CHAPTER 26: DC Circuits

Responses to Questions

Even though the bird’s feet are at high potential with respect to the ground, there is very little
potential difference between them, because they are close together on the wire. The resistance of the
bird is much greater than the resistance of the wire between the bird’s feet. These two resistances are
in parallel, so very little current will pass through the bird as it perches on the wire. When you put a
metal ladder up against a power line, you provide a direct connection between the high potential line
and ground. The ladder will have a large potential difference between its top and bottom. A person
standing on the ladder will also have a large potential difference between his or her hands and feet.
Even if the person’s resistance is large, the potential difference will be great enough to produce a
current through the person’s body large enough to cause substantial damage or death.

Series: The main disadvantage of Christmas tree lights connected in series is that when one bulb
burns out, a gap is created in the circuit and none of the bulbs remains lit. Finding the burned-out
bulb requires replacing each individual bulb one at a time until the string of bulbs comes back on. As
an advantage, the bulbs are slightly easier to wire in series.

Parallel: The main advantage of connecting the bulbs in parallel is that one burned-out bulb does not
affect the rest of the strand, and is easy to identify and replace. As a disadvantage, wiring the bulbs
in parallel is slightly more difficult.

Yes. You can put 20 of the 6-V lights in series, or you can put several of the 6-V lights in series with
a large resistance.

When the bulbs are connected in series, they have the same current through them. R,, the bulb with
the greater resistance, will be brighter in this case, since P = ?’R. When the bulbs are connected in
parallel, they will have the same voltage across them. In this case, R;, the bulb with the lower
resistance, will have a larger current flowing through it and will be brighter: P = V?/R.

Double outlets are connected in parallel, since each has 120 V across its terminals and they can be
used independently.

Arrange the two batteries in series with each other and the two bulbs in parallel across the combined
voltage of the batteries. This configuration maximizes the voltage gain and minimizes the equivalent
resistance, yielding the maximum power.

The battery has to supply less power when the two resistors are connected in series than it has to
2

supply when only one resistor is connected. P =1V = 7, so if V' is constant and R increases, the

power decreases.

The overall resistance decreases and more current is drawn from the source. A bulb rated at 60-W
and 120-V has a resistance of 240 Q. A bulb rated at 100-W and 120-V has a resistance of 144 Q.
When only the 60-W bulb is on, the total resistance is 240 Q2. When both bulbs are lit, the total
resistance is the combination of the two resistances in parallel, which is only 90 Q.

No. The sign of the battery’s emf does not depend on the direction of the current through the battery.
Yes, the terminal voltage of the battery does depend on the direction of the current through the
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battery. Note that the sign of the battery’s emf in the loop equation does depend on the direction the
loop is traversed (+ in the direction of the battery’s potential, — in the opposite direction), and the
terminal voltage sign and magnitude depend on whether the loop is traversed with or against the
current.

When resistors are connected in series, the equivalent resistance is the sum of the individual
resistances, Reqseries = K1 T R» + ... The current has to go through each additional resistance if the
resistors are in series and therefore the equivalent resistance is greater than any individual resistance.
In contrast, when capacitors are in parallel the equivalent capacitance is equal to the sum of the
individual capacitors, Ceqparatel = C1 + C> + .... Charge drawn from the battery can go down any one
of the different branches and land on any one of the capacitors, so the overall capacitance is greater
than that of each individual capacitor.

When resistors are connected in parallel, the current from the battery or other source divides into the
different branches and so the equivalent resistance is less than any individual resistor in the circuit.
The corresponding expression iS 1/Reqparatiel = I/R1 + 1/R, + .... The formula for the equivalent
capacitance of capacitors in series follows this same form, 1/Ceqeries = 1/C1 + 1/C, + .... When
capacitors are in series, the overall capacitance is less than the capacitance of any individual
capacitor. Charge leaving the first capacitor lands on the second rather than going straight to the
battery.

Compare the expressions defining resistance (R = V/I) and capacitance (C = O/V). Resistance is
proportional to voltage, whereas capacitance is inversely proportional to voltage.

When batteries are connected in series, their emfs add together, producing a larger potential. The
batteries do not need to be identical in this case. When batteries are connected in parallel, the
currents they can generate add together, producing a larger current over a longer time period.
Batteries in this case need to be nearly identical, or the battery with the larger emf will end up
charging the battery with the smaller emf.

Yes. When a battery is being charged, current is forced through it “backwards” and then Vigmina =
emf + 17, $O Vigrmina > emf.

Put the battery in a circuit in series with a very large resistor and measure the terminal voltage. With
a large resistance, the current in the circuit will be small, and the potential across the battery will be
mainly due to the emf. Next put the battery in parallel with the large resistor (or in series with a
small resistor) and measure the terminal voltage and the current in the circuit. You will have enough
information to use the equation Viemina = emf — Ir to determine the internal resistance 7.

No. As current passes through the resistor in the RC circuit, energy is dissipated in the resistor.
Therefore, the total energy supplied by the battery during the charging is the combination of the
energy dissipated in the resistor and the energy stored in the capacitor.

(a) Staysthe same; (b) Increases; (c) Decreases; (d) Increases; (e) Increases;
(f) Decreases; (g) Decreases; (k) Increases; (/) Remains the same.
The capacitance of a parallel plate capacitor is inversely proportional to the distance between the

plates: (C = ¢gyd/d). As the diaphragm moves in and out, the distance between the plates changes
and therefore the capacitance changes with the same frequency. This changes the amount of charge
that can be stored on the capacitor, creating a current as the capacitor charges or discharges. The
current oscillates with the same frequency as the diaphragm, which is the same frequency as the
incident sound wave, and produces an oscillating Vugpu.
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See the adjacent figure. If both switches are connected to the 2
same wire, the circuit is complete and the light is on. If they are 2 .
connected to opposite wires, the light will remain off. 2

In an analog ammeter, the internal resistor, or shunt resistor, has a small value and is in parallel with
the galvanometer, so that the overall resistance of the ammeter is very small. In an analog voltmeter,
the internal resistor has a large value and is in series with the galvanometer, and the overall
resistance of the voltmeter is very large.

If you use an ammeter where you need to use a voltmeter, you will short the branch of the circuit.
Too much current will pass through the ammeter and you will either blow the fuse on the ammeter
or burn out its coil.

An ammeter is placed in series with a given circuit element in order to measure the current through
that element. If the ammeter did not have very low (ideally, zero) resistance, its presence in the
circuit would change the current it is attempting to measure by adding more resistance in series. An
ideal ammeter has zero resistance and thus does not change the current it is measuring.

A voltmeter is placed in parallel with a circuit element in order to measure the voltage difference
across that element. If the voltmeter does not have a very high resistance, than its presence in
parallel will lower the overall resistance and affect the circuit. An ideal voltmeter has infinite
resistance so that when placed in parallel with circuit elements it will not change the value of the
voltage it is reading.

When a voltmeter is connected across a resistor, the voltmeter is in parallel with the resistor. Even if
the resistance of the voltmeter is large, the parallel combination of the resistor and the voltmeter will
be slightly smaller than the resistor alone. If R, decreases, then the overall current will increase, so
that the potential drop across the rest of the circuit will increase. Thus the potential drop across the
parallel combination will be less than the original voltage drop across the resistor.

A voltmeter has a very high resistance. When it is connected to the battery very little current will
flow. A small current results in a small voltage drop due to the internal resistance of the battery, and
the emf and terminal voltage (measured by the voltmeter) will be very close to the same value.
However, when the battery is connected to the lower-resistance flashlight bulb, the current will be
higher and the voltage drop due to the internal resistance of the battery will also be higher. As a
battery is used, its internal resistance increases. Therefore, the terminal voltage will be significantly
lower than the emf: Vieyning = emf — Ir. A lower terminal voltage will result in a dimmer bulb, and
usually indicates a “used-up” battery.

(a) With the batteries in series, a greater voltage is delivered to the lamp, and the lamp will burn
brighter.

(b) With the batteries in parallel, the voltage across the lamp is the same as for either battery alone.
Each battery supplies only half of the current going through the lamp, so the batteries will last
twice as long.
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Solutions to Problems

See Figure 26-2 for a circuit diagram for this problem. Using the same analysis as in Example 26-1,

the current in the circuitis [ = . Use Eq. 26-1 to calculate the terminal voltage.

R+r
R+r)- .
(a) V;b=°é—1r=%—( ¢ )r=%( ) g R —(6.00V)— 02 503y
R+r R+r R+r (81.0+0.900) Q2
b v, =%i=(6.oov)%= 599V
R+r (810+0.900)Q

2. See the circuit diagram below. The current in the circuit is /. The voltage ¥V is given by Ohm’s law

tobe V, = IR . That same voltage is the terminal voltage of the series EMF.

by

Ve=(€-1r)+(€-1r)+(€-1r)+(€-1r)=4(€-1r) and V, =IR
€—LIR (15V)-1(045A)(12Q)
I 0.45A

=0.333Q~(03Q

4(€-Ir)=IR — r=

3. We take the low-resistance ammeter to have no resistance. The b a
circuit is shown. The terminal voltage will be 0 volts. r I\'
(1)
\ZJ

¢é 1.5V
V =¢-Ir=0 - r=—=—=[0.060Q
ab I 25A

4. See Figure 26-2 for a circuit diagram for this problem. Use Eq. 26-1.

€-V 12.0V -84V
V =¢é-Ir > r= b — =10.038Q2
ab I 95 A

V., 84V
—IR > R=—%2-""__
I 95A

v

ab

0.088€2

5. The equivalent resistance is the sum of the two resistances: (|
R _ =R +R,. The current in the circuit is then the voltage ' \
“ ¢ I
AYAVAY

€ €
divided by the equivalent resistance: [ =—= . The

R, R+R A
R, R,

voltage across the 2200-C resistor is given by Ohm’s law.

