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18 
Direct-Current Circuits 

QUICK QUIZZES 

1. True. When a battery is delivering a current, there is a voltage drop within the battery due to internal resis-
tance, making the terminal voltage less than the emf. 

2. Because of internal resistance, power is dissipated into the battery material, raising its temperature. 

3. Choice (b). When the switch is opened, resistors  and  are in series, so that the total circuit resistance is 
larger than when the switch was closed. As a result, the current decreases. 

4. Choice (a). When the switch is opened, resistors  and  are in series, so the total circuit resistance is larger 
than and the current through  is less with the switch open than when it is closed. Since the power delivered to 

 is , . 

5. Choice (a). When the switch is closed, resistors  and  are in parallel, so that the total circuit resistance is 
smaller than when the switch was open. As a result, the current increases. 

6. Choice (b). Observe that the potential difference across  equals the terminal potential difference of the bat-
tery. If the battery has negligible internal resistance, the terminal potential difference is the same with the 
switch open or closed. Under these conditions, the power delivered to , equal to , is unchanged 
when the switch is closed. 

7. The voltage drop across each bulb connected in parallel with each other and across the battery equals the ter-
minal potential difference of the battery. As more bulbs are added, the current supplied by the battery in-
creases. However, if the internal resistance is negligible, the terminal potential difference is constant and the 
current through each bulb is the same regardless of the number of bulbs connected. Under these conditions: (a) 
The brightness of a bulb, determined by the current flowing in the bulb, is unchanged as bulbs are added. (b) 
The individual currents in the bulbs, , are constant as bulbs are added since  does not change. (c) 
The total power delivered by the battery increases by an amount  each time a bulb is added. (d) With 
the total delivered power increasing, energy is drawn from the battery at an increasing rate and the battery’s 
lifetime decreases. 

8. Adding bulbs in series with each other and the battery increases the total load resistance seen by the battery. 
This means that the current supplied by the battery decreases with each new bulb that is added. (a) The bright-
ness of a bulb is determined by the power delivered to that bulb, , which decreases as bulbs are 
added and the current decreases. (b) For a series connection, the individual currents in the bulbs are the same 
and equal to the total current supplied by the battery. This decreases as bulbs are added. (c) The total power de-
livered by the battery is given by , where  is the terminal potential difference of the battery and 
I is the total current supplied by the battery. With negligible internal resistance,  is constant. Thus, with I 
decreasing as bulbs are added, the total delivered power decreases. (d) With the delivered power decreasing, 
energy is drawn from the battery at a decreasing rate, which increases the lifetime of the battery. 

9. Choice (c). After the capacitor is fully charged, current flows only around the outer loop of the circuit. This 
path has a total resistance of , so the 6-V battery will supply a current of 2 amperes. 
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ANSWERS TO WARM-UP EXERCISES 

1. (a) From the second equation, 

   
2 12.00I I=   [1] 

  Substituting this into the first equation gives 

   ( )1 19.00 3.00 2.00 2.00 0I I+ − =   

  which gives 

   1 19.00 0          9.00 AI I− = → =   

 (b) From equation [1], 

   ( )2 12.00 2.00 9.00 A 18.0 AI I= = =  

2. (a) We solve the second and third equations for I2 and I3 , respectively, 

   2 1

3 1

3.00I I
I I

=
= −

  

  and substitute into the first equation to obtain 

   ( ) ( )1 1 1 13.00 5.00          5.00 AI I I I− + + − = → =   

 (b) From part (a), 

   ( )2 13.00 3.00 5.00 A 15.0 AI I= = =   

 (c) Also from part (a), 

   ( )3 1 5.00 A 5.00 AI I= − = − = −   

3. (a) Substituting t = 0.040 0 s gives 

   ( ) [ ]0.040 0 s / 0.200 s3.00 C 2.46 Cq e−= =   
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 (b) To find the value of t, we first isolate the exponential 

   
( )

( )/ 0.200 s

3.00 C
tq e−⎡ ⎤⎣ ⎦=   

  Then take the natural logarithm of both sides to obtain 

   ( ){ }/ 0.200 sln ln
3.00 C 0.200 s

tq te−⎡ ⎤⎣ ⎦⎛ ⎞ = = −⎜ ⎟
⎝ ⎠

  

  which then gives 

   ( ) ( ) 1.20 C0.200 s ln 0.200 s ln 0.183 s
3.00 C 3.00 C

qt ⎛ ⎞ ⎛ ⎞= − = − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

  

4. From the definition of capacitance, Equation 16.8, we obtain 

   ( )( )6 425.0 10  F 12.0 V 3.00 10  CQ C V − −= Δ = × = ×   

5. (a) When the two capacitors are connected in parallel, the equivalent capacitance is found from Equa-
tion 16.11 as 

   eq 1 2 2.00 F 0.500 F 2.50 FC C C μ μ μ= + = + =   

 (b) When the two capacitors are connected in series, the equivalent capacitance is found from Equation 
16.14 as 

   
eq 1 2

1 1 1 1 1
2.00 F 0.500 FC C C μ μ

= + = +   

  which gives 

   eq
1  F 0.400 F

2.50
C μ μ= =   

6. (a) The current through the resistor is given by Ohm’s law as 

   6.00 V 0.200 A
30.0 

VI
R

Δ= = =
Ω
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 (b) The power dissipated through the resistor is 

   ( )( )0.200 A 6.00 V 1.20 WP I V= Δ = =   

 (c) From Equation 17.9, the power increases as the square of the voltage, so that 

   
( ) ( )2 212.0 V

4.80 W
30.0 

V
P

R
Δ

= = =
Ω

 

  Thus, a doubling of the voltage increases the power dissipated by a factor of 4. 

