
Chapter 27
Direct Current Circuits



Circuit Analysis

Simple electric circuits may contain batteries, resistors, and capacitors in various 
combinations. 

For some circuits, analysis may consist of combining resistors. 

In more complex complicated circuits, Kirchhoff’s Rules may be used for 
analysis. 

▪ These Rules are based on conservation of energy and conservation of 
electric charge for isolated systems. 

Circuits may involve direct current or alternating current.

Introduction



Direct Current

When the current in a circuit has a constant direction, the current is called direct 
current. 
▪ Most of the circuits analyzed will be assumed to be in steady state, with 

constant magnitude and direction. 
Because the potential difference between the terminals of a battery is constant, 
the battery produces direct current. 
The battery is known as a source of emf.
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Electromotive Force

The electromotive force (emf), , of a battery is the maximum possible voltage 
that the battery can provide between its terminals. 

▪ The emf supplies energy, it does not apply a force. 
The battery will normally be the source of energy in the circuit. 
The positive terminal of the battery is at a higher potential than the negative 
terminal. 
We consider the wires to have no resistance.

ε
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Internal Battery Resistance

If the internal resistance is zero, the 
terminal voltage equals the emf. 
In a real battery, there is internal 
resistance, . 

The terminal voltage,  

The emf is equivalent to the open-circuit 
voltage. 

▪ This is the terminal voltage when no 
current is in the circuit. 

▪ This is the voltage labeled on the 
battery. 

The actual potential difference between 
the terminals of the battery depends on 
the current in the circuit.

r
ΔV = ε − Ir
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Load Resistance

The terminal voltage also equals the voltage across the external resistance. 

▪ This external resistor is called the load resistance. 

▪ In the previous circuit, the load resistance is just the external resistor. 

▪ In general, the load resistance could be any electrical device. 
▪ These resistances represent loads on the battery since it supplies the energy to 

operate the device containing the resistance.
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Power

The total power output of the battery is 

	 	   

This power is delivered to the external resistor ( ) and to the internal resistor 
( ). 

	  

The battery is a supply of constant emf. 

▪ The battery does not supply a constant current since the current in the circuit 
depends on the resistance connected to the battery. 

▪ The battery does not supply a constant terminal voltage. 

 

P = IΔV = Iε
I2R

I2r
P = I2R + I2r
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A battery has an emf of  and an internal resistance of . Its terminals are connected to a load 
resistance of . 

(A) Find the current in the circuit and the terminal voltage of the battery. 

(B) Calculate the power delivered to the load resistor, the power delivered to the internal resistance of the 
battery, and the power delivered by the battery.

12.0 V 0.05 Ω
3.00 Ω

Example 27.01: Terminal Voltage of a Battery

(A)  
 

 


(B)  
 










I =
ε

R + r
=

12.0 V
3.00Ω + 0.0500Ω

= 3.93 A

ΔV = ε − Ir = 12.0 V − (3.93 A)(0.0500Ω) = 11.8 V
ΔV = IR = (3.93 A)(3.00Ω) = 11.8 V

PR = I2R = (3.93 A)2(3.00Ω) = 46.3 W

Pr = I2r = (3.93 A)2(0.0500Ω) = 0.772 W

P = PR + Pr = 46.3 W + 0.772 W = 47.1 W
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Two  batteries-with their positive terminals in the same direction-are inserted in series into a 
flashlight. One battery has an internal resistance of , and the other has an internal resistance of 

. When the switch is closed, the bulb carries a current of  . (a) What is the bulb's resistance? 
(b) What fraction of the chemical energy transformed appears as internal energy in the batteries?

1.50 − V
0.255 Ω

0.153 Ω 600 mA

Problem 27.01:

The total resistance is .


(a)  

(b) 

R =
3.00 V

0.600 A
= 5.00 Ω

Rlamp = R − rbatteries = 5.00 Ω − 0.408 Ω = 4.59 Ω
Pbatteries

Ptotal
= (0.408Ω)I2

(5.00Ω)I 2 = 0.0816 = 8.16 %
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*TP27.3 Answers: Answers will vary, depending on the choices made by 

students. 

 
 
 

 

SOLUTIONS TO END-OF-CHAPTER PROBLEMS 

Section 27.1 Electromotive Force 

P27.1     The total resistance is  

 

ANS. FIG. P27.1 

 (a)  

 (b)  

R 

1.50 V 1.50 V 
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Resistors in Series

When two or more resistors are connected end-to-end, they are said to be in 
series. 

For a series combination of resistors, the 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. 

The 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.
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Resistors in Series, cont

Currents are the same 

▪  

Potentials add 

 
▪ Consequence of Conservation of 

Energy 
The equivalent resistance has the 
same effect on the circuit as the original 
combination of resistors.

I = I1 = I2

ΔV = V1 + V2 = IR1 + IR2 = I(R1 + R2)
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Equivalent Resistance – Series

 

The equivalent resistance of a series combination of resistors is the 
algebraic sum of the individual resistances and is always greater than any 
individual resistance. 
If one device in the series circuit creates an open circuit, all devices are 
inoperative.

Req = R1 + R2 + R3 + …
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Equivalent Resistance – Series – An Example

All three representations are equivalent. 

Two resistors are replaced with their equivalent resistance.
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Some Circuit Notes

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. 
In a parallel circuit, there are multiple paths for the current to take.
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Resistors in Parallel

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

	  

A junction is a point where the current can split. 

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

▪  

▪ The currents are generally not the same. 

▪ Consequence of conservation of electric charge

ΔV = ΔV1 = ΔV2

I = I1 + I2 = (ΔV1/R1) + (ΔV2 /R2)
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Equivalent Resistance – Parallel, Examples

All three diagrams are equivalent. 
Equivalent resistance replaces the two original resistances.
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Equivalent Resistance – Parallel

Equivalent Resistance 

 

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

+ 1
R3

+ ⋯
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Resistors in Parallel, Final

In parallel, each device operates independently of the others so that if one is 
switched off, the others remain on. 

In parallel, all of the devices operate on the same voltage. 

The current takes all the paths. 

▪ The lower resistance will have higher currents. 

▪ Even very high resistances will have some currents. 

Household circuits are wired so that electrical devices are connected in parallel.
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Four resistors are connected as shown in the figure. 

(A) Find the equivalent resistance between points  and . 

(B) What is the current in each resistor if a potential difference of  is maintained between  and  ?

a c

42 V a c

Example 27.04: Find the Equivalent Resistance

(A) 





(B)  

Req = 8.0Ω + 4.0Ω = 12.0Ω

1
Req

=
1

6.0Ω
+

1
3.0Ω

=
3

6.0Ω

Req =
6.0Ω

3
= 2.0Ω

Req = 12.0Ω + 2.0Ω = 14.0Ω

I =
ΔVac

Req
=

42 V
14.0Ω

= 3.0 A

ΔV1 = ΔV2 → (6.0Ω)I1 = (3.0Ω)I2 → I2 = 2I1

I1 + I2 = 3.0 A → I1 + 2I1 = 3.0 A → I1 = 1.0 A
I2 = 2I1 = 2(1.0 A) = 2.0 A

    27.2 Resistors in Series and Parallel 721

 Example 27.4    Find the Equivalent Resistance

Four resistors are connected as shown in Figure 27.8a.

