CHAPTER 19: DC Circuits

Answersto Questions

1

The birds are safe because they are not grounded. Both of their legs are essentially at the same
voltage (the only difference being due to the small resistance of the wire between their feet), and so
thereis no current flow through their bodies since the potential difference acrosstheir legsisvery
small. If youlean ameta ladder against the power line, you are making essentially a short circuit
from the high potential wire to the low potential ground. A large current will flow at least
momentarily, and that large current will be very dangerous to anybody touching the ladder.

If the lights are connected in parallel, if one bulb burns out, the rest of the string stays lit. That
makes it easy to tell which light has gone out. A paralel string is more complicated to assemble than
a series string, since two wires must be attached from bulb to bulb.

If the lights are connected in series, if one bulb burns out, all of the bulbs will go out. That makesit
difficult to tell which light has gone out. A series string is simpler to assemble than onein parallél,
since only one wire must be attached from bulb to bulb. A “blinker bulb” can make the entire string
flash on and off by cutting off the current.

If 20 of the 6-V lamps were connected in series and then connected to the 120 V line, there would be
avoltage drop of 6 V for each of the lamps, and they would not burn out due to too much voltage.
Being in series, if one of the bulbs went out for any reason, they would all turn off.

If the lightbulbs are in series, each will have the same current. The power dissipated by the bulb as
heat and light isgiven by P =1?R. Thusthe bulb with the higher resistance (RZ) will be brighter.
If the bulbs are in parallel, each will have the same voltage. The power dissipated by the bulb as
heat and light isgiven by P =V2/R. Thus the bulb with the lower resistance (R ) will be brighter.

The outlets are connected in parallel to each other, because you can use one outlet without using the
other. If they werein series, both outlets would have to be used at the sametimeto have a
completed circuit. Also, both outlets supply the same voltage to whatever deviceis plugged in to the
outlet, which indicates that they are wired in parallel to the voltage source.

The power output from aresistor isgiven by P =V2/ R. To maximize this value, the voltage needs

to be aslarge as possible and the resistance as small as possible. That can be accomplished by
putting the two batteries in series, and then connecting the two resistorsin parallel to each other,
across the full 2-battery voltage.

The power supplied by the battery is the product of the battery voltage times the total current flowing
from the battery. With the two resistors in series, the current is half that with asingle resistor. Thus
the battery hasto supply half the power for the two series resistors than for the single resistor.

There is more current flowing in the room’s wiring when both bulbs are on, yet the voltage remains
the same. Thus the resistance of the room’s circuit must have decreased. Also, sincethe bulbsarein
paralel, adding two resistorsin parallel always resultsin a net resistance that is smaller than either of
the individual resistances.
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10.

11.

12.

13.

14.

No, the sign of the battery’s emf does not depend on the direction of the current through the battery.
The sign of the battery’s emf depends on the direction you go through the battery in applying the
loop rule. If you go from negative pole to positive pole, the emf isadded. If you go from positive
pole to negative pole, the emf is subtracted.

But the terminal voltage does depend on the direction of the current through the battery. If currentis
flowing through the battery in the normal orientation (leaving the positive terminal, flowing through
the circuit, and arriving at the negative terminal) then there is a voltage drop across the internal
resistance, and the terminal voltage is less than the emf. If the current flows in the opposite sense (as
in charging the battery), then there is a voltage rise across the terminal resistance, and the terminal
voltage is higher than the emf.

(a) staysthe same

(b) increases
(c) decreases
(d) increases
(e) increases

(f) decreases
(g) decreases
(h) increases
(i) staysthesame

Batteries are connected in series to increase the voltage available to adevice. For instance, if there
aretwo 1.5-V batteriesin seriesin aflashlight, the potential across the bulb will be 3.0V. The
batteries need not be nearly identical.

Batteries are connected in parallel to increase the total amount of current availableto adevice. The
batteries need to be nearly identical. If they are not, the larger voltage batteries will recharge the
smaller voltage batteries.

The terminal voltage of a battery can exceed its emf if the battery is being charged — if current is
passing through the battery “backwards” from positive pole to negative pole. Then the terminal
voltage is the emf of the battery plus the voltage drop across the internal resistance.

Refer to Figure 19-2. Connect the battery to a known resistance R, and measure the terminal voltage
Vv
V,,. Thecurrent in the circuit is given by Ohm’slaw tobe | = ?“b Itisalsotruethat V, =E —Ir

E-V E-V
and so the internal resistance can be calculated by r = I 2 =R D

\Y/

ab

The formulas are “opposite” each other in a certain sense. When connected in series, resistors add
linearly but capacitors add reciprocally, according to the following rules.

1 1 1 1

=R+R +R,+- =t —t—+-

The series resistance is always larger than any one component resistance, and the series capacitance
is always smaller than any one component capacitance. When connected in parallel, resistors add
reciprocally but capacitors add linearly, according to the following rules.
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—_— =t —+—+ C =C, +C,+C, +--

R, R R R R

The parallel resistance is always smaller than any one component resistance, and the parallel
capacitance is always larger than any one component capacitance.

One way to consider the source of this difference is that the voltage across aresistor is proportional
to theresistance, by V = IR, but the voltage across a capacitor isinversely proportion to the

capacitance, by V =Q/C.

The energy stored in a capacitor network can be calculated by PE = %CV2 . Since the voltage for the

capacitor network is the same in this problem for both configurations, the configuration with the
highest equivalent capacitance will store the most energy. The parallel combination has the highest
equivalent capacitance, and so stores the most energy. Another way to consider thisis that the total

stored energy is the sum of the quantity PE = %CV2 for each capacitor. Each capacitor has the same

capacitance, but in the parallel circuit, each capacitor has alarger voltage than in the series circuit.
Thus the parallel circuit stores more energy.

The soles of your shoes are made of amaterial which has arelatively high resistance, and thereis
relatively high resistance flooring material between your shoes and the literal ground (the Earth).
With that high resistance, a malfunctioning appliance would not be able to cause alarge current flow
through your body. The resistance of bare feet is much less than that of shoes, and the feet arein
direct contact with the ground, so the total resistance is much lower and so alarger current would
flow through your body.

17. Asthe sound wave is incident on the diaphragm, the diaphragm will oscillate with the same
frequency asthe sound wave. That oscillation will change the gap between the capacitor plates,
causing the capacitance to change. As the capacitance changes, the charge state of the capacitor will
change. For instance, if the plates move together, the capacitance will increase, and charge will flow
to the capacitor. If the plates move apart, the capacitance will decrease, and charge will flow away
from the capacitor. This current will change the output voltage. Thusif the wave has afrequency of
200 Hz, the capacitance and thus the current and thus the output voltage will al change with a
frequency of 200 Hz.

18. Thefollowing isone way to accomplish the desired task.
.-© O-.

' \ .

L |

In the current configuration, the light would be on. If either switch is moved, the light will go out.
But then if either switch were moved again, the light would come back on.

19. Thetota energy supplied by the battery is greater than the total energy stored by the capacitor. The
extra energy was dissipated in the form of heat in the resistor while current was flowing. That
energy will not be “recovered” during the discharging process.
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20. Ananaog voltmeter has a high value resistor in series with the galvanometer, so that the actual
voltage drop across the galvanometer is small. An analog ammeter has a very low value resistor in
parallel with the galvanometer, so that the actual current through the galvanometer is small. Another
significant difference is how they are connected to acircuit. A voltmeter goesin parallel with the
component being measured, while an ammeter goesin series with the component being measured.

21. If you mistakenly use an ammeter where you intend to use a voltmeter, you are inserting ashort in
parallel with some resistance. That means that the resistance of the entire circuit has been lowered,
and all of the current will flow through the low-resistance anmeter. Ammeters usually have afairly
small current limit, and so the ammeter might very likely get damaged in such a scenario. Also, if
the ammeter isinserted across a voltage source, the source will provide alarge current, and again the
meter will almost certainly be damaged, or at least disabled by burning out a fuse.

Anideal ammeter would have zero resistance so that there was no voltage drop acrossit, and so it
would not affect acircuit into which it was placed in parallel. A zero resistance will not change the
resistance of acircuit if placed in series, and hence would not change the current in the circuit. An
idea voltmeter would have infinite resistance so that it would draw no current, and thus would not
affect acircuit into which it was placed in parallel. An infinite resistance will not change the
resistance of acircuit if placed in parallel, and hence would not change the current in the circuit.

23. Thebehavior of the circuit isthe samein either case. The same current will flow in the circuit with
the elements rearranged, because the current in a series circuit is the same for all elementsin the
circuit.

24. When the voltmeter is connected to the circuit, it reduces the resistance of that part of the circuit.
That will make the (resistor + voltmeter) combination a smaller fraction of the total resistance of the
circuit than the resistor was alone, which means that it will have a smaller fraction of the total
voltage drop acrossiit.

