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Most practical applications of electricity deal with electric currents. 

▪ The electric charges move through some region of space.

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

Δ
=
Δ

I

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. 

It is common to refer to any moving charge as a charge carrier.
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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

≡I
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What creates a current?
Take a conductor, such as a wire. 

Apply a potential difference.  

This creates an electric field in the 
conductor which exerts an electric force 
on the electrons. 

The electric force causes the electrons 
to move in the wire in the opposite 
direction to a field and creates a current.

Note: 
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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Current and Drift Speed
Cylindrical conductor of cross-
sectional area A. 
q is the individual charge 
n is the charge volume density 
= number of mobile charge 
carriers per unit volume.

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

Rewrite:                       ΔQ = (nAvd Δt)q 

     Iave = ΔQ/Δt = nqvdA 

vd  is an average speed called the drift speed.

The total charge is      ΔQ = (nAΔx)q 

vd =
Iavg
nqA
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Current Density
J is the current density of a conductor.  

It is defined as the current per unit area. 

▪ 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.

J =
I

A
= nqvd
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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. 

This tells you how well a material conducts electricity. 

This is the mathematical form of Ohm’s law.

J = �E
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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 
▪ 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.

J

E
= �
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Ohm’s Law rewritten
J

E
= �
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The potential difference is proportional to the current!
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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.

Resistance
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Define:

Ohm’s law rewritten



Ohmic vs Nonohmic material

Ohmic: resistance is constant over 
a wide range of voltages. 

The relationship between 
current and voltage is linear. 

The slope is related to the 
resistance.

Nonohmic materials are those 
whose resistance changes with 
voltage or current. 

The current-voltage 
relationship is nonlinear.
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Resistors
Most electric circuits use circuit 
elements called resistors to 
control the current in the various 
parts of the circuit.

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.

symbol: 
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Resistor color code
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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: 

Resistivity has SI units of ohm-meters (Ω . m) 
Every ohmic material has a characteristic resistivity that depends on 
the properties of the material and on temperature. 

Resistance is also related to resistivity:

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

An ideal conductor would have zero resistivity. 
An ideal insulator would have infinite resistivity.
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<latexit sha1_base64="ga2PKl9uq8ZQnMomrpchKfO3Uyg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuhGqblxWsQ9oQplMb9qhk5kwMxFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHCqNKu+20tLC4tr6yW1srrG5tb2/bOblOJVBJoEMGEbIdYAaMcGppqBu1EAo5DBq1weD32Ww8gFRX8Xo8SCGLc5zSiBGsjde39uwtfDoQfSUwyHxjLs8u8a1fcqjuBM0+8glRQgXrX/vJ7gqQxcE0YVqrjuYkOMiw1JQzysp8qSDAZ4j50DOU4BhVkk+tz58goPScS0hTXzkT9PZHhWKlRHJrOGOuBmvXG4n9eJ9XReZBRnqQaOJkuilLmaOGMo3B6VALRbGQIJpKaWx0ywCYIbQIrmxC82ZfnSfOk6rlV7/a0Ursq4iihA3SIjpGHzlAN3aA6aiCCHtEzekVv1pP1Yr1bH9PWBauY2UN/YH3+AME9lWk=</latexit><latexit sha1_base64="ga2PKl9uq8ZQnMomrpchKfO3Uyg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuhGqblxWsQ9oQplMb9qhk5kwMxFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHCqNKu+20tLC4tr6yW1srrG5tb2/bOblOJVBJoEMGEbIdYAaMcGppqBu1EAo5DBq1weD32Ww8gFRX8Xo8SCGLc5zSiBGsjde39uwtfDoQfSUwyHxjLs8u8a1fcqjuBM0+8glRQgXrX/vJ7gqQxcE0YVqrjuYkOMiw1JQzysp8qSDAZ4j50DOU4BhVkk+tz58goPScS0hTXzkT9PZHhWKlRHJrOGOuBmvXG4n9eJ9XReZBRnqQaOJkuilLmaOGMo3B6VALRbGQIJpKaWx0ywCYIbQIrmxC82ZfnSfOk6rlV7/a0Ursq4iihA3SIjpGHzlAN3aA6aiCCHtEzekVv1pP1Yr1bH9PWBauY2UN/YH3+AME9lWk=</latexit><latexit sha1_base64="ga2PKl9uq8ZQnMomrpchKfO3Uyg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuhGqblxWsQ9oQplMb9qhk5kwMxFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHCqNKu+20tLC4tr6yW1srrG5tb2/bOblOJVBJoEMGEbIdYAaMcGppqBu1EAo5DBq1weD32Ww8gFRX8Xo8SCGLc5zSiBGsjde39uwtfDoQfSUwyHxjLs8u8a1fcqjuBM0+8glRQgXrX/vJ7gqQxcE0YVqrjuYkOMiw1JQzysp8qSDAZ4j50DOU4BhVkk+tz58goPScS0hTXzkT9PZHhWKlRHJrOGOuBmvXG4n9eJ9XReZBRnqQaOJkuilLmaOGMo3B6VALRbGQIJpKaWx0ywCYIbQIrmxC82ZfnSfOk6rlV7/a0Ursq4iihA3SIjpGHzlAN3aA6aiCCHtEzekVv1pP1Yr1bH9PWBauY2UN/YH3+AME9lWk=</latexit><latexit sha1_base64="ga2PKl9uq8ZQnMomrpchKfO3Uyg=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuhGqblxWsQ9oQplMb9qhk5kwMxFqCP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPWHCqNKu+20tLC4tr6yW1srrG5tb2/bOblOJVBJoEMGEbIdYAaMcGppqBu1EAo5DBq1weD32Ww8gFRX8Xo8SCGLc5zSiBGsjde39uwtfDoQfSUwyHxjLs8u8a1fcqjuBM0+8glRQgXrX/vJ7gqQxcE0YVqrjuYkOMiw1JQzysp8qSDAZ4j50DOU4BhVkk+tz58goPScS0hTXzkT9PZHhWKlRHJrOGOuBmvXG4n9eJ9XReZBRnqQaOJkuilLmaOGMo3B6VALRbGQIJpKaWx0ywCYIbQIrmxC82ZfnSfOk6rlV7/a0Ursq4iihA3SIjpGHzlAN3aA6aiCCHtEzekVv1pP1Yr1bH9PWBauY2UN/YH3+AME9lWk=</latexit>
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Resistivity Values
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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  (usually 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