(A)  Find the equivalent resistance between points a and c.

S O L U T I O N

Conceptualize Imagine charges flowing into and through this 
combination from the left. All charges must pass from a to b 
through the first two resistors, but the charges split at b into two 
different paths when encountering the combination of the 6.0-V 
and the 3.0-V resistors.

Categorize Because of the simple nature of the combination of 
resistors in Figure 27.8, we categorize this example as one for 
which we can use the rules for series and parallel combinations 
of resistors.

Analyze  The combination of resistors can be reduced in steps as 
shown in Figure 27.8.

Find the equivalent resistance between a and b of the  R eq 5 8.0 V 1 4.0 V 5 12.0 V 
8.0-V and 4.0-V resistors, which are in series (left-hand  
red-brown circles):

Find the equivalent resistance between b and c of the   
1

Req

5
1

6.0 V
1

1
3.0 V

5
3

6.0 V
  

6.0-V and 3.0-V resistors, which are in parallel (right- 
hand red-brown circles): 

 Req 5
6.0 V

3
5 2.0 V

The circuit of equivalent resistances now looks like  Req 5 12.0 V 1 2.0 V 5 14.0 V  
Figure 27.8b. The 12.0-V and 2.0-V resistors are in series  
(green circles). Find the equivalent resistance from a to c:

This resistance is that of the single equivalent resistor in Figure 27.8c.

(B) What is the current in each resistor if a potential difference of 42 V is maintained between a and c?

S O L U T I O N

The currents in the 8.0-V and 4.0-V resistors are the same because they are in series. In addition, they carry the same current 
that would exist in the 14.0-V equivalent resistor subject to the 42-V potential difference.

Use Equation 26.7 (R 5 DV/I) and the result from part  I 5
DVac

Req

5
42 V

14.0 V
5 3.0 A  

(A) to find the current in the 8.0-V and 4.0-V resistors:

Set the voltages across the resistors in parallel in Figure 27.8a  DV1 5 DV2   S   (6.0 V)I1 5 (3.0 V)I2   S   I2 5 2I1 
equal to find a relationship between the currents:

Use I1 1 I2 5 3.0 A to find I1: I1 1 I2 5 3.0 A   S   I1 1 2I1 5 3.0 A   S   I1 5 1.0 A

Find I2: I2 5 2I1 5 2(1.0 A) 5 2.0 A

Finalize  As a final check of our results, note that DVbc 5 (6.0 V)I1 5 (3.0 V)I2 5 6.0 V and DVab 5 (12.0 V)I 5 36 V; therefore, 
DVac 5 DVab 1 DVbc 5 42 V, as it must.

6.0 !

3.0 !

c
b

I1

I2

4.0 !8.0 !

a

c

2.0 !12.0 !

ba

14.0 !

ca

I

b

c

a

Figure 27.8 (Exam-
ple!27.4) The original 
network of resistors 
is reduced to a single 
equivalent resistance.
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Three resistors are connected as shown in the figure. A potential difference of  is maintained between points  and . 

(A) Calculate the equivalent resistance of the circuit. 

(B) Find the current in each resistor. 

(C) Calculate the power delivered to each resistor and the total power delivered to the combination of resistors.

18.0 V a b

Example 27.05: Three Resistors in Parallel

(A) 
 




(B) 
 




1
Req

=
1

3.00Ω
+

1
6.00Ω

+
1

9.00Ω
=

11
18.0Ω

Req =
18.0Ω

11
= 1.64Ω

I1 =
ΔV
R1

=
18.0 V
3.00Ω

= 6.00 A

I2 =
ΔV
R2

=
18.0 V
6.00Ω

= 3.00 A

I3 =
ΔV
R3

=
18.0 V
9.00Ω

= 2.00 A

722 Chapter 27 Direct-Current Circuits

 Example 27.5    Three Resistors in Parallel

Three resistors are connected as shown in Figure 27.9a. 
A potential difference of 18.0 V is maintained between 
points a and b.

(A)  Calculate the equivalent resistance of the circuit.

S O L U T I O N

Conceptualize In Figure 27.9a, it should be clear that the 
6.00-W and 9.00-W resistors are connected in parallel. What 
about the 3.00-W resistor? Imagine sliding that resistor to 
the left, without altering the connections, around the cor-
ner and halfway down the vertical wire marked with the cur-
rent I1. This does not change the electrical characteristics of 
the circuit. It should be clear now that we are dealing with 
a simple parallel combination of three resistors. Notice that 
the current I splits into three currents I1, I2, and I3 in the 
three resistors.

Categorize This problem can be solved with rules developed in this section, so we categorize it as a substitution problem. 
Because the three resistors are connected in parallel, we can use the rule for resistors in parallel, Equation 27.12, to evaluate 
the equivalent resistance.

Use Equation 27.12 to find Req: 
1

Req

5
1

3.00 V
1

1
6.00 V

1
1

9.00 V
5

11
18.0 V

 

   Req 5
18.0 V

11
5 1.64 V

(B)  Find the current in each resistor.

S O L U T I O N

The potential difference across each resistor is 18.0 V.  I1 5
DV
R1

5
18.0 V
3.00 V

5 6.00 A  
Apply the relationship DV 5 IR to find the currents:

   
I2 5

DV
R2

5
18.0 V
6.00 V

5 3.00 A

   I3 5
DV
R3

5
18.0 V
9.00 V

5 2.00 A

(C)  Calculate the power delivered to each resistor and the total power delivered to the combination of resistors.

S O L U T I O N

Apply the relationship P 5 I 2R to each resistor using the  3.00-V: P1 5 I1
2R1 5 (6.00 A)2(3.00 V) 5 108 W  

currents calculated in part (B): 
6.00-V: P2 5 I2

2R2 5 (3.00 A)2(6.00 V) 5 54 W

   9.00-V: P3 5 I3
2R3 5 (2.00 A)2(9.00 V) 5 36 W

These results show that the smallest resistor receives the most power. Summing the three quantities gives a total power 
of 198 W. We could have calculated this !nal result from part (A) by considering the equivalent resistance as follows:  
P 5 (DV  )2/R eq"5 (18.0"V)2/1.64 V 5 198 W.

W H A T  I F ?  What if the circuit were as shown in Figure 27.9b instead of as in Figure 27.9a? How would that affect the 
calculation?

Answer There would be no effect on the calculation. The physical placement of a circuit element is not important, as 
we saw when we moved the 3.00-V resistor in Figure 27.9a. Only the electrical arrangement is important. In Figure 27.9b, 
the battery still maintains a potential difference of 18.0 V between points a and b, so the two circuits in the figure are  
electrically identical.

I1 I2 I3

I
a

b

18.0 V

3.00 !

6.00 ! 9.00 !

I1 I2 I3

a

b

3.00 ! 6.00 ! 9.00 !18.0 V

I

a b

Figure 27.9 (Example 27.5) (a) Three resistors connected in  
parallel. The voltage across each resistor is 18.0 V. (b) Another 
circuit with three resistors and a battery. Is it equivalent to the 
circuit in (a)?
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 Example 27.5    Three Resistors in Parallel

Three resistors are connected as shown in Figure 27.9a. 
A potential difference of 18.0 V is maintained between 
points a and b.

(A)  Calculate the equivalent resistance of the circuit.