€ 2200Q

1?2
=IR, = R =% =(120V)————=
R +R, R +R 650Q + 22000

v,

2200

93V

2
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(a) For the resistors in series, use Eq. 26-3, which says the resistances add linearly.
R, =3(45Q)+3(65Q)={330Q

(b) For the resistors in parallel, use Eq. 26-4, which says the resistances add reciprocally.

1 1 1 1 1 1 1 3 3 3(6SQ)+3(4SQ)
+ + + + + = +

R, 450 450 450 650 65Q 650 450 65Q  (65Q)(45Q)

_(659)(45Q)
" 3(65Q) +3(45Q) 598

(a) The maximum resistance is made by combining the resistors in series.
R, =R +R,+ R, =680Q+720Q+1200Q =|2.60kQ

(b) The minimum resistance is made by combining the resistors in parallel.

11 11
—=—t—+— >
R, R R R

eq
-1 -1
11 1 1 1
R o=yt | 2 + + =[270Q
. (Rl R, RJ (680(2 7200 12009]

The equivalent resistance of five 100-Q resistors in parallel is found, and then that resistance is
divided by 10Q to find the number of 10-Q resistors needed.

-1 -1
11 1 1 1 5 200
R,=| —+—+—+—+—| =| —— =2OQ=n(IOQ) — n=—=
R R R R, R 1000 10Q

5

Connecting nine of the resistors in series will enable you to make

/|
a voltage divider with a 4.0 V output. To get the desired output, "¢ \
measure the voltage across four consecutive series resistors. !
€ € 5.0Q 4.00Q
R, =9(1.0Q) [=—=—r
! R, 9.0Q b a
€ 9.0V

4.0V

V,=(40Q)1= (4.09)m =(4.00) 000"

The resistors can all be connected in series.
R, =R+R+R=3(1.70kQ) =|5.10kQ

cq

The resistors can all be connected in parallel.

1 1 1 1 3 R O1.70kQ
— =—4%—+— > R =|=| =—= =-567Q
R R R R « (Rj 3 3 -

©q

Two resistors in series can be placed in parallel with the third.
1 1.1 1 1 3 R 2R 2(1.70kQ)

=—+4 ==t —=— - .
R R R+R R 2R 2R 3 3

eq
Two resistors in parallel can be placed in series with the third.

=[1.13kQ

AR R 3
R =R+(—+—j =R+—==(1.70kQ) =(2.55kQ
! R R 2 2
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—
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The resistance of each bulb can be found from its power rating. h A }—.
p? v: (120V) XN
P=— —> R=—=>——""=36Q
R P 4.0W R
Find the equivalent resistance of the two bulbs in parallel. L My ]
1 1 1 2 R 36Q
—_—————_—=— Re =—=——=18Q R
R R R R ) 2 ATATAY

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

Ve Vi 2V,
Ve=IR,6 — [=—""=—""=—25
R, R/2 R
Finally, use the terminal voltage and the current to find the internal resistance, as in Eq. 26-1.
€V, E-V €-V, 120V-11.8V
V,=¢-Ir —> r= b = - R—2 =(36Q)———————=0.305Q~|0.3Q
I (21/,3) 20, 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 resistance is R, =8R . The current flowing through the

v
bulbs is then V,, =IR, — [I= f = ﬁ The voltage across one bulb is found from Ohm’s

eq
law.

V:[R:QR: Vi ZM:BJSVz 14V
&R 8 8

v, V. 110V
(b) I=—2 > R=—"=——7——=:32740~|33Q
8R 81 8(0.42A)

P=I"R=(042A) (32.74Q) =5.775W ~ [5.8W

We model the resistance of the long leads as a single resistor 7. Since the bulbs are in parallel, the
total current is the sum of the current in each bulb, and so 7/ =8/, . The voltage drop across the long

leadsis V, =1Ir=81,r= 8(0.24 A) (1 4 Q) =2.688V. Thus the voltage across each of the parallel

leads
=110V -2.688V =107.3V . Since we have the current through each
resistor, and the voltage across each resistor, we calculate the resistance using Ohm’s law.

V. 1073V
V=IR — R=—£= =447.1Q=450Q
ook I, 024A

R

resistorsis V, =V -V

R~ 7 tot leads

The total power delivered is P =V, I, and the “wasted” power is 1’7 . The fraction wasted is the

tot™ 2

ratio of those powers.

2
fraction wasted = rr_ ;_r = 8(0'24; ﬁ))\(fl 49) =

tot tot

So about 2.5% of the power is wasted.

The power delivered to the starter is equal to the square of the current in the circuit multiplied by the
resistance of the starter. Since the resistors in each circuit are in series we calculate the currents as
the battery emf divided by the sum of the resistances.
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2 2 2 2
P IRy (1) [¥Ry] [Rug| [ r+R
P, LR, \I, €/ Ry R, r+ R+ R,

_[ 0.02Q+0.150 T a0l

0.02Q+0.15Q+0.10Q2

15. To fix this circuit, connect another resistor in parallel with the 480-Q resistor so that the equivalent
resistance is the desired 370 Q.

-1 -1

1 1 1 1 1 1 1

—=—+— > R=|—-— ————| =1615Q~(1600Q
R, R 370Q2 480Q

So solder a 1600-Q) resistor in parallel with the 480-C resistor.

16. (a) The equivalent resistance is found by combining the 820 Q2 and 680 Q2 resistors in parallel, and
then adding the 960 Q resistor in series with that parallel combination.

-1
1 1
R, =|——+——| +960Q=372Q+960Q=1332Q ~|1330Q
(82002 680Q2
. . Vo120V 3 .
(b) The current delivered by the battery is / = — = =9.009x107 A . This is the
R, 1332Q

current in the 960 Q resistor. The voltage across that resistor can be found by Ohm’s law.
Vo =IR=(9.009x10°A)(960Q) =8.649V ~ (8.6 V

470

Thus the voltage across the parallel combination must be 12.0V —-8.6V =|3.4V|. This is the

voltage across both the 820 Q2 and 680 Q2 resistors, since parallel resistors have the same voltage
across them. Note that this voltage value could also be found as follows.

IR 9.009x10°A)(3720) =3.351V ~ 34V

I/parallel = parallel (

17. The resistance of each bulb can be found by using Eq. 25-7b, P =V / R . The two individual

resistances are combined in parallel. We label the bulbs by their wattage.
P=V*/R - L
R V

-1 -1
R :(L+LJ :((%W 2V ] —1210~[1200

R, R, 110V)"  (110V)’
18. (a) The three resistors on the far right are in series, so their equivalent A R R R
resistance is 3R. That combination is in parallel with the next & % R % R
resistor to the left, as shown in the dashed box in the second figure. R
The equivalent resistance of the dashed box is found as follows. B (@)

oY

Reql =\t = ER ______ 1
R 3R % % %?Rl
This equivalent resistance of <R is in series with the next two

resistors, as shown in the dashed box in the third figure (on the next
page). The equivalent resistance of that dashed box is R, =2R+3R="4R. This LR isin
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parallel with the next resistor to the left, as shown in the fourth
figure. The equivalent resistance of that dashed box is found as Pl k
follows. R aR|
14y A ‘i
Ry=[—+——]| =4R
R 1IR
R

This is in series with the last two resistors, the ones connected
directly to A and B. The final equivalent resistance is given below.

R,=2R+4R=4R=4(1250) =341.67Q~[3420)]

(b) The current flowing from the battery is found from Ohm’s law.

V 50.0V
Ly = R_ = m =0.1463A ~|0.146 A

cq

———

This is the current in the top and bottom resistors. There will be less current in the next resistor
because the current splits, with some current passing through the resistor in question, and the

rest of the current passing through the equivalent resistance of X' R, as shown in the last figure.

The voltage across R and across 4R must be the same, since they are in parallel. Use this to

find the desired current.
V.=V, — IL,R=1I, (4R)

11 11
R R

IR = %Ilolal = %(01463 A) [lotal = 0107A

(Itotal _IR)(HR) -

4

The resistors have been numbered in the accompanying diagram to help in
the analysis. R and R, are in series with an equivalent resistance of

R, =R+R=2R. This combination is in parallel with R,, with an

equivalent resistance of R, = (E + _Rj =2 R. This combination is in

series with R, , with an equivalent resistance of R,,, =3 R+R=3R. This

1234

combination is in parallel with R, , with an equivalent resistance of

R 5R
and we calculate the final equivalent resistance.
R, =:R+R=|2R

eq

1 3
R, = (—-1——) =< R. Finally, this combination is in series with R,

20. We reduce the circuit to a single loop by combining series
and parallel combinations. We label a combined
resistance with the subscripts of the resistors used in the
combination. See the successive diagrams.

R and R, are in series.
R,=R+R =R+R=2R

R, and R, are in parallel.

I RS TS B
R123: —t— | =t :§R
R, R, 2R R
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21.