ρ
α

ρ
Δ

=
Δ

Since the resistance 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: thermometer! 18



Conductors and Semi-conductors

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.

19

Conductors are materials that exhibit an increase in resistivity with 
an increase in temperature. 

α is positive 



Superconductors

A class of materials and compounds 
whose resistances fall to virtually 
zero below a certain temperature, 
TC. 
▪ TC is called the critical 

temperature.

The value of TC is sensitive to: 
▪ chemical composition 
▪ pressure 
▪ molecular structure 

Once a current is set up in a superconductor, it persists without any 
applied voltage. 
▪ Since R = 0

20



Energy considerations
As a charge moves from a to b, the electric 
potential energy of the system increases. 
▪ 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 

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 resistor is normally in contact with the air, so its increased temperature 
will result in a transfer of energy by heat into the air. 
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. 21



Applying Ohm’s Law (ΔV=RI), alternative expressions can be found: 

Units: I is in A (ampere), R is in Ω (ohms), ΔV is in V (volts), and P is in W 
(watts)

Electrical power

The power is the rate at which the energy is delivered to the resistor.

( )22 
V

P V R
R
Δ

= Δ = =I I

P = I ΔV 

22



A few important remarks…
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.

Real power lines have resistance. 

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

23



Example Problems #1 & #2, #3
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Example Problems #1,2,3: Solution
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 Thus,  

  
  
n =

ρ
m

=
density of aluminum

mass per atom
=

2.70 g cm3

4.49 × 10−23  g atom
 

    n = 6.02 × 1022  atoms cm3 = 6.02 × 1028  atoms m3  

 Therefore,     

  

  

vd =
I

nqA
=

5.00 A
6.02 × 1028  m−3( ) 1.60 × 10−19  C( ) 4.00 × 10−6  m2( )

= 1.30 × 10−4  m s

 

 or,   
  
v d = 0.130 mm s .  

P27.4 The period of the electron in its orbit is T = 2πr/v , and the current 
represented by the orbiting electron is 

  

  

I = ΔQ
Δt

= e
T

= v e
2πr

=
2.19× 106  m s( ) 1.60× 10−19  C( )

2π 5.29× 10−11  m( )

= 1.05× 10−3  C s = 1.05 mA

 

P27.5 If N is the number of protons, each with charge e, that hit the target in 
time ∆t, the average current in the beam is   I = ΔQ/Δt = Ne/Δt,  giving 

   
  
N =

I Δt( )
e

=
125 × 10−6  C/s( ) 23.0 s( )
1.60 × 10−19  C/proton

= 1.80 × 1016  protons  

P27.6 (a) From Example 27.1 in the textbook, the density of charge carriers 
(electrons) in a copper wire is n = 8.46 × 1028 electrons/m3. With 

  A = πr2  and q = e , the drift speed of electrons in this wire is 

   

  

v d =
I

n q A
= I

ne πr2( )
= 3.70 C s

8.46× 1028  m−3( ) 1.60× 10−19  C( )π 1.25× 10−3  m( )2

= 5.57 × 10−5  m s

 

 (b) The drift speed is smaller because more electrons are being 
conducted.  To create the same current, therefore, the drift speed 
need not be as great. 

#1

#2
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P27.7 From 
  
I = dQ

dt ,  we have dQ = I dt. 

 From this, we derive the general integral: 
  
Q = dQ∫ = I  dt∫  

 In all three cases, define an end-time, T: 
  
Q = I0e

–t/τ

0

T

∫ dt  

 Integrating from time t = 0 to time t = T:  
  
Q = –I0τ( )e–t/τ

0

T

∫ –
dt
τ

⎛
⎝⎜

⎞
⎠⎟

 

 We perform the integral and set  Q = 0 at t = 0 to obtain 

   
  
Q = –I0τ e–T/τ – e0( ) = I0τ 1 – e–T/τ( )  

 (a) If T =  τ :  
  
Q τ( ) = I0τ 1− e−1( ) = 0.632( ) I0τ  

 (b) If T = 10 τ :   
  
Q 10τ( ) = I0τ 1− e−10( ) = 0.999 95( ) I0τ  

 (c) If T =  ∞:  
  
Q ∞( ) = I0τ 1− e−∞( ) = I0τ  

P27.8 (a) 
  
J =

I
A

=
5.00 A

π 4.00 × 10−3  m( )2 = 99.5 kA m2  

 (b)  Current is the same.  