S O L U T I O N

Conceptualize In Figure 27.9a, it should be clear that the 
6.00-W and 9.00-W resistors are connected in parallel. What 
about the 3.00-W resistor? Imagine sliding that resistor to 
the left, without altering the connections, around the cor-
ner and halfway down the vertical wire marked with the cur-
rent I1. This does not change the electrical characteristics of 
the circuit. It should be clear now that we are dealing with 
a simple parallel combination of three resistors. Notice that 
the current I splits into three currents I1, I2, and I3 in the 
three resistors.

Categorize This problem can be solved with rules developed in this section, so we categorize it as a substitution problem. 
Because the three resistors are connected in parallel, we can use the rule for resistors in parallel, Equation 27.12, to evaluate 
the equivalent resistance.

Use Equation 27.12 to find Req: 
1

Req

5
1

3.00 V
1

1
6.00 V

1
1

9.00 V
5

11
18.0 V

 

   Req 5
18.0 V

11
5 1.64 V

(B)  Find the current in each resistor.

S O L U T I O N

The potential difference across each resistor is 18.0 V.  I1 5
DV
R1

5
18.0 V
3.00 V

5 6.00 A  
Apply the relationship DV 5 IR to find the currents:

   
I2 5

DV
R2

5
18.0 V
6.00 V

5 3.00 A

   I3 5
DV
R3

5
18.0 V
9.00 V

5 2.00 A

(C)  Calculate the power delivered to each resistor and the total power delivered to the combination of resistors.

S O L U T I O N

Apply the relationship P 5 I 2R to each resistor using the  3.00-V: P1 5 I1
2R1 5 (6.00 A)2(3.00 V) 5 108 W  

currents calculated in part (B): 
6.00-V: P2 5 I2

2R2 5 (3.00 A)2(6.00 V) 5 54 W

   9.00-V: P3 5 I3
2R3 5 (2.00 A)2(9.00 V) 5 36 W

These results show that the smallest resistor receives the most power. Summing the three quantities gives a total power 
of 198 W. We could have calculated this !nal result from part (A) by considering the equivalent resistance as follows:  
P 5 (DV  )2/R eq"5 (18.0"V)2/1.64 V 5 198 W.

W H A T  I F ?  What if the circuit were as shown in Figure 27.9b instead of as in Figure 27.9a? How would that affect the 
calculation?

Answer There would be no effect on the calculation. The physical placement of a circuit element is not important, as 
we saw when we moved the 3.00-V resistor in Figure 27.9a. Only the electrical arrangement is important. In Figure 27.9b, 
the battery still maintains a potential difference of 18.0 V between points a and b, so the two circuits in the figure are  
electrically identical.

I1 I2 I3

I
a

b

18.0 V

3.00 !

6.00 ! 9.00 !

I1 I2 I3

a

b

3.00 ! 6.00 ! 9.00 !18.0 V

I

a b

Figure 27.9 (Example 27.5) (a) Three resistors connected in  
parallel. The voltage across each resistor is 18.0 V. (b) Another 
circuit with three resistors and a battery. Is it equivalent to the 
circuit in (a)?
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(C) 
 
3.00 − Ω : P1 = I1

2R1 = (6.00 A)2(3.00Ω) = 108 W
6.00 − Ω : P2 = I2

2R2 = (3.00 A)2(6.00Ω) = 54 W
9.00 − Ω : P3 = I3

2R3 = (2.00 A)2(9.00Ω) = 36 W



A battery with  and no internal resistance supplies current to the circuit shown in the figure. When the double-throw switch  
is open as shown in the figure, the current in the battery is  . When the switch is closed in position , the current in the battery is 

 . When the switch is closed in position , the current in the battery is  . Find the resistances (a) , (b) , and (c) .

ε = 6.00 V S
1.00 mA a

1.20 mA b 2.00 mA R1 R2 R3

Problem 27.09:

When  is open,  and  are in series with the 
battery. Thus,


[1] 


When  is closed in position , the parallel combination of 
the two  's is in series with , and the battery. Thus,


[2] 


When  is closed in position  and  are in series with 
the battery and  is shorted. Thus,


[3] 


S R1, R2 R3

R1 + R2 + R3 =
6 V

10−3 A
= 6kΩ

S a
R2 R1, R3

R1 +
1
2

R2 + R3 =
6 V

1.2 × 10−3 A
= 5kΩ

S b, R1 R2
R3

R1 + R2 =
6 V

2 × 10−3 A
= 3kΩ

resistance of a bulb with its filament broken drops to zero. Sup-
pose that a bulb becomes dangerously warm, so that it could set 
something on fire, if it receives a power of 1.75 W. How many 
bulbs can fail before the string of lights becomes dangerous?

7. You are working at an electronics fabrication shop. Your cur-
rent project is on the team producing resistors for the timer 
circuit that delays the closing of an elevator door. According 
to its design specification, the timer circuit is to have a resis-
tance of 32.0 V between two points A and B. As your resistors 
come off the assembly line, you find that they have a variation 
of 65.00% from this value. After a team meeting to evaluate 
this situation, the team decides that resistances in the range 
32.0 6 0.5 V are acceptable and do not need modification. 
For resistances outside this range, the director does not wish 
to discard the resistors, but rather to add extra resistors in 
series or parallel with the main resistor to bring the total 
equivalent resistance to the exact design value of 32.0 V. 
You are put in charge of procuring the extra resistors. What 
range of resistances for these extra resistors do you need to 
cover the entire range of variation of 65.00%? All resistances 
can be measured to three significant figures.

8. In your new job at an engineering company, your supervi-
sor asks you to fabricate a resistor that has a resistance of  
R 5 0.100 V and no change in resistance with temperature. 
She suggests making the resistor from lengths of cylindrical 
carbon and Nichrome wires of equal radius, placed end-to-
end. She wants the combination to fit into a machine that 
allows for a radius of the resistor to be r 5 1.50 mm. What 
are the lengths of the two segments of the resistor?

9. A battery with « 5 6.00 V and no internal resistance sup-
plies current to the circuit shown in Figure P27.9. When the 
double-throw switch S is open as shown in the figure, the 
current in the battery is 1.00 mA. When the switch is closed 
in position a, the current in the battery is 1.20 mA. When 
the switch is closed in position b, the current in the battery 
is 2.00 mA. Find the resistances (a) R1, (b) R2, and (c) R3.

10. A battery with emf « and no internal resistance supplies 
current to the circuit shown in Figure P27.9. When the dou-
ble-throw switch S is open as shown in the figure, the cur-
rent in the battery is I0. When the switch is closed in position 
a, the current in the battery is Ia. When the switch is closed 
in position b, the current in the battery is Ib. Find the resis-
tances (a) R1, (b) R2, and (c) R3.

11. Today’s class on current and resistance is about to begin 
and you await your professor, who is known for unorthodox 
demonstrations. He walks in just at the beginning time for 
the class, and is carrying hot dogs! He then proceeds to set 
up a demonstration using an older style of hot dog cooker 
in which the hot dogs are directly connected across 120 V 
from the wall socket. He has modified the cooker so it sim-
ultaneously applies the 120 V to three combinations: across 

the ends of a single hot dog, across the ends of two hot dogs 
in parallel, and across the outer ends of two hot dogs in 
series. He explains that he has measured the resistance of a 
hot dog to be 11.0 V, and that a hot dog requires 75.0 kJ of 
energy to cook it. He says he will give extra credit to anyone 
who, before any hot dog begins smoking, can determine (a) 
which hot dog(s) will cook first, and (b) the time interval for 
each hot dog to cook. Quick! Get to work!

