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20 
Induced Voltages and Inductance 

QUICK QUIZZES 

1. b, c, a. At each instant, the magnitude of the induced emf is proportional to the magnitude of the rate of change 
of the magnetic field (hence, proportional to the absolute value of the slope of the curve shown on the graph). 

2. Choice (c). Taking downward as the normal direction, the north pole approaching from above produces an 
increasing positive flux through the area enclosed by the loop. To oppose this, the induced current must gener-
ate a negative flux through the interior of the loop, or the induced magnetic field must point upward through 
the enclosed area of the loop. Imagine gripping the wire of the loop with your right hand so the fingers curl 
upward through the area enclosed by the loop. You will find that your thumb, indicating the direction of the 
induced current, is directed counterclockwise around the loop as viewed from above. 

3. Choice (b). If the positive z-direction as chosen as the normal direction, the increasing counterclockwise cur-
rent in the left-hand loop produces an increasing positive flux through the area enclosed by this loop. The 
magnetic field lines due to this current curl around and pass through the area of the xy-plane outside the left-
hand loop in the negative direction. Thus, the right-hand loop has an increasing negative flux through it. To 
counteract this effect, the induced current must produce positive flux, or generate a magnetic field in the posi-
tive z-direction, through the area enclosed by the right-hand loop. Imagine gripping the wire of the right-hand 
loop with the right hand so the fingers point in the positive z-direction as they penetrate the area enclosed by 
this loop. You should find that the thumb is directed counterclockwise around the loop as viewed from above 
the xy-plane. 

4. Choice (a). All charged particles within the metal bar move straight downward with the bar. According to 
right-hand rule number 1, positive changes moving downward through a magnetic field that is directed north-
ward will experience magnetic forces toward the east. This means that the free electrons (negative charges) 
within the metal will experience westward forces and will drift toward the west end of the bar, leaving the east 
end with a net positive charge. 

5. Choice (b). According to Equation 20.3, when B and v are constant, the emf depends only on the length of the 
wire cutting across the magnetic field lines. Thus, you want the long dimension of the rectangular loop per-
pendicular to the velocity vector. This means that the short dimension is parallel to the velocity vector, and (b) 
is the correct choice. From a more conceptual point of view, you want the rate of change of area in the mag-
netic field to be the largest, which you do by thrusting the long dimension into the field. 

6. Choice (b). When the iron rod is inserted into the solenoid, the inductance of the coil increases. As a result, 
more potential difference appears across the coil than before. Consequently, less potential difference appears 
across the bulb, and its brightness decreases. 

ANSWERS TO WARM-UP EXERCISES 

1. (a) One complete oscillation is one period for the pendulum, and the frequency of a pendulum is the 
inverse of its period, or 

   1 1 0.233 Hz
4.30 s

f
T

= = =   
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 (b) Angular frequency is related to the frequency by 

   ( )2 2 0.233 Hz 1.46 rad/sfω π π= = =   

2. The electric flux through a surface is given by Equation 15.9 as 

   
( )( )2

2

cos 2.75 V/m 2.00 m cos30.0

4.76 N m /C

E EA θΦ = = °

= ⋅
  

3. The time constant for an RC circuit is given by Equation 18.8 as 

   ( ) ( )4 6 21.25 10  2.22 10  F 2.78 10  sRCτ − −= = × Ω × = ×   

4. Equation 20.1 gives the magnetic flux through the surface as 

   
( )( )3 2

2

cos 5.00 10  T 3.00 m cos30.0

1.30 10  Wb

B BA θ −

−

Φ = = × °

= ×
  

5. (a) From Faraday’s law, the induced emf in the coil is given by 

   BN
t

ε ΔΦ
= −

Δ
  

  where BΦ  is the magnetic flux through the coil and N is the number of turns in the coil.  Since 
,B BAΦ =  we obtain 

   

( )

( )( )
2

3 2 44.00 10  T 06 2.00 10  m 6.40 10  V
0.750 s

BA BN NA
t t

ε
−

− −

Δ Δ= − = −
Δ Δ

⎛ ⎞× −= × = ×⎜ ⎟
⎝ ⎠

  