 (c) The cross-sectional area is greater; therefore the current density is 
smaller.  

 (d)   A2 = 4A1      or    πr2
2 = 4πr1

2          so          r2 = 2r1 = 0.800 cm .  

 (e)   I  = 5.00 A  

 (f) 
  
J2 =

1
4

J1 =
1
4

9.95 × 104  A/m2( ) = 2.49 × 104  A/m2  

P27.9 We are given q = 4t3 + 5t + 6. The area is 

   
  
A = 2.00 cm2( ) 1.00 m

100 cm
⎛
⎝⎜

⎞
⎠⎟

2

= 2.00 × 10−4  m2  

 (a) 
  
I 1.00 s( ) = dq

dt t=1.00 s

= 12t2 + 5( )
t=1.00 s

= 17.0 A  

 (b) 
  
J =

I
A

=
17.0 A

2.00 × 10−4  m2 = 85.0 kA m2  
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P27.12 To find the total charge passing a point in a given amount of time, we 

use 
 
I =

dq
dt

, from which we can write 

  

  

q = dq∫ = I dt∫ = 100 A( )sin
120π t

s
⎛
⎝⎜

⎞
⎠⎟

dt
0

1 240 s

∫

q =
−100 C
120π

cos
π
2

⎛
⎝⎜

⎞
⎠⎟
− cos0

⎡

⎣
⎢

⎤

⎦
⎥ =

+100 C
120π

= 0.265 C
 

P27.13 The molar mass of silver = 107.9 g/mole and the volume V is  
  

  

V = area( ) thickness( ) = 700× 10−4  m2( ) 0.133× 10−3  m( )
= 9.31× 10−6  m3

 

 The mass of silver deposited is 
  

  

mAg = ρV = 10.5× 103  kg m3( ) 9.31× 10−6  m3( )
= 9.78× 10−2  kg

 

 And the number of silver atoms deposited is 
  

  

N = 9.78× 10−2  kg( ) 6.02 × 1023  atoms
107.9 g

⎛
⎝⎜

⎞
⎠⎟

1 000 g
1 kg

⎛
⎝⎜

⎞
⎠⎟

= 5.45× 1023  atoms

 

 The current is then 
  

  
I = ΔV

R
= 12.0 V

1.80 Ω
= 6.67 A = 6.67 C s

 

 The time interval required for the silver coating is 
  

  

Δt = ΔQ
I

= Ne
I

=
5.45× 1023( ) 1.60× 10−19  C( )

6.67 C s

= 1.31× 104  s = 3.64 h

 

 
 

 

Section 27.2 Resistance 
P27.14 From Equation 27.7, we obtain 

   
  
I =

ΔV
R

=
120 V
240 Ω

= 0.500 A = 500 mA  #3 25
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Example Problem #4
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 (b) Since the volume of mercury is constant,  V = Af ⋅Lf = Ai ⋅Li  gives 

the final cross-sectional area as 
 
Af = Ai ⋅ Li Lf( ) . Thus, the final 

resistance is given by 
  
R f =

ρLf

Af

=
ρLf

2

Ai ⋅Li

. The fractional change in 

the resistance is then 

   

  

ΔR
R

=
R f − Ri

Ri

=
R f

Ri

− 1 =
ρLf

2 Ai ⋅Li( )
ρLi Ai

− 1 =
Lf

Li

⎛
⎝⎜

⎞
⎠⎟

2

− 1

ΔR
R

=
100.040 0cm
100.000 0cm

⎛
⎝⎜

⎞
⎠⎟

2

− 1 = 8.00 × 10−4 increase

 

*P27.31 (a) The resistance at 20.0°C is 
   

   
R0 =

ρ
A

=
1.7 × 10−8  Ω⋅m( ) 34.5 m( )

π 0.25× 10−3  m( )2 = 2.99 Ω
 

  and the current is 
   

  
I = ΔV

R0

= 9.00 V
3.00 Ω

= 3.01 A
  

 (b) At 30.0°C, from Equation 27.20,  
   

  

R = R0 1+α ΔT( )[ ]
= 2.99 Ω( ) 1+ 3.9× 10−3  °C( )−1( ) 30.0°C− 20.0°C( )⎡⎣ ⎤⎦ = 3.10 Ω

 

  The current is then 
   

  
I = ΔV

R0

= 9.00 V
3.10 Ω

= 2.90 A
 

P27.32 (a) We require two conditions: 

   
   
R =

ρ11

πr2 +
ρ22

πr2  [1] 

  where carbon = 1 and Nichrome = 2, and for any  ΔT   

   
   
R =

ρ11

πr2 1+α1ΔT( ) + ρ22

πr2 1+α2ΔT( )  [2] 

  Setting equations [1] and [2] equal to each other, we have  
   

   

ρ11

πr2 + ρ22

πr2 = ρ11

πr2 1+α1ΔT( ) + ρ22

πr2 1+α 2ΔT( )
 

Example Problem #4: Solution
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 and solving for the temperature gives 
  

  

T − 20.0 °C = 207°C

T = 227°C

 

 where we have assumed three significant figures throughout.  

 
 

 

Section 27.6 Electrical Power 

*P27.36 (a)   P = ΔV( ) I = 300 × 103  JC( ) 1.00 × 103  C s( ) = 3.00 × 108  W  

 A large electric generating station, fed by a trainload of coal each 
day, converts energy faster. 