25. Thevoltmeter, if it has a particularly high internal resistance, will measure the emf of the battery,
whichis1.5V. Butif the battery has a high internal resistance (indicating that the battery is “used
up”, then its terminal voltage, which is the voltage supplied to the flashlight bulb, can be quite low
when more current is drawn from the battery by alow resistance like the bulb.

Solutionsto Problems

See Figure 19-2 for acircuit diagram for this problem. Using the same analysis asin Example 19-1,

the current in the circuitis | =

. Use EqQ. 19-1 to calculate the terminal voltage.

R+r
@ Vasz—Ir:E—( £ jr:E(R”)_Er=E R _(8s0v)— 2% gy
R+r R+r R+r (81.0+0.900) Q2
(b) V, ~E———(850v)— 22 _[329v
R+1 (810+0.900) Q2
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2. Seethecircuit diagram below. Thecurrent inthecircuitisl. Thevoltage V,, isgiven by Ohm’s law
tobe V, =IR. That same voltage is the terminal voltage of the series EMF.

bo—i—/\/\/\/-||

e

V,=(E-Ir)+(E-Ir)+(E-1Ir)+(E-Ir)=4(E-1Ir) and V,=IR
E-1IR (L5V)-1(045A)(12Q)
I 0.45A

=10.33Q

4E-Ir)=IR - r=

3. SeeFigure 19-2 for acircuit diagram for this problem. Use Eq. 19-1.

E-V, 120V-84V
V,=E-Ir > r= D = =10.048Q2
75A
VvV, 84V
V,=IR — R=—2-=-——=[0.11Q
I 75A
4.  Wetake the low-resistance ammeter to have no resistance. b WI a
Thecircuit is shown. The terminal voltage will be 0 volts. r e I\'
E 15V
V,=E-Ir=0 » r=—=——=(0.068Q O\
| 22A A)
For the resistors in series, use Eq. 19-3.
R, =R+R +R +R, =4(240Q) =|960Q
For theresistorsin paralel, use Eq. 19-4.
1 1 1 1 1 4 240Q
—=—+t—+—+—=—— > R, =——=(60Q
R, R R R R 2400 4

6. (a) Fortheresistorsin series, use Eqg. 19-3, which says the resistances add linearly.
R, = 3(45Q)+3(75Q) =|3600
(b) For theresistorsin parallel, use Eq. 19-4, which says the resistances add reciprocally.

1 3 3 3(75Q)+3(45Q 75Q2)(45Q
13,3 3mo)iasn) o (BO)#9) oo
R, 45Q 75Q  (75Q)(45Q) 3(75Q2) +3(45Q)
7. Theequivalent resistance is the sum of the two resistances:
R, =R +R,. Thecurrentin the circuit is then the voltage £ I\v
\ \
divided by the equivalent resistance: | =—= . The
yies R, R+R AAA——AAN
R, R

voltage across the 2200-Q2 resistor is given by Ohm’s law.
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9.3V

V 22000
R __(120v)

= R =V =(120V)——m—=
R+R, R+R, 650Q+2200Q

szoo=|R2

8. The possible resistances are each resistor considered individually, the series combination, and the
paralel combination.

series: R, =R +R, =25Q+35Q = 60Q
.11 1 _ RR _(259)(359)_
parald: Fiq_Rl+Rz - &q_Rl+R2_ o =15Q

250, 350, 60Q2 , 15Q

9. (a) Themaximum resistance is made by combining the resistorsin series.
R, =R +R, + R, =680Q+940Q+1200Q = [2820Q
(b) The minimum resistance is made by combining the resistorsin parallel.

1 1 1 1
R. R R R

11 1) (1 1 1) -
RWZ(EJFEJFEJ :£680§2+94OQ+1200§2) o0l

10. Connecting 3n of the resistorsin series, where nis an integer,

/|
will enable you to make a voltage divider with a4.0 V output. 'E I\'
R, =3n(10Q) | £ E nQ 2nQ
R, 3n
b a
E 2 2
V, =2n(10Q)I = 2n(1.0Q)3— =§E =§(6.0V) =4.0V
n

11. Theresistors can al be connected in series.
R, = R+R+R=3(240Q) =[720Q
The resistors can al be connected in paralldl.

-1
LLid g (8] B 20
R, R R R R 3 3

Two resistorsin series can be placed in parallel with the third.
1_1+ 1 1 1 3 2R (240Q)

R, R R+tR R 2R 2R 3 3
Two resistorsin parallel can be placed in series with the third.

=[160C2

:—+—:_ — ——

-1
R, = R+(%+%) = R+§=§(24OQ)= 360Q
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12.

13.

14.

The resistance of each bulb can be found from its power rating. o o .
% vz (120V) TED
P=— — R=—=-"—-=480
R P 3.0wW R
Find the equivalent resistance of the two bulbsin parallel. $ A »
1 1 1 2 R 480
—==4=== 5 R =—=—"=240Q R
R, R R R 2 A

The terminal voltageisthe voltage across this equivalent resistance.
Use that to find the current drawn from the battery.

Vo Vo N

=IR, —> I= =—=
Req R/2 R

Finally, use the terminal voltage and the current to find the internal resistance, asin Eq. 19-1.
E-V, E-V E-V 12.0V -11.8V
V,=E-lIr »> r= L = L = 2 = (48Q)———————— =(040Q
| ( o, j 2V, 2(11.8V)
R

(a) Each bulb should get one-eighth of the total voltage, but let us prove that instead of assuming it.
Since the bulbs are identical, the net resistanceis R, =8R. The current flowing through the

vV, V
bulbsisthenV,, =IR, — | =ﬁ=$. The voltage across one bulb is found from Ohm’s

law.
V. V.
V=IR=—2R="= 1oV —=13.75V % |14V
8R 8 8
V 110V
(b) == » R=—LL=———=2750Q%|28Q
8R 8l 8(0.50A)

P=1’R=(050A)"(27.5Q) = 6.875W ~(6.9W

We model the resistance of the long leads asa singleresistor r. Since the bulbs are in parallel, the
total current isthe sum of the current in each bulb, and so | =8I . The voltage drop across the long

leadsis V,_, = Ir =8I r =8(0.24A)(16Q)=3.072V . Thusthe voltage across each of the parallel
resistorsis V =V, —V =110V -3.072V =106.9V . Since we have the current through each

tot
resistor, and the vol tage across each resistor, we calculate the resistance using Ohm’s law.

V., 1069V
V.=I_L R > R=—L=—=—=4454Q=|450Q

The total power deliveredis P=V_1 , and the “wasted” power is | °r . The fraction wasted isthe
ratio of those powers.

1r _Ir _8(0.24A)(16Q)
fraction wasted = =—= —[0.028]
v, V, 110V

tot tot

So about 3% of the power is wasted.
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15. Each bulb will get one-eighth of the total voltage, andso V,,, = V;‘ . Usethat voltage and the power
dissipated by each bulb to calculate the resistance of a bulb.
2 2 2 (10v)’
Pbu|b — Vbulb N R: Vbulb — \/tot — ( ) — 27Q
R P 64P 64(7.0W)

16. Tofix thiscircuit, connect another resistor in parallel with the 480-Q resistor so that the equivalent
resistance is the desired 320 Q.

ESE SN Rz:[i_i] [;;J 5600
R, R R R, R 320Q 4800

17. (a) Theequivaent resistance isfound by combining the 820 2 and 680 Q resistors in parallel, and
then adding the 470 Q resistor in series with that parallel combination.

-1

1 1

Req: —+——— | +470Q=3720+470Q2 =842Q ~|840Q2
82002 680Q

. . vV 120V .
(b) The current delivered by the battery is | =—=——=1.425x10>A . Thisisthe
R, 842Q

current in the 470 Q resistor. The voltage across that resistor can be found by Ohm’s law.
V,, = IR=(1.425x10*A)(470Q) =[6.7V

Thus the voltage across the parallel combination must be 12.0V - 6.7V =|5.3V|. Thisisthe

voltage across both the 820 O and 680 Q resistors, since parallel resistors have the same voltage
acrossthem. Note that this voltage value could also be found as follows.

Viats = IRas = (1425x107°A)(372Q) =5.3V

The resistance of each bulb can be found by using Eqg. 18-6, P =V2/ R. Thetwo individua

resistances are combined in parallel. We label the bulbs by their wattage.
1 P

P=V/R » ==—

/ R V?