 (b) We substitute the induced emf and the total resistance of the coil into Ohm’s law to obtain  

   
4

3

6.40 10  V 0.533 A
1.20 10  

I
R
ε −

−

×= = =
× Ω

  

6. From Equation 20.3, the potential difference generated by motional emf in the 20.0-km long tether is  

   
( )( )( )5 3 3

3

1.50 10  T 20.0 10  m 7.86 10  m/s

2.36 10  V

V B v −Δ = = × × ×

= ×
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7. (a) The maximum emf for a generator is given by Equation 20.8 as 

   NBAωε =   

  where N is the number of turns in the generator’s coil, A is the area of the coil, B is the magnitude of 
the magnetic field, and ω   is the angular frequency of the generator. Substituting numerical values, 
we obtain 

   ( )( )( )( )2100 0.450 T 0.500 m 6.00 rad/s 135 VNBAωε = = =   

 (b) Substituting the result of part (a) and the given resistance into Ohm’s law gives 

   135 V 13.5 A
10.0 

I
R
ε= = =

Ω
  

8. (a) The length of wire required for each loop of the coil is 2 ,rπ  so that the number of turns obtained 
from the given length of wire is 

   
( )
5.28 m 56.0 turns

2 2 0.015 0 m
N

rπ π
= = =   

 (b) The inductance of a solenoid with N turns is given by Equation 20.11a as 

   ( )( ) ( )

2 2 2
0 0

2 27
5

4 10  T m/A 56 0.015 0 m
4.64 10  H

0.060 0 m

N A N r
L

μ μ π

π π−
−

= =

× ⋅
= = ×

  

 (c) The magnitude of the self-induced emf for this coil is given by 

   ( )( )5 2 24.64 10  H 6.00 10  A/s 2.79 10  VIL
t

ε − −Δ= − = × × = ×
Δ

  

9. The time constant of an RL circuit is defined as the ratio of the inductance and the resistance of the circuit: 

    
2

6
4

2.00 10  H 1.60 10  s
1.25 10  

L
R

τ
−

−×= = = ×
× Ω

  

10. The energy stored in an inductor is, from Equation 20.16,  

   ( )( )22 31 1 2.50 10  H 10.0 A 0.125 J
2 2LPE LI −= = × =   
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ANSWERS TO EVEN NUMBERED CONCEPTUAL QUESTIONS 

 2. Consider the copper tube to be a large set of rings stacked one on top of the other. As the magnet falls toward 
or falls away from each ring, a current is induced in the ring. Thus, there is a current in the copper tube around 
its circumference. 

 4. (a) The flux is calculated as . The flux is therefore maximum when the magnetic field 
vector is perpendicular to the plane of the loop. 

 (b) The flux is zero when the magnetic field is parallel to the plane of the loop (and hence, , making 
). 

 6. As water falls, it gains velocity and kinetic energy. It then pushes against the blades of a turbine, transferring 
this energy to the rotor or coil of a large generator. The rotor moves in a strong external magnetic field and a 
voltage is induced in the coil. This induced emf is the voltage source for the current in our electric power lines. 

 8. No. Once the bar is in motion and the charges are separated, no external force is necessary to maintain the mo-
tion. During the initial acceleration of the bar, an external applied force will be necessary to overcome both the 
inertia of the bar and a retarding magnetic force exerted on the bar. 

10. Let us assume the north pole of the magnet faces the ring. As the bar magnet falls toward the conducting ring, 
a magnetic field is induced in the ring pointing upward. This upward directed field will oppose the motion of 
the magnet, preventing it from moving as a freely falling body. Try it for yourself to show that an upward force 
also acts on the falling magnet if the south end faces the ring. 

12. The increasing counterclockwise current in the solenoid coil produces an upward magnetic field that increases 
rapidly. The increasing upward flux of this field through the ring induces an emf to produce a clockwise cur-
rent in the ring. At each point on the ring, the field of the solenoid has a radially outward component as well as 
an upward component. This radial field component exerts an upward force on the current at each point in the 
ring. The resultant magnetic force on the ring is upward and exceeds the weight of the ring. Thus, the ring ac-
celerates upward off of the solenoid. 