22.

R,, and R, are in series.

123 VWA
Ry, =R, +R, = %R +R= %R Ry,
R,,, and R, are in parallel.
L L A$—W—3 C
R (1+1J (1+1j . Ry
=| — 4+ — = — 4+ — —a R
12345 8
Rl234 RS %R R ‘
R,..s and R, are in series, producing the equivalent %'
resistance. A c
Req =R+ R =3R+R=3R Ry R,
R6
Now work “backwards” from the simplified circuit. . ‘
Resistors in series have the same current as their % (éll

equivalent resistance, and resistors in parallel have the
same voltage as their equivalent resistance. To avoid rounding errors, we do not use numeric values
until the end of the problem.

é é 8¢
eq =|l—===1|=1;
Req %R 13R
8¢ V. 3% 5%
Ve =Viss =Vigsas = LinsasRinsas z(ﬁ)(%R) :%% 5 :i:%: ﬁzls
V 3¢ 3¢ 3¢
Ly, = Rllz:; :15_: ﬁz =1y 3 Vs =15R,, Z(ﬁ)(%R)Z%%ZVn =V,
V. 2¢ V ¢ é
13_—3:—213 ;]I2:_12=13_:_:]I:]2
R, [13R R, 2R 13R
Now substitute in numeric values.
é 12.0V 2€ 3%
=1, = = =10.77mA| ; I, =——=(1.54mA|; ], =——=|231mA|;
13R  13(1.20kQ) 13R 13R
5% 8%
I, =——=|385mA| ; [, =——=|6.15mA| ; V,, =V, =5€¢=|1.85V
13R 13R

The resistors » and R are in series, so the equivalent resistance of the circuit is R+ and the current

in the resistors is [ = . The power delivered to load resistor is found from Eq. 25-7a. To find

R+r
the value of R that maximizes this delivered power, set Z—II: =0 and solve for R.
€ j __ER AP, (R+r) =R(2)(R+r)
R+r (R+r)2 " dR (R+r)4
(R+r) =R(2)(R+r)=0 — R*+2Rr+r'—2R*-2Rr=0 —

ﬁ

P=12R=(

It is given that the power used when the resistors are in series is one-fourth the power used when the
resistors are in parallel. The voltage is the same in both cases. Use Eq. 25-7b, along with the
definitions of series and parallel equivalent resistance.
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- " RR
s > R =4R,.. — (&+Rﬂz4i€i§;

—1

series 4 F;arallel - R

series parallel ( 1

(R +R,)) =4RR, — R +2RR,+R; -4RR,=0=(R -R) — R =R

Thus the two resistors must be the same, and so the “other” resistor is m

2

23. We label identical resistors from left to right as R, , R and R, . When the switch is opened,

left * middle ?

the equivalent resistance of the circuit increases from 5 R+7 to 2R +r. Thus the current delivered

€ € ..
by the battery decreases, from to . Note that this is 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,

left

since it will have less current than before. The voltage drop across R, decreases to 0, since no

current is flowing in it. The voltage drop across R will increase, because even though the

middle

total current has decreased, the current flowing through R has increased since before the

‘middle

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

V.. decreases ; V.

miage INCTCASES 5V, goes to 0.

(b) By Ohm’s law, the current is proportional to the voltage for a fixed resistance.
I

decreases ; / .. increases ; Iright goes to 0

left I

(¢) Since the current from the battery has decreased, the voltage drop across » will decrease, and
thus the [terminal voltage increases.

(d) With the switch closed, the equivalent resistance is < R+7. Thus the current in the circuit is

——, and the terminal voltage is given by Eq. 26-1.

closed

SR+r
€ 0.50Q
terminal = % - Iclosedr = Cg - r= % 1 - = (90V) 1 -
closed ‘ IR+r 2R+r 3(5.5092) +0.500

=8.486V ~|8.5V

(e) With the switch open, the equivalent resistance is 2R + . Thus the current in the circuit is

€
=———, and again the terminal voltage is given by Eq. 26-1.

closed —

2R+7r
¢ 0.50Q
I/terminal = C(g_lclosedr:%_ r= C(g(l_ d j = (90V) 1—
closed 2R+r 2R+r 2(5509) +0.50Q

=8.609V =|8.6V

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

y? P
P:IZR:? - 1:\/%,1/:\/1{1)

[0s5w
Lo =\Touiog = “O17A Vi :\/(O.SW)(1.8><103Q) =300V
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[o5w

L =\Tguiog = “OB4A Viw = \/(O.SW)(2.8>< 10°Q) =374V
[ 05w

Low =\3710 = “OL6A Vi :\/(O.SW)(3.7><103Q) =430V

The parallel resistors have to have the same voltage, and so the voltage across that combination is
limited to 37.4 V. That would require a current given by Ohm’s law and the parallel combination of
the two resistors.

I/para]lc] 1 1 1 1
g =2 =V | ——+—— |=(374V) + =0.0235A
R R.o R 280002 370002

parallel

This is more than the maximum current that can be in R Thus the maximum current that R

1800 * 1800

can carry, 0.0167 A, is the 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, .
oy 1 Y
Vew = LRy = 1| R +| —+——| |=(0.0167A)| 1800Q2+ +
w0 R 28002 37000

=56.68V = |57V

(a) Note that adding resistors in series always results in a larger resistance, and adding resistors in
parallel always results in a smaller resistance. Closing the switch adds another resistor in

parallel with R, and R, , which lowers the 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, is in series with 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 across R,
until the switch was closed, its voltage will increase. To summarize:

V. and V, increase ; V, and V, decrease

(b) By Ohm’s law, the current is proportional to the voltage for a fixed resistance. Thus

I, and I, increase ; I, and /, decrease

(c) Since the 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, |increases|.

(d) Before the switch is closed, the equivalent resistance is R, and R, in parallel, combined with

R, in series.

-1
1 1 2
R =R +|—+— | =125Q+
! R, R, 1250

The current delivered by the battery is the same as the current through R, .

Vewey 220V
= = =0.1173A =1,
R 18750

cq

-1
j =187.5Q
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The voltage across R, is found by Ohm’s law.
V,=IR =(0.1173A)(125Q) =14.66 V

The voltage across the parallel resistors is the battery voltage less the voltage across R,.

Vo =V =V; =220V 14,66V =7.34V
The current through each of the parallel resistors is found from Ohm’s law.
V, 734V
I =—Lt=—""——=00587A=1,
R, 125Q

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

1 =0117A I,=1,=0.059A

After the switch is closed, the equivalent resistance is R, , R,, and R, in parallel, combined with

R, in series. Do a similar analysis.

-1 -1
11 1 3
R =R +|—+—+—| =125Q+| —— | =166.7Q
! R, R R, 125Q

Ve 220V
Lo = ;‘“y :1667Q:0'1320A:I' V,=1IR =(0.1320A)(125Q) =16.5V
eq °
V, 55V
V=V, =V, =220V =165V =55V [ =L =—""=0044A=1 =1,
' R, 125Q

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

1,=0.132A I,=1,=1,=0.044A
, the predictions made in part (b) are all confirmed.

: . dP, . : .
26. The goal is to determine » so that —%{  =0. This ensures that R produce very little change in P,

R>
R=R,

/R, and so we

since AP, =

cater heater

dp,
y 1; AR. The power delivered to the heater can be found by B__ =V

need to determine the voltage across the heater. We do this by calculating the current drawn from
the voltage source, and then subtracting the voltage drop across » from the source voltage.

R —ri Rr _2Rr+r2_r(2R+r) _ _E_ é _%(R+r)

“  R+r R+r  R+r "™ R, r(2R+r) r(2R+r)

R+r

V _%_1 r_%_ %(R‘Fl’)r_%_%(R‘Fl")_ %R . P _V;iater_ %ZR

peater ol r(2R+r) (2R+r) (2R+r) S e R (2R+r)2

2

dl)heater — %2 (2R0 +l”) _RO (2)(3R0 +7")(2) — O N (2R0 +7")2 _Ro(z)(zRO +r)(2) — 0 N
dR R=R, (2R0 +r)

4R} +4Rr+71" -8R, —4Rr=0 — " =4R, — |r=2R,
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27.

28.

29.

30.

All of the resistors 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.

£ 9.0V
[=—= =0.383A ~|0.38A
R (95+12.0+2.0)Q

€q

> voltages = 9.0V - (9.50)(0.383A) - (12.00Q)(0.383A) - (2.02) (0383 A)

=9.0V-3.638V-4.596V -0.766V ={0.00V

Apply Kirchhoff’s loop 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(2.0Q)+18V-1(6.6 Q)-12V-1(1.0Q)=0 — [ =% =0.625A

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

18V battery: V.. =-1(2.0Q)+18V =-(0.625A)(2.0Q)+18V =16.75V ~|17V

erminal

=1(1.0Q)+12V =(0.625A)(1.0Q) +12V =12.625V ~ |13V

12V battery: V,

erminal

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

—-IR+é—-IR-IR+é-IR=0 — 1:%

¢
Vo=V, =V, =~IR+ &= IR=€-2IR=E-2— R=|0V

(a) We label each of the currents as shown in the accompanying
figure. Using Kirchhoff’s junction rule and the first three
junctions (a-c) we write equations relating the entering and

exiting currents.

I=1+1, [1]

I,=1,+1, [2]

I +1, =1 (3] I
We use Kirchhoff’s loop rule to write equations for loops r g

abca, abcda, and bdcb.