12. Why is the following situation impossible? A technician is test-
ing a circuit that contains a resistance R. He realizes that a 
better design for the circuit would include a resistance 7

3R 
rather than R. He has three additional resistors, each with 
resistance R. By combining these additional resistors in a 
certain combination that is then placed in series with the 
original resistor, he achieves the desired resistance.

13. Calculate the power delivered to each resistor in the circuit 
shown in Figure P27.13.

14. For the purpose of measuring the electric resistance of shoes 
through the body of the wearer standing on a metal ground 
plate, the American National Standards Institute (ANSI) 
specifies the circuit shown in Figure P27.14. The potential 
difference DV across the 1.00-MV resistor is measured with an 
ideal voltmeter. (a) Show that the resistance of the footwear is

Rshoes 5
50.0 V 2 DV

DV
  

  (b) In a medical test, a current through the human body 
should not exceed 150!�A. Can the current delivered by the 
ANSI- specified circuit exceed 150!�A? To decide, consider a 
person standing barefoot on the ground plate.

15. Four resistors are connected to a battery as shown in Fig-
ure!P27.15. (a)!Determine the potential difference across each 
resistor in terms of «. (b) Determine the current in each resis-
tor in terms of I. (c) What 
If? If R3 is increased, 
explain what happens to 
the current in each of the 
resistors. (d) In the limit 
that R3 S ,̀ what are the 
new values of the current 
in each resistor in terms 
of I, the original current 
in the battery?

CR

CR

CR

V

2.00 !

18.0 V 3.00 !

4.00 !

1.00 !
"

#

Figure P27.13

V

1.00 M!

50.0 V 
"

#

Figure P27.14

R1 R2

R3

R2

a

b
S

!

"
e

Figure P27.9  
Problems 9 and 10.
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Subtracting [3] from [1] gives .


Subtracting [2] from [1] gives .


Then, from [3],





Answers: (a)     (b) .   
(c) 

R3 = 3kΩ

R2 = 2kΩ

R1 = 1kΩ .

R1 = 1.00kΩ R2 = 2.00kΩ
R3 = 3.00kΩ



Calculate the power delivered to each resistor in the circuit shown in the figure.

Problem 27.13:













The voltage across the  resistor (a), and across both the  and the 
 resistors, is





Then for the  resistor,


 and the power is 


For the  resistor,





RP = 1
(1/1.00Ω) + (1/3.00Ω) = 0.750Ω

I = 18.0 V/6.75Ω = 2.67 A

P2 = IΔV = I2R = (2.67 A)2(2.00Ω) = 14.2 W

P4 = I2R = (2.67 A)2(4.00Ω) = 28.4 W

0.750 − Ω 3.00 − Ω
1.00 − Ω

ΔV = IR = (2.67 A)(0.750Ω) = 2.00 V

3.00 − Ω

I =
ΔV
R

=
2.00 V
3.00Ω

P3 = IΔV = ( 2.00 V
3.00Ω )(2.00 V) = 1.33 W

1.00 − Ω

I =
2.00 V
1.00Ω

 and  P1 = ( 2.00 V
1.00Ω )(2.00 V) = 4.00 W

resistance of a bulb with its filament broken drops to zero. Sup-
pose that a bulb becomes dangerously warm, so that it could set 
something on fire, if it receives a power of 1.75 W. How many 
bulbs can fail before the string of lights becomes dangerous?

7. You are working at an electronics fabrication shop. Your cur-
rent project is on the team producing resistors for the timer 
circuit that delays the closing of an elevator door. According 
to its design specification, the timer circuit is to have a resis-
tance of 32.0 V between two points A and B. As your resistors 
come off the assembly line, you find that they have a variation 
of 65.00% from this value. After a team meeting to evaluate 
this situation, the team decides that resistances in the range 
32.0 6 0.5 V are acceptable and do not need modification. 
For resistances outside this range, the director does not wish 
to discard the resistors, but rather to add extra resistors in 
series or parallel with the main resistor to bring the total 
equivalent resistance to the exact design value of 32.0 V. 
You are put in charge of procuring the extra resistors. What 
range of resistances for these extra resistors do you need to 
cover the entire range of variation of 65.00%? All resistances 
can be measured to three significant figures.

8. In your new job at an engineering company, your supervi-
sor asks you to fabricate a resistor that has a resistance of  
R 5 0.100 V and no change in resistance with temperature. 
She suggests making the resistor from lengths of cylindrical 
carbon and Nichrome wires of equal radius, placed end-to-
end. She wants the combination to fit into a machine that 
allows for a radius of the resistor to be r 5 1.50 mm. What 
are the lengths of the two segments of the resistor?

9. A battery with « 5 6.00 V and no internal resistance sup-
plies current to the circuit shown in Figure P27.9. When the 
double-throw switch S is open as shown in the figure, the 
current in the battery is 1.00 mA. When the switch is closed 
in position a, the current in the battery is 1.20 mA. When 
the switch is closed in position b, the current in the battery 
is 2.00 mA. Find the resistances (a) R1, (b) R2, and (c) R3.

10. A battery with emf « and no internal resistance supplies 
current to the circuit shown in Figure P27.9. When the dou-
ble-throw switch S is open as shown in the figure, the cur-
rent in the battery is I0. When the switch is closed in position 
a, the current in the battery is Ia. When the switch is closed 
in position b, the current in the battery is Ib. Find the resis-
tances (a) R1, (b) R2, and (c) R3.

11. Today’s class on current and resistance is about to begin 
and you await your professor, who is known for unorthodox 
demonstrations. He walks in just at the beginning time for 
the class, and is carrying hot dogs! He then proceeds to set 
up a demonstration using an older style of hot dog cooker 
in which the hot dogs are directly connected across 120 V 
from the wall socket. He has modified the cooker so it sim-
ultaneously applies the 120 V to three combinations: across 

the ends of a single hot dog, across the ends of two hot dogs 
in parallel, and across the outer ends of two hot dogs in 
series. He explains that he has measured the resistance of a 
hot dog to be 11.0 V, and that a hot dog requires 75.0 kJ of 
energy to cook it. He says he will give extra credit to anyone 
who, before any hot dog begins smoking, can determine (a) 
which hot dog(s) will cook first, and (b) the time interval for 
each hot dog to cook. Quick! Get to work!

12. Why is the following situation impossible? A technician is test-
ing a circuit that contains a resistance R. He realizes that a 
better design for the circuit would include a resistance 7

3R 
rather than R. He has three additional resistors, each with 
resistance R. By combining these additional resistors in a 
certain combination that is then placed in series with the 
original resistor, he achieves the desired resistance.

13. Calculate the power delivered to each resistor in the circuit 
shown in Figure P27.13.

14. For the purpose of measuring the electric resistance of shoes 
through the body of the wearer standing on a metal ground 
plate, the American National Standards Institute (ANSI) 
specifies the circuit shown in Figure P27.14. The potential 
difference DV across the 1.00-MV resistor is measured with an 
ideal voltmeter. (a) Show that the resistance of the footwear is

Rshoes 5
50.0 V 2 DV

DV
  

  (b) In a medical test, a current through the human body 
should not exceed 150!�A. Can the current delivered by the 
ANSI- specified circuit exceed 150!�A? To decide, consider a 
person standing barefoot on the ground plate.