 

14. As the magnet moves at high speed past the fixed coil, the magnetic flux through the coil changes very rapidly, 
increasing as the magnet approaches the coil and decreasing as the magnet moves away. The rapid change in 
flux through the coil induces a large emf, large enough to cause a spark across the gap in the spark plug. 
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ANSWERS TO EVEN NUMBERED PROBLEMS 

 2. (a)  (b)  (c) 0 

 4. zero 

 6. (a)  (b)  

 8. 0.10 mV 

10. 34 mV 

12. 2.26 mV 

14. into the page 

16. (a) left to right (b) no induced current (c) right to left 

18. (a)  (b)  

20. 8.8 A 

22. (a)  (b) clockwise  (c)  

24. 1.20 mV, west end is positive 

26. (a) counterclockwise when viewed from the right end 

 (b) clockwise when viewed from the right end 

 (c) no induced current 

28. (a)  

 (b) The magnitude and direction of the Earth’s field varies from one location to another, so the induced volt-
age in the wire will change. 

30.  

32. 13 mV 

34. (a) 7.5 kV 

 (b) when the plane of the coil is parallel to the magnetic field 
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36. (a) 8.0 A (b) 3.2 A   (c) 60 V 

38. (a) 5.9 mH (b)  

40. See Solution. 

42.  

44. (a)  (b) 3.00 ms 

46. (a) 0 (b) 3.8 V 

 (c) 6.0 V (d) 2.2 V 

48. (a) 2.00 ms (b) 0.176 A 

 (c) 1.50 A (d) 3.22 ms 

50. (a) 4.44 mH (b) 0.555 mJ 

52. (a)  (b)  (c) 0.48 m 

 (d) 0.76 mH (e) 0.46 ms (f) 3.6 A 

 (g) 3.2 ms (h) 4.9 mJ 

54. (a) increasing (b)  

56. (a)  counterclockwise (b) 0.65 mW 

 (c)  Work is being done on the bar by an external force to maintain constant speed. 

58. (a)  (b) from side to side  (c)  

 (d) The very large induced emf would lead to powerful spontaneous electrical discharges. The strong electric 
and magnetic fields would disrupt the flow of ions in their bodies. 

60. 0.158 mV 

62. 0.120 A, clockwise 

64. 1.60 A 
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66. (a)  (b)   (c)  

 (d)  (e) clockwise  (f) toward the left 

PROBLEM SOLUTIONS 

20.1 The angle between the direction of the constant field and the normal to the plane of the loop is , so 

    

20.2 The magnetic flux through the loop is given by , where B is the magnitude of the magnetic field, 
A is the area enclosed by the loop, and θ is the angle the magnetic field makes with the normal to the plane of 
the loop. Thus, 

    

 (a) When  is perpendicular to the plane of the loop,  and  

 (b) If  

 (c) If  

20.3 , where  is the angle between the direction of the field and the normal to the 
plane of the loop. 

 (a) If the field is perpendicular to the plane of the loop, , and 

     

 (b) If the field is directed parallel to the plane of the loop, , and 

     

20.4 The magnetic field lines are everywhere parallel to the surface of the cylinder, so no magnetic field lines pene-
trate the cylindrical surface. The total flux through the cylinder is  

20.5 (a) Every field line that comes up through the area A on one side of the wire goes back down through area A 
on the other side of the wire. Thus, the net flux through the coil is  

  (b) The magnetic field is parallel to the plane of the coil, so . Therefore, 
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20.6 (a) The magnitude of the field inside the solenoid is  

     

 (b) The field inside a solenoid is directed perpendicular to the cross-sectional area, so  and the flux 
through a loop of the solenoid is 

      

20.7 (a) The magnetic flux through an area A may be written as 

     

 

  Thus, the flux through the shaded side of the cube is 

     

 (b) Unlike electric field lines, magnetic field lines always form closed loops, without beginning or end. 
Therefore, no magnetic field lines originate or terminate within the cube and any line entering the cube at 
one point must emerge from the cube at some other point. The net flux through the cube, and indeed 
through any closed surface, is  

20.8  

20.9 (a) As loop A moves parallel to the long straight wire, the magnetic flux through loop A does not change. 
Hence, there is  in this loop. 