  (b) 
  
I =

P
A

=
P
πr2  

    P = I π r2( ) = 1 370 W m2( ) π(6.37 × 106  m)2[ ] = 1.75 × 1017  W  

  Terrestrial solar power is immense compared to lightning and 
compared to all human energy conversions. 

*P27.37   P = 0.800 1 500 hp( ) 746 W hp( ) = 8.95 × 105  W  

 Then, from   P = IΔV ,   
   

  
I =

P
ΔV

=
8.95 × 105  W

2 000 V
= 448 A

  

P27.38 From Equation 27.21, 

   
  
P = IΔV = 500 × 10−6  A 15 × 103  V( ) = 7.50 W  

P27.39 (a) From Equation 27.21, 

   
  P = IΔV → I = P ΔV = 1.00 × 103  W( ) 120 V( ) = 8.33 A  

 (b) From Equation 27.23, 

   
  P = ΔV 2 R → R = ΔV 2 P = 120 V( )2 1.00 × 103  W( ) = 14.4 Ω  

P27.40 From Equation 27.21, 
   

  

P = IΔV = 0.200× 10−3  A( ) 75.0× 10−3  V( )
= 15.0× 10−6  W = 15.0 µW

 

Example Problem #5 : Solution

29



Example Problem #6: Solution
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 (b) From Equation 27.20, the resistance of the wire at this 
temperature is 

   
  

R = R0 1+αΔT[ ] = 24.2 Ω 1+ 0.400× 10−3( ) 1 200− 20( )⎡⎣ ⎤⎦
= 35.6 Ω

 

  The power delivered to the coil is then 
   

  
P = ΔV( )2

R
= 110 V( )2

35.6 Ω
= 340 W

 

P27.52 We find the energy transferred into a number N of these clocks in one 
year: 

  

  

TET  = PtotalΔt = NPone clockΔt 

      =  270 × 106  clocks( ) 2.50 W/clock( )
                            × 365 d/yr( ) 24 h/d( ) 1 kW/1000 W( )
      = 5.91 × 109  kWh

 

 Divide this energy into the total cost claimed by the politician to find 
the cost of the electricity:  

  
 
cost = 

$100  ×  106

5.91 × 109  kWh
 = $0.017 / kWh  

 This is significantly lower than the average cost of electricity in the 
United States. While the situation is not actually impossible, the 
politician would have a better argument by using the actual average 
cost of electricity in the United States, which would raise his estimate 
of the total cost to operate the clocks to about $650 million every year. 

P27.53 At operating temperature, 

 (a) 
  
P = IΔV = 1.53 A( ) 120 V( ) = 184 W  

 (b) Use the change in resistance to find the final operating 
temperature of the toaster. 

     R = R0 1+αΔT( )  
   

  

120 V
1.53 A

=
120 V
1.80 A

⎛
⎝⎜

⎞
⎠⎟ 1+ 0.400 × 10−3  °C( )−1( )ΔT⎡
⎣

⎤
⎦

 

  which gives 
     ΔT = 441°C   

  and   T = 20.0°C + 441°C = 461°C  

30
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Resistance (chapter 28)
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.

VR Δ
≡
I

c R =
`

�A
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SI units = ohms (Ω). 
▪ 1 Ω = 1 V / A

Remember a resistance “resists” the current, it impedes the flow of charges.

Symbol: 



Resistors in Series
= connected end-to-end 

Currents are the same in all the resistors 
because the amount of charge that passes 
through one resistor must also pass through 
the other resistors in the same time interval. 

▪ I = I1 = I2 

Potential difference will divide among the 
resistors such that the sum of the potential 
differences across the resistors is equal to 
the total potential difference across the 
combination. This is a consequence of 
conservation of energy.

▪ ΔV = ΔV1 + ΔV2 = IR1 + IR2
      = I (R1+R2)



Equivalent Resistance – Series

The equivalent resistance of a series combination of resistors is always 
greater than any individual resistance.

All three representations are equivalent: two resistors are replaced with their 
equivalent resistance.

Req = R1 + R2 + R3 + … 



Resistors in Parallel
The potential difference across each 
resistor is the same because each is 
connected directly across the battery terminals. 

 ΔV = ΔV1 = ΔV2 

The current, I, that enters a junction must 
be equal to the total current leaving that 
junction. 

▪ I = I 1 + I 2 = (ΔV1 / R1) + (ΔV2 / R2) 

▪ The currents are generally not the same. 
▪ Consequence of conservation of electric 

charge

A junction is a point 
where the current 
can split.



Equivalent Resistance – Parallel

The inverse of the equivalent resistance of two or more resistors connected 
in parallel is the algebraic sum of the inverses of the individual resistance. 
▪ The equivalent is always less than the smallest resistor in the group.