7. (a) From Equation 18.2,  

   Ir IRε = +   

  and solving for the current gives 

   9.20 V 2.71 A
3.00 0.400 

I
R r
ε = =
+ Ω + Ω

=   

 (b) The terminal voltage is found from Equation 18.1 as 

     

 (c) The total power supplied by the battery is 

   ( )( )2.71 A 9.20 V 24.9 WP Iε= ==   

8. (a) When the two resistors are connected in series, the equivalent resistance is found from Equation 18.4 
as 

   eq 1 2 2.00 0.500 2.50 R R R= + = Ω + Ω = Ω   

 (b) When the two resistors are connected in parallel, the equivalent resistance is found from Equation 
18.5 as 

   
eq 1 2

1 1 1 1 1
2.00 0.500 R R R

= + = +
Ω Ω
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  which gives 

   eq
1  0.400 

2.50
R = Ω = Ω   

9. (a) When the three resistors are connected in parallel, the equivalent resistance is found from Equation 
18.5 as 

   
eq 1 2 3

1 1 1 1 1 1 1
2.00 10.0 25.0 R R R R

= + + = + +
Ω Ω Ω

  

  which gives 

   eq
1 1.56 

0.640
R = Ω = Ω   

  (b) When the three resistors are connected in series, the equivalent resistance is found from Equation 
18.4 as 

   eq 1 2 3 2.00 10.0 25.0 37.0 R R R R= + + = Ω + Ω + Ω = Ω   

10. (a) When the two resistors are connected in series, the equivalent resistance is found from Equation 18.4 
as 

   eq 1 2 3.00 5.00 8.00 R R R= + = Ω + Ω = Ω   

  The current in the circuit is then 

   
eq

12.0 V 1.50 A
8.00 

VI
R
Δ= = =

Ω
  

 (b) When the two resistors are connected in parallel, the equivalent resistance is found from Equation 
18.5 as 

   
eq 1 2

1 1 1 1 1
3.00 5.00 R R R

= + = +
Ω Ω

  

  which gives 

   eq
1 1.88 

0.533
R = Ω = Ω   
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  The current in the circuit is then 

   
eq

12.0 V 6.40 A
1.88 

VI
R
Δ= = =

Ω
  

11. (a) The equivalent resistance of the three resistors connected in parallel is 

   
eq 1 2 3

1 1 1 1 1 1 1
4.00 6.00 10.0 R R R R

= + + = + +
Ω Ω Ω

  

  which gives 

   eq
1 1.94 

0.517
R = Ω = Ω   

 (b) The equivalent resistor from part (a) is connected in series with the 2.00-Ω  resistor, so the equiva-
lent resistance of the all four resistors in the circuit is 

   eq,tot eq 4 1.94 2.00 3.94 R R R= + = Ω + Ω = Ω   

 (c) The current in this circuit is  

   
eq

12.0 V 3.05 A
3.94 

VI
R
Δ= = =

Ω
  

 (d) The potential difference across the 2.00-Ω  resistor is  

   ( )( )3.05 A 2.00 6.10 VV IRΔ = = Ω =   

 (e) The potential difference across the three resistors in parallel is the same. Also, the total potential 
difference across the 2.00-Ω  resistor and the three resistors in parallel must be the potential differ-
ence across the battery, so  

   12.0 V 6.10 V 5.90 VVΔ = − =   

 (f) Applying Ohm’s law to the branch containing the 10.0-Ω resistor gives 

   5.90 V 0.590 A
10.0 

VI
R

Δ= = =
Ω
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12. The time constant of a simple series RC circuit is  

   RCτ =   

 Solving for the equivalent capacitance of the circuit gives  

   4 2
3

1.30 s 2.60 10  F 2.60 10  F
5.00 10  

C
R
τ μ−= = = × = ×

× Ω
  

13. (a) The time constant of a series RC circuit is given by Equation 18.8 as 

   ( )( )6 3275 36.0 10  F 9.90 10  s 9.90 msRCτ − −= = Ω × = × =   

 (b) From Equation 16.8, the maximum charge on the capacitor is given by  

   ( )( )6 436.0 10  F 12.0 V 4.32 10  CQ C V − −= Δ = × = ×   

 (c) The amount of charge on the capacitor as a function of time for an initially uncharged capacitor is 
described by Equation 18.7: 

   ( )/1 t RCq Q e−= −   

  Substituting t = 5.00 ms and the values for RC and Q found in parts (a) and (b), we obtain 

   
( ) ( ) ( )( )3 35.00 10  s / 9.90 10  s4 44.32 10  C 1 1.71 10  Cq e

− −− × ×− −= × − = ×
 

ANSWERS TO EVEN NUMBERED CONCEPTUAL QUESTIONS 

 2.  