15. Four resistors are connected to a battery as shown in Fig-
ure!P27.15. (a)!Determine the potential difference across each 
resistor in terms of «. (b) Determine the current in each resis-
tor in terms of I. (c) What 
If? If R3 is increased, 
explain what happens to 
the current in each of the 
resistors. (d) In the limit 
that R3 S ,̀ what are the 
new values of the current 
in each resistor in terms 
of I, the original current 
in the battery?
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V

2.00 !

18.0 V 3.00 !

4.00 !

1.00 !
"

#

Figure P27.13

V

1.00 M!

50.0 V 
"

#

Figure P27.14
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b
S
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"
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Figure P27.9  
Problems 9 and 10.
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P27.12 The resistance of the combination of extra resistors must be 

 The possible combinations are: one resistor: R; two 

resistors: 2R,  three resistors: 3R,  None of these is 

 so the desired resistance cannot be achieved. 

P27.13 To find the current in each resistor, we find the resistance seen by the 

battery. The given circuit reduces as shown in ANS. FIG. P27.13 (a), 

since  

    

 In ANS. FIG. P27.13 (b),  

   I = 18.0 V/6.75 Ω = 2.67 A 

 This is also the current in ANS. FIG. P27.13 (a), so 

 the 2.00-Ω and 4.00-Ω resistors convert powers  

    

 and  

 The voltage across the 0.750-Ω resistor in  

ANS. FIG. P27.13 (a), and across both the 3.00-Ω  

and the 1.00-Ω resistors in Figure P27.13, is  

   

 Then for the 3.00-Ω resistor, 

   

 and the power is 

   

 

ANS. FIG. P27.13 Section  27.2



Find the equivalent resistance between points  and  in the figure.a b

Problem 27.33:

SECTION 27.4 RC Circuits

23. An uncharged capacitor and a resistor are connected 
in series to a source of emf. If « 5 9.00 V, C 5 20.0 �F,  
and R!5 100 V, find (a) the time constant of the circuit, (b) 
the maximum charge on the capacitor, and (c) the charge 
on the capacitor at a time equal to one time constant after 
the battery is connected.

24. Show that the time constant in Equation 27.20 has units  
of time.

25. In the circuit of Figure P27.25, the switch S has been open 
for a long time. It is then suddenly closed. Take « 5 10.0!V, 
R1 5 50.0 kV, R2 5 100 kV, and C 5 10.0 �F. Determine the 
time constant (a) before the switch is closed and (b)!after 
the switch is closed. (c) Let the switch be closed at t! 5 0. 
Determine the current in the switch as a function of time.

26. In the circuit of Figure P27.25, the switch S has been open 
for a long time. It is then suddenly closed. Determine the 
time constant (a) before the switch is closed and (b)!after 
the switch is closed. (c) Let the switch be closed at t 5 0. 
Determine the current in the switch as a function of time.

27. A 10.0-�F capacitor is charged by a 10.0-V battery through a 
resistance R. The capacitor reaches a potential difference of 
4.00 V in a time interval of 3.00 s after charging begins. Find R.

28. Show that the integral #
`

0  e22tyRC dt in Example 27.11 has the 
value 12RC.

SECTION 27.5 Household Wiring and Electrical Safety

29. You and your roommates are studying hard for your physics 
exam. You study late into the night and then fall into your bed 
for some sleep. You all wake early before the exam and scram-
ble groggily around making breakfast. You can’t agree on what 
to have, so one of you cooks waffles on a 990-watt waffle iron 
while another toasts bread in a 900-watt toaster. You want to 
make coffee with a 650-watt coffeemaker, and you plug it into 
the same power strip into which the waffle iron and toaster are 
plugged. Will the 20-A circuit breaker remain operational?

30. An electric heater is rated at 1.50 3 103 W, a toaster at 750 W,  
and an electric grill at 1.00 3 103 W. The three appliances 
are connected to a common 120-V household circuit.  
(a) How much current does each draw? (b) If the circuit is  
protected with a 25.0-A circuit breaker, will the circuit 
breaker be tripped in this situation? Explain your answer.

31. Turn on your desk lamp. Pick up the cord, with your thumb 
and index finger spanning the width of the cord. (a) Com-
pute an order-of-magnitude estimate for the current in your 
hand. Assume the conductor inside the lamp cord next to 
your thumb is at potential , 102 V at a typical instant and 
the conductor next to your index finger is at ground poten-
tial (0 V). The resistance of your hand depends strongly on 

the thickness and the moisture content of the outer layers 
of your skin. Assume the resistance of your hand between 
fingertip and thumb tip is , 104 V. You may model the cord 
as having rubber insulation. State the other quantities you 
measure or estimate and their values. Explain your rea-
soning. (b) Suppose your body is isolated from any other 
charges or currents. In order-of-magnitude terms, estimate 
the potential difference between your thumb where it con-
tacts the cord and your finger where it touches the cord.

ADDITIONAL PROBLEMS

32. Four resistors are connected in parallel across a 9.20-V 
battery. They carry currents of 150 mA, 45.0 mA,  
14.0 mA, and 4.00 mA. If the resistor with the largest resis-
tance is replaced with one having twice the resistance, (a) 
what is the ratio of the new current in the battery to the 
original current? (b) What If? If instead the resistor with 
the smallest resistance is replaced with one having twice the 
resistance, what is the ratio of the new total current to the 
original current? (c) On a February night, energy leaves a 
house by several energy leaks, including 1.50 3 103 W by 
conduction through the ceiling, 450 W by infiltration (air-
flow) around the windows, 140 W by conduction through 
the basement wall above the foundation sill, and 40.0 W by 
conduction through the plywood door to the attic. To pro-
duce the biggest saving in heating bills, which one of these 
energy transfers should be reduced first? Explain how you 
decide. Clifford Swartz suggested the idea for this problem.

33. Find the equivalent resistance between points a and b in  
Figure P27.33.

34. The circuit in Figure P27.34a consists of three resistors and 
one battery with no internal resistance. (a) Find the current 
in the 5.00-V resistor. (b) Find the power delivered to the 
5.00-V resistor. (c) In each of the circuits in Figures P27.34b, 
P27.34c, and P27.34d, an additional 15.0-V battery has 

V

CR

T

a

b

2.40 ! 

3.60 ! 

1.80 ! 
3.50 ! 

5.10 ! 

Figure P27.33

R1

R2

C
S!

"
e

Figure P27.25 Problems 25 and 26.
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5.00 ! 10.0 !

5.00 ! 10.0 !

5.00 ! 10.0 !

8.00 !

15.0 V

15.0 V

15.0 V

15.0 V

15.0 V

a b

c d

Figure P27.34
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2.00 mA. Then the total current is (150 + 45 + 14 + 2) mA =  

211 mA, nearly the same as before. The ratio is  

 (b) The resistor with least resistance carries 150 mA. Doubling its 

resistance changes this current to 75 mA and changes the total to 

  (75 + 45 + 14 + 4) mA = 138 mA. The ratio is  

 (c)  

P27.33 The resistive network between a an b reduces, in the stages shown in 

ANS. FIG. P27.33, to an equivalent resistance of . 