-1 -1
R, =(i+ij L ~+ oW ~ | =1052Q~|110Q
R, R, (110v)" (110V)

19. (a) Notethat adding resistorsin series always results in alarger resistance, and adding resistorsin
paralel alwaysresultsin asmaller resistance. Closing the switch adds another resistor in

parallel with R, and R,, which lowersthe net resistance of the parallel portion of the circuit,
and thus lowers the equivalent resistance of the circuit. That means that more current will be
delivered by the battery. Since R isin serieswith the battery, its voltage will increase.
Because of that increase, the voltage across R, and R, must decrease so that the total voltage

drops around the loop are equal to the battery voltage. Since there was no voltage acrossR,
until the switch was closed, its voltage will increase. To summarize:
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V, and V, increase; V, and V, decrease

(b) By Ohmr’slaw, the current is proportional to the voltage for afixed resistance. Thus
|, and |, increase; |, and |, decrease

(c) Sincethe battery voltage does not change and the current delivered by the battery increases, the
power delivered by the battery, found by multiplying the voltage of the battery by the current

delivered, .

(d) Beforethe switchisclosed, the equivalent resistanceis R, and R, in parallel, combined with
R inseries.

1 1) 2
IQeq=R1+(E+E4] =125§2+(12 o

The current delivered by the battery is the same as the current through R .
 Vowey 220V

e R, 18750
The voltage across R isfound by Ohm’s law.
V, = IR =(0.1173A)(125Q) =14.66 V
The voltage across the parallel resistorsis the battery voltage less the voltage across R .
V) =V, —V, =220V —14.66V =7.34V
The current through each of the parallel resistorsisfound from Ohm’s law.
VvV, 734V

p

-1
j =187.5Q

—0.1173A =1,

° R 125Q

Notice that the current through each of the parallél resistorsis half of the total current, within
the limits of significant figures. The currents before closing the switch are as follows.

l,=0117A I,=1,=0.059A
After the switch is closed, the equivalent resistanceisR,, R,, and R, in parallel, combined with

—00587A =1,

R inseries. Do asimilar analysis.

-1 -1
1 1 1
R+ 2l Cimsad 2| —1670
R,=R
R R R 1250
V 220V
|y =—=2=———=0.1320A=1, V,=IR =(0.1320A)(125Q) =165V

“ R, 166.7Q

V, 55V
V, =V, —V, = 220V -165V =55V |, =—L=——=00M4A =1, =1,
R 1250

Notice that the current through each of the parallel resistorsis one third of the total current,
within the limits of significant figures. The currents after closing the switch are as follows.

| =0132A I, =1 =1, =00MA
[Y ed, the predictions made in part (b) are all confirmed.
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20. Theresistors have been numbered in the accompanying diagram to help in
theanalysis. R and R, arein serieswith an equivalent resistance of

R, =R+R=2R. Thiscombinationisin parallel withR,, with an

1 1)\
equivalent resistance of R123=(—R+Ej =2R. Thiscombinationisin

serieswith R,, with an equivalent resistanceof R,,, =2R+R=2R. This

combinationisin parallel with R, , with an equivalent resistance of

1 3Y . . N
RQ%Z(EJFEJ =2R. Finaly, this combinationisin serieswith R, ,
and we calculate the final equivalent resistance.

R, =2R+R=2R=2(28kQ) = 455kQ ~|4.6kQ

21. Welabel identical resistorsfrom left torightas R, R, When the switch is opened,

the equivalent resistance of the circuit increases from 2R+r to 2R+r . Thusthe current delivered

iddle ? and Right :

E
by the battery decreases, from E to . Note that thisis LESS than a 50% decrease.
SR+r  2R+r

(a) Because the current from the battery has decreased, the voltage drop across R, will decrease,

since it will have less current than before. The voltage drop across R, ,, decreasesto O, since no

ight
current isflowing init. The voltage drop across R . Will increase, because even though the
has increased since before the

switch was opened, only half the total current was flowing through R,

iddle

total current has decreased, the current flowing through R

iddle

e~ 1O SUMMarize:

increases; V

V., decreases; V., g 90EStO0f.

middle

(b) By Ohmv’slaw, the current is proportional to the voltage for a fixed resistance.
|« Oecreases; | increases; | ., goesto0

middle

() Sincethe current from the battery has decreased, the voltage drop acrossr will decrease, and
thus the fterminal voltage increases.

(d) With the switch closed, the equivalent resistance is £R+r . Thusthe current in the circuit is

dossd = E , and the terminal voltage is given by Eq. 19-1.
5R+r
E 0.50Q
Vi =E — |yt =E ———1 =E| 1-—— | =(150V)| 1-
closed 2R+r 2R+r %(5.50Q)+0.50Q

=[14.1V

(e) With the switch open, the equivalent resistanceis 2R+r . Thusthe current in the circuit is

E
F, and again the terminal voltage is given by Eq. 19-1.
+r

closed =
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0.50Q
Vimina =B =l g’ =E — J

rzE[ - j=(15.ov) 1-
dlosed 2R+r 2R+r 2(5.5092) +0.50Q2
=[14.3V

22. Find the maximum current and resulting voltage for each resistor under the power restriction.

2
F>=|2R=VE - I=\/§,V=\/RP

05W

oo =\ Tozogy ~ CO7A Vi = J(05W)(18x10°Q2) =30V
05W ;

| = ,/m =00134A  V,,, =,/(05W)(28x10'Q) =37.4V
05W

o =\ 511575 = COAA Vo = J(05W)(21x10°0) =324V

The parallel resistors have to have the same voltage, and so the voltage across that combination is
limited to 32.4 V. That would require a current given by Ohm’s law and the parallel combination of
the two resistors.

\Y/ 1 1 1 1
I pardld — = vl | ——t—— |= (32.4V) + =0.027A
Ry Reo  Ruo 2800Q) 2100Q

Thisis more than the maximum current that can bein R, . Thusthe maximum current that R,
can carry, 0.0167 A , isthe maximum current for the circuit. The maximum voltage that can be

applied across the combination is the maximum current times the equivalent resistance. The
equivalent resistance is the parallel combination of R,,, and R,,, addedto R, .

1 B -1
Vo = LRy = L | Rego + 1.2 =(0.0167A)| 1800Q + L
Ran R 2800Q 21000
1 1)
=(0.0167A)| 1800Q + + =|50V
280002 21000

23. All of theresistors are in series, so the equivalent resistance is just the sum of the resistors. Use
Ohm’s law then to find the current, and show all voltage changes starting at the negative pole of the
battery and going counterclockwise.

|=— - 20V = 0.409A ~|0.41A
R, (80+120+20)Q

D voltages=9.0V —(8.0Q2)(0.409A) - (12.0Q) (0.409A ) - (2.002)(0.409A)

=9.0V-327V-491V -0.82V =0.00V
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24,

25.

26.

27.

Apply Kirchhoff’sloop rule to the circuit starting at the upper left corner of the circuit diagram, in
order to calculate the current. Assume that the current is flowing clockwise.

-1(1.0Q)+18V -1(6.6 Q)-12V-1(20Q)=0 — I=%:0.625A

The terminal voltage for each battery isfound by summing the potential differences across the
internal resistance and EMF from left to right. Note that for the 12 V battery, thereis avoltage gain
going across the internal resistance from left to right.

18V battery: V, | (L0Q)+18V = —(0.625A)(L0Q) +18V =[17.4V

erminal

—1(20Q)+12V =(0.625A)(2.0Q) +12V =[13.3V

12V battery: V,

erminal

From Example 19-8, we have |, =-0.87A , 1, =2.6A,1,=1.7A. If another significant figure had

been kept, the valueswould be |, =-0.858A,1, =2.58A,1, =1.73A . We use those results.
(@) Tofind the potential difference between points aand d, start at point a and add each individual
potential difference until reaching point d. The simplest way to do thisis along the top branch.
V, =V, -V, =-1,(30Q)=—(0.858A)(30Q) =[-25.7V
Slight differences will be obtained in the final answer depending on the branch used, due to
rounding. For example, using the bottom branch, we get the following.
V, =V,-V, =E -1,(21Q) =80V - (2.58A)(21Q) =-25.8V
(b) For the 80-V battery, the terminal voltage is the potential difference from point g to point e. For
the 45-V battery, the terminal voltage is the potential difference from point d to point b.

80V battery: V., =E —1,r =80V —(258A)(10Q) = [77.4V

erminal

45V battery: V., =E,—1,r =45V —(173A)(10Q) ={43.3V

erminal

To find the potential difference between points aand b, the current must be found from Kirchhoff’s
loop law. Start at point aand go counterclockwise around the entire circuit, taking the current to be
counterclockwise.

-IR+E-IR-IR+E-IR=0 — I=E
2R

E
V, =V, -V, =—IR+E - IR=E —2IR=E -2—R=|ov
2R

Because there are no resistors in the bottom branch, it is possible to write Kirchhoff loop equations
that only have one current term, making them easier to solve. To find the current through R , go

around the outer loop counterclockwise, starting at the lower left corner.

V,+V, 6.0V +9.0V
V,~I R4V, =0 — | == 22+Q —[068A , left

To find the current through R, , go around the lower loop counterclockwise, starting at the lower left
corner.