 4. A short circuit can develop when the last bit of insulation frays away between the two conductors in a lamp 
cord. Then the two conductors touch each other, creating a low resistance path in parallel with the lamp. The 
lamp will immediately go out, carrying no current and presenting no danger. A very large current will be pro-
duced in the power source, the house wiring, and the wire in the lamp cord up to and through the short. The 
circuit breaker will interrupt the circuit quickly but not before considerable heating and sparking is produced in 
the short-circuit path. 
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 6. A wire or cable in a transmission line is thick and made of material with very low resistivity. Only when its 
length is very large does its resistance become significant. To transmit power over a long distance it is most ef-
ficient to use low current at high voltage. The power loss per unit length of the transmission line is 

, where  is the resistance per unit length of the line. Thus, a low current is clearly desir-
able, but to transmit a significant amount of power  with low current, a high voltage must be used. 

 8. The bulbs of set A are wired in parallel. The bulbs of set B are wired in series, so removing one bulb produces 
an open circuit with infinite resistance and zero current. 

10. (a) ii. The power delivered may be expressed as , and while resistors connected in series have the 
same current in each, they may have different values of resistance. 

 (b) ii. The power delivered may also be expressed as , and while resistors connected in parallel 
have the same potential difference across them, they may have different values of resistance. 

12. Compare two runs in series to two resistors connected in series. Compare three runs in parallel to three resis-
tors connected in parallel. Compare one chairlift followed by two runs in parallel to a battery followed imme-
diately by two resistors in parallel. 

 The junction rule for ski resorts says that the number of skiers coming into a junction must be equal to the 
number of skiers leaving. The loop rule would be stated as the total change in altitude must be zero for any 
skier completing a closed path. 

14. Because water is a good conductor, if you should become part of a short circuit when fumbling with any elec-
trical circuit while in a bathtub, the current would follow a pathway through you, the water, and to ground. 
Electrocution would be the obvious result. 

ANSWERS TO EVEN NUMBERED PROBLEMS 

 2. (a)   (b) 0.44 A (c)   

 4. (a) 1.13 A (b)  

 6. (a)   

 (b) 1.00 A in the  and  resistors, 2.00 A in the  and  resistors, and 3.00 A in the 
 resistor 

 8. (a)   (b)   (c)   

 (d)   (e) 1.94 A (f) 3.88 V 

 (g) 4.12 V (h) 1.37 A 

10. (a)   

 (b)   
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12. (a)   (b)   (c)   

14. (a) Yes,  (b) 2.25 A (c) 40.5 W 

16. (a)   

 (b) Answers are the same as for part (a). 

18. (a) 0.909 A (b)   with point b at the lower potential. 

20.  

22. (a)   (b)   (c) 2.4 W 

 (d) 0.50 W 

24. (a)   (b)   

26. (a)   (b) 0.20 A 

28. (a)   (b)   (c)   

 (d)   (e)   

 (f)   (g)   

 (h)  

30. See Solution. 

32. (a) 2.00 ms (b)   (c)   

34.  

36.  

38. (a) 8.0 A (b) 120 V (c) 0.80 A 

 (d)   

40. (a)   

 (b)   (c) No, . 
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42. (a)   (b)   

44. Sixteen distinct resistances are possible – See Solution for how these are produced. 

46. (a)   (b) 15 V (c) 9.0 V 

 (d) Assumed negligible current through the voltmeter and negligible resistance in the ammeter. 

48. (a) 40.0 W (b)   

50. (a) 0.708 A (b) 2.51 W 

 (c) Only the circuit of Figure P18.50c. In the other circuits, the batteries can be combined into a single effec-
tive battery while the  resistors remain in parallel with each other. 

 (d) The power is lowest in Figure P18.50c. The circuits in Figures P18.50b and P18.50d have in effect 30-V 
batteries driving the current. 

52.  

54. 14 s 

56.  

58. See Solution. 

60.  

62. (a)  , ,  

 (b)  , ,  

 (c)  , ,  

64. (a)   

 (b)   

 (c) The bulbs in case 2 are brighter, each having twice the current of a bulb in case 1. 

 (d) In case 1, both go out when one bulb fails. In case 2, the other bulb remains lit with unchanged brightness 
when one bulb fails. 

66. (a) 61.6 mA (b)   (c) 1.96 A 
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PROBLEM SOLUTIONS 

18.1 From , the internal resistance is 

    

18.2 (a) When the three resistors are in series, the equivalent resistance of the circuit is 
 

 (b) The terminal potential difference of the battery is applied across the series combination of the three  
resistors, so the current supplied by the battery and the current through each resistor in the series combi-
nation is 

     

 (c) If the three  resistors are now connected in parallel with each other, the equivalent resistance is 

      or   

 When this parallel combination is connected to the battery, the potential difference across each resistor in 
the combination is , so the current through each of the resistors is 

     

18.3 (a) The bulb acts as a  resistor (see below), so the circuit diagram is: 

 

 (b) For the bulb in use as intended, . 

  Now, assuming the bulb resistance is unchanged, the current in the circuit shown is 
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  and the actual power dissipated in the bulb is 

     

18.4 (a) When the  resistor is connected across the 9.00-V terminal potential difference of the battery, the 
current through both the resistor and the battery is 

      

 (b) The relation between the emf and the terminal potential difference of a battery supplying current I is 
, where r is the internal resistance of the battery. Thus, if the battery has  and main-

tains a terminal potential difference of  while supplying the current found above, the emf of 
this battery must be 

     

18.5 (a) The equivalent resistance of the two parallel resistors is 

      

 

  Thus, 

     

 (b)  , so  

  Also,  

  Then,  

  and   
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18.6 (a) The parallel combination of the  resistors has an equivalent resistance of 

      or   

  Similarly, the equivalent resistance of the  parallel combination is 

      or   

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

     

 (b) If , the total current from a to b is 

     

  and the potential differences across the two parallel combinations are 

    , and  

     

  The individual currents through the various resistors are: 

    ; ; 

    ;  ; 

  and   

18.7 When connected in series, we have  [1] 

 which we may rewrite as  [1a] 

 When in parallel,   or   [2] 
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 Substitute Equations [1] and [1a] into Equation [2] to obtain: 

     or   [3] 

 Using the quadratic formula to solve Equation [3] gives 

    

 with two solutions of  and  

 Then Equation [1a] yields  or  

 Thus, the two resistors have resistances of . 