0=-I,R—I,R+1R [4]
0=-I,R—I,R+% [5]
0=—I,R+I.R+I,R [6]

We have six unknown currents and six equations. We solve these equations by substitution.
First, insert Eq. [3] into [6] to eliminate current /s. Next insert Eq. [2] into Egs. [1], [4], and [5]
to eliminate /,
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0=—IR+(I,+1,)R+,LR —0=-LR+I,R+2I,R  [6]

I=1+1,+1, [1%]
0=—(I,+1,)R-I,R+,R—>0=—I,R-2],R+IR [4%]
0=—(I,+1,)R-I,R+€—>0=-I,R-2I,R+¢ [5*]

Next we solve Eq. [4*] for /, and insert the result into Eqgs. [1*], [5*] and [6*].
0=-IR-2ILR+IR—1,=11 11,
I=L+1+11-11, > 1=31+11, [1#%]
0=-LR+IR+2(11,-1,)R=-2I,R+2I,R—> 1 =1, [6*%]
0=—(11,-4,)R-2LR+€—>0=-1IR-3L,R+¢ [5%%]

Finally we substitute Eq. [6**] into Eq [5**] and solve for /;. We insert this result into Eq.
[1**] to write an equation for the current through the battery in terms of the battery emf and
resistance.

¢
0=—3IR=3IR+E> 1 = s [=31,+4], =20, > |1 = —

(b) We divide the battery emf by the current to determine the effective resistance.

§_&

=TT R

This circuit is identical to Example 26-9 and Figure 26-13 except for the numeric values. So we may
copy the same equations as developed in that Example, but using the current values.

Eq.(a): I,=1+1, ; Eq. (b): 341 +45-481,=0
75+ 341
Eq.(c): 341, +191,-75=0 Eq.(d): 1, :Tl =3.95+1.791,

45-34]
Eq.(e): I, = T =0.938—0.7081,

I=1+1, — 0938-0.708], =1, +3.95+1.791, — I, =-0.861A

I,=395+1.791 =2.41A ; I,=0.938—-0.7087, =1.55A

(a) To find the potential difference between points a and d, start at point a and add each individual
potential difference until reaching point d. The simplest way to do this is along the top branch.

Va=V,—V,=-1(34Q)=—(-0.861A)(34Q)=2927V ~|29V

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.=¢-1(19Q) =75V - (2.41A)(19Q) =29.21V ~ 29V
(b) For the 75-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.

75V battery: =€ -1Lr=75V—(241A)(1.0Q)=|73V

I/Ierminal

45V battery: =¢ - 1r=45V—(155A)(1.0Q)=|43V

I/tenm'nal
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32. There are three currents involved, and so there must be three I, w50 I
independent equations to determine those three currents. One I —
comes from Kirchhoff’s junction rule applied to the junction of 58V 3.0V J—
the three branches at the top center of the circuit. IZT

]1 =[2+[3 120Q 640 110Q
Another equation comes from Kirchhoff’s loop rule applied to 820

the left loop, starting at the negative terminal of the battery and
progressing counterclockwise.

58V —1,(120Q)-1,(82Q)-1,(64Q) =0 — 58=2021 +641,

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

30V-1(25Q)+1,(64Q)-1,(110Q) =0 — 3=-641, +135I,
Substitute /, =1, + 1, into the left loop equation, so that there are two equations with two unknowns.
58=202(1,+1,)+641, = 2661, +2021,
Solve the right loop equation for 7, and substitute into the left loop equation, resulting in an
equation with only one unknown, which can be solved.
1357, -3
64

1351, -3

3=-641,+1351, — I,= o

. 58=2661, +2021, = 266( j+ 2021, —

1351, -3

1,=0.09235A ; I, = —0.1479A ; I, =1,+1,=024025A

The current in each resistor is as follows:
1200: 024 A 82Q:024A 640:0.15A 25Q:0.092A 110Q:0.092A

33. 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—IR 4V =0 — 1 =L h SOVEION TR
3 171 1 1 Rl 22 Q ° 2
To find the current through R, , go around the lower loop counterclockwise, starting at the lower left
corner.
V.—LR, =0 — I, = Vi SO0V 0.33A, left
3 272 2 R2 18 Q ° i
34. (a) There are three currents involved, and so there must be three I, R
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. —_ 4 R
L=1+I, - I =1-I, ’
Another equation comes from Kirchhoff’s loop rule applied to the top I,
loop, starting at the negative terminal of the battery and progressing
clockwise. % R, §
€ —-1R-ILR =0 — 9=25I +48],
The final equation comes from Kirchhoff’s loop rule applied to the L >

bottom loop, starting at the negative terminal of the battery and
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progressing counterclockwise.

€ IR ~1,R, =0 — 12=35I +48I,

Substitute /, =1, — 1, into the top loop equation, so that there are two equations with two

unknowns.

9 =251, +481,=25(1,—1,)+481, =731, -25I, ; 12=35I,+48I,

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.

12351,

12=351,+481, — I, =
48
12351,
9=731,-251,=73 T -25I, — 432=876-25551,-1200/, —

444
I,=——=0.1182A ~|0.12A , up| ;
3755

12-351
I :T: 0.1638A =|0.16 A , left

I,=1,—1,=0.0456 A ~|0.046 A, right

(b) We can include the internal resistances simply by adding 1.0Q2 to R, and R,. So let R =260

and let R, =36Q. Now re-work the problem exactly as in part (a).

L=1+1, - I,=1,-1,
€ -IR-LR =0 — 9=261 +481,
€ -LR-ILR =0 — 12=36I,+48I,
9=261 +481,=26(1,—1,)+481,=741,-26I, ; 12=361, +48l,
12-361, 1-3I,
48 4

12=361,+481, — I,=

1-31,

9="741,-26I, = 74( )— 261, — 36=74-2221,-1041, —>

38 1-31,
[ =5e = 01166 A (0124 up| 5 [, =—===01626A~[0.16A left

I,=1,—1,=|0.046 A , right

The currents are unchanged to 2 significant figures by the inclusion of the internal resistances.

35. We are to find the ratio of the power used when the resistors are in series, to the power used when
the resistors are in parallel. The voltage is the same in both cases. Use Eq. 25-7b, along with the
definitions of series and parallel equivalent resistance.

11 1Y (n) R
R, =R+R+R=nR ;R . =|—+—+-—| =|=| ==
R R, R R n

— Vz/Rscrics — Rpﬂ-fﬂllel — R/n — i

parallel V2/ Rparallel Rseries nR nz
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36. (a)

(b)

Since there 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. We add series
resistances.

120V-1,(12Q)+120V-1,(35Q) =0 — 24=35[,+12],

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

120V-1,(12Q)-6.0V+1,(34Q)=0 — 6=121,-341,

Substitute /, =1, + 1, into the top loop equation, so that there are two equations with two
unknowns.

24 =351, +121,=35(1,+1,)+121, =471, +351,
Solve the bottom loop equation for 7, and substitute into the top loop equation, resulting in an

equation with only one unknown, which can be solved for 7, .

64341
6=121,-341, — [, =—'%

2

6+341,

. 24=471 +351, =47( )+3513 N

64341
12
The terminal voltage of the 6.0-V battery is 6.0V —-/1,r=6.0V - (2,97 X 1073A) (1.0 Q)

I, =1297mA

3

3 1

> T2

0.508A| ; I, =1,+1,=|0511A

=5.997V =|6.0V|.

This problem is the same as Problem 36, except the total resistance in the top branch is now 23Q
instead of 35Q. We simply reproduce the adjusted equations here without the prose.

1 =1,+I,

120V-1,(12Q)+120V-1,(23Q) =0 — 24=23] +12],

120V-1,(12Q)-60V+1,(34Q)=0 — 6=121,-341,

24=231,+121,=23(1,+1,)+121, =351, + 231,

6+341,
12

6+341,

6=121,-341, — I, = ;24:3512+2313=35( j+2313 -

6+341
1,=0.0532A ; I, = :

—0.6508A ; I, =1,+1,=0.704 A=[0.70A
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38. The circuit diagram has been labeled with six different currents. We
apply the junction rule to junctions a, b, and c. We apply the loop rule
to the three loops labeled in the diagram.

1) I=1+1,;2) I, =L+ ;3) LL+1,=1
4) IR -IR+I1R =0 ; 5) —IR +IR +IR =0
6) é—L,R,—I,R,=0
Eliminate / using equations 1) and 3).
) L+1,=1+1,; 2) I, =1+,
4) —IR -IR+I1,R, =0 ; 5) —IR +IR +IR =0
6) é—L,R,—I,R,=0
Eliminate /, using equation 2.
1) L+, =L+I1,+1, > I,=1+1,
4) —(L,+I)R -IR +L,R, =0 — —-ILR-I(R+R)+LR =0
5) —LR,+LR,+IR =0
6) €-I,R,—L,R,=0
Eliminate /, using equation 1.
4) -LR —L,(R +R)+ LR, =0
5) LR +(I,+L)R,+IR =0 - —IR+I (R +R)+IR, =0
6) €-L,R,—(I,+1,)R,=0 — €-1,(R,+R,)-1R,=0

. . . 1
Eliminate /, using equation 4: [, = RT[I3R1 + 1 (R] + RS)].