 (b) As loop B moves to the left away from the straight wire, the magnetic flux through this loop is directed 
out of the page, and is decreasing in magnitude. To oppose this change in flux, the induced current flows 

 producing a magnetic flux directed out of the page through the area en-
closed by loop B. 



 
 

201 

 (c) As loop C moves to the right away from the straight wire, the magnetic flux through this loop is directed 
into the page and is decreasing in magnitude. In order to oppose this change in flux, the induced current 
flows  producing a magnetic flux directed into the page through the area en-
closed by loop C. 

20.10   

20.11 The magnitude of the induced emf is 

    

 If the normal to the plane of the loop is considered to point in the original direction of the magnetic field, then 
. Thus, we find 

    

20.12 With the field directed perpendicular to the plane of the coil, the flux through the coil is . 
As the magnitude of the field decreases, the magnitude of the induced emf in the coil is 

    

20.13 The magnetic field changes from zero to a magnitude of 2.5 T, directed at 45° to the plane of the band, in a 
time of . If the band has a diameter of 6.5 cm, the magnitude of the average induced emf in the 
metal band is 

    

20.14 When the switch is closed, the magnetic field due to the current from the battery will be directed toward the 
left along the axis of the cylinder. To oppose this increasing leftward flux, the induced current in the other loop 
must produce a field directed to the right through the area it encloses. Thus, the induced current is directed 

 through the resistor. 

20.15 (a) When the magnet moves to the left, the flux through the interior of the coil is directed toward the right 
and is decreasing in magnitude. To oppose this change in flux, the magnetic field generated by the 
induced current should be directed to the right along the axis of the coil. The current must then be 

 through the resistor. 

 (b) When the magnet moves to the right, the flux through the interior of the coil is directed toward the right 
and is increasing in magnitude. To oppose this increasing flux, the magnetic field generated by the in-
duced current should be directed toward the left along the axis of the coil. The current must then be 

 through the resistor. 
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20.16 When the switch is closed, the current from the battery produces a magnetic field directed toward the right 
along the axis of both coils. 

 (a) As the battery current is growing in magnitude, the induced current in the rightmost coil opposes the in-
creasing rightward directed field by generating a field toward to the left along the axis. Thus, the induced 
current must be  through the resistor. 

 (b) Once the battery current, and the field it produces, have stabilized, the flux through the rightmost coil is 
constant, and there is  

 (c) As the switch is opened, the battery current and the field it produces rapidly decrease in magnitude. To 
oppose this decrease in the rightward directed field, the induced current must produce a field toward the 
right along the axis, so the induced current is  through the resistor. 

20.17 (a) The current is  The magnetic flux the current produces through the right side of the loop is directed 
into the page, and is equal in magnitude to the outward-directed flux the current produces through the left 
side of the loop. Thus, the net flux through the loop has a constant value of zero and does not induce a 
current. 

 (b) The flux through the loop due to the long wire is directed out of the page and is increasing in magnitude. 
To oppose this increasing outward flux, the induced current must generate a magnetic field that is di-
rected into the page through the area enclosed by the loop. Thus, the induced current in the loop must be 

. 

20.18 The initial magnetic field inside the solenoid is 

    

 (a)  

 (b) When the current is zero, the flux through the loop is  and the average induced emf has been 

     

20.19 (a) The initial field inside the solenoid is 

     

 (b) The final field inside the solenoid is 
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 (c) The 4-turn coil encloses an area  

 (d) The change in flux through each turn of the 4-turn coil during the 0.900-s period is 

     

 (e) The average induced emf in the 4-turn coil is 

     

  Since the current increases at a constant rate during this time interval, the induced emf at any instant dur-
ing the interval is the same as the average value given above. 

 (f) The induced emf is small, so the current in the 4-turn coil will also be very small. 