 

ANS. FIG. P27.33 

P27.34 The current in the battery is  

 The voltage across 5 Ω is 15 V – (10 Ω) (1.15 A) = 3.53 V. 

 (a) The current in it is 3.53 V/5 Ω = 0.706 A. 

 (b) P = (3.53 V) (0.706 A) = 2.49 W. 

Section  27.2



Gustav Kirchhoff

1824 – 1887 

German physicist 

Worked with Robert Bunsen 

Kirchhoff and Bunsen 

▪ Invented the spectroscope and 
founded the science of 
spectroscopy 

▪ Discovered the elements cesium 
and rubidium 

▪ Invented astronomical 
spectroscopy
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Kirchhoff’s Rules

There are ways in which resistors can be connected so that the circuits formed 
cannot be reduced to a single equivalent resistor. 

Two rules, called Kirchhoff’s rules, can be used instead.

Section  27.3



Kirchhoff’s Junction Rule

Junction Rule 

▪ The sum of the currents at any junction must equal zero. 

▪ Currents directed into the junction are entered into the equation as  
and those leaving as . 

▪ A statement of Conservation of Charge 

▪ Mathematically,   
 

+I
−I

∑junction I = 0
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More about the Junction Rule

 

Required by Conservation of Charge 

Diagram (b) shows a mechanical 
analog

I1 − I2 − I3 = 0

Section  27.3



Kirchhoff’s Loop Rule

Loop Rule 

▪ The sum of the potential differences across all elements around any closed 
circuit loop must be zero. 
▪ A statement of Conservation of Energy 

Mathematically,  

	∑closed loop ΔV = 0

Section  27.3



More about the Loop Rule

Traveling around the loop from a to b 

In (a), the resistor is traversed in the 
direction of the current, the potential 
across the resistor is . 

In (b), the resistor is traversed in the 
direction opposite of the current, the 
potential across the resistor is is .

−IR

+IR

Section  27.3



Loop Rule, final

In (c), the source of emf is traversed in 
the direction of the emf (from  to ), 
and the change in the potential 
difference is . 
In (d), the source of emf is traversed in 
the direction opposite of the emf (from 

 to ), and the change in the potential 
difference  is .

− +

+ε

+ −
−ε
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Equations from Kirchhoff’s Rules

Use the junction rule as often as needed, so long as each time you write an 
equation, you include in it a current that has not been used in a previous junction 
rule equation. 

▪ In general, the number of times the junction rule can be used is one fewer 
than the number of junction points in the circuit. 

The loop rule can be used as often as needed so long as a new circuit element 
(resistor or battery) or a new current appears in each new equation. 

In order to solve a particular circuit problem, the number of independent 
equations you need to obtain from the two rules equals the number of unknown 
currents. 

Any capacitor acts as an open branch in a circuit. 

▪ The current in the branch containing the capacitor is zero under steady-state 
conditions.

Section  27.3



Problem-Solving Strategy – Kirchhoff’s Rules

Conceptualize 

▪ Study the circuit diagram and identify all the elements. 

▪ Identify the polarity of each battery. 

▪ Imagine the directions of the currents in each battery. 

Categorize 

▪ Determine if the circuit can be reduced by combining series and parallel 
resistors. 
▪ If so, proceed with those techniques 

▪ If not, apply Kirchhoff’s Rules

Section  27.3



Problem-Solving Strategy, cont.

Analyze 

▪ Assign labels and symbols to all known and unknown quantities.  

▪ Assign directions to the currents. 
▪ The direction is arbitrary, but you must adhere to the assigned directions when 

applying Kirchhoff’s rules. 

▪ Apply the junction rule to any junction in the circuit that provides new 
relationships among the various currents. 

▪ Apply the loop rule to as many loops as are needed to solve for the 
unknowns. 
▪ To apply the loop rule, you must choose a direction in which to travel 

around the loop. 
▪ You must also correctly identify the potential difference as you cross 

various elements. 
▪ Solve the equations simultaneously for the unknown quantities.
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Problem-Solving Strategy, final

Finalize 

▪ Check your numerical answers for consistency. 

▪ If any current value is negative, it means you guessed the direction of that 
current incorrectly. 
▪ The magnitude will still be correct.
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A single-loop circuit contains two resistors and two batteries as shown in the figure. (Neglect the internal 
resistances of the batteries.) Find the current in the circuit.

Example 27.06: A Single-Loop Circuit

Apply Kirchhoff's loop rule to the single loop in the circuit:





Solve for  and use the values given in the figure:


∑ ΔV = 0 → ε1 − IR1 − ε2 − IR2 = 0

I

I = ε1 − ε2

R1 + R2
= 6.0 V − 12 V

8.0Ω + 10Ω = − 0.33 A

Section  27.3
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 Example 27.6     A Single-Loop Circuit

A single-loop circuit contains two resistors and two batteries as shown in Figure 27.13. 
(Neglect the internal resistances of the batteries.) Find the current in the circuit.

S O L U T I O N

Conceptualize Figure 27.13 shows the polarities of the batteries and a guess at the direc-
tion of the current. The 12-V battery is the stronger of the two, so the current should 
be counterclockwise. Therefore, we expect our guess for the direction of the current to 
be wrong, but we will continue and see how this incorrect guess is represented by our  
final answer.

Categorize We do not need Kirchhoff’s rules to analyze this simple circuit, but let’s use 
them anyway simply to see how they are applied. There are no junctions in this single-loop 
circuit; therefore, the current is the same in all elements.

Analyze  Let’s assume the current is clockwise as shown in Figure 27.13. Traversing the  
circuit in the clockwise direction, starting at a, we see that a S b represents a potential dif-
ference of 1«1, b S c represents a potential difference of 2IR1, c S d represents a potential 
difference of 2«2, and d S a represents a potential difference of 2IR 2.

Apply Kirchhoff’s loop rule to the single loop  o DV 5 0   S   «1 2 IR1 2 «2 2 IR 2 5 0 
in the circuit:

Solve for I and use the values given in  (1)   I 5
«1 2 «2

R 1 1 R 2

5
6.0 V 2 12 V
8.0 V 1 10 V

5 20.33 A  
Figure 27.13:

Finalize  The negative sign for I indicates that the direction of the current is opposite the assumed direction. The emfs in 
the numerator subtract because the batteries in Figure 27.13 have opposite polarities. The resistances in the denominator add 
because the two resistors are in series.

W H A T  I F ? What if the polarity of the 12.0-V battery were reversed? How would that affect the circuit?

Answer Although we could repeat the Kirchhoff’s rules calculation, let’s instead examine Equation (1) and modify it accord-
ingly. Because the polarities of the two batteries are now in the same direction, the signs of «1 and «2 are the same and Equa-
tion (1) becomes

I 5
«1 1 «2

R1 1 R2

5
6.0 V 1 12 V
8.0 V 1 10 V

5 1.0 A

I

c

a b

d
! "

! "
e1 # 6.0 V

R1 # 8.0 $R2 # 10 $

e2 # 12 V

Figure 27.13 (Example 27.6)  
A series circuit containing two 
batteries and two resistors, 
where the polarities of the  
batteries are in opposition.

 Example 27.7     A Multiloop Circuit

Find the currents I 1, I 2, and I 3 in the circuit shown in  
Figure 27.14.