2

5) —IR +1,(R, +R5)+i[13Rl +I,(R +R,)]|R, =0 —
2

L(RR,—RR)+I,(RR, +RR +RR,+RR,)=0

1
6) %—R—[[3Rl +1,(R+R)|(R,+R,)-IR, =0 —
2
€R, - LR (R, +R,)-I,(RR,+RR,+RR, +RR,+RR,)=0
(RR,+RR,+RR,+RR,)
(R1R4 _Rst)

Eliminate /, using equation 5: [, =—/,

(R,R,+RR,+RR,+RR,)
(R1R4 - R2R3 )

%:—i{{(%*RZR”R’R”RSR‘*)}RI (&+R4)—<R1R2+R1R4+R5R2+R5R4+R2R4)}

€R, {15 }R] (R,+R,)-I,(RR,+RR,+RR +RR,+RR,)=0

R, (RR,~RR,)
[(259)(149) +(25Q)(15Q) +(229)(14Q) +(15Q) (14Q)
: (220)(14Q) - (25Q)(12Q)
20 ~[(229)(259Q) +(22)(14) +(159Q) (25Q) +(15Q) (14Q) +(25Q) (14 Q)]

}(229)(25@“49)
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6.0V
5261Q
(RR,+RR +RR,+RR,)
(RR,-RR)
(25Q)(14Q) +(25Q)(15Q) +(220Q)(14Q) + (15Q) (14Q)
(22Q)(14Q) - (25Q)(12Q)

=-1,(5261Q) — I,=-— =—1.140mA (upwards)

3 5

= —(~1.140mA)

2
2

I,=1,+1,=—0.00114A+0.1542A = 0.1531A
I,=1,+1,=0.1771A-0.00114A = 0.1760 A

We keep an extra significant figure to show the slight difference in the currents.

=0.1771A

I =RL[I3R1 +I,(R +R,)]= ﬁ[(mwm)(zm) +(-0.00114A)(37Q)] =0.1542A

I,,=0176A 1., =0.154A 1, =0177A 1I,,=0.153A I, =0.001A, upwards

39. The circuit diagram from Problem 38 is reproduced, with R, =0. This
circuit can now be simplified significantly. Resistors R and R, are in
parallel. Call that combination R .. That combination is in series with
R,. Call that combination R .. That combination is in parallel with R,.

See the second diagram. We calculate the equivalent resistance R,, use
that to find the current through the top branch in the second diagram, and

then use that current to find the current through R..

-1 -1
11 1 1
Ry=|—+—| +R =| —+——| +120=20920 R
R R, Tl 2o 150

Use the loop rule for the outside loop to find the current in the top branch.

é 6.0V
%_1153R153 =0 - I, = R_ = 20920 =0.2868 A

This current is the sum of the currents in R and R,. Since those two

153

resistors are in parallel, the voltage across them must be the same.
V=V, - LR =IR — ([153 _IS)RI =IR; —

I,=1 L=(0.2868A)@= 0.17A
+R)) 37Q

40. (a) As shown in the diagram, we use symmetry to reduce the f

number of independent currents to six. Using Kirchhoff’s 11/
junction rule, we write equations for junctions a, ¢, and d. We I

then use Kirchhoff’s loop rule to write the loop equations for a 14}9

loops afgba, hedch, and aba (through the voltage source). L
I1=21+1, [1]; L,+1,=1 [2]; I,=21, [3]

0=-2IR—-LR+LR [4] ; 0=-2I,R—I.R+I,R [5] 3,

0=¢-1LR [6] A4

I

Q&N o
=
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We have six equations with six unknown currents. We use the method of substitution to reduce
the equations to a single equation relating the emf from the power source to the current through
the power source. This resulting ratio is the effective resistance between points a and b. We
insert Egs. [2], [3], and [6] into the other three equations to eliminate /,, [, and /s.
€ €
122(13+1“)+E :213+21“+E [1%]

0=—2(13+I4)R—13R+§R:—2I4R—3]3R+% [4%]

0=-2I,R-2I,R+L,LR=-41,R+ LR [5*]
We solve Eq. [5*] for I3 and insert that into Eq. [4*]. We then insert the two results into Eq.

[1*] and solve for the effective resistance.
€
I,=41, ; 0:—214R—3(414)R+%—>14:ﬁ
€ € 10€ € 24¢ 12¢ €
1=2(41)+21,+—=10], + == ——t—=""2"2° 5 R =2_[1R
(“)“R *"R 14R R 14R 7R .

(b) As shown in the diagram, we use symmetry to reduce the

number of currents to four. We use Kirchhoff’s junction rule f —> g
at junctions a and d and the loop rule around loops abca 12/ ‘
(through the voltage source) and afgdcha. This results in four I WA =0
equations with four unknowns. We solve these equations for > a I %? b l/ I
the ratio of the voltage source to current /, to obtain the L ol I %LI 3
effective resistance. e 3= Y1 d

I1=21+1, [1] ; 2I,=1, [2] =0 (ﬁ?

0=—2I,R+% [3] ; 0=—2I,R—2I,R+2I,R [4] h ¥ D
We solve Eq. [3] for [, and Eq. [2] for /5. These results are L \ I
inserted into Eq. [4] to determine /;. Using these results and
Eq. [1] we solve for the effective resistance.

Ll L, € % 3

2R 2 4R 2R 4R 4R
3¢ € 2€ €
I1=21+1,=2|—|+—=— ; R =—=|iR
'2(4RJ2RR ‘“"*1
(¢) As shown in the diagram, we again use symmetry to reduce I,

the number of currents to three. We use Kirchhoff’s f m) g
junction rule at points a and b and the loop rule around the Iy 1
loop abgda (through the power source) to write three [ a

equations for the ratio of the emf to the current through the
emf (I) to calculate the effective resistance.

A
I=31 [1]; I, =2I, [2] l:\;/’nz o1 I
& 1

0=-2I,R—LLR+¥¢ [3] h
We insert Eq. [2] into Eq. [3] and solve for /;. Inserting /; I
into Eq. [1] enables us to solve for the effective resistance.

2¢ 6% €
0=-2IR-3IR+&—> 1, =" 5 =3 = >R :7:

. —> o AAA
equations for the three unknown currents. We solve these . \L% IZJT’??% e gih
) ,
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41. (a) To find the equivalent resistance between points a and c,
apply a voltage between points a and c, find the current that

flows from the voltage source, and then calculate R = E/1.

There is no symmetry to exploit.
(Bottom Loop) 1) €-RI,=0

(a-d-b) 2) —RI,—RI,+RI,=0
(a-b-c¢) 3) —RI,—RI,+RI,=0
(d-b-c) 4y —RI,—RI,+R1,=0
(junctiona)  5) I=1+1,+I,
(junctiond)  6) 1, =1,+]I,
(junctionb)  7) L +I,=1,

From Eq. 1, substitute 7, = ¢/R.
2) =Rl -RI,+RI,=0 — [+ =1,
€ €
3) —RIZ—RI6+RE=O - [2+16:E

4) -RI,-RI,+R1,=0 — R(I,+1)=R1,

€

5) I:]'+12+E , 6) I =1+I

From Eq. 7, substitute /, =1, + I,

2) I +1,=1,

s D L+ I =1

€ €
5 3) ]2+12+[5:E - 212+[5:E

"\
=
(on
=
rZe

o

€
4) R(2L,+L)=R1, ; 95) 1=11+12+E ; 6) I =1,+1,

From Eq. 6, substitute /, =1, +1, — I,=1 -1,

€
) 2=l=L 53 2rl=l=o

4) R(21,-21,+1,)=R1,
From Eq. 2, substitute 2/, -1, =1, — I, =21 -1,
€

&
3) 212+11—(21]—12)=E - 312_1':E

€
5) 1211+12+E

4y R(21,-2(21,-1,)+1,)=R(21,-1,) — R(31,-21)=R'(21,-1,)

€
5) I:]'+12+E

é
From Eq. 3, substitute 3/, — 1, = E -

4) R(3Iz—2(312 —%):R’(z(sg —ﬁj—lzj - R(—312+2§j:R'(512 —2%
R R R R
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42.

€ €
5) I:3IZ_E+[2+E — =41,

From Eq. 5, substitute 7, =4/

e +28 o rls@zn-22 € _|g _ROR+3R)
4) R( 3(4I)+2RJ—R(5(41) 2Rj - —=|R,= SR+ )

(b) In this case, apply a voltage between points a and b. Now
there is symmetry. In this case no current would flow through d
resistor R, and so that branch can be eliminated from the
circuit. See the adjusted diagram. Now the upper left two
resistors (from a to d to b) are in series, and the lower right two
resistors (from a to ¢ to b) are in series. These two
combinations are in parallel with each other, and with the
resistor between a and b. The equivalent resistance is now
relatively simple to calculate.

1 1 1Y (4Y'
nelrid) ) 4
“ \2R R 2R 2R

Define /, to be the current to the right through the 2.00 V NN

-
=

battery (% ) , and [, to be the current to the right through the
3.00 V battery (% ) At the junction, they combine to give

current / =/ +1, to the left 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.