1

Req
=

1

R1
+

1

R2
<latexit sha1_base64="7DvdKBzDn4evzUQuVPjc9jgJutE=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDIpgm6EohuXVewD2mHIpJk2NJMZk4xQhvkJN/6KGxeKuBXc+Tem7Sxq64ELJ+fcS+49fsyZ0o7zYxWWlldW14rrpY3Nre0de3evqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eD32W49UKhaJez2KqRvivmABI1gbybNPu4HEJEVZeuel9CHLLmcElJ3MvKqZZ5edijMBXCQoJ2WQo+7Z391eRJKQCk04VqqDnFi7KZaaEU6zUjdRNMZkiPu0Y6jAIVVuOrkqg0dG6cEgkqaEhhN1diLFoVKj0DedIdYDNe+Nxf+8TqKDCzdlIk40FWT6UZBwqCM4jgj2mKRE85EhmEhmdoVkgE0O2gRZMiGg+ZMXSbNaQU4F3Z6Va1d5HEVwAA7BMUDgHNTADaiDBiDgCbyAN/BuPVuv1of1OW0tWPnMPvgD6+sXELKfWg==</latexit><latexit sha1_base64="7DvdKBzDn4evzUQuVPjc9jgJutE=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDIpgm6EohuXVewD2mHIpJk2NJMZk4xQhvkJN/6KGxeKuBXc+Tem7Sxq64ELJ+fcS+49fsyZ0o7zYxWWlldW14rrpY3Nre0de3evqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eD32W49UKhaJez2KqRvivmABI1gbybNPu4HEJEVZeuel9CHLLmcElJ3MvKqZZ5edijMBXCQoJ2WQo+7Z391eRJKQCk04VqqDnFi7KZaaEU6zUjdRNMZkiPu0Y6jAIVVuOrkqg0dG6cEgkqaEhhN1diLFoVKj0DedIdYDNe+Nxf+8TqKDCzdlIk40FWT6UZBwqCM4jgj2mKRE85EhmEhmdoVkgE0O2gRZMiGg+ZMXSbNaQU4F3Z6Va1d5HEVwAA7BMUDgHNTADaiDBiDgCbyAN/BuPVuv1of1OW0tWPnMPvgD6+sXELKfWg==</latexit><latexit sha1_base64="7DvdKBzDn4evzUQuVPjc9jgJutE=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDIpgm6EohuXVewD2mHIpJk2NJMZk4xQhvkJN/6KGxeKuBXc+Tem7Sxq64ELJ+fcS+49fsyZ0o7zYxWWlldW14rrpY3Nre0de3evqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eD32W49UKhaJez2KqRvivmABI1gbybNPu4HEJEVZeuel9CHLLmcElJ3MvKqZZ5edijMBXCQoJ2WQo+7Z391eRJKQCk04VqqDnFi7KZaaEU6zUjdRNMZkiPu0Y6jAIVVuOrkqg0dG6cEgkqaEhhN1diLFoVKj0DedIdYDNe+Nxf+8TqKDCzdlIk40FWT6UZBwqCM4jgj2mKRE85EhmEhmdoVkgE0O2gRZMiGg+ZMXSbNaQU4F3Z6Va1d5HEVwAA7BMUDgHNTADaiDBiDgCbyAN/BuPVuv1of1OW0tWPnMPvgD6+sXELKfWg==</latexit><latexit sha1_base64="7DvdKBzDn4evzUQuVPjc9jgJutE=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDIpgm6EohuXVewD2mHIpJk2NJMZk4xQhvkJN/6KGxeKuBXc+Tem7Sxq64ELJ+fcS+49fsyZ0o7zYxWWlldW14rrpY3Nre0de3evqaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/eD32W49UKhaJez2KqRvivmABI1gbybNPu4HEJEVZeuel9CHLLmcElJ3MvKqZZ5edijMBXCQoJ2WQo+7Z391eRJKQCk04VqqDnFi7KZaaEU6zUjdRNMZkiPu0Y6jAIVVuOrkqg0dG6cEgkqaEhhN1diLFoVKj0DedIdYDNe+Nxf+8TqKDCzdlIk40FWT6UZBwqCM4jgj2mKRE85EhmEhmdoVkgE0O2gRZMiGg+ZMXSbNaQU4F3Z6Va1d5HEVwAA7BMUDgHNTADaiDBiDgCbyAN/BuPVuv1of1OW0tWPnMPvgD6+sXELKfWg==</latexit>

All three diagrams are equivalent: the equivalent resistance 
replaces the two original resistances.



Combinations of  Resistors

The 8.0-Ω and 4.0-Ω resistors are 
in series and can be replaced 
with their equivalent, 12.0 Ω.

The 6.0-Ω and 3.0-Ω resistors are 
in parallel and can be replaced 
with their equivalent, 2.0 Ω.

These equivalent resistances are 
in series and can be replaced 
with their equivalent resistance, 
14.0 Ω.



Some Notes on Circuit
A local change in one part of a circuit may result in a global change 
throughout the circuit. 
▪ For example, changing one resistor will affect the currents and voltages 

in all the other resistors and the terminal voltage of the battery. 

In a series circuit: 
• There is one path for the current to take. 
• If one device in the circuit creates an open circuit, all devices are 

inoperative. 
In a parallel circuit:  

• There are multiple paths for the current to take. 
• The current takes all the paths. 
• The lower resistance will have higher currents. 
• Even very high resistances will have some currents. 
• Each device operates independently of the others so that if one is 

switched off, the others remain on. 
• All of the devices operate on the same voltage. 