18.8 (a) The equivalent resistance of this first parallel combination is  

     or  

 

 (b) For this series combination, 

     

 (c) For the second parallel combination, 

      or   

 (d) For the second series combination (and hence the entire resistor network) 
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 (e) The total current supplied by the battery is 

     

 (f) The potential drop across the  resistor is 

     

 (g) The potential drop across the second parallel combination must be 

     

 (h) So the current through the  resistor is  

18.9 (a) Using the rules for combining resistors in series and parallel, the circuit reduces as shown below: 

 

  From the figure of Step 3, observe that 

     and  

 (b) From the figure of Step 1, observe that  

18.10 (a) The figures below show the simplification of the circuit in stages: 
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  Note that  are in series with equivalent resistance . Then,  are in 
parallel with equivalent resistance 

     

 The total current supplied by the battery is then 

     

 The potential difference across  is  

 and that across  is  

 The current through  is  

 so the potential difference across  is  

 and that across  is  

 (b) From above, we have  and  

  The current through  is  

18.11 The equivalent resistance is , where  is the total resistance of the three parallel branches: 

    

 Thus,   

 which reduces to  or . 

 Only the positive solution is physically acceptable, so . 
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18.12 The sketch at the right shows the equivalent circuit when the switch is in the open position. For this simple 
series circuit, 

    

 

 or  [1] 

 When the switch is closed in position a, the equivalent circuit is shown in Figure 2. The equivalent resistance 
of the two parallel resistors, , is  and the total resistance of the circuit is . 
Thus, 

    

 

 or  [2] 

 When the switch is closed in position b, resistor  is shorted out, leaving  in series with the battery as 
shown in Figure 3. This gives 

    

 

 and  [3] 
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 Substitute Equation [3] into Equation [1] to obtain 

     and   

 Now, Equation [1] minus Equation [2] gives  or   

 Finally, Equation [3] tells that , or   

 In summary, we have 

 (a)  ,    (b)  , and    (c)   

18.13 The resistors in the circuit can be combined in the stages shown below to yield an equivalent resistance of 
. 

  

Figure 1 Figure 2 

    

 Figure 3 Figure 4 Figure 5 

 From Figure 5,    

 Then, from Figure 4,   
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 Now, look at Figure 2 and observe that 

    

 so  

 Finally, from Figure 1,  

18.14 (a) The resistor network connected to the battery in Figure P18.14 can be reduced to a single equivalent re-
sistance in the following steps. The equivalent resistance of the parallel combination of the  and 

 resistors is 

     or  

 

Figure P18.14 

  This resistance is in series with the  and the other  resistor, giving a total equivalent resis-
tance of . 

 (b) The current in the  resistor is the total current supplied by the battery and is equal to 

     

 (c) The power the battery delivers to the circuit is 

     

18.15 (a) Connect  to get . Then connect that parallel  

  combination  for a total resistance of . 

 (b) Connect  to get . 
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  Also,  to get . 

  Then,  to obtain . 

18.16 (a) The equivalent resistance of the parallel combination between points b and e is 

      or  

 

  The total resistance between points a and e is then 

      

  The total current supplied by the battery (and also the current in the  resistor) is 

     

  The potential difference between points b and e is 

     

  so   and   

 (b) Applying the junction rule at point b yields      [1] 

  Using the loop rule on loop abdea gives  or   [2] 

  and using the loop rule on loop bcedb gives  or    [3] 

  Substituting Equations [2] and [3] into [1] yields  or  

  Then, Equations [2] and [3] yield  and  
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18.17 Going counterclockwise around the upper loop, applying Kirchhoff’s loop rule, gives 

    

 or  

 

 From Kirchhoff’s junction rule,  

 so  

 Going around the lower loop in a clockwise direction gives 

    

 or  

18.18 (a) Applying Kirchhoff’s junction rule at a gives 

     [1] 

 

  Going counterclockwise around the lower loop, and applying Kirchhoff’s loop rule, we obtain 

     

   or  [2] 
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  Applying the loop rule as we go counterclockwise around the upper loop: 

      or   [3] 

  Substituting Equations [2] and [3] into Equation [1] yields 

      and  

 (b) The potential difference between points a and b is 

      

  or   with point b at the lower potential. 

18.19 Consider the circuit diagram at the right, in which Kirchhoff’s junction rule has already been applied at points 
a and e. 

 

 Applying the loop rule around loop abca gives 

    

 or  [1] 

 Next, applying the loop rule around loop cedc gives 

     or   [2] 

 Finally, applying the loop rule around loop caec gives 

     or   [3] 

 Substituting Equations [1] and [2] into Equation [3] yields  
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 Thus, if , the current in the wire between a and e is 

    

18.20 Following the path of  from a to b and recording changes in potential gives 

    

 

 Now, following the path of  from a to b and recording changes in potential gives 

   , or  

 Thus,  is directed  and has magnitude of 2.0 A. 