V, 6.0V
V,-1,R =0 — |2=€3=15—Q= 0.40A , left
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28. There are three currentsinvolved, and so there must be three independent equations to determine
those three currents. One comes from Kirchhoff’s junction rule applied to the junction of the three
branches on the left of the circuit.

=1+,

9.0v «— |

Another equation comes from Kirchhoff’s loop rule applied to 1.2Q 220

the outer loop, starting at the lower left corner, and

progressing counterclockwise. I,
-1,(12Q)+6.0V -1,(22Q)-1,(1.2Q)+9.0V =0 — * 154 *
15=23.21, +1.2I, sy 60V

The fina equation comes from Kirchhoff’sloop rule applied
to the bottom loop, starting at the lower left corner, and
progressing counterclockwise.

-1,(1.2Q)+6.0V +1,(15Q)=0 — 6=-151,+12l,
Substitute |, = I, + 1, into the top loop equation, so that there are two equations with two unknowns.
15=2321,+1.21,=232(1,+1,)+1.2l,=23.2I,+ 244, ; 6=-15],+12l,

Solve the bottom loop equation for |, and substitute into the top loop equation, resulting in an

equation with only one unknown, which can be solved.
-6+1.21,

6=-151,+12l, — |,=
2 3 2 15

—6+1.2I
15:23.2|2+24.4|3=23.2(%j+24.4|3 —> 225=-138+27.841,+366l, —

363 —6+12l, -6+12(0.9217)
|, =——— —0.9217A : |, = 3 - = -0.3263A ~[0.33 A, left]
° 393.84 2 15 15

|, =1,+1,=05954A ~[0.60A , left

There are three currents involved, and so there must be three independent L, R
equations to determine those three currents. One comes from Kirchhoff’s T
junction rule applied to the junction of the three branches on the right of ——E
the circuit. R,

L=+, = I =1,-1,  Ge—AV
Another equation comes from Kirchhoff’s loop rule applied to the top loop, P
starting at the negative terminal of the battery and progressing clockwise.

E-1,R-1,R =0 - 9=25| +18l, —T6& ng
The fina equation comes from Kirchhoff’s loop rule applied to the bottom
loop, starting at the negative terminal of the battery and progressing 5 >

counterclockwise.
E,-ILR-I,R =0 — 12=35I,+18l,
Substitute |, =1, -1, into the top loop equation, so that there are two equations with two unknowns,
9=251, +18I, = 25(I2 - I3)+18I2 =431, - 25 12 =351, +18l,
Solve the bottom loop equation for |, and substitute into the top loop equation, resulting in an
equation with only one unknown, which can be solved.

3
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1235l
12=351,+18, — |,=——2
18
1235l
9=43|2—25|3=43(—3j—25|3 —> 162=516-1505], - 4501, —>

354

12-35I
=——=0.1811A ~|0.18A ,up| ; |, =——=
1955

2

=0.3145A ~|0.31A , |€ft

3

|,=1,—1,=01334A ~[0.13A , right

30. There are three currentsinvolved, and so there must be three independent equations to determine
those three currents. One comes from Kirchhoff’s junction rule applied to the junction of the three
branches on the right of the circuit.

L=L+l, = L =1~
Another equation comes from Kirchhoff’s loop rule applied to the top Ly
loop, starting at the negative terminal of the battery and progressing
clockwise.

E-Ir-LR-1,R =0 —» 9=26l +18l, — &
The final equation comes from Kirchhoff’s loop rule applied to the bottom l, R
loop, starting at the negative terminal of the battery and progressing t—rn—e
counterclockwise.

E-lr-I,LR-1,R =0 —» 12=361,+18l, —/—FE .
Substitute |, =1, -1, into the top loop equation, so that there are two §

equations with two unknowns. r
9=261,+18I, =26(|2—I3)+18I2 =441,-251, ; 12=361,+18lI, l5

Solve the bottom loop equation for 1, and substitute into the top loop
eguation, resulting in an equation with only one unknown, which can be solved.
12-36l, 2-6l,

18 3

12=361,+181, — I,=

2-6l,

9:44|2—25|3=44[ j—25l3 —> 27=88-2641,-75, —

1 2-6l
=§=O.1799Az 0.18A,up| ; I, = 3 2 =0.3069A ~|0.31A left

3 2

l,=1,-1,=0.127A ~|0.13A , right
To two significant figures, the currents do not change from problem 29 with the addition of internal

resistances.
. [ |
31. _There are three currents invol veq, and so there must be three 1 | | 3
independent equations to determine those three currents. L "y
One comes from Kirchhoff’s junction rule applied to the 6.0V 3.0V
junction of the three branches at the top center of the circuit. ' l,
L=1,+1, 120 6Q 100

Another equation comes from Kirchhoff’s loop rule applied 80

to the left loop, starting at the negative termina of the
battery and progressing counterclockwise.
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6.0V -1,(12Q)-1,(8Q)-1,(6Q)=0 — 6=20I,+6l, — 3=101,+3l,

The final equation comes from Kirchhoff’sloop rule applied to the bottom loop, starting at the
negative terminal of the battery and progressing counterclockwise.

30V-1,(2Q)+1,(6.0Q)-1,(10Q)=0 —» 3=-6I,+12, — 1=-2I,+4l,
Substitute |, = I, + 1, into the top loop equation, so that there are two equations with two unknowns.
3=10I,+3l, =1O(I2+ I3)+3I2 =13l,+101, ; 1=-2I,+4l,
Solve the bottom loop equation for |, and substitute into the top loop equation, resulting in an

equation with only one unknown, which can be solved.
4,-1

1=-21,+4l, - I,=

4,-1

3:13|2+10|3=13( j+10|3 — 6=521,-13+20I, —

4,-1

=0.0278A =~ 0.028A

| =£=0_2639Az0.26A 1=
72

3

l,=1,+1,=02917A ~ 0.29A
The current in each resistor is as follows:
20:026 A 60Q:0.028A 8Q:029A 100:026A 120:0.29A

32. Sincethere are three currents to determine, there must be three independent equations to determine
those three currents. One comes from Kirchhoff’s junction rule applied to the junction near the
negative terminal of the middle battery.

=1+,
Another equation comes from Kirchhoff’s loop rule applied to the top loop, starting at the negative
terminal of the middle battery, and progressing counterclockwise.

120V -1,(10Q)-1,(10Q) - 1,(12Q) +120V - 1,(1L0Q) - 1,(80Q) =0 —
24=111,+211, =0

The final equation comes from Kirchhoff’sloop rule applied to the bottom loop, starting at the
negative termina of the middle battery, and progressing clockwise.

120V -1,(1.0Q)-1,(10Q)+1,(18Q) +1,(1.0Q)-6.0V +1,(15Q) =0 —
6=111,-341,
Substitute I, = I, + 1, into the top loop equation, so thet there are two equations with two unknowns.
24=111,+211, =111, +21(1,+1,) =321, + 211, ; 6=111,-34l,
Solve the bottom loop equation for 1, and substitute into the top loop equation, resulting in an
eguation with only one unknown, which can be solved.
_6+341,
on
6+34l,

6=111,-341, — |

2

24:32|2+21|3:32( j+21|3 —> 264=192+1088,+231l, — 72=1319, —

I
I —7—2=0.05459Az 0.055A[ ; I, = 6+314 2 =0.714A ~|0.71A| ; |

= +1,=[0.77A
1319
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Also find the terminal voltage of the 6.0-V battery.
\Y/ =E -1,y =6.0V—(0.0546A)(1.0Q) =[5.9V

terminal

33. Sincethere are three currents to determine, there must be three independent equations to determine
those three currents. One comes from Kirchhoff’s junction rule applied to the junction near the
negative terminal of the middle battery.

I, =1,+1,
Another equation comes from Kirchhoff’s loop rule applied to the top loop, starting at the negative
terminal of the middle battery, and progressing counterclockwise.

120V -1,(10Q)-1,(10Q)+12.0V - 1,(1.0Q)-1,(80Q)=0 —

24=111,+91, =0
Thefina equation comes from Kirchhoff’sloop rule applied to the bottom loop, starting at the
negative terminal of the middle battery, and progressing clockwise.

120V -1,(1.0Q)-1,(10Q) +1,(18Q) +1,(1.0Q)-6.0V +1,(15Q) =0 —
6=111,-341,
Substitute |, = I, + 1, into the top loop equation, so that there are two equations with two unknowns.
24=111,+91, =111, +9(1,+1,) =201, +91, ; 6=111,-341,
Solve the bottom loop equation for |, and substitute into the top loop equation, resulting in an
equation with only one unknown, which can be solved.