S O L U T I O N

Conceptualize Imagine physically rearranging the circuit while 
keeping it electrically the same. Can you rearrange it so that it 
consists of simple series or parallel combinations of resistors? You 
should find that you cannot. (If the 10.0-V battery were removed 
and replaced by a wire from b to the 6.0-V resistor, the circuit 
would consist of only series and parallel combinations.)

Categorize We cannot simplify the circuit by the rules associated with combining resistances in series and in parallel.  
Therefore, this problem is one in which we must use Kirchhoff’s rules.

Analyze We identify three different currents and arbitrarily choose their directions as labeled in Figure 27.14.

Figure 27.14 (Exam-
ple!27.7) A circuit contain-
ing different branches.

14.0 V

e

b

4.0 !

10.0 V
6.0 !

f

I2

c

I3

I1

2.0 !
da

" #

# "
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Find the currents , and  in the circuit shown in the figure.I1, I2 I3

Example 27.07: A Multiloop Circuit

Apply Kirchhoff's junction rule to junction  : 


Apply Kirchhoff's loop rule to loops  and 





Solve Equation (1) for  and substitute into Equation (2):







Multiply each term in Equation (3) by 4 and each term in Equation 
(4) by 3:







Add Equation (6) to Equation (5) to eliminate  and find 


c (1) I1 + I2 − I3 = 0

abcda befcb :

abcda :(2) 10.0 V − (6.0Ω)I1 − (2.0Ω)I3 = 0
befcb :−(4.0Ω)I2 − 14.0 V + (6.0Ω)I1 − 10.0 V = 0

(3) − 24.0 V + (6.0Ω)I1 − (4.0Ω)I2 = 0

I3

10.0 V − (6.0Ω)I1 − (2.0Ω)(I1 + I2) = 0
(4) 10.0 V − (8.0Ω)I1 − (2.0Ω)I2 = 0

(5) − 96.0 V + (24.0Ω)I1 − (16.0Ω)I2 = 0
(6) 30.0 V − (24.0Ω)I1 − (6.0Ω)I2 = 0

I1 I2

−66.0 V − (22.0Ω)I2 = 0
I2 = − 3.0 A
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 Example 27.6     A Single-Loop Circuit

A single-loop circuit contains two resistors and two batteries as shown in Figure 27.13. 
(Neglect the internal resistances of the batteries.) Find the current in the circuit.

S O L U T I O N

Conceptualize Figure 27.13 shows the polarities of the batteries and a guess at the direc-
tion of the current. The 12-V battery is the stronger of the two, so the current should 
be counterclockwise. Therefore, we expect our guess for the direction of the current to 
be wrong, but we will continue and see how this incorrect guess is represented by our  
final answer.

Categorize We do not need Kirchhoff’s rules to analyze this simple circuit, but let’s use 
them anyway simply to see how they are applied. There are no junctions in this single-loop 
circuit; therefore, the current is the same in all elements.

Analyze  Let’s assume the current is clockwise as shown in Figure 27.13. Traversing the  
circuit in the clockwise direction, starting at a, we see that a S b represents a potential dif-
ference of 1«1, b S c represents a potential difference of 2IR1, c S d represents a potential 
difference of 2«2, and d S a represents a potential difference of 2IR 2.

Apply Kirchhoff’s loop rule to the single loop  o DV 5 0   S   «1 2 IR1 2 «2 2 IR 2 5 0 
in the circuit:

Solve for I and use the values given in  (1)   I 5
«1 2 «2

R 1 1 R 2

5
6.0 V 2 12 V
8.0 V 1 10 V

5 20.33 A  
Figure 27.13:

Finalize  The negative sign for I indicates that the direction of the current is opposite the assumed direction. The emfs in 
the numerator subtract because the batteries in Figure 27.13 have opposite polarities. The resistances in the denominator add 
because the two resistors are in series.

W H A T  I F ? What if the polarity of the 12.0-V battery were reversed? How would that affect the circuit?

Answer Although we could repeat the Kirchhoff’s rules calculation, let’s instead examine Equation (1) and modify it accord-
ingly. Because the polarities of the two batteries are now in the same direction, the signs of «1 and «2 are the same and Equa-
tion (1) becomes

I 5
«1 1 «2

R1 1 R2

5
6.0 V 1 12 V
8.0 V 1 10 V

5 1.0 A

I

c

a b

d
! "

! "
e1 # 6.0 V

R1 # 8.0 $R2 # 10 $

e2 # 12 V

Figure 27.13 (Example 27.6)  
A series circuit containing two 
batteries and two resistors, 
where the polarities of the  
batteries are in opposition.

 Example 27.7     A Multiloop Circuit

Find the currents I 1, I 2, and I 3 in the circuit shown in  
Figure 27.14.

S O L U T I O N

Conceptualize Imagine physically rearranging the circuit while 
keeping it electrically the same. Can you rearrange it so that it 
consists of simple series or parallel combinations of resistors? You 
should find that you cannot. (If the 10.0-V battery were removed 
and replaced by a wire from b to the 6.0-V resistor, the circuit 
would consist of only series and parallel combinations.)

Categorize We cannot simplify the circuit by the rules associated with combining resistances in series and in parallel.  
Therefore, this problem is one in which we must use Kirchhoff’s rules.

Analyze We identify three different currents and arbitrarily choose their directions as labeled in Figure 27.14.

Figure 27.14 (Exam-
ple!27.7) A circuit contain-
ing different branches.

14.0 V

e

b

4.0 !

10.0 V
6.0 !

f

I2

c

I3

I1

2.0 !
da

" #

# "
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Use this value of  in Equation (3) to find  :





Use Equation (1) to find  :


I2 I1

−24.0 V + (6.0Ω)I1 − (4.0Ω)(−3.0 A) = 0
−24.0 V + (6.0Ω)I1 + 12.0 V = 0
I1 = 2.0 A

I3

I3 = I1 + I2 = 2.0 A − 3.0 A = − 1.0 A



(a) Can the circuit shown in the figure be reduced to a single resistor connected to a battery? Explain. 
Calculate the currents (b) , (c) , and (d) .I1 I2 I3

Problem 27.21:

(a) No. Some simplification could be made, the  and  resistors 
are in series, adding to give a total of $ ; and the  and  
resistors form a series combination with a total resistance of .


The circuit cannot be simplified any further, and Kirchhoff's rules must 
be used to analyze it.


(b) Applying Kirchhoff's junction rule at junction  gives





Using Kirchhoff's loop rule on the upper loop yields





or 


and for the lower loop,


 

Using equation [2], this reduces to 




giving


2.0Ω 4.0Ω
6.0Ω$ 5.0Ω 1.0Ω

6.0Ω

a

(1) I1 = I2 + I3

+24.0 V − (2.00 + 4.0)I1 − (3.00)I3 = 0

(2) I3 = 8.00 A − 2.00I1

+12.0 V + (3.00)I3 − (1.00 + 5.00)I2 = 0

I2 =
12.0 V + 3.00 (8.00 A − 2.00I1)

6.00

(3) I2 = 6.00 A − 1.00I1 Section  27.3

Substituting equations [2] and [3] into [1] gives  
 

 

(c) Then, equation [3] gives  
 

, and  
 
(d) Equation [2] yields 
 
 

I1 = 3.50 A

I2 = 2.50 A

I3 = 1.00 A

738 Chapter 27 Direct-Current Circuits

16. You have a faculty position at a community college and are 
teaching a class in automotive technology. You are deep in a 
discussion of using jumper cables to start a car with a dead 
battery from a car with a fresh battery. You have drawn the 
circuit diagram in Figure P27.16 to explain the process. The 
battery on the left is the live battery in the correctly func-
tioning car, with emf « and internal resistance RL, where 
the L subscript refers to “live.” Its terminals are connected 
directly across those of the dead battery, in the middle of 
the diagram, with emf « and internal resistance RD, where 
the D subscript refers to “dead.” Then, the starter in the car 
with the dead battery is activated by closing the ignition 
switch, allowing the car to start. The resistance of the starter 
is RS. A student raises his hand and asks, “So is the dead 
battery being charged while the starter is operating?” How 
do you respond?