  

20.20 The magnitude of the average emf is 

    

 Therefore, the average induced current is  

20.21 If the magnetic field makes an angle of 28.0° with the plane of the coil, the angle it makes with the normal to 
the plane of the coil is  Thus, 

    

20.22 With the magnetic field perpendicular to the plane of the coil, the flux through each turn of the coil is 
 Since the area remains constant, the change in flux due to the changing magnitude of the 

magnetic field is  
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 (a) The induced emf is  

 (b) When looking down on the coil from a location on the positive z-axis, the magnetic field (in the positive 
z-direction) is directed up toward you and increasing in magnitude. This means the change in the flux 
through the coil is directed upward. In order to oppose this change in flux, the induced current must pro-
duce a magnetic field directed downward through the area enclosed by the coil. Thus, the current must 
flow  as seen from your viewing location. 

 (c) Since the turns of the coil are connected in series, the total resistance of the coil is  Thus, the 
magnitude of the induced current is 

     

20.23 The motional emf induced in a metallic object of length  moving through a magnetic field at speed v is given 
by  where  is the component of the magnetic field perpendicular to the velocity of the object. Thus, 

    

20.24 The vertical component of the Earth’s magnetic field is perpendicular to the horizontal velocity of the wire. 
Thus, the magnitude of the motional emf induced in the wire is 

    

 Imagine holding your right hand horizontal with the fingers pointing north (the direction of the wire’s 
velocity), such that when you close your hand the fingers curl downward (in the direction of ). Your thumb 
will then be pointing westward. By right-hand rule number 1, the magnetic force on charges in the wire would 
tend to move positive charges westward. Thus, 

 

20.25 The vertical component of the Earth’s magnetic field is perpendicular to the horizontal velocity of the metallic 
truck body. Thus, the motional emf induced across the width of the truck is 

    

20.26 (a) As the loop passes position A, the flux through the area enclosed by the loop is directed right to left and 
is increasing in magnitude. The induced current must flow  
in order to generate flux passing left to right through the loop, opposing the increase in flux due to the 
magnet. 

 (b) When the loop reaches position B, the flux through the enclosed area is again directed right to left but is 
now decreasing in magnitude. The induced current must flow  to 
generate additional flux passing right to left through the loop, opposing the decrease in flux due to the 
magnet. 
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 (c) At position C, the flux through the loop is not changing so there is no induced emf, and hence 
 in the loop. 

20.27 (a) Observe that only the horizontal component,  of Earth’s magnetic field is effective in exerting a 
vertical force on charged particles in the antenna. For the magnetic force,  on positive 
charges in the antenna to be directed upward and have maximum magnitude (when ), the car 
should move  through the northward horizontal component of the magnetic field. 

 (b) , where  is the horizontal component of the magnetic field. 

    

20.28 (a) Since  the magnitude of the vertical component of the Earth’s magnetic field at this location is  

     

 (b)  The magnitude and direction of the Earth’s field varies from one location to the other, so the in-
duced voltage in the wire changes. Further, the voltage will change if the tether cord changes its orienta-
tion relative to the Earth’s field. 

20.29 The metal bar of length  and moving at speed v through the magnetic field experiences an induced emf of 
magnitude , where  is the component of the magnetic field perpendicular to the velocity 
of the bar as shown in figure (a) below. 

 

 As the bar slides down the rails, the magnetic flux through the conducting path formed by the bar, the rails, and the 
resistor R is directed downward and is increasing in magnitude. Thus, the induced current must flow counterclock-
wise around the conducting path to generate an upward flux, opposing the increase in flux due to the field B. This 
current flows into the page as indicated in figure (b) and has magnitude  

 According to right-hand rule number 1, the bar will experience a magnetic force  directed horizontally 
toward the left as shown in figure (b). The magnitude of this force is 

    

 Now, consider the free-body diagram of the bar in figure (b), where  is the normal force exerted on the bar by 
the rails. If the bar is to move with constant velocity (i.e., be in equilibrium), it is necessary that 



 
 

206 

   or  

 and  or  

 Thus, the equilibrium speed of the bar is 

    

20.30 From  the required speed is 

    

20.31 (a) In the initial orientation of the coil, the magnitude of the flux passing through the loop is , 
where A is the area enclosed by the loop and N is the number of turns on the loop. After the loop has ro-
tated 90°, the magnetic field is now parallel to the plane of the loop and the flux through the loop is zero. 
The average emf induced in the loop as it rotates is 

     

 (b) The average induced current is . 