Household circuits are wired so that electrical devices are connected in 
parallel.
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through 4, and less in the circuit to start with, the current through 
resistors 2 and 3 must decrease. To summarize,  

   
  

I4  increases and I1 , I2 , and I3  decrease  

 (d) If resistor 3 has an infinite resistance it blocks any current from 
passing through that branch, and the circuit effectively is just 
resistor 1 and resistor 4 in series with the battery. The circuit now 
has an equivalent resistance of 4R. The current in the circuit drops 

to 
 
3
4

 of the original current because the resistance has increased 

by 
 
4
3

. All this current passes through resistors 1 and 4, and none 

passes through 2 or 3. Therefore, 

   
  

I1 =
3I
4

, I2 = I3 = 0, I4 =
3I
4

 

P28.17 (a) The parallel combination of the 6.0 Ω and 12 Ω resistors has an 
equivalent resistance of 

   
  

1
Rp1

=
1

6.0 Ω
+

1
12 Ω

=
2 + 1
12 Ω     

  or 
  
Rp1 =

12 Ω
3

= 4.0 Ω  

  Similarly, the equivalent resistance of the 4.0 Ω and 8.0 Ω parallel 
combination is 

   
  

1
Rp2

=
1

4.0 Ω
+

1
8.0 Ω

=
2 + 1
8.0 Ω     

  or  
  
Rp2 =

8 Ω
3

 

  The total resistance of the series combination between points a 
and b is then 

   

  

Rab = Rp1 + 5.0 Ω+ Rp 2 = 4.0 Ω+ 5.0 Ω+ 8.0
3

 Ω

= 35
3

 Ω = 11.7 Ω
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 (b) If  ΔVab  = 35 V, the total current from a to b is  Iab = ΔVab Rab =  

 35 V 35 Ω 3( ) = 3.0 A  and the potential differences across the two 
parallel combinations are 

     ΔVp1 = IabRp1 = 3.0 A( ) 4.0 Ω( ) = 12 V   

  and   ΔVp 2 = IabRp 2 = 3.0 A( )  
 

8.0
3

 Ω⎛
⎝⎜

⎞
⎠⎟ = 8.0 V  

  so the individual currents through the various resistors are: 

   
  I12 = ΔVp1 12 Ω = 1.0 A     

   
  I6 = ΔVp1 6.0 Ω = 2.0 A  

     I5 = Iab = 3.0 A  

   
  I8 = ΔVp2 8.0 Ω = 1.0 A    

  and   I4 = ΔVp2 4.0 Ω = 2.0 A  

P28.18 We assume that the metal wand makes low-resistance contact with the 
person’s hand and that the resistance through the person’s body is 
negligible compared to the resistance Rshoes of the shoe soles. The 
equivalent resistance seen by the power supply is 1.00 MΩ + Rshoes. The 

current through both resistors is 
  

50.0 V
1.00 MΩ + Rshoes

.  The voltmeter 

displays 
   

  

ΔV = I 1.00 MΩ( )

ΔV =
50.0 V

1.00 MΩ + Rshoes

= 1.00 MΩ

 

 (a) We solve to obtain 

     50.0 V 1.00 MΩ( ) = ΔV 1.00 MΩ( ) + ΔV Rshoes( )  

   

  
Rshoes =

1.00 MΩ( ) 50.0 − ΔV( )
ΔV

 

  or 

   
  
Rshoes =

50.0 − ΔV
ΔV

 

  where resistance is measured in MΩ. 
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P28.8 (a)  By Ohm’s law, the current in A is 
  
IA = ε/R .  The equivalent 

resistance of the series combination of bulbs B and C is 2R. Thus, 
the current in each of these bulbs is 

  
IB = IC = ε 2R .  

 (b) 

 

B and C have the same brightness because they carry the same
current.

 

 (c) 
 
A is brighter than B or C because it carries twice as much current.  

P28.9 If we turn the given diagram on its side and change the lengths of the 
wires, we find that it is the same as ANS. FIG. P28.9(a). The 20.0-Ω and 
5.00-Ω resistors are in series, so the first reduction is 
shown in ANS. FIG. P28.9(b). In addition, since the 
10.0-Ω, 5.00-Ω, and 25.0-Ω resistors are then in 
parallel, we can solve  
for their equivalent resistance as: 

  
  

1
Req

= 1
10.0 Ω + 1

5.00 Ω + 1
25.0 Ω → Req = 2.94 Ω  

 This is shown in ANS. FIG. P28.9(c), which in turn 
reduces to the circuit shown in ANS. FIG. P28.9(d), 
from which we see that the total resistance of the 
circuit is 12.94 Ω. 

 Next, we work backwards through the diagrams 

applying 
 
I =

ΔV
R

 and  ΔV = IR  alternately to every 

resistor, real and equivalent. The total 12.94-Ω 
resistor is connected across 25.0 V, so the current 
through the battery in every diagram is 

  
  
I =

ΔV
R

=
25.0 V

12.94 Ω
= 1.93 A  

 In ANS. FIG. P28.9(c), this 1.93 A goes through 
the 2.94-Ω equivalent resistor to give a potential 
difference of: 

    ΔV = IR = 1.93 A( ) 2.94 Ω( ) = 5.68 V  

 From ANS. FIG. P28.9(b), we see that this potential difference is the 
same as the potential difference  ΔVab  across the 10-Ω resistor and the 
5.00-Ω resistor. 

ANS. FIG. P28.9 
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P28.8 (a)  By Ohm’s law, the current in A is 
  
IA = ε/R .  The equivalent 

resistance of the series combination of bulbs B and C is 2R. Thus, 
the current in each of these bulbs is 

  
IB = IC = ε 2R .  

 (b) 

 

B and C have the same brightness because they carry the same
current.