_|1

6-111,-341, — 1,=23
11
6+34l,

24:20I2+9I3=20( j+9l3 — 264=120+6801,+99l, — 144=779, —

144 6+34l

|,==—=0.1849A ; |, = +1,=[1.30A
779

3

£ =11170A ; |, =

2

34. Define I, to be the current to the right through the 2.00 V

battery, and |, to be the current to the right through the 3.00

V battery. At the junction, they combine to give current 200V
I =1, +1, totheleft through the top branch. Apply —|

Kirchhoff’s loop rule first to the upper loop, and then to the
outer loop, and solve for the currents.

200V -1,(0.100Q) (I, +1,)(400Q) =0 —
2.00-4.1001, -4.001, =0

300V -1,(0.100Q)—(1I,+1,)(400Q)=0 —
3.00-4.001, -4.1001, =0

Solve the first equation for |, , and substitute into the second equation to solve for the currents.
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2.00-4.1001,

2.00-4.1001, -4.001,=0 — I,=
4.00

2.00-4.100!
3,00~ 4.001, —~4.1001, = 3.00— 4001, —4.100(Mj 0

4.00
Multiply by 4
12.00-16.001, —4.100( 2.00- 4.1001, ) =12.00—-16.001, —8.20+16.81l, =0
3.80 2.00-4.1001, 2.00-4.100(—4.691
|, =———=-4691A |,= L= ( )=5.308A
0.81 4.00 4.00

Thevoltage across Risitsresistancetimes | =1, +1,.
V, =R(l,+1,)=(4.00Q)(-4.691A +5.308A) = 2.468V ~|2.47V

Note that the top battery is being charged — the current is flowing through it from positive to
negative.

35. (a) Capacitorsin parallel add according to Eq. 19-5.
C,=C +C,+C,+C,+C,+C, =6(47x10°F) =|2.82x10 °F| = 28.2uF
(b) Capacitorsin series add according to Eq. 19-6.

1 1 6
C =(i+i+i+i+i+ij =( 6 j _APAOF s a0F

47x10°F 6

36. The maximum capacitance is found by connecting the capacitorsin parallel.
C,.=C, +C,+C,=32x10°F+75x10°F+1.00x10°F =[2.07x10°Fin parald
The minimum capacitance is found by connecting the capacitorsin series.
1 1 1) 1 1 1
C,.=| —*+—+—| = ——+ ——+ —
C C, C 32x10°F 75x10°F 1.00x10°F

1 2 3

-1
j —|1.83x10°F in series|

37. The series capacitors add reciprocally, and then the parallel combination isfound by adding linearly.

+
* C 3.00x10°F 4.00x10°F

1 2

-1 -1
1 1 1 1
C z(_+_j +c3=( j +2.00x10 °F =|3.71x10 °F| = 3.71 4F

38. Thefull voltageisacrossthe 2.00 uF capacitor, and so [V, ,, = 26.0V|. To find the voltage across

the two capacitorsin series, find their equivalent capacitance and the charge stored. That charge will
be the same for both of the series capacitors. Finally, use that charge to determine the voltage on
each capacitor. Notice that the sum of the voltages across the series capacitorsis 26.0 V.

-1 -1
1 1 1 1

C,=| —+— =( — - J =1.714x10°F
C, C, 3.00x10°F  4.00x10°F

Q, =C,V =(L1714x10°F)(26.0V ) = 4.456x10°C

5 -5
%_M: 149v| V :%_Mz 111V

C  300x10°F ‘7 C T 400x10°F
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39. To reduce the net capacitance, another capacitor must be added in series.
1 1 1 1 1 C-C,

—+i - —=—
Ceq Cl Cz C2 Caq Cl Clceq
~cC,  (48x10°F)(29x10°F) _

, an existing connection needs to be broken in the process. One of the connections of the original
capacitor to the circuit must be disconnected in order to connect the additional capacitor in series.

40. Capacitorsin parallel add linearly, and so adding a capacitor in parallel will increase the net
capacitance without removing the 5.0 1F capacitor.

50uF+C=16uF — C=|11.0uF connectedin pardld

41. The series capacitors add reciprocally, and then the parallel combination is found by adding linearly.

-1 1 1

1 1 C C C,+C C.C
C,=C+|l—+—| =C+| —=—+—=| =C+ =t | C, +—2=-
C, C, CC, CC, C.C, C,+C,

42. For each capacitor, the charge is found by multiplying the capacitance times the voltage. For C , the
full 45.0 V is across the capacitance, so Q =CV =(22.6x10 °F)(45.0V) =1.02x10°C. The

equivalent capacitance of the series combination of C, and C, hasthe full 45.0 V acrossit, and the
charge on the series combination is the same as the charge on each of the individual capacitors.

-1
1 1) C ! i
C, = (E+%J == Q=C,V=3(226x10°F)(450V) =339x10°C

To summarize: |Q =1.02x10°C  Q,=Q, =3.39x10°C

43. Capacitorsin series have the same charge, so Q, =24.04C. The voltage on a capacitor is the charge
on the capacitor divided by the capacitance.

Adding the two voltages together gives V =V, +V, =3.00V . Thisisalso V,. Thechargeon C, is
found from the capacitance and the voltage: Q = C\V, =(16.0uF)(3.00V) = 48.0xC.

Q =48.0uC,V, =300V Q,=240uC,V, =150V Q,=24.0uC,V, =150V
V =3.00V

44. Find the equivalent capacitance, and then calculate the stored energy using Eqg. 17-10, PE = %CV2 .
The series capacitors add reciprocally, and then the parallel combination is found by adding linearly.

1
c, =C+(%+%) ~3C PE=1CV?=13(72x10°F)(78V) =[33x107]
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45.

46.

47.

48.

49,

When the capacitors are connected in series, they each have the same charge as the net capacitance.

1 1) 1 1 -
a = = =C V =| =—4— V = =+ 90V
@ Q=Q=Q=C4 [cl Cz] (OAOXIOGIUF O.60><106,L1Fj( )
=2.16x10°C
2.16x10°C 2.16x10°C
=2 2100 © oy] v =200 ©_phy
C.  040x10°F C, 060x10°F

1 2
() Q=Q =Q,=216x10°C~[22x10°C
When the capacitors are connected in parallel, they each have the full potential difference.

© V,=[90v] V,=[00v| Q=CV,=(040x10°F)(9.0V)=|36x10°C

1

Q, =C,\V, =(0.60x10°F)(9.0V) =|5.4x10°C

(&) Thetwo capacitorsarein paralel. Both capacitors have their high voltage plates at the same
potential (the middle plate), and both capacitors have their low voltage plates at the same
potential (the outer plates, which are connected).

(b) The capacitance of two capacitorsin parallel isthe sum of the individual capacitances.

A &A 11
C=cl+02:%+g°—= g°A[F+_j

d d

1 2 1 2

The energy stored by a capacitor is given by Eq. 17-10, PE=<CV?.

PEja =3PE s — %Cfinel\/fiznal = S%Cinitial\/i;tiel
One simple way to accomplish thisistohave C, , =3C_., and V, , =V _... Inorder to keep the

voltage the same for both configurations, any additional capacitors must be connected in [parallél| to
the original capacitor. In order to triple the capacitance, we recognize that capacitors added in

paralel add linearly. Thusif a capacitor of value 2C =|500pF|were connected in parallel to the

original capacitor, the final capacitance would be 3 times the original capacitance with the same
voltage, and so the potential energy would triple.

Capacitors in series each store the same amount of charge, and so the capacitance on the unknown
- Qg 125x 10“C

. =0.676V .
¥ C, 185x10°F

Thus the voltage across the unknown capacitor is 25V -V,,, = 25V - 0.676V = 24.324V . The
capacitance can be calculated from the voltage across and charge on that capacitor.
c :9 _ 125x10*C
VvV 24324V

capacitor is 125 pC. The voltage across the 185-pF capacitor is 'V,

= |[5.14pF

From Eq. 19-7, the product RC isegual to the time constant.

3.0
r=RC - R=L-—25___Nox10°Q
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(@ From Eqg. 19-7. the product RC is equal to the time constant.

35.0x10°°
[=RC — C=L_22%2 S [533,10°F

R 150x10°Q
(b) Sincethe battery has an EMF of 24.0 V, if the voltage across the resistor is 16.0 V, the voltage
across the capacitor will be 8.0V asit charges. Use the expression for the voltage across a
charging capacitor.

V, t V,
O

T

V. 8.0V
t=—7ln| 1-—< |=—(35.0x10°s)In| 1-—— =_1.42><10’55
( Ej ( ) ( 24.ovj

51. The voltage of the discharging capacitor is given by V. =V0e"/ "¢ . The capacitor voltageisto be
0.010V,.

V. =Ve’™ - 0010V, =Ve'™ - 0010=e'® - |n(o.01o)=—RLC —
t=—RCIn(0.010) = —(6.7x10'Q)(3.0x10°F)In(0.010) =

52. (a) With the switch open, theresistors are in series with each other. Apply the loop rule clockwise
around the left loop, starting at the negative terminal of the source, to find the current.
24V

R+R  88Q+440
The voltage at point ais the voltage across the 4.4Q) -resistor.