20.32 Note that the vertical component of the magnetic field is always parallel to the plane of the coil, and can never 
contribute to the flux through the coil. The maximum induced emf in the coil is then 

    

20.33 Note the similarity between the situation in this problem and a generator. In a generator, one normally has a 
loop rotating in a constant magnetic field so the flux through the loop varies sinusoidally in time. In this 
problem, we have a stationary loop in an oscillating magnetic field, and the flux through the loop varies 
sinusoidally in time. In both cases, a sinusoidal emf  where  is induced in the loop.  

 The loop in this case consists of a single band  around the perimeter of a red blood cell with diameter 
. The angular frequency of the oscillating flux through the area of this loop is 

. The maximum induced emf is then 
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20.34 (a) Using  we find 

      

 (b) The maximum induced emf occurs when the flux through the coil is changing the most rapidly. This is 
when the plane of the coil is . 

20.35 The angular frequency is  

 (a)  

 (b) Note that the calculator must be in radians mode for the next calculation. 

     

 (c) The emf is first maximum when  radians, or when 

     

20.36 (a) Immediately after the switch is closed, the motor coils are still stationary and the back emf is zero. Thus, 

     

 (b) At maximum speed,  and 

     

 (c)  

20.37 (a) When a coil having N turns and enclosing area A rotates at angular frequency w in a constant magnetic 
field, the emf induced in the coil is 

     

 Here,  is the magnitude of the magnetic field perpendicular to the rotation axis of the coil. In the given case, 
;  where  and ; and 
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  Thus,   

  or       

 (b) When the rotation axis is parallel to the field, then , giving  It is easily understood that 
the induced emf is always zero in this case if you recognize that the magnetic field lines are always 
parallel to the plane of the coil, and the flux through the coil has a constant value of zero. 

20.38 (a) In terms of its cross-sectional area A, length  and number of turns N, the self inductance of a solenoid is 
given as  Thus, for the given solenoid, 

     

 (b)  

20.39 From  we have 

    

20.40 The units of  are  From the force on a moving charged particle,  the magnetic field is 
, and we find that 

    

 Thus,  and  

 The units of  are  the same as the units of  

20.41 (a)  

 (b) From ,  
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20.42 From  the self-inductance is 

    

 Then, from , the magnetic flux through each turn is 

    

20.43 (a) In the series circuit of Figure P20.43, maximum current occurs after the switch has been closed for a very 
long time, when current has stabilized and the back emf due to the inductance has decreased to zero. This 
maximum current is given by 

     

 (b) The time constant of the RL circuit is 

     

 (c) If the switch in the RL circuit is closed at time  the current as a function of time is given by 
 

  Thus,  or  With  the current in this circuit will be 
 at time 

     

20.44 (a) The time constant of the RL circuit is  and that of the RC circuit is  If the two time con-
stants have the same value, then  or 

     

 (b) The common value of the two time constants is 

     

20.45 (a)  so  

 (b) The time constant is  giving 
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 (c) The current as a function of time is  so at  

     

 (d) At  , and the voltage drop across the resistor is 

     

 (e) Applying Kirchhoff’s loop rule to the circuit shown in Figure P20.43 gives  Thus, at 
 we have 

     

20.46 The current in the RL circuit at time t is  The potential difference across the resistor is 

 and from Kirchhoff’s loop rule, the potential difference across the inductor is 

    

 (a) At   

 (b) At   

 (c) At   

 (d) At   

20.47 From  we obtain  If  at  then 

     or   

 Since the time constant of an RL circuit is  the resistance is 

    

20.48 (a)  

 (b)  
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 (c)  

 (d)  yields  and 

   

20.49 (a) The energy stored by an inductor is  so the self inductance is 

     

 (b) If  the stored energy will be 

     

20.50 (a) The inductance of a solenoid is given by  where N is the number of turns on the solenoid, 
A is its cross-sectional area, and  is its length. For the given solenoid, 

     

 (b) When the solenoid described above carries a current of  the stored energy is 

     

20.51 The current in the circuit at time t is  where  and the energy stored in the inductor 
is . 

 (a) As   and 

     

 (b) At   and 
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20.52 (a) Use Table 17.1 to obtain the resistivity of the copper wire and find 

     

 (b)  

 (c) The length of the solenoid is 

     

 (d)  

  giving  

 (e)  

 (f)  

 (g)  so when  we have  Thus, 

   or . 