 Applying Kirchhoff’s junction rule at point a gives 

    

18.21 (a) The circuit diagram at the right shows the assumed directions of the current in each resistor. Note that the 
total current flowing out of the section of wire connecting points g and f must equal the current flowing 
into that section. Thus, 

     [1] 

 

  Applying the loop rule around loop abgha gives 

      or   [2] 
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  Next, applying the loop rule around loop bcfgb gives 

      or   [3] 

  Finally, applying the loop rule around the outer loop abcdefgha yields 

      or   [4] 

  To solve this set of equations, we first substitute Equation [2] into Equation [3] to obtain 

      or   [39] 

  Now, substitute Equations [2], [4], and [39] into Equation [1] to find 

      and   

  Substituting this result back into Equations [2], [4], and [39] gives 

        and   

 (b) The potential difference across the  resistor is 

     

  with point a at a lower potential than point h. 

18.22 (a) The  resistors in the upper branch are in series, and add to give a total resistance of 
 for this path. This  resistance is in parallel with the  resistance of the middle 

branch, and the rule for combining resistors in parallel yields a total resistance of  between 
points a and b. This resistance is in series with the  resistor, so the total equivalent resistance of 
the circuit is 
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 (b) The current supplied to this circuit by the battery is . 

 (c) The power delivered by the battery is . 

 (d) The potential difference between points a and b is 

     

 and the current in the upper branch is , so the power delivered to the 

 resistor is 

     

18.23 (a) We name the currents  as shown. 

 

  Applying Kirchhoff’s loop rule to loop  gives  or  

  and  [1] 

  Applying the loop rule to loop  yields 

   or  

  and  [2] 

  Finally, applying Kirchhoff’s junction rule at junction c gives 

     [3] 

  Substituting Equations [1] and [2] into [3] yields 

     or  
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  This gives . Then, Equation [1] yields 

     

  and, from Equation [2],  

 (b) Start at point c and go to point f, recording changes in potential to obtain 

     

  or . 

18.24 (a) Applying Kirchhoff’s loop rule to the circuit gives 

   

  or  

 

 (b) The total power input to the circuit is 

     

  The power loss by heating within the batteries is 

     

  Thus, the fraction of the power input that is dissipated internally is 

     

18.25 (a)  Some simplification could be made by recognizing that the  resistors are in series, 
adding to give a total of ; and the   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 the circuit. 
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 (b) Applying Kirchhoff’s junction rule at junction a gives 

     [1] 

  Using Kirchhoff’s loop rule on the upper loop yields 

     

  or  [2] 

 

  For the lower loop:   

  Using Equation [2], this reduces to 

      or   [3] 

  Substituting Equations [2] and [3] into [1] gives . 

  Then, Equation [3] gives , and Equation [2] yields . 

18.26 Using Kirchhoff’s loop rule on the outer perimeter of the circuit gives 

    

 or  [1] 
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 For the rightmost loop, the loop rule gives  

 or  [2] 

 Applying Kirchhoff’s junction rule at either junction gives 

    [3] 

 (a) Substituting Equations [1] and [2] into [3] yields 

     and  

 (b) Then, Equation [2] gives . 

18.27 (a)  This multi-loop circuit does not contain any resistors in series (i.e., connected so all the current in 
one must pass through the other) nor in parallel (connected so the voltage drop across one is always the 
same as that across the other). Thus, this circuit cannot be simplified any further, and Kirchhoff’s rules 
must be used to analyze it. 

 (b) Assume currents  in the directions shown. Then, using Kirchhoff’s junction rule at junction a 
gives 

     [1] 

 

  Applying Kirchhoff’s loop rule on the lower loop,   

  or  [2] 

  and for the loop around the perimeter of the circuit,  

  or  [3] 

  Substituting Equations [2] and [3] into [1]:  

  which reduces to  and gives . 
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  Then, Equation [2] gives  , and from Equation [3], . 

  All currents are in the directions indicated in the circuit diagram given above. 

18.28 (a) Going counterclockwise around the upper loop, Kirchhoff’s loop rule gives 

   

  or  [1] 

 

 (b) Going counterclockwise around the lower loop: 

    

  or  [2] 

 (c) Applying the junction rule at the node in the left end of the circuit gives 

     [3] 

 (d) Solving Equation [3] for  yields . [4] 

 (e) Substituting Equation [4] into [2] gives , or 

     [5] 

 (f) Solving Equation [5] for  yields . Substituting this into Equation [1] and sim-
plifying gives , and . Then, from Equation [1],  
which yields . 

 (g) Equation [4] gives , or . 

 (h) The negative sign in the answer for  means that this current flows in the opposite direction to that 
shown in the circuit diagram and assumed during this solution. That is, the actual current in the middle 
branch of the circuit flows from right to left and has a magnitude of 0.416 A. 
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18.29 Applying Kirchhoff’s junction rule at junction a gives 

    [1] 

 

 Using Kirchhoff’s loop rule on the leftmost loop yields 

    

 so  or  [2] 

 For the rightmost loop, 

    

 and  or  [3] 

 Substituting Equations [2] and [3] into [1] and simplifying gives  and . Then Equa-
tions [2] and [3] yield . 

 Therefore, the potential differences across the resistors are 

   ,  

   , and  

18.30 The time constant is . Considering units, we find 

 

 or   has units of time. 