€-Ir—(I,+L,)R=0 — € —(R+r),-RI,=0
€-Lr—(I,+1)R=0 — € —-RI,—(R+r)1,=0
Solve the first equation for /, and substitute into the second equation to solve for /,.
& —(R+r)l, 2.00-4.4501,
R 4.00
€ —RI,—(R+7r)1,=3.00V—(4.00Q)1, —(4.45Q)(0.500—1.1125/,) =0 —
I, =-0815A ; I,=0.500—-1.11251, =1.407 A
The voltage across R is its resistance times / =1/, +1, .
Ve=R(1,+1,)=(4.00Q)(-0.815A+1.407A) =2.368V ~|2.37V

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

€—(R+r)[,-RI,=0 — I, = =0.500-1.11257,

We estimate the time between cycles of the wipers to be from 1 second to 15 seconds. We take these
times as the time constant of the RC combination.

I 15
r=RC —> R =—=——=10°Q ; R, =—=———=15x10°Q
C 1x10°F C 1x10°F

So we estimate the range of resistance to be |[IMQ — 15MQ)|.
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44. (a) From Eq. 26-7 the product RC is equal to the time constant.

24.0x10°
r=RC - C=L=0 8 1 60x10°F

R 15.0x10°Q
(b) Since the 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 8.0 V as it charges. Use the expression for the voltage across a

charging capacitor.

remefi-e) o e =(1-%] o -Lonf1i-%) o
T

V. 8.0V
t=—7ln| 1-=<|=—(24.0x10°s)In| 1 - :_9.73><10"’s
( %zj ( ) ( 24.0Vj

45. The current for a capacitor-charging circuit is given by Eq. 26-8, with R
the equivalent series resistance and C the equivalent series capacitance.

;e e

IR I(R +R
t=-R _C In| —= :—(R1+R2 GG In ( 1 2)
R C +C, ¢

1

—6+\2 -3
_(44009) (3.8x10°F) h{(l.somo A)(44OOQ):|=

7.6x10°F (12.0v)

46. Express the stored energy in terms of the charge on the capacitor, using Eq. 24-5. The charge on the
capacitor is given by Eq. 26-6a.

2 [cg(1-e)T
Uzé% Kl Ce ) =ic€(1-¢") =U,, (1-¢") ;
U=075U,, — U, (1-¢") =050, — (1-¢") =075 -

(= —en(1-075) = (201

47. The capacitance is given by Eq. 24-8 and the resistance by Eq. 25-3. The capacitor plate separation
d is the same as the resistor length £. Calculate the time constant.

r=RC= (%Xmg gj =|pKe,|=(1.0x10"Qm)(5.0)(8.85x10™* C*/Nem’ ) =|44s

L
2

48. The voltage of the discharging capacitor is given by V. = Voe”/ ¢ The capacitor voltage is to be
0.00107, ..

t
Ve=Vie ™ o 000107, =Fie ™™ - 00010=¢"" — In(0.010)=——— -

t=-RCIn(0.010) =—(8.7x10’Q2)(3.0x10°F)In(0.0010) =|0.18s
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(a) Att=0, the capacitor is uncharged and so there is no voltage difference across it. The capacitor
is a “short,” and so a simpler circuit can be drawn just by eliminating the capacitor. In this
simpler circuit, the two resistors on the right are in parallel with each other, and then in series
with the resistor by the switch. The current through the resistor by the switch splits equally
when it reaches the junction of the parallel resistors.

-1
R, :R+(%+%j =3R — [ :RE:%: % s L =1,=11 = %
eq 2
(b) At t =oo, the capacitor will be fully charged and there will be no current in the branch
containing the capacitor, and so a simpler circuit can be drawn by eliminating that branch. In

this simpler circuit, the two resistors are in series, and they both have the same current.

€t [
R =R+R=2R — I =I,=—=|—|: I, =[0]
y R. |2R

eq

(c¢) At t=oo,since there is no current through the branch containing the capacitor, there is no
potential drop across that resistor. Therefore the voltage difference across the capacitor equals
the voltage difference across the resistor through which 7, flows.

V.=V, =L,R= (EJR =1

2R

50. (a) With the currents and junctions labeled as in the diagram, we use
point a for the junction rule and the right and left loops for the
loop rule. We set current /3 equal to the derivative of the charge
on the capacitor and combine the equations to obtain a single
differential equation in terms of the capacitor charge. Solving this
equation yields the charging time constant.

L=L+I, [1]; €~I,R -LR, =0 [2] ; —%+12R2:0 [3]

We use Eq. [1] to eliminate /; in Eq. [2]. Then we use Eq. [3] to eliminate /, from Eq. [2].

0=¢—(l,+1;)R-I,R, ; 0=€-1,(R+R,)-1,R ;0 :%_(RQCJ(RI +R,)- LR,
2
We set [; as the derivative of the charge on the capacitor and solve the differential equation by
separation of variables.

! —(R +R
0=¢- 0 (R1+R2)—d—QR1 - IQ a0 :jt (&, 2)a’z’
R,C dt 0 o- R,Cé ° RR,C
R +R,
R,C€
rRce )] (R+R) )| O\ R +r (R +R,)
In| Q' 2 __\h e BN Py 1 2/ | _\%h 2
R+R, )| RR,C | R,C¢ RR,C
R +R,
RCE ([ -,
0= l—e ™™
R +R,
. . . RR,C
From the exponential term we obtain the time constant, 7 = 2 R
1+ 2
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(b)

51. (a)

(b)

(©)

(d)

We obtain the maximum charge on the capacitor by taking the limit as time goes to infinity.

(Ri+R,)
0. -1 RCE [, “hne' |_[RCE
me MR 4R R +R,

With the switch open, the resistors are in series with each other, and so have the same current.
Apply the loop rule clockwise around the left loop, starting at the negative terminal of the
source, to find the current.

V 24V

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

V,=IR =(1.818A)(44Q)=(8.0V

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.

11 1 c - GG _ (0.484F)(0.36,uF)

—=—+— - C_ = =
c, ¢ C C +C, (0.484F+0.364F)

0,=VC,=(24.0V)(0.2057uF)=4.937uC=0, =0,
The voltage at point b is the voltage across the 0.24 uF -capacitor.

4.937
y =L 2P 59y L4y
C, 036uF
The switch is now closed. After equilibrium has been reached a long 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

V—IR-IR =0 — I= —1.818A

=0.2057 uF

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

voltage across C, is 16 V.
Find the charge on each of the capacitors, which are no longer in series.
0, =V,C,=(16V)(0.48F) =7.68C
0, =V,C, =(8.0V)(0.36uF) =2.88uC
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,.
0,=-0+0,=-7.68uC+288uC=-4.80uC~-48uC

Thus of charge has passed through the switch, from right to left.
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52. Because there are no simple series or parallel connections in this c
circuit, we use Kirchhoff’s rules to write equations for the currents,
as labeled in our diagram. We write junction equations for the
junctions ¢ and d. We then write loop equations for each of the three
loops. We set the current through the capacitor equal to the
derivative of the charge on the capacitor.

_ . Lo OO
T=Li+I (1] I=1+1, [2] 5 6= F=22=0 [3]

1 2

o 0
E:_[3R3 =0 [4] ; Fj_l“& =0 [5]
We differentiate Eq. [3] with respect to time and set the derivative of the charge equal to the current.

o-de a1 do 1 _, L L _,_ ;G
dt dt C, dt G, C, G, C,

We then substitute Eq. [1] into Eq. [2] to eliminate /. Then using Eqs. [4] and [5] we eliminate /5
and /4 from the resulting equation. We eliminate 7, using the derivative equation above.

0 C
1 — _Il 2 + QZ
R,C, ¢, R(C,
Finally, we eliminate O, using Eq.[3].

11+ Ql :—]12 +L c(g_% RN %:11R4 C1+C2 +Ql R4+R3
R,C C R, 1 C R.C

3¥1 3+

%=11R+g where R=R, GG and C =C, R,
C (8 R, +R,

This final equation represents a simple RC circuit, with time constant 7 = RC.
o RC-R (C1+C2Jc [ R, J=R4R3(C1+C2)
4 1
C

L+1L,=1,+1, ; I,+

| R, +R, R, +R,
_ (8.802)(4.4€2)(0.48 1F +0.36 F) _
8.8Q2+4.4Q

53. The full-scale current is the reciprocal of the sensitivity.

- =[29x10°] or 294

I
e 35,000Q/V

54. The resistance is the full-scale voltage multiplied by the sensitivity.
R=V,, (sensitivity) =(250V)(35,000Q/V) =8.75x10°Q ~|8.8 x 10°Q

full-
scale

(a) The current for full-scale deflection of the galvanometer is
B 1 3 1

" sensitivity 45,0000/ 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
isto be 2.0 A. See Figure 26-28 for a circuit diagram.

1 =2222x10"A
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_2222x107A
2.0A-2222x10"A

~

I

G, = G
I ° 1

B full

=IR — R =

GrG sT s s

7 (20.00)

G

=2222x10"Q ~(2.2x107Q in parallel

() To make a voltmeter, a resistor 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
26-29 for a circuit diagram. The total current must be the full-scale deflection current.

Via =IG(rG +R) -
1.
R :h—rG :L\]S—N.OQ = 44985Q ~|45kQ in series
1, 2222x107A

56. (a) 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 26-28
for a circuit diagram.

Vshum :VG B (Ifull_IG)Rshum :]GRG -

IR (55x10°A)(320) -
R, =—6%6 _ =-_7.o 10°Q
" (I —1,)  (25A-55x10°A) :

() To make a voltmeter, a resistor 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
26-29 for a circuit diagram.