 (h)  

20.53 The flux due to the current in loop 1 passes from left to right through the area enclosed by loop 2. As loop 1 
moves closer to loop 2, the magnitude of this flux through loop 2 is increasing. The induced current in loop 2 
generates a magnetic field directed toward the left through the area it encloses in order to oppose the increasing 
flux from loop 1. This means that the induced current in loop 2 must flow  as viewed from 
the left end of the rod. 

20.54 (a) The clockwise induced current in the loop produces a flux directed into the page through the area en-
closed by the loop. Since this flux opposes the change in flux due to the external field, the outward-
directed flux due to the external field must be increasing in magnitude. This means that the magnitude of 
the external field itself must be  in time. 

 (b) The induced emf in the loop must be 
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  Since  the rate of change of the field is 

     

20.55 (a) After the right end of the coil has entered the field, but the left end has not, the flux through the area en-
closed by the coil is directed into the page and is increasing in magnitude. This increasing flux induces an 
emf of magnitude 

     

 

 in the loop. Note that in the above equation,  is the area enclosed by the coil that enters the field in 
time  This emf produces a counterclockwise current in the loop to oppose the increasing inward flux. The 
magnitude of this current is  The right end of the loop is now a conductor, of length  
carrying a current toward the top of the page through a field directed into the page. The field exerts a magnetic 
force of magnitude on this conductor, and hence, on the loop. 

     

 (b) When the loop is entirely within the magnetic field, the flux through the area enclosed by the loop is con-
stant. Hence, there is no induced emf or current in the loop, and the field exerts  force on the loop. 

 (c) After the right end of the loop emerges from the field, and before the left end emerges, the flux through 
the loop is directed into the page and is decreasing. This decreasing flux induces an emf of magnitude 

 in the loop, which produces an induced current directed clockwise around the loop so as to 
oppose the decreasing flux. The current has magnitude  This current flowing up-
ward, through conductors of total length  in the left end of the loop, experiences a magnetic force 
given by 

     

20.56 (a) The motional emf induced in the bar must be  where I is the current in this series circuit. Since 
 the speed of the moving bar must be 
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 The flux through the closed loop formed by the rails, the bar, and the resistor is directed into the page and is increas-
ing in magnitude. To oppose this increasing inward flux, the induced current must generate a magnetic field directed 
out of the page through the area enclosed by the loop. This means the current will flow  

 (b) The rate at which energy is delivered to the resistor is 

     

 (c) An external force directed to the right acts on the bar to balance the magnetic force to the left. Hence, 
 which is transformed into internal energy within the resistor. 

20.57 (a) The current in the solenoid reaches  in a time of  where 

     

  Thus,  

 (b) The change in the solenoid current during this time is 

     

  so the average back emf is 

     

 (c) The change in the magnitude of the magnetic field at the location of the coil is one-half the change in the 
magnitude of the field at the center of the solenoid. Thus,  and the average rate 
of change of flux through each turn of the coil is 

     

 (d)  
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20.58 (a) The gravitational force exerted on the ship by the pulsar supplies the centripetal acceleration needed to 

hold the ship in orbit. Thus,  giving 

     

 (b) The magnetic force acting on charged particles moving through a magnetic field is perpendicular to both 
the magnetic field and the velocity of the particles (and therefore perpendicular to the ship’s length). 
Thus, the charged particles in the materials making up the spacecraft experience magnetic forces directed 
from one side of the ship to the other, meaning that the induced emf is directed  within 
the ship. 

 (c)  where  is the side-to-side dimension of the ship. This yields 

     

 (d) The very large induced emf would lead to powerful spontaneous electric discharges. The strong electric 
and magnetic fields would disrupt the flow of ions in their bodies. 