18.31 (a) The time constant is: . 

 (b) At , . 
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18.32 (a)  

 (b)  

 (c)  

18.33 (a) The time constant of an RC circuit is . Thus, 

     

 (b)  

 (c) To obtain the current through the resistor at time t after the switch is closed, recall that the charge on the 
capacitor at that time is  and the potential difference across a capacitor is . Thus, 

     

 

  Then, considering switch S to have been closed at time , apply Kirchhoff’s loop rule around the cir-
cuit shown above to obtain 

      or   

  The current in the circuit at time t after the switch is closed is then , so the current in the 
resistor at  is 

    

18.34 Assuming the capacitor is initially uncharged and the switch is closed at , the charge on the capacitor at 
time  is , where  and  is the time constant of the circuit. When , 

 and , the time constant is 
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 and we find the charge on the capacitor at  to be 

    

18.35 (a) The charge remaining on the capacitor after time t is . 

  Thus, if , then  and , 

  or  

 (b) , so  

18.36 At time t after the switch is closed, the potential difference between the plates of the initially uncharged capaci-
tor is 

    

 Thus,   and  

 giving  

 If , and  after closing the switch, the resistance must be 

    

18.37 The current drawn by a single 75-W bulb connected to a 120-V source is . Thus, the 
number of such bulbs that can be connected in parallel with this source before the total current drawn will 
equal 30.0 A is 

    

18.38 (a) The equivalent resistance of the parallel combination is 
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  so the total current supplied to the circuit is 

     

 (b) Since the appliances are connected in parallel, the voltage across each one is . 

 (c)  

 (d)  

18.39 From , the resistance of the element is 

    

 When the element is connected to a 120-V source, we find that 

 (a) , and 

 (b)  

18.40 (a) The current drawn by each appliance operating separately is 

  Coffee Maker:  

  Toaster:  

  Waffle Maker:  

 (b) If the three appliances are operated simultaneously, they will draw a total current of 
. 

 (c)  The total current required exceeds the limit of the circuit breaker, so they cannot be operated simul-
taneously. In fact, with a 15 A limit, no two of these appliances could be operated at the same time with-
out tripping the breaker. 
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18.41 (a) The area of each surface of this axon membrane is 

     

  and the capacitance is 

     

  In the resting state, the charge on the outer surface of the membrane is 

     

  The number of potassium ions required to produce this charge is 

     

  and the charge per unit area on this surface is 

     

  This corresponds to a low charge density of one electronic charge per square of side 290 Å, compared to 
a normal atomic spacing of one atom every few Å. 

 (b) In the resting state, the net charge on the inner surface of the membrane is , and the 
net positive charge on this surface in the excited state is 

     

  The total positive charge which must pass through the membrane to produce the excited state is therefore 

     

  corresponding to 
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 (c) If the sodium ions enter the axon in a time of , the average current is 

     

 (d) When the membrane becomes permeable to sodium ions, the initial influx of sodium ions neutralizes the 
capacitor with no required energy input. The energy input required to charge the now neutral capacitor to 
the potential difference of the excited state is 

     

18.42 The capacitance of the 10 cm length of axon was found to be  in the solution of Problem 
18.41. 

 (a) When the membrane becomes permeable to potassium ions, these ions flow out of the axon with no en-
ergy input required until the capacitor is neutralized. To maintain this outflow of potassium ions and 
charge the now neutral capacitor to the resting action potential requires an energy input of 

     

 (b) As found in the solution of Problem 18.41, the charge on the inner surface of the membrane in the resting 
state is , and the charge on this surface in the excited state is . Thus, the 
positive charge which must flow out of the axon as it goes from the excited state to the resting state is 

     

  and the average current during the 3.0 ms required to return to the resting state is 

     

18.43 From Figure 18.28, the duration of an action potential pulse is 4.5 ms. From the solution of Problem 18.41, the 
energy input required to reach the excited state is . The energy input required during the re-
turn to the resting state is found in Problem 18.42 to be . Therefore, the average power input 
required during an action potential pulse is 

    

18.44 Using a single resistor → 3 distinct values:  , ,   
2 resistors in Series → 2 additional distinct values: , and . 
Note: . 

 2 resistors in Parallel → 3 additional distinct values: 
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 3 resistors in Series → 1 additional distinct value: 

    

 3 resistors in Parallel → 1 additional distinct value:  

    

 1 resistor in Parallel with Series combination of the other 2: → 3 additional values: 

    

    

    

 

 1 resistor in Series with Parallel combination of the other 2: → 3 additional values: 

    

    

    

 

    

18.45 Since the circuit is open at points a and b, no current flows through the 4.00-V battery or the  resistor. A 
current I will flow around the closed path through the  resistor,  resistor, and the 12.0-V battery 
as shown in the sketch at the right. This current has magnitude 
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 Along the path from point a to point b, the change in potential that occurs is given by 

    

 (a) The potential difference between points a and b has magnitude 

     

 (b) Since the change in potential in going from a to b was negative, we conclude that 
. 

18.46 (a)  

 (b) The resistance in the circuit consists of a series combination with an equivalent resistance of 
. The emf of the battery is then 

     

 

 (c)  

 (d) In this solution,  In particular, we have as-
sumed that the battery has negligible internal resistance, the voltmeter has an extremely large resistance 
and draws negligible current, and the ammeter has an extremely low resistance and a negligible voltage 
drop across it. 
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18.47 (a) The resistors combine to an equivalent resistance of  as shown. 