V, = IR, = (1818A)(4.4Q) =[8.0V

(b) With the switch open, the capacitors are in series with each other. Find the equivalent
capacitance. The charge stored on the equivalent capacitance is the same value as the charge
stored on each capacitor in series.

0.48uF)(0.24uF
i:i+i RN Ceq: ClCZ :( A )( i )2016ﬂl:

C, C C C,+C, (0.48uF+0.24uF)

&
Q,=VC, = (24.0V)(0.16uF) =3.84uC=Q, =Q,
The voltage at point b is the voltage across the 0.24F-capacitor.

V-IR-IR,=0 — |= —1.818A

V. ==2=——7-——=[16V

(c) Theswitchisnow closed. After equilibrium has been reached along time, there is no current
flowing in the capacitors, and so the resistors are again in series, and the voltage of point a must
be 8.0 V. Point b is connected by a conductor to point a, and so point b must be at the same

potential as point a, [8.0V|. This also means that the voltage across C, is8.0 V, and the

voltage across C, is16 V.
(d) Find the charge on each of the capacitors, which are no longer in series.
Q =V,C, =(16V)(0.48uF) = 7.68uC

Q, =V,C, =(8.0V)(0.241F) =1.92uC
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When the switch was open, point b had a net charge of 0, because the charge on the negative
plate of C, had the same magnitude as the charge on the positive plate of C,. With the switch
closed, these charges are not equal. The net charge at point b is the sum of the charge on the
negative plate of C, and the charge on the positive plate of C,.

Q =-Q+Q,=-7.68uC+1.92uC=-5.76.C

Thus |5.76,uC| of charge has passed through the switch, from right to left.

53. Theresistanceisthe full-scale voltage multiplied by the sensitivity.

R=V,,, (sensitivity) =(250V')(30,0000/V) =[7.5-10°]

scale

54. Thefull-scale current isthe reciprocal of the sensitivity.

| =;= or S0uA

scae 20, 000 Q/V

(@) To make an ammeter, a shunt resistor must be placed in parallel with the galvanometer. The
voltage across the shunt resistor must be the voltage across the galvanometer. See Figure 19-30
for acircuit diagram.

Vshunt=VG - (Ifun_ls)&mm: GR: -
LR, (80x10°A)(30Q)R,
_ - _-o 10°Q
R (lw=1s)  (30A-50x10°A)

(b) To make avoltmeter, aresistor must be pl aced in series with the galvanometer, so that the
desired full-scale voltage corresponds to the full scale current of the galvanometer. See Figure
19-31 for acircuit diagram.

vV 250V
\/fullscalezlG(RserJrR‘:) - &=%—Rs=m—309=5.0x1069
G

56. (a) The current for full-scale deflection of the galvanometer is

I, = _1_ — = 1 =2.857x10°A
sensitivity 35,0000/ V
To make an ammeter, a shunt resistor must be placed in parallel with the galvanometer. The
voltage across the shunt resistor must be the voltage across the galvanometer. The total current
istobe 2.0 A. SeeFigure 19-30 for acircuit diagram.

lele =ILR —

I _ 2857x10°A
—1. % 20A-2857x10°A

G

|
R ZI_GrG = (20Q2) = 2.857x10'Q)

full
~[2.9x10*Q in pardle

(b) To makeavoltmeter, aresistor must be placed in series with the galvanometer, so that the
desired full scale voltage corresponds to the full scale current of the galvanometer. See Figure
19-31 for acircuit diagram. Thetotal current must be the full-scale deflection current.
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Vfuu :IG(rG+R) -

V, 1.0v - ,
R=-1 1, =—————-20.0Q =34981Q ~ (35kQ in series
ls 2.857x10°A
57. To make avoltmeter, aresistor R, must be placed e
in series with the existing meter so that the desired |
full scale voltage corresponds to the full scale e R,
current of the galvanometer. We know that 10 mA —
produces full scale deflection of the galvanometer, P Y R
so the voltage drop across the total meter must be 10~ e "
V when the current through the meter is 10 mA.
1
1
Via =1 =1 +| —+ N
w,” e " | R [RG ij
Vu (1 1Y 1ov 1 1)
Ry ===~ —+ = — - + =999.8Q ~[1.0x10°Q
(P R R 10x10°A (30QQ 0.2Q

.. ... 10x10°Q
The sensitivity is ————— - 100Q/V
y is = ——=[1000/V]

58. If the voltmeter were ideal, then the only resistance in the circuit would be the series combination of
the two resistors. The current can be found from the battery and the equivalent resistance, and then
the voltage across each resistor can be found.

R, =R+R =38kQ+27kQ =65k | =~ =BV

"R, 65x10°Q
V, = IR =(6.923x10A)(38x10°Q) = 26.31V
V, =R, =(6.923x10A )(27x10°Q) =18.69V

Now put the voltmeter in parallel with the 38 kQ resistor. Find its equivalent resistance, and then
follow the same analysis as above.

(s ;jlzm

+
38kQ 95k

=6.923x10*A

Vv 45V
Ry =R, +R =27.1kQ+27kQ=541kQ | =—=———=8318x10"A

R, 541x10°Q
V, =V, = IR, =(8318x10"A)(27.1x10°Q) = 2254V ~[225V

26.31V — 22.54V
% error = 6,31V %100 =]14% too low

And now put the voltmeter in parallel with the 27 kQ resistor, and repeat the process.
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v lemm

+
27kQ  95kQ

Y%
Ry =R, +R =210kQ+38kQ=50.0kQ | =—=————=7.627x10"A

V, =V, = IR, =(7.627x10*A )(2L.0x10°Q) =16.02V ~[16.0V]

18.69V -16.02V
% error =WX1OO =114% too low

59. Thetotal resistance with the ammeter present is R, =1293Q . The voltage supplied by the battery is

found from Ohm’s law t0 be V,,,, = IR, =(5.25x10°A)(1293Q2) = 6.788V . When the ammeter is

removed, we assume that the battery voltage does not change. The equivalent resistance changes to
R, =1230Q, and the new current is again found from Ohm’s law.

Vi
| =2 6.788V _ 552x10°A

R, 12300

60. Find the equivalent resistance for the entire circuit, and |

then find the current drawn from the source. That ' E
current will be the ammeter reading. The ammeter and 0.5002
voltmeter symbols in the diagram below are each 9.0ka 9.0ka

assumed to have resistance. - '
(900002) (150000) LC)—‘

R, =1.0Q+0.50Q+9000Q +
(90002 +1500002)

=14626.5Q2 ~ 1463002
. _E _1aov
=R, 146300

The voltmeter reading will be the source current times the equivalent resistance of the resistor—
voltmeter combination.

=[8.20x10*A

V. = —(820 10*‘A)(90009)(150009)— 4.61V
e = lore g =(5:20 (9000Q +15000Q) =

61. The sengitivity of the voltmeter is 1000 ohms per volt on the
3.0 volt scale, so it has aresistance of 3000 ohms. The
circuit is shown in the diagram. Find the equivalent
resistance of the meter—resistor parallel combination and the R R
entire circuit.

ATAVaY
R - 1.1 i __RR :(3000Q)(94oog):2274Q 4®J
R R, R,+R  3000Q+9400Q R

R, =R+R =2274Q+9400Q2 =11674Q

Using the meter reading of 2.0 volts, calculate the current into the parallel combination, which isthe
current delivered by the battery. Use that current to find the EMF of the battery.

m
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_ V.20V
R~ 2274Q

E = IR, =(8.795x10* A)(11674Q) =10.27V ~

=8.795x10* A

62. We know from Example 19-15 that the voltage across the resistor without the voltmeter connected is
4.0 V. Thusthe minimum acceptable voltmeter reading is 97% of that: (0.97)(4.0V) =3.88V. The
voltage across the other resistor would then be 4.12 V, which is used to find the current in the circuit.

This current is used with the voltmeter reading to find the equivalent resistance of the meter—resistor
combination, from which the voltmeter resistance can be found.

V., 3.88V

— —comb _ ~14,120Q
Rom | 2.747x10°A
1 1 1 1 1 1

= — N =
Rt:omb R.L Rnaer Rnaer Roomb Rl

_ RR,, _(150000)(14,120Q)
S TRR,,  15,0000-14,1200

= 240, 70002 ~ | 240kQ

63. By calling the voltmeter “high resistance,” we can assume it has no current passing through it. Write
Kirchhoff’s loop rule for the circuit for both cases, starting with the negative pole of the battery and
proceeding counterclockwise.

Cael:V,, =V,=IR E-Ir-IR=0 — E=I1(r+Rl):%(r+Rl)
Cee2V,_ =V,=1,LR E-Isr-1,R=0 — E=I2(r+RZ)=%(r+RZ)

Solve these two equations for the two unknownsof E and r .

