
to the rate of energy delivered by heat to the water.

(A) To simplify the analysis, we ignore the initial period
during which the temperature of the resistor increases, and
also ignore any variation of resistance with temperature. Thus,
we imagine a constant rate of energy transfer for the entire
10.0 min. Setting the rate of energy delivered to the resistor
equal to the rate of energy entering the water by heat, we have

where Q represents an amount of energy transfer by heat
into the water and we have used Equation 27.23 to express

! !
(∆V )2

R
!

Q
∆t

the electrical power. The amount of energy transfer by heat
necessary to raise the temperature of the water is given by
Equation 20.4, Q ! mc "T. Thus,

Substituting the values given in the statement of the 
problem, we have

(B) Because the energy transferred equals power multiplied
by time interval, the amount of energy transferred is

If the energy is purchased at an estimated price of 10.0¢ per
kilowatt-hour, the cost is

0.7 ¢!

Cost ! (0.069 8 kWh)($0.100/kWh) ! $0.006  98

! 69.8 Wh ! 0.069 8 kWh

! ∆t !
(∆V  )2

R
 ∆t !

(110 V )2

28.9 #
 (10.0 min) " 1 h

60.0 min #

28.9 #!

R !
(110 V )2(600 s)

(1.50 kg)(4186 J/kg $%C)(50.0%C & 10.0%C)

(∆V )2

R
!

mc ∆T
∆t

 9:  R !
(∆V )2 ∆t

mc ∆T

Solution We use Equation 27.2 in the form dQ ! I dt and
integrate to find the charge per pulse. While the pulse is on,
the current is constant; thus,

Dividing this quantity of charge per pulse by the electronic
charge gives the number of electrons per pulse:

 ! 5.00 ' 10&8 C

Q pulse ! I $ dt ! I ∆t ! (250 ' 10&3 A)(200 ' 10&9 s)

In a certain particle accelerator, electrons emerge with
an energy of 40.0 MeV (1 MeV ! 1.60 ' 10& 13 J). The
electrons emerge not in a steady stream but rather in pulses
at the rate of 250 pulses/s. This corresponds to a time
interval between pulses of 4.00 ms (Fig. 27.16). Each pulse
has a duration of 200 ns, and the electrons in the pulse
constitute a current of 250 mA. The current is zero between
pulses.

(A) How many electrons are delivered by the accelerator
per pulse?

Interactive

At the Interactive Worked Example link at http://www.pse6.com, you can explore the heating of the water.

I 2.00 × 10–7 s

t (s)

4.00 ms

Figure 27.16 (Example 27.9) Current versus time for a pulsed beam of electrons.



Problem 27.36

A toaster is rated at 600 W when connected to a 120-V source. What current 
does the toaster carry, and what is its resistance?
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Section 27.5 Superconductors

Problem 48 in Chapter 43 can be assigned with this section.

Section 27.6 Electric Power
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Problem 27.49

Compute the cost per day of operating a lamp that draws a current of 1.70 A from 
a 110-V line. Assume the cost of energy from the power company is $0.060 
0/kWh.
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