 

 (c) 
 
A is brighter than B or C because it carries twice as much current.  

P28.9 If we turn the given diagram on its side and change the lengths of the 
wires, we find that it is the same as ANS. FIG. P28.9(a). The 20.0-Ω and 
5.00-Ω resistors are in series, so the first reduction is 
shown in ANS. FIG. P28.9(b). In addition, since the 
10.0-Ω, 5.00-Ω, and 25.0-Ω resistors are then in 
parallel, we can solve  
for their equivalent resistance as: 

  
  

1
Req

= 1
10.0 Ω + 1

5.00 Ω + 1
25.0 Ω → Req = 2.94 Ω  

 This is shown in ANS. FIG. P28.9(c), which in turn 
reduces to the circuit shown in ANS. FIG. P28.9(d), 
from which we see that the total resistance of the 
circuit is 12.94 Ω. 

 Next, we work backwards through the diagrams 

applying 
 
I =

ΔV
R

 and  ΔV = IR  alternately to every 

resistor, real and equivalent. The total 12.94-Ω 
resistor is connected across 25.0 V, so the current 
through the battery in every diagram is 

  
  
I =

ΔV
R

=
25.0 V

12.94 Ω
= 1.93 A  

 In ANS. FIG. P28.9(c), this 1.93 A goes through 
the 2.94-Ω equivalent resistor to give a potential 
difference of: 

    ΔV = IR = 1.93 A( ) 2.94 Ω( ) = 5.68 V  

 From ANS. FIG. P28.9(b), we see that this potential difference is the 
same as the potential difference  ΔVab  across the 10-Ω resistor and the 
5.00-Ω resistor. 

ANS. FIG. P28.9 
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 Thus we have first found the answer to part (b), which is 

  
  
ΔVab = 5.68 V  

 Since the current through the 20.0-Ω resistor is also the current through 
the 25.0-Ω line ab, 

  
  
I =

ΔVab

Rab

=
5.68 V
25.0 Ω

= 0.227 A = 227 mA  

P28.10 (a) 

 

Connect two 50-Ω resistors in parallel to get 25 Ω. Then
connect that parallel combination in series with a 20-Ω for
a total resistance of 45 Ω.

 

 (b) 

 

Connect two 50-Ω resistors in parallel to get 25 Ω. Also, connect
two 20-Ω resistors in parallel to get 10 Ω. Then, connect these two
combinations in series with each other to obtain 35 Ω.

 

P28.11 When S is open, R1, R2, and R3 are in series with the battery. Thus, 

   
  
R1 + R2 + R3 =

6 V
10−3  A

= 6 kΩ  [1] 

 When S is closed in position a, the parallel combination of the two R2’s 
is in series with R1, R3, and the battery. Thus, 

  
  
R1 +

1
2

R2 + R3 =
6 V

1.2 × 10−3  A
= 5 kΩ  [2] 

 When S is closed in position b, R1 and R2 are in series with the battery 
and R3 is shorted. Thus, 

  
  
R1 + R2 =

6 V
2 × 10−3  A

= 3 kΩ  [3] 

 Subtracting [3] from [1] gives  R3 = 3 kΩ. 

 Subtracting [2] from [1] gives  R2 = 2 kΩ. 

 Then, from [3],    R1 = 1 kΩ. 

 Answers: (a) 
  
R1 = 1.00 kΩ    (b) 

  
R2 = 2.00 kΩ    (c) 

  
R3 = 3.00 kΩ  

P28.12 When S is open, R1, R2, and R3 are in series with the battery. Thus, 

   
  
R1 + R2 + R3 =

ε
I0

 [1] 
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 (b) Let I1 and I2 be the currents  
flowing through the battery  
and the headlights, respectively. 

  Then,  

   I1 = I2 + 35.0 A 

  and   ε − I1R − I2R = 0  

  so  
   

  

ε = I2 + 35.0 A( ) 0.080 0 Ω( )
                + I2 5.00 Ω( ) = 12.6 V

 

  giving I2 = 1.93 A. 

  Thus,  

   
  
ΔV2 = 1.93 A( ) 5.00 Ω( ) = 9.65 V  

P28.4 (a) At maximum power transfer, r = R. Equal powers are delivered to 
r and R. The efficiency is 50.0%. 

 (b) For maximum fractional energy transfer to R, we want zero 
energy absorbed by r, so we want r = 0. 

 (c) High efficiency. The electric company’s economic interest is to 
minimize internal energy production in its power lines, so that it 
can sell a large fraction of the energy output of its generators to 
the customers. 

 (d) High power transfer. Energy by electric transmission is so cheap 
compared to the sound system that she does not spend extra 
money to buy an efficient amplifier. 

 
 

 

Section 28.2 Resistors in Series and Parallel 
P28.5 (a) Since all the current in the circuit must pass 

through the series 100-Ω resistor, 

     Pmax = Imax
2 R  

  so 
  
Imax =

P
R

=
25.0 W
100 Ω

= 0.500 A.  

   
  
Req = 100 Ω+ 1

100
+ 1

100
⎛
⎝⎜

⎞
⎠⎟
−1

Ω = 150 Ω  

ANS. FIG. P28.3(b) 
 

ANS. FIG. P28.5 
 

a 
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  ΔVmax = ReqImax = 75.0 V  

 (b) From a to b in the circuit, the power delivered is 

    
  
Pseries = 25.0 W  for the first resistor, and 

    
  
Pparallel = I 2R = 0.250 A( )2 100 Ω( ) = 6.25 W  

  for each of the two parallel resistors. 