B (T 4R)=2(1+R) >

V,-Vv, ) 81V -9.7V B -
r=RR (—Vle _VZRJ = (359)(9.0(:)[(9_7\/)(9.0(2) _(8_1\/)(35(2)} = 25690 ~[2.60
v, 97V _ Ry
E :E(r +R) =7 (25690+350) =1041V = [104V

64. We can use avoltage divider circuit, as discussed in Example 19-3. The current to be passing
through the body is given by Ohm’s law.

| Voo 025V
R, 2000Q
Thisisthe current in the entire circuit. Usethisto find the resistor to put in series with the body.

Vbanery = I (Rbody +Rﬁi&s) -

=1.25x10"A
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65.

66.

67.

68.

\ 9.0V

_ ey o 9OV
Rere | Ry 1.25x10*A

—2000Q = 70000Q2 =[70kQ

(@ Since P =V2/ R and the voltage is the same for each combination, the power and resistance are

inversely related to each other. So for the| 50 W output, use the higher-resistance filament | .
For the| 100 W output, use the lower-resistance filament |. For the| 150 W output, use the
| filamentsin parallel | .
V? 120V)* 120V)*
b P=V’/R - R=— R _(2V) 680 <2900 R _B2OV) 10 ~fa0n
P 50w 100w

Asacheck, the parallel combination of the resistors gives the following.

R - RR, :(288Q)(144Q):96Q P:v_zz(lzov)
R+R, 288Q+1440Q R  96Q

=150W .

The voltage drop across the two wiresisthe 3.0 A current times their total resistance.
Ve = IR = (3.0A)(0.0065(2/m)(190m) R =[3.7V

\Y

wires

Thus the voltage applied to the apparatusis V = =120V -3.7V =116.3V =|116V|.

source

The equivalent resistance is the series sum of all the resistances. The current is found from Ohm’s

law.
|=—- 220:/ =0.00733A ~[7x10”°A
R, 3x10°Q
Thisisabout 7 milliamps, and 10 milliampsis considered to be a dangerous level in that it can cause
sustained muscular contraction. The 7 milliamps could certainly be felt by the patient, and could be
painful.

(&) When the capacitors are connected in parallel, their equivaent capacitance is found from Eq.
19-5. The stored energy is given by Eq. 17-10.
C,, =C,+C, =L00uF ; E=4C,V*=2(L00x10°F)(45V)’ =
(b) When the capacitors are connected in parallel, their equivaent capacitance is found from Eq.
19-6. The stored energy is again given by Eq. 17-10.
1 1 1 CC, (0.40uF)(0.604F)

_———— Ceq: = =0.24uF
C. C C, C,+C, 1.00uF

e
E=1C,V?=4(0.24x10°F)(45V)’ =
(c) Thechargeisfound from Eq. 17.7, Q=CV .
Q. =(C,).V =(1.004F)(45V ) =[45.C

Q, =(C.,),V =(0244F)(45V) =1084C ~ [L1uC]
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69. The capacitor will charge up to 63% of its maximum value, and then discharge. The charging timeis
the time for one heartbeat.

Imin 60s
X

e = — =0.8333s
72bests 1min

t
V=VO[1—eRCJ - 0.63V0=Vo(1—eR°j - e =037 > (—tbﬁ}ln(o.s?) —
RC

R b _ 0.8333s :

CIn(0.37)  (7.5x10°F)(-0.9943)

70. (a) Apply Ohm’slaw to find the current.

\ 110V
=Y — _——=0.116A ~|0.12A

Ry 9500
(b) The description of “adternative path to ground” is a statement that the 45Q pathisin parallel

with the body. Thusthefull 110V is still applied across the body, and so the current is the
same: |0.12A].

(c) If thecurrentislimited to atotal of 1.5 A, then that current will get divided between the person
and the parallel path. The voltage across the body and the parallel path will be the same, since
they arein parallel.

Vbody :Valterante - IbodyRoody = Ianernae&temae = ( I totd Ibody) Ranemale -

oy = _ Riome _ (1.5A)£ - 0.0678A ~[68mA
(way + &We) 950Q +45Q

Thisis still avery dangerous current.

71. (a) If the ammeter shows no current with the closing of the switch, then points B and D must be at
the same potential, because the ammeter has some small resistance. Any potentia difference
between points B and D would cause current to flow through the ammeter. Thus the potential
drop from A to B must be the same as the drop from A to D. Since points B and D are at the
same potential, the potential drop from B to C must be the same asthe drop from D to C. Use
these two potential relationships to find the unknown resistance.

I
Vea =Vou = LR=IR — %2_1

|3

VCBZVCD - Iaszlle - RZRZ%Z RZE

SR 4260 _
(b R=R = (972Q)(—6309j 65.7Q
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R

72. From the solution to problem 71, the unknown resistanceisgiven by R = RZE . We use that with

Eg. 18-3 to find the length of the wire.
3 &_p_L_ pL  dpL
RRzd® (4600)(3480)7(9.20x10*m)’
~ 4Rp 4(3800)(106x10°Cem)

L =(26.4m

73. There are eight values of effective capacitance that can be obtained from the four capacitors.
All four inparalld: ~ C_ =C+C+C+C=[4c]

11 1 1Y
All four in series: Ceq:(—+—+—+—j =[:C
cC CcC CZCcC
(Threein parallel) in series with one:
1 1 1 1 1 4
—=———+—=—+—=— - C_ =|3C
¢, C+C+C C 3€C C

(Two in paral€l) in series with (two in parallel):

1 1 1 1 1 2
—_——— = - — === 5 c_=[c]

¢, C+C C+C 2€¢ 2 2C * .
(Two in paralel) in serieswith (two in series)

1 1 1 1 1 2 5

- —_— o=l -lzc

C ciC c C 2c Cc 2¢ i

e
(Two in series) in paralel with (two in series)

1 1Y (1 1Y\' (2" (2" Cc C
Ceqz(_Jr_j +(_+_j :(_) +(—j =—4+—=C notanew value
cC C cC C C C 2 2

(Threein series) in parallel with one.

1 1 1Y -
C =(—+—+—j +C=(Ej +C=[2C
“ C C C C

(Two in series) in parallel with (two in parallel)

1 1)" 2\"
Ceqz(—+—j +C+C:(—j +2C=|2C
CcC C C

((Two in series) in paralel with one) in series with one

-1
1 1 1\" 1 T 1 o2 1
—=[(—+—j +C} +E={%+C} +—=—+—=i — C_=[|2C

C c C

eq

74. (a) From the diagram, we see that one group of 4 plates is connected together, and the other group
of 4 platesis connected together. This common grouping shows that the capacitors are
connected :

(b) Sincethey are connected in parallel, the equivalent capacitance is the sum of the individual
capacitances. The variable areawill change the equivalent capacitance.
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A
Ceq =7C= 7SOE
)
C,p, = Ty 2 7(8.85x10™ C*/ N.mz)(Z.Oxl—O_m) =8.3x10™°F
d (15x10°m)
-4 2
C..= 750% =7(885x10 " C*/ N.mz)—(9'5X10_ ) =39x10™F
d (15x10°m)

And so therangeis |from 8.3pF to 39pH|.

75. Theterminal voltage and current are given for two situations. Apply Eg. 19-1 to both of these
situations, and solve the resulting two equations for the two unknowns.
V,=E-Ir ; V,=E-Ir - E=V+Ir=V,+lr -
. V,-V, 47.3V-408V
l,—-1, 7.40A-220A

1.250| ; E =V, +1,r =408V +(7.40A)(1.25Q) =[50.1v

76. Oneway isto connect N resistorsin series. |f each resistor watt can dissipate 0.5 W, then it will take
7 resistorsin seriesto dissipate 3.5 W. Since the resistors are in series, each resistor will be 1/7 of
the total resistance.

R:&: 22000

-
So connect ‘ 7 310Q resistors, each rated at Y2 W, in series|.

Or, the resistors could be connected in parallel. Again, if each resistor watt can dissipate 0.5 W, then
it will take 7 resistorsin parallel to dissipate 3.5W. Sincetheresistorsarein parallel, the equivalent
resistance will be 1/7 of each individual resistance.

i:7(%j — R=TR, =7(22000Q) = 154kQ

R

So connect ‘ 7 15.4kQ) resistors, each rated at Y2 W, in parallel |.

=3140Q ~ 310Q

77. There are two answers because it is not known which direction the given current is flowing through
the 4.0kQ resistor.

Assume the current isto the right. The voltage acrossthe 4.0kQ resistor is given by Ohm’slaw as
V = IR=(350x10"°A)(4000Q) =14V . The voltage drop acrossthe 8.0kQ must be the same,

vV 14V
and the current through itis | = E = =1.75x10°A . Thetota current in the circuit isthe

80000

sum of the two currents, and so |, =5.25x10°A . That current can be used to find the terminal

voltage of the battery. Write aloop equation, starting at the negative terminal of the unknown
battery and going clockwise.