V. 250V
Vfullscale :IG (Rser+RG) - Rser :%_R(, :m—:SOQ: 45X106Q

G

57. We divide the full-scale voltage of the electronic module by the module’s internal resistance to
determine the current through the module that will give full-scale deflection. Since the module and
R, are in parallel they will have the same voltage drop across them (400 mV) and their currents will
add to equal the current through R,. We set the voltage drop across R; and R, equal to the 40 volts
and solve the resulting equation for R,.
v 400 mV |4 |4

]meter = e = :400 nA 5 12 = e 5 Il :IZ+]meter :Lter-i-lmeter
r 100 MQ R R

2 2

V:[1R1+Vmeler - (V_Vmeter):(%—l_lmeterJRl -

2

(10x10° ©2)(0.400 V)

R 1 Vmeter — =

TV V)~ LRy (40 V=0400 V)= (4.00x10”7 A)(10x10° )

58. To make a voltmeter, a resistor R must be placed in

series with the existing meter so that the desired full
scale voltage corresponds to the full scale current of the
galvanometer. We know that 25 mA produces full scale
deflection of the galvanometer, so the voltage drop < Veu
across the total meter must be 25 V when the current
through the meter is 25 mA.

v
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-1
V. 1 1 R ! !
ar =L =1, +| —+— N
full full full
scale scale “ scale Ser R R

G shunt

a1 1Y asv 1 1Y
R, =—-| —+ = — - + =999.8Q ~{1000Q2
o R, R 25x10°A |33 0200

full G shunt
scale

.. ... 10002
The sensitivity is = -4OQ A"
25V /

59. 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.

V 45V
R, =R +R,=44kQ+27kQ=71kQ ; I=—=—3=6.338x10'4A
R 71x10°Q2

tot

V,,=1IR =(6338x10"A)(44x10°Q) =27.89V
v, =IR,=(6338x10"A)(27x10°Q) =17.11V

Now put the voltmeter in parallel with the 44 kQ resistor. Find its equivalent resistance, and then
follow the same analysis as above.

-1

1 1

R, =| ——+——| =30.07kQ
44kQ  95kQ

14 45V
R,=R +R,= 30.07kQ+27kQ=57.07kQ [ =— =7.885x107*A

R 57.07x10°Q

tot

V=V, =IR, =(7.885x10"A})(30.07x10°Q) =23.71V |24V

23.71V -27.89V
% error = 7789V x100 = —15%(reading too low)

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

-1
1 1
R, = (—+—] =21.02kQ

27kQ) 95kQ

vV 45V
R,=R +R =21.02kQ+44kQ =65.02kQY [ =— =6.921x107*A

R 6502x10°Q

tot

v, =V, =IR, =(6921x10"A)(21.02x10°Q) =14.55V ~

1455V -17.11V
% error = ——— X X XX  x 100 = |-15% (reading too low)

17.11V

60. The total resistance with the ammeter present is R =650Q+480Q +53Q =1183Q. The voltage
supplied by the battery is found from Ohm’s law to be V, .. = IR, = (5.25 X 1073A) (1183Q)

=6.211V. When the ammeter is removed, we assume that the battery voltage does not change. The

equivalent resistance changes to R;q =1130Q, and the new current is again found from Ohm’s law.
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r=time S2UY_[550.00°4]

R 113002

eq

Find the equivalent resistance for the entire circuit, and then |
find the current drawn from the source. That current will be 0500
the ammeter reading. The ammeter and voltmeter symbols 750 750
in the diagram below are each assumed to have resistance. . -

R, =1.00+0.500+ 75000+ L 2002)(150002)
) (7500Q +15000Q) 5

€ 120V
=12501.5Q~12500Q2 ; [ =—= =19.60x10~"* A
N TRy

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

4 1 (75000)(150000)
Vmeter = IsourceReq = (960 X 10 A) — 48V
’ (75009 +150000)

62. From the first diagram, write the sum of the currents at junction

a, and then substitute in for those currents as shown.
I=1,+1,
€-V V V
€V, -IR, =0 — I = Lo = ], =Y
I RZ Rl RV
% _ I/R' = E + &
R2 Rl RV
Then do a similar procedure for the second diagram.
I,=1,,+1,
€V V v
E~LR-V,=0 - [,=—=2 ;[ =—> ;[ =2
) 1 R2 RV
ety VeV
R R R

1 2 \4
Now there are two equations in the two unknowns of R, and R,. Solve for the reciprocal values and

then find the resistances. Assume that all resistances are measured in kilohms.

€V Ve 1 120-55 55 55 6.5 55
Ao by wv 27 T oTm LTy 2224030556
R, R R, R R 180 R R
é-V V. _
LV Ky, 12040 40 40 80 40 o,
R R R, R R 180 R R
8.0 4.0 1 2
—=—+0.22222 —» —=—-0.05556
Rl 2 2 1
6.5 55 2 5.5 1 0.66667
—=—+4+0.30556 — 6.5 ——-0.05556 |=—+0.30556 —» —= -
RZ Rl R1 R] Rl 75
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1 2
R =1125kQ ; —-=---00555 — R, =8.18k0

2 1

So the final results are |R =11kQ ; R, =8.2kQ

63. The sensitivity of the voltmeter is 1000 ohms per volt on the 3.0 N
volt scale, so it has a resistance of 3000 ohms. The circuit is 2 | |

shown in the diagram. Find the equivalent resistance of the
meter—resistor parallel combination and the entire circuit. R R
1 1) RR  (30000)(9400Q) MMV
R =|—4—| =" _ =2274Q
" \R R, R,+R  3000Q+9400Q

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

eq
Using the meter reading of 2.3 volts, calculate the current into the parallel combination, which is the
current delivered by the battery. Use that current to find the EMF of the battery.

Vv 23V
I=—= =1.011x10"A

R~ 2274Q

€=IR =(1.011x10"A)(11674Q) =11.80V ~ |12V

64. 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.

Case : V, =V,=LR é-1r—IR =0 — €=I(r+R)=

meter

(r+Rl)

= |

1

V.
Case2:V,  =V,=LR, €-Lr-ILR =0 — %zlz(r+R2)=R%(r+R2)
2

Solve these two equations for the two unknowns of € and r .

|4 V.
%:EI(F+R')=R_2(F+R2) -

1 2

v,-V, 8.1V-9.7V
=RR,| ——1— |=(35Q)(14.0Q =5.308Q ~(5.3Q
T Z(VR —VR] (3s2)( )[(9.7\/)(14.0(2)—(8.1V)(359)j

=72 2771
%:5(r+Rl) =m(5.3089+359) =11.17V »[11V
R 350

65. We connect the battery in series with the body and a resistor. The current through this series circuit
is the voltage supplied by the battery divided by the sum of the resistances. The voltage drop across
the body is equal to the current multiplied by the body’s resistance. We set the voltage drop across
the body equal to 0.25 V and solve for the necessary resistance.

I
R+R,
€R € 15V
V=IR,=—2 sR=|—_1|R, = —1(1800 ©)=9000 Q =[9.0 kQ]
" R+R, (V jB (o.zsv j( )
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66. (a) Since P=V" / 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]
| filaments in parallel | .

(b) P=V’/R -

y? (120V)’ (120v)’
R=— R, =———=2880Q~(290Q ow = ——— =144Q =~ (140Q
P 50W 100 W
As a check, the parallel combination of the resistors gives the following.
RR, (288Q)(1440 v: (120V)
R =— =( I )=96Q P=—=—( ) =150W.
R +R,  288Q2+144Q R 96 Q2

The voltage drop across the two wires is the 3.0 A current times their total resistance.
Vo = IR, =(3.0A)(0.00650/m)(130m) R =2.535V~|25V

Thus the voltage applied to the apparatusis V' =V, -V =120V -2.535V =117.465V =|117V]|.

source wires

68. The charge on the capacitor and the current in the resistor both decrease exponentially, with a time

2
constant of 7= RC. The energy stored in the capacitor is given by U = %%, and the power

dissipated in the resistor is given by P=I’R.

0= Qoeft/Rc ; I = [Oeft/RC :56*’/“ :&e—t/RC
R RC

2
o o 0 Qe 0 =
U =-AU=U__-U_ — 1| =_ _1ll = =1=0_ 1] =0 | _1=0(1_p
decrease t=0 t=1 2( C L 2 C _ 2 C 2 C 2 C( )
U

T T 2 r
dissipated — det = jlszt = I(% e”ch Rdt = RQ—(‘;JeMRCdt = R—gz[—%)(ezmc );
0 0 0

e

2 2
~H et (=)
U

And so we see that

decrease —  dissipated |*

69. The capacitor will charge up to 75% of its maximum value, and then discharge. The charging time is
the time for one heartbeat.

3 1 min 60s
72beats 1min

=0.8333s

tbeat
_t _Loear thear. ¢
V:V()[l—e ch — 0.75V =V0(1—e RCJ - e’ =025 > (-%}:m(ozs) -

¢ 0.8333
R= b S ~[92x10°0Q

CIn(0.25)  (6.5x10°F)(~1.3863)
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70.

71.

72.

(a) Apply Ohm’s law to find the current.

|4
:ﬂ:M:O.IMAz 0.12A
R 95002

body
(b) The description of “alternative path to ground” is a statement that the 35Q path is in parallel

with the body. Thus the full 110 V is still applied across the body, and so the current is the
same: [0.12A].