20.59 (a) To move the bar at uniform speed, the magnitude of the applied force must equal that of the magnetic 
force retarding the motion of the bar. Therefore,  The magnitude of the induced current is 

     

  so the field strength is  giving  and the current is 

     

 (b)  

 (c)  

20.60 Since the magnetic field outside the solenoid is negligible in comparison to the field inside the solenoid, we 
shall assume that the flux through the single-turn square loop is the same as that through each turn of the sole-
noid. Then, the induced emf in the square loop is 

    

 or   which gives 
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20.61 If d is the distance from the lightning bolt to the center of the coil, then 

    

20.62 When A and B are 3.00 m apart, the area enclosed by the loop consists of four triangular sections, each having 
hypotenuse of 3.00 m, altitude of 1.50 m, and base of  The decrease in the 
enclosed area has been 

    

 

 The average induced current has been 

    

 As the enclosed area decreases, the flux due to the external field (directed into the page) through this area also 
decreases. Thus, the induced current will be directed  around the loop to create additional flux di-
rected into the page through the enclosed area. 

20.63 (a)  

  As the inward-directed flux through the loop decreases, the induced current goes clockwise around the 
loop to create additional inward flux through the enclosed area. With positive charges accumulating at B, 
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 (b)  

  As the inward-directed flux through the enclosed area increases, the induced current goes counterclock-
wise around the loop in to create flux directed outward through the enclosed area. With positive charges 
now accumulating at A,  

20.64 The induced emf in the ring is 

    

 Thus, the induced current in the ring is 

    

20.65 (a) As the rolling axle (of length ) moves perpendicularly to the uniform magnetic field, an in-
duced emf of magnitude  will exist between its ends. The current produced in the closed-loop 
circuit by this induced emf has magnitude 

     

 (b) The induced current through the axle will cause the magnetic field to exert a retarding force of magnitude 
 on the axle. This force is directed opposite to the velocity  to oppose the motion of the axle. If 

the axle is to continue moving at constant speed, an applied force in the direction of  and having magni-
tude  must be exerted on the axle. 

     

 (c) Using right-hand rule number 1, observe that positive charges within the moving axle experience a 
magnetic force toward the rail containing point b, and negative charges experience a force directed 
toward the rail containing point a. Thus, the rail containing b is positive relative to the other rail, so 

 

 (d)  Both the velocity  of the rolling axle and the magnetic field  are unchanged. Thus, the polarity of 
the induced emf in the moving axle is unchanged, and the current continues to be directed from b to a 
through the resistor R. 
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20.66 (a) The time required for the coil to move distance  and exit the field is  where v is the constant 
speed of the coil. Since the speed of the coil is constant, the flux through the area enclosed by the coil de-
creases at a constant rate. Thus, the instantaneous induced emf is the same as the average emf over the in-
terval t seconds in duration, or 

     

 (b) The current induced in the coil is  

 (c) Since the coil moves with constant velocity, the power delivered to the coil must equal the power being 
dissipated within the coil. This is given by  or 

     

 (d) The rate that the applied force does work must equal the power delivered to the coil, so  or  

     

 (e) As the coil is emerging from the field, the flux through the area it encloses is directed into the page and is 
decreasing in magnitude. The induced current must flow  around the coil to generate a mag-
netic field directed into the page through the area enclosed by the coil, opposing the decrease in the in-
ward flux. 

 (f) As the coil is emerging from the field, the left side of the coil carries an induced current directed toward 
the top of the page through a magnetic field that is directed into the page. Right-hand rule number 1 then 
shows that this side of the coil will experience  opposing the motion 
of the coil. 

20.67 (a) As the bottom conductor of the loop falls, it cuts across the magnetic field lines coming out of the page. 
This induces an emf of magnitude  in this conductor, with the left end at the higher potential. As 
a result, an induced current of magnitude 

     

  flows clockwise around the loop. The field then exerts an upward force of magnitude 
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  on this current-carrying conductor forming the bottom of the loop. If the loop is falling at terminal speed, 
the magnitude of this force must equal the downward gravitational force acting on the loop. That is, 
when  we must have 

      or   

 (b) A larger resistance would make the current smaller, so the loop must reach higher speed before the mag-
nitude of the magnetic force will equal the gravitational force. 

 (c) The magnetic force is proportional to the product of the field and the current, while the current itself is 
proportional to the field. If B is cut in half, the speed must become four times larger to compensate and 
yield a magnetic force with magnitude equal to the that of the gravitational force. 