  

 Figure 1  Figure 2 

    

 Figure 3  Figure 4  Figure 5 

 (b) From Figure 5,  

  Then, from Figure 4, 

     and  

  From Figure 3,   

  From Figure 2,   

  Then, from Figure 1,   

  and  

 (c) From Figure 2, . All the other needed potential differences were calculated 
above in part (b). The results were 

    ; ; and  
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 (d) The power dissipated in each resistor is found from  with the following results: 

      

      

      

18.48 (a) From , the resistance of each of the three bulbs is given by 

     

 

  As connected, the parallel combination of  is in series with . Thus, the equivalent resistance of 
the circuit is 

     

  The total power delivered to the circuit is 

     

 (b) The current supplied by the source is . Thus, the potential difference across  is 

     

  The potential difference across the parallel combination of  is then 
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18.49 When the two resistors are connected in series, the equivalent resistance is  and the power deliv-
ered when a current  flows through the series combination is 

    

 Thus,    giving   [1] 

 When the resistors are connected in parallel, the equivalent resistance is  and the power 
delivered by the same current  is 

    

 giving   or   [2] 

 Substituting Equation [1] into Equation [2] yields 

    

 or . This quadratic equation factors as 

    

 Thus, either  or , and from Equation [1], we find that either  or . 
Therefore, the pair contains one  resistor and one  resistor. 

18.50 (a) Recognize that the  resistors are connected in parallel and that the effective resis-
tance of this parallel combination is 

     

  This resistance is in series with the  resistor, giving a total resistance for the circuit of 
. Thus, the current supplied by the battery is 

     

  and the potential difference across the parallel combination is 
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  The current through the  in this parallel combination is then 

     

 (b) The power delivered to the  resistor is 

     

 (c)  requires the use of Kirchhoff’s rules for solution. In the other circuits, 
the batteries can be combined into a single effective battery while the  resistors remain 
in parallel with each other. 

 (d)  The circuits in Figures P18.50b and P18.50d have in 
effect 30.0-V batteries driving current through the  resistor, thus delivering more power than the 
circuit in Figure 18.50a. In Figure 18.50c, the two 15.0-V batteries tend to oppose each other’s efforts to 
drive current through the  resistor, making them less effective than the single 15.0-V battery of 
Figure 18.50a. 

18.51 (a) When switch S is open, all three bulbs are in series and the equivalent resistance is 
. 

 

  When the switch is closed, bulb C is shorted across and no current will flow through that bulb. This 
leaves bulbs A and B in series with an equivalent resistance of . 

 (b) With the switch open, the power delivered by the battery is , and with the switch 

closed, . 

 (c) When the switch is open, the three bulbs have equal brightness. When S is closed, 
 than they had when the switch was 

open. 

18.52 With the switch open, the circuit may be reduced as follows: 
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 With the switch closed, the circuit reduces as shown below: 

 

 Since the equivalent resistance with the switch closed is one-half that when the switch is open, we have 

   , which yields  

18.53 (a) Note the assumed directions of the three distinct currents in the circuit diagram at the right. Applying the 
junction rule at point c gives 

     [1] 

 

  Applying Kirchhoff’s loop rule to loop gbcfg gives 

      or   [2] 

  Finally, applying Kirchhoff’s loop rule to loop fcdef yields 

      or   [3] 

  Substituting Equation [1] into Equation [2] gives 

     

  and subtracting this result from Equation [3] yields  

  Equation [3] then gives the current in the  battery as 

     or  
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 (b) From above, the current in the  resistor is 

      or   

 (c) Equation [1] now gives the current in the  battery as 

      or   

 (d) Once the capacitor is charged, the current in the  battery is  because of the open circuit be-
tween the plates of the capacitor. 

 (e) To obtain the potential difference between the plates of the capacitor, we start at the negative plate and 
go to the positive plate (noting the changes in potential) along path hgbak. The result is 

     

  so the charge on the capacitor is 

     

18.54 At time t, the charge on the capacitor will be  , where 

    

 When , this gives  or . Thus, , giving 
. 

18.55 (a) For the first measurement, the equivalent circuit is as shown in Figure 1. From this, 

     

  so  [1] 

 

Figure 1 

  For the second measurement, the equivalent circuit is shown in Figure 2. This gives 
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     [2] 

 

Figure 2 

  Substitute [1] into [2] to obtain 

    , or  

 (b) If , then . 

  Since this exceeds the limit of , the antenna is . 

18.56 Assume a set of currents as shown in the circuit diagram at the right. Applying Kirchhoff’s loop rule to the 
leftmost loop gives 

    

 or   [1] 

 

 For the rightmost loop, the loop rule gives 

   ,  or   [2] 

 Substituting Equation [2] into [1] and simplifying gives 

    [3] 

 Also, it is known that , so  [4] 
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 Substitution of Equation [4] into [3] yields 

     or   

 Using the quadratic formula: , 

 yielding . Then, from , we find two possible values for the resistance R. 

These are:    

18.57 When connected in series, the equivalent resistance is . Thus, the current is 
, and the power consumed by the series configuration is 

    

 For the parallel connection, the power consumed by each individual resistor is , and the total 
power consumption is 

    

 Therefore,  or  

18.58 Consider a battery of emf  connected between points a and b as shown. Applying Kirchhoff’s loop rule to 
loop  gives 

   

 or   [1] 
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 Applying the loop rule to loop  gives 

   

 or   [2] 

 For loop , the loop rule yields 

    or  [3] 

 Substituting Equation [1] into [3] gives  [4] 

 Now, substitute Equations [1] and [4] into [2] to obtain , which reduces to .  