 (c) 
  
P = IΔV = 0.500 A( ) 75.0 V( ) = 37.5 W  

P28.6 (a) 

 

The 120-V potential difference is applied across the series
combination of the two conductors in the extension cord and
the lightbulb. The potential difference across the lightbulb is
less than 120 V, and its power is less than 75 W.

 

 (b) See the circuit diagram in ANS. FIG. P28.6; 
the 192-Ω resistor is the lightbulb (see 
below). 

 (c) First, find the operating resistance of the 
lightbulb: 

   

  
P =

ΔV( )2

R
  

 

  or 
  
 R =

ΔV( )2

P
=

120 V( )2

75.0 W
= 192 Ω  

  From the circuit, the total resistance is 193.6 Ω. The current is 

   
  
I =

120 V
193.6 Ω

= 0.620 A  

  so the power delivered to the lightbulb is 
   

  P = I 2ΔR = 0.620 A( )2 192 Ω( ) = 73.8 W  

P28.7 The equivalent resistance of the parallel combination of three identical 
resistors is 

  
  

1
Rp

=
1

R1

+
1

R2

+
1

R3

=
3
R

   or   
  
Rp =

R
3

 

 The total resistance of the series combination between points a and b is 
then 

  
  
Rab = R + Rp + R = 2R +

R
3
=

7
3

R  

ANS. FIG. P28.6 
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 Thus we have first found the answer to part (b), which is 

  
  
ΔVab = 5.68 V  

 Since the current through the 20.0-Ω resistor is also the current through 
the 25.0-Ω line ab, 

  
  
I =

ΔVab

Rab

=
5.68 V
25.0 Ω

= 0.227 A = 227 mA  

P28.10 (a) 

 

Connect two 50-Ω resistors in parallel to get 25 Ω. Then
connect that parallel combination in series with a 20-Ω for
a total resistance of 45 Ω.

 

 (b) 

 

Connect two 50-Ω resistors in parallel to get 25 Ω. Also, connect
two 20-Ω resistors in parallel to get 10 Ω. Then, connect these two
combinations in series with each other to obtain 35 Ω.

 

P28.11 When S is open, R1, R2, and R3 are in series with the battery. Thus, 

   
  
R1 + R2 + R3 =

6 V
10−3  A

= 6 kΩ  [1] 

 When S is closed in position a, the parallel combination of the two R2’s 
is in series with R1, R3, and the battery. Thus, 

  
  
R1 +

1
2

R2 + R3 =
6 V

1.2 × 10−3  A
= 5 kΩ  [2] 

 When S is closed in position b, R1 and R2 are in series with the battery 
and R3 is shorted. Thus, 

  
  
R1 + R2 =

6 V
2 × 10−3  A

= 3 kΩ  [3] 

 Subtracting [3] from [1] gives  R3 = 3 kΩ. 

 Subtracting [2] from [1] gives  R2 = 2 kΩ. 

 Then, from [3],    R1 = 1 kΩ. 

 Answers: (a) 
  
R1 = 1.00 kΩ    (b) 

  
R2 = 2.00 kΩ    (c) 

  
R3 = 3.00 kΩ  

P28.12 When S is open, R1, R2, and R3 are in series with the battery. Thus, 

   
  
R1 + R2 + R3 =

ε
I0

 [1] 
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 Thus we have first found the answer to part (b), which is 

  
  
ΔVab = 5.68 V  

 Since the current through the 20.0-Ω resistor is also the current through 
the 25.0-Ω line ab, 

  
  
I =

ΔVab

Rab

=
5.68 V
25.0 Ω

= 0.227 A = 227 mA  

P28.10 (a) 

 

Connect two 50-Ω resistors in parallel to get 25 Ω. Then
connect that parallel combination in series with a 20-Ω for
a total resistance of 45 Ω.

 

 (b) 

 

Connect two 50-Ω resistors in parallel to get 25 Ω. Also, connect
two 20-Ω resistors in parallel to get 10 Ω. Then, connect these two
combinations in series with each other to obtain 35 Ω.

 

P28.11 When S is open, R1, R2, and R3 are in series with the battery. Thus, 

   
  
R1 + R2 + R3 =

6 V
10−3  A

= 6 kΩ  [1] 

 When S is closed in position a, the parallel combination of the two R2’s 
is in series with R1, R3, and the battery. Thus, 

  
  
R1 +

1
2

R2 + R3 =
6 V

1.2 × 10−3  A
= 5 kΩ  [2] 

 When S is closed in position b, R1 and R2 are in series with the battery 
and R3 is shorted. Thus, 

  
  
R1 + R2 =

6 V
2 × 10−3  A

= 3 kΩ  [3] 

 Subtracting [3] from [1] gives  R3 = 3 kΩ. 

 Subtracting [2] from [1] gives  R2 = 2 kΩ. 

 Then, from [3],    R1 = 1 kΩ. 

 Answers: (a) 
  
R1 = 1.00 kΩ    (b) 

  
R2 = 2.00 kΩ    (c) 

  
R3 = 3.00 kΩ  

P28.12 When S is open, R1, R2, and R3 are in series with the battery. Thus, 

   
  
R1 + R2 + R3 =

ε
I0

 [1] 
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