Vv, —(5000Q)1,, -14.0V -12.0V - (1.0Q) |

%

tot

V,, = 26.0V +(5001Q2)(5.25x10°A ) =[52.3V

If the current is to the left, then the voltage drop across the parallel combination of resistorsis till
14.0 V, but with the opposite orientation. Again write aloop equation, starting at the negative
terminal of the unknown battery and going clockwise. The current is now to the left.
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V,, +(5000Q) 1, +14.0V ~12.0V+(1.0Q)1, -
V,, =-2.0V - (5001Q2)(5.25x10°°A ) =|-28.3V

78. The potentia differenceis the same on each half of the capacitance, so it can be treated as two
capacitorsin parallel. Let the original plate area be A and the distance between the plates be d. Each
of the “new” capacitors has half the area of the original capacitor.

CO=50§ C1=Klgo% C,=Ks A/Z

C,, =C+GC,= KgA/T+KgA/2 d(K Kj co(u)

d 2 2 2

79. There are threeloops, and so there are three . 10k 15ko

loop equations necessary to solve the circuit.

We identify five currentsin the diagram, and so Epe— |

we need two junction equations to completethe 14V TI U2k 20k S| s | T
1 2

18V

analysis.
Lower left junction: |, =1, +1, /|

Lower right junction: 1, =1,+1, | |
: 12v
L eft loop, clockwise: 14V -100001, -120001, =0

Right loop, counterclockwise: 18V —15000I, — 200001, =0
Bottom loop, counterclockwise: 12V + 200001, —120001, =0

14-100001, -12000(1,+1,)=0 — 14—220001,-12000l, =0
18-15000( 1, +1,)—20000I, =0 — 18-15000I, —350001, =0
124200001, ~12000(1, +1,)=0 — 12-120001, —120001, +20000I, = 0

14120001, | _ 18-150001,
L 22000 ° 35000
12_12000{%} ~ 120001, + 20000[& 5000'3} 0

12-£(14-120001, ) — 120001 , +2[18-150001,, | = 0
12-2£14+418=(12000+4£15000—£12000) | ,

14.65
14.65=140261, — | 6—1044 x10°A

3=

14-120001, 14-12000(1.044x10°)
22000 22000

=[6.7x10°A, upward

@ I,=

(b) Referenceall voltagesto the lower left corner of the circuit diagram. Then V, =14V,
V, =12V +18V =30V, and V, -V, =14V -30V =|-16V|.
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80. To build up ahigh voltage, the cells will have to be put in series. 120V is needed from a series of

0.80V cells. Thus ();ﬂ =150 cells are needed to provide the desired voltage. Since these

0V/cell

cellsareal in series, their current will all be the same at 350 mA. To achieve the higher current
desired, banks made of 150 cells each can be connected in parallel. Then their voltage will still be at

120V, but the currents would add making atotal of 100A = 2.86 banks ~ 3 banks. So

350x10°° A/bank

the total number of cellsis [450 cells|. The panel areais 450 calls(9.0x10™ m’/cell) =[0.405m°.

The cells should be wired in| 3 banks of 150 cellsin series per bank, with the banks in parallel | .
Thiswill produce 1.05 A at 120 V. To optimize the output, | always have the panel pointed directly|

:

81. (a) If theterminal voltageisto be 3.0V, then the voltage across R will be 9.0 V. This can be used
to find the current, which then can be used to find the value of R,.

V
\/l=| I:—l V2:|
R — R R —

v, _V, 3.0V
=—2=R-2=(1000Q)=— =3333Q ~[3.3Q
=R v, (1002)559

(b) If theload has aresistance of 7.0€2, then the parallel combination of R, and the load must be

used to analyze the circuit. The equivalent resistance of the circuit can be found and used to
calculate the current in the circuit. Then the terminal voltage can be found from Ohm’s law,
using the parallel combination resistance.

3.330)(7.0Q
Ry = e (3350)(709) _; 60 R, = 2.26Q+10.0Q =12.260
R+R, 10330

V. 120V
R, 1226Q
The presence of the load has affected the terminal voltage significantly.

-0978A V., =IR,, =(09788A)(226Q) =221V ~[2.2Vv

82. (a) Thelight will first flash when the voltage across the capacitor reaches 90.0 V.

V=E (1— eé}
90

t=—RCIn(l—l]=—(2.35x106Q)(0.150x1 'GF)In(l——jz 0.686s| —
E 105

(b) We see from the equation that t « R, and so if Rincreases, the|time will increase| .

() The capacitor discharges through a very low resistance (the lamp), and so the discharge time
constant is very short. Thusthe flash isvery brief.

(d) Oncethe lamp has flashed, the stored energy in the capacitor is gone, and there is no source of
charge to maintain the lamp current. The lamp “goes out”, the lamp resistance increases, and
the capacitor startsto recharge. It charges again for about 0.686 seconds, and the process will
repeat.
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83. If the switches are both open, then the circuit isasimple series circuit. Use Kirchhoff’sloop ruleto

find the current in that case.

6.0V
6.0V -1 (50(2+20§2+10(2)=0 - | =%=0.075A

If the switches are both closed, the 20-Q resistor isin paralel with R. Apply Kirchhoff’s loop rule to
the outer loop of the circuit, with the 20-Q resistor having the current found previously.
6.0V —(0.075A)(20Q)

50Q

Thisisthe current that flows into the parallel combination. Since 0.075 A isin the 20-Q resistor,
0.015 A must bein R. The voltage drops across R and the 20-Q resistor must be the same, since they
arein paralel.

I
Vo=V = IR, =R — RZ%OI_ZOZ(ZOQ)

R

6.0V -1(50Q)-(0.075A)(20Q)=0 — | =0.090A

0.075A

=[100Q2
0.015A

. The current in the circuit can be found from the resistance and the power dissipated. Then the
product of that current and the equivalent resistance is equal to the battery voltage.

/P f.
P=I’R - | = ﬁ: 0353(?2/\/:0.12%
3
1 1

-1
R, = 339+(—+ﬁ) =68.83Q V =IR, =(0.123A)(68.83Q2) =8.472V ~[85V

6802

85. (a) The12-Q andthe 30-Q resistors are in parallel, with anet resistance R , asfollows.

12Q  30Q
R, isin serieswith the 4.5-Q resistor, for anet resistance R ,, asfollows.
R,,=45Q+857Q=13.07Q

That net resistance isin parallel with the 18-Q resistor, for afinal equivalent resistance as
follows.

-1
1 1
R, =( + j =857Q

-1

1 1
R, = +——1 =757Q=|7.6Q
13.07Q2 18Q

(b) Find the current in the 18-Q resistor by using Kirchhoff’s loop rule for the loop containing the
battery and the 18-Q resistor.

E_IlsR.LS:O - |1s:

E 60V
R, 18Q
(c) Findthecurrentin R, and the 4.5-Q resistor by using Kirchhoff’sloop rule for the outer loop

0.33A

containing the battery and theresistors R, and the 4.5-Q resistor.

E 6.0V
E_|1-2R1-2_|1.2R45=0 il I]_.z = = =0.459A
' R,+R, 13.07Q
This current divides to go through the 12-Q and 30-Q resistors in such away that the voltage

drop across each of them isthe same. Use that to find the current in the 12-Q resistor.
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Chapter 19 DC Circuits

lo=lptly = Ip=l,-1,

VRZ :V&D - 1,R, =1,Ry :(|1-2 - |12)R3o -
30Q

I, = |1_2L= (0.459A)——=|0.33A
(R;+Ry) 420

(d) Thecurrent in the 4.5-Q resistor was found aboveto be I, , = 0.459A . Find the power

accordingly.
P, =12R,, =(0.459A)° (45Q) =|0.95W

12" Y45 T

86. (a) We assume that the ammeter isideal and so has O resistance, but that the voltmeter has
resistance R,. Then apply Ohm’slaw, using the equivalent resistance. We also assume the

voltmeter is accurate, and so it is reading the voltage across the battery.

V=IR, =1 T 11 - V[%+%j=l — %-F%:\I/— -

— =

R R
(b) We now assume the voltmeter isideal, and so has an infinite resistance, but that the ammeter
hasresistance R,. We also assume that the voltmeter is accurate and so is reading the voltage

across the battery.

poll I

1 1
VR

V=IR =I(R+R,) — R+RA=\I/— > |R=T-R,

87. Write Kirchhoff’sloop rule for the circuit, and substitute for the current and the bulb resistance
based on the bulb ratings.

Vi Vi P,
P =20 R :% P = LoV > o = Vb 2
bulb bulb bulb
E— 1R TR =0 -
R=— - R = E Vo (E =Va) =ﬂ(9.ov—3.ov) =72
| it Pbulb/vbulb Poo  Fub 2.5W
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