SECTION 27.3 Kirchhoff’s Rules

17. The circuit shown in Figure P27.17 is connected for  
2.00 min. (a) Determine the current in each branch of 
the circuit. (b) Find the energy delivered by each  
battery. (c) Find the energy delivered to each resistor.  
(d) Identify the type of energy storage transformation that 
occurs in the operation of the circuit. (e) Find the total 
amount of energy transformed into internal energy in the 
resistors.

18. The following equations describe an electric circuit:

2I1 (220 V) 1 5.80 V 2 I2 (370 V) 5 0

1I2 (370 V) 1 I3 (150 V) 2 3.10 V 5 0

I1 1 I3 2 I2 5 0

  (a) Draw a diagram of the circuit. (b) Calculate the unknowns 
and identify the physical meaning of each unknown.

19. Taking R 5 1.00 kV and « 5 250 V in Figure P27.19, deter-
mine the direction and magnitude of the current in the 
horizontal wire between a and e.

20. In the circuit of Figure P27.20, the current I1! 5 3.00 A  
and the values of « for the ideal battery and R are unknown. 
What are the currents (a) I2 and (b)!I3? (c) Can you find the 
values of « and R? If so, find their values. If not, explain.

21. (a) Can the circuit shown in Figure P27.21 be reduced to a 
single resistor connected to a battery? Explain. Calculate 
the currents (b) I1, (c)!I2, and (d) I3.

22. For the circuit shown in Figure P27.22, we wish to find the 
currents I1, I2, and I3. Use Kirchhoff’s rules to obtain equa-
tions for (a) the upper loop, (b) the lower loop, and (c)!the 
junction on the left side. In each case, suppress units for 
clarity and simplify, combining the terms. (d)! Solve the 
junction equation for I3. (e) Using the equation found in 
part (d), eliminate I3 from the equation found in part (b). 
(f) Solve the equa-
tions found in parts 
(a) and (e) simulta-
neously for the two 
unknowns I1 and I2. 
(g)! Substitute the 
answers found in 
part (f) into the junc-
tion equation found 
in part (d), solving 
for I3. (h) What is 
the significance of 
the negative answer 
for I2?

CR

T

3.00 !
1.00 !

5.00 !

1.00 !

4.00 V

8.00 !
12.0 V

"

#

"

#

Figure P27.17
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b

I2I3

a
24.0 V
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" # " #
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(a) Calculate the potential difference between points  and  in the figure and (b) identify which point is at the 
higher potential.

a b

Problem 27.37:

(a) Using Kirchhoff's loop rule for the closed loop,


 
 
so 


Then,





Thus,  
 

(b) ; 
 
 thus,  is at the higher potential.

+12.0 − 2.00I − 4.00I = 0

I = 2.00 A

Vb − Va = + 4.00 V − (2.00 A)(4.00Ω) − (0)(10.0Ω) = − 4.00 V

ΔVab = 4.00 V

Vb − Va = − 4.00 V → Va = Vb + 4.00 V

a

Section  27.3

740 Chapter 27 Direct-Current Circuits

been inserted into the circuit. Which diagram or diagrams  
represent a circuit that requires the use of Kirchhoff’s rules 
to find the currents? Explain why. (d) In which of these 
three new circuits is the smallest amount of power delivered 
to the 10.0-V resistor? (You need not calculate the power in 
each circuit if you explain your answer.)

35. The circuit in Figure P27.35 has been connected for several 
seconds. Find the current (a) in the 4.00-V battery, (b)! in 
the 3.00-V resistor, (c) in the 8.00-V battery, and (d) in the 
3.00-V battery. (e) Find the charge on the capacitor.

36. The resistance between terminals a and b in Figure P27.36 is 
75.0 V. If the resistors labeled R have the same value,  
determine R.

37. (a) Calculate the potential difference between points a and 
b in Figure P27.37 and (b) identify which point is at the 
higher potential.

38. Why is the following situation impossible? A battery has an 
emf of « 5 9.20 V and an internal resistance of r 5  
1.20 V. A resistance R is connected across the battery and 
extracts from it a power of P 5 21.2 W.

39. When two unknown resistors are connected in series with 
a battery, the battery delivers 225 W and carries a total cur-
rent of 5.00 A. For the same total current, 50.0 W is delivered 
when the resistors are connected in parallel. Determine the 
value of each resistor.

40. When two unknown resistors are connected in series with 
a battery, the battery delivers total power Ps and carries a 
total current of I. For the same total current, a total power 

Pp is delivered when the resistors are connected in parallel. 
Determine the value of each resistor.

41. The circuit in Figure P27.41 contains two resistors,  
R1!5 2.00 kV and R2 5 3.00 kV, and two capacitors, C1!5 
2.00!�F and C2 5 3.00 �F, connected to a battery with emf 
«!5 120!V. If there are no charges on the capacitors before 
switch S is closed, determine the charges on capacitors (a) 
C1 and (b) C2 as functions of time, after the switch is closed.

42. Two resistors R1 and R2 are in parallel with each other. 
Together they carry total current I. (a) Determine the current 
in each resistor. (b) Prove that this division of the total current 
I  between the two resistors results in less power delivered to 
the combination than any other division. It is a general princi-
ple that current in a direct current circuit distributes itself so that the 
total power delivered to the circuit is a minimum.

43. A power supply has an open-circuit voltage of 40.0 V and an 
internal resistance of 2.00 V. It is used to charge two storage 
batteries connected in series, each having an emf of 6.00 V 
and internal resistance of 0.300 V. If the charging current is 
to be 4.00 A, (a) what additional resistance should be added 
in series? At what rate does the internal energy increase in 
(b) the supply, (c) in the batteries, and (d) in the added 
series resistance? (e) At what rate does the chemical energy 
increase in the batteries?

44. A battery is used to charge a capacitor through a resistor as 
shown in Figure P27.44. Show that half the energy supplied 
by the battery appears as internal energy in the resistor and 
half is stored in the capacitor.

45. An ideal voltmeter connected across a cer-
tain fresh 9-V battery reads 9.30 V, and an 
ideal ammeter briefly connected across the 
same battery reads 3.70 A. We say the bat-
tery has an open-circuit voltage of 9.30 V  
and a short- circuit current of 3.70 A. Model 
the battery as a source of emf « in series 
with an internal resistance r as in Fig-
ure!27.1a. Determine both (a) « and (b) r.  
An experimenter connects two of these 
identical batteries together as shown in 
Figure P27.45. Find (c) the open-circuit 
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