(¢) If the current is limited to a total 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 are in parallel.

V;Jody = Valtemate - [bodbeody = IaltemateRaltemate = ([tolal - [body ) Raltemate -
R 350
Ly =1y 72— = (1.5A)——————=0.0533A ~|53mA
(Rbody alternate ) 950 Q + 35 Q

This is still a very dangerous current.

(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 potential 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 as the drop from D to C. Use
these two potential relationships to find the unknown resistance.

VBA:VDA - [3R3:[1R1 - 2=

1
Ve =Veo = LR =IR, — Rx:Rzl_l: R2R3/R1

3

R 78.6Q
() R =R, —=2=(972Q) —— |=|121Q
R 6300

1

From the solution to problem 71, the unknown resistance is given by R =R R, / R . We use that
with Eq. 25-3 to find the length of the wire.
Ropf_pL__pL _4nL

x 2R1 4 ﬂ(d/Z)z_ﬂ'dz

1

RRzd® (2920Q)(3.480Q)7(1.22x107m)’

- =|29.5
4R p 4(38.0Q)(10.6x10"°Qem) 2

Divide the power by the required voltage to determine the current drawn by the hearing aid.
= B = 25_W =0.625 A
V40V
Use Eq. 26-1 to calculate the terminal voltage across the three batteries for mercury and dry cells.
Vie =3(€—1r)=3[1.35 V—(0.625 A)(0.030 Q) |=3.99 V

Vy=3(€-1r)=3[1.50 V—(0.625 A)(0.35 Q) |=3.84 V

The terminal voltage of the mercury cell batteries is closer to the required 4.0 V than the voltage
from the dry cell.
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74.

75.

76.

One way is to connect N resistors in series. If each resistor can dissipate 0.5 W, then it will take 7
resistors in series to dissipate 3.5 W. Since the resistors are in series, each resistor will be 1/7 of the
total resistance.

Rzﬁz 3200Q2
7

So connect ‘ 7 resistors of 460Q each, rated at 2 W, in series|.

=457Q =~ 460Q

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

1 1
R—:7(E) — R=7R,_=7(3200Q)=22.4kQ

©q

So connect ‘ 7 resistors of 22.4kQ) each, rated at /2 W, in parallel|.

To build up a high voltage, the cells will have to be put in series. 120 V is needed from a series of

120V . . .
0.80 V cells. Thus —————— =150 cells are needed to provide the desired voltage. Since these

0.80 V/cell

cells are all 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

1.3A
120 V, but the currents would add making a total of 3 =3.71 banks =~ 4 banks. So

350x10~° A/bank

the total number of cells is [600 cells|. The panel area is 600 cells(9.0 x10" m’ / cell) =[0.54m’|.

The cells should be wired in | 4 banks of 150 cells in series per bank, with the banks in parallel | .
This will produce 1.4 A at 120 V. To optimize the output, | always have the panel pointed directly ad

:

(a) If the terminal voltage is to be 3.0 V, 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
V,=IR — I=— V,=IR -

1

R=La_pla_ (14.59)M =48330~[480
I 'y 9.0V

1
(b) Ifthe load has a resistance 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.

Ry Ry = (48330)(7.00) =2859Q0 R, =2.859Q+145Q=17.359Q

2+oad

R +R_, 11.8330
Vo120V

[=—=—"""_=06913A  V,=IR,,, =(0.6913A)(2.859Q) =1.976V ~[2.0V
R, 17.359Q

The presence of the load has affected the terminal voltage significantly.
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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 is to the right. The voltage across the 4.0kQ resistor is

given by Ohm’s law as V' = IR = (3.10 X 10_3A)(4000 Q) =12.4V. The voltage drop across the

Vo124V
8.0kQ must be the same, and the current through itis / = —= =1.55x10"A. The total

R 8000Q2

current in the circuit is the sum of the two currents, and so /,, = 4.65 x 10° A. That current can be

used to find the terminal voltage of the battery. Write a loop equation, starting at the negative
terminal of the unknown battery and going clockwise.

v, —(5000Q)7, —-124V-120V—-(1.0Q)I,, —

tot

V, =244V +(5001Q)(4.65x10° A) =47.65V ~ |48V

If the current is to the left, then the voltage drop across the parallel combination of resistors is still
12.4 V, but with the opposite orientation. Again write a loop equation, starting at the negative
terminal of the unknown battery and going clockwise. The current is now to the left.

v, +(5000Q)1, +124V-12.0V+(1.0Q)I, —
, =—-04V —(50010)(4.65x10°A) = -23.65V ~|-24V

tot

78. The terminal voltage and current are given for two situations. Apply Eq. 26-1 to both of these
situations, and solve the resulting two equations for the two unknowns.
V=€-Ir; V,=¢-Lr > €=V,+Ir=V,+Lr —
V,-V, 473V-408V

r_2 1

1 -1, 740A-2.80A

=1413Q~|14Q

€=V, +1r=408V+(740A)(1.413Q)=|513V

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 .
R, \ 33Q
1Y

R =33Q+(—+—J =68.66Q V =IR =(0.1557A)(68.66Q)=10.69V ~|11V

“ 68Q2 75Q

80. If the switches are both open, then the circuit is a simple series circuit. Use Kirchhoff’s loop rule to
find the current in that case.

6.0V-1(50Q+20Q+10Q)=0 — [=6.0V/80Q=0.075A

If the switches are both closed, the 20-Q2 resistor is in parallel with R. Apply Kirchhoff’s loop rule to
the outer loop of the circuit, with the 20-Q2 resistor having the current found previously.
6.0V —(0.075A)(20Q)

50Q

This is the current in the parallel combination. Since 0.075 A is in the 20-Q resistor, 0.015 A must
be in R. The voltage drops across R and the 20-Q resistor are the same since they are in parallel.

I 0.075A
Vo=V, > LR, =I,R - R=R —=(20Q) - 100Q

o I, 0.015

6.0V-1(50Q)—-(0.075A)(20Q)=0 — I= =0.090 A
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81. (a)

(b)

82. (a)

(b)

(©)

(d)

We assume that the ammeter is ideal and so has 0 resistance, but that the voltmeter has
resistance R,. Then apply Ohm’s law, using the equivalent resistance. We also assume the
voltmeter is accurate, and so it is reading the voltage across the battery.

1
V=IR =1
“ 1 1

7+7
R R,

We now assume the voltmeter is ideal, and so has an infinite resistance, but that the ammeter

1 1 1 1 1 1
> V== > —4+—== - |—=
R R

1
RV

=~

has resistance R,. We also assume that the voltmeter is accurate and so is reading the voltage

across the battery.

4
V=IR =I(R+R,) — R+RA=7 — |R=—-R

The 12-Q and the 25-Q resistors are in parallel, with a net resistance R, as follows.

-1
11

R, =| —+——| =8108Q
12Q 25Q

R, is in series with the 4.5-Q resistor, for a net resistance R, as follows.
R, =45Q+8.108Q2=12.6082

That net resistance is in parallel with the 18-Q resistor, for a final equivalent resistance as
follows.

-1
1 1

R =| ———+——| =7415Q%|74Q

“ (12.608(2 18Qj

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

€ 6.0V
%_IlsRm:O —> Ilg:R_:E: 0.33A

18

1-2-3

Find the current in R, and the 4.5-Q resistor by using Kirchhoff’s loop rule for the outer loop
containing the battery and the resistors R, and the 4.5-Q resistor.

£ 6.0V
é- I,R,-I,R ;=0 — I,= = =04759A
' R,+R,, 12.608Q
This current divides to go through the 12-Q and 25-Q) resistors in such a way that the voltage
drop across each of them is the same. Use that to find the current in the 12-Q2 resistor.

L,=1,+1,, - I,=1,-1,

VR12 = VRZS - [12R12 = [25 25 (11-2 _[12)R25 -
R 250
1,=1, — = (0.4759A)— =|032A
(RIZ +R25) 37Q

The current in the 4.5-Q resistor was found above to be /,, =0.4759 A . Find the power
accordingly.
P, =I',R, =(04759A) (45Q)=1.019W ~[1.0W
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83. Write Kirchhoff’s loop rule for the circuit, and substitute for the current and the bulb resistance
based on the bulb ratings.

v: V: P
bulb — o Ry = Pb 5 B =LaVowr = Low = %
bulb bulb bulb
€-1 o~ Lo Ry =0 —
¢ ¢ v:oo 3.0V
R=—-R,, = — bbb (g )=—""(9.0V-3.0V)=[9.0Q
Lo B / [/ S 20W

84. The equivalent resistance of the circuit is the parallel combination of the bulb and the lower portion
of the potentiometer, in series with the upper portion of the potentiometer. With the slide at position

x, the resistance of the lower portion is xR, and the resistance of the upper portion is (1 - x) R

From that equivalent resistance, we find the current in the loop, the voltage across the bulb, and then
the power expended in the bulb.

-1
_ ( 1 + 1 ] _ Rloweerulb _ XRva.r Rbulb
parallel - -

var *

lower Rbulb Rlower + Rbulb XRvar + Rbulb
2
R =(1-x)R, +R 5 1 —E'V =I_R p =t
eq var parallel 2 loop — R > bulb — “loop” ‘parallel ° bulb R
eq bulb

(a) Consider the case in which x =1.00. In this case, the full battery potential is across the