 Then, Equation [4] gives , and [1] yields . 

 Then, applying Kirchhoff’s junction rule at junction a gives 

   . Therefore,  

18.59 (a) and (b): With R the value of the load resistor, the current in a series circuit composed of a 12.0 V battery, 
an internal resistance of , and a load resistor is 

    

 

 and the power delivered to the load resistor is 
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 Some typical data values for the graph are 

R ( )  (W) 

1.00 1.19 

5.00 3.20 

10.0 3.60 

15.0 3.46 

20.0 3.20 

25.0 2.94 

30.0 2.70 

 

 The curve peaks at  at a load resistance of . 

18.60 The total resistance in the circuit is 

    

 and the total capacitance is . 

 Thus,   
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 and    

 The total stored charge at any time t is then 

    or  [1] 

 Since the capacitors are in parallel with each other, the same potential difference exists across both at any time. 

 Therefore,  , or  [2] 

 Substituting Equation [2] into [1] gives 

     and   

 Then, Equation [2] yields  

18.61 (a) With  cells, each with an emf of 150 mV, connected in series, the total terminal potential differ-
ence is 

     

  When delivering a current of , the power output is 

     

 (b) The energy released in one shock is 

     

 (c) The energy released in 300 such shocks is . For a  object to 
be given a gravitational potential energy of this magnitude, the height the object must be lifted above the 
reference level is 

     

18.62 (a) When the power supply is connected to points A and B, the circuit reduces as shown below to an equiva-
lent resistance of . 
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  From the center figure above, observe that  

  and  

 (b) When the power supply is connected to points A and C, the circuit reduces as shown below to an equiva-
lent resistance of . 

 

  From the center figure above, observe that  

  and  

 (c) When the power supply is connected to points A and D, the circuit reduces as shown below to an equiva-
lent resistance of . 

 

  From the center figure above, observe that  

  and  
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18.63 In the circuit diagram at the right, note that all points labeled a are at the same potential and equivalent to each 
other. Also, all points labeled c are equivalent. To determine the voltmeter reading, go from point e to point d 
along the path ecd, keeping track of all changes in potential to find 

    

 

 Apply Kirchhoff’s loop rule around loop abcfa to find 

    or        [1] 

 Apply Kirchhoff’s loop rule around loop abcda to find 

    or     [2] 

 Apply Kirchhoff’s loop rule around loop abcea to find 

    or     [3] 

 Finally, apply Kirchhoff’s junction rule at either point a or point c to obtain 

            [4] 

 Substitute Equations [1], [2], and [3] into Equation [4] to obtain the current through the ammeter. This gives 

    

 or   and   

18.64 In the figure given below, note that all bulbs have the same resistance, R. 
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 (a) In the series situation, Case 1, the same current  flows through both bulbs. Thus, the same power, 
, is supplied to each bulb. Since the brightness of a bulb is proportional to the power supplied to 

it, they will have the same brightness. We conclude that the 
. 

 (b) In the parallel case, Case 2, the same potential difference  is maintained across each of the bulbs. 
Thus, the   will flow in each branch of this parallel circuit. This means that, 
again, the   is supplied to each bulb, and the two bulbs will have 

. 

 (c) The total resistance of the single branch of the series circuit (Case 1) is 2R. Thus, the current in this case 
is . Note that this is one half of the current  that flows through each bulb in the parallel cir-
cuit (Case 2). Since the power supplied is proportional to the square of the current, the power supplied to 
each bulb in Case 2 is four times that supplied to each bulb in Case 1. Thus, the bulbs in  are 
much brighter than those in Case 1. 

 (d) If either bulb goes out in Case 1, the only conducting path of the circuit is broken and all current ceases. 
Thus, in the series case, . If one bulb goes out in Case 2, there is still a 
continuous conducting path through the other bulb. Neglecting any internal resistance of the battery, the 
battery continues to maintain the same potential difference  across this bulb as was present when both 
bulbs were lit. Thus, in the parallel case,  with 

 when one bulb fails. 

18.65 (a) The equivalent capacitance of this parallel combination is  

     

 

  When fully charged by a 12.0-V battery, the total stored charge before the switch is closed is 

      

  Once the switch is closed, the time constant of the resulting RC circuit is 
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  Thus, at  after closing the switch, the remaining total stored charge is 

     

  The potential difference across the parallel combination of capacitors is then 

     

  and the charge remaining on the  capacitor will be 

     

 (b) The charge remaining on the  capacitor at this time is 

     

  or alternately,   

 (c) Since the resistor is in parallel with the capacitors, it has the same potential difference across it as do the 
capacitors at all times. Thus, Ohm’s law gives 

     

18.66 (a) If the switch S in the circuit at the right is closed at , the charge remaining on the capacitor at time t 
is , where  is the initial charge and 

     

 

  is the time constant of the circuit. 

  The potential difference across the capacitor, , at time t is 
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  Applying Kirchhoff’s loop rule to the above circuit gives , or 

     

  The current through the resistor at time  is then 

     

 (b) The charge remaining on the capacitor at  is 

     

 (c) The maximum current in the circuit occurs when the switch is first closed (at ) and is given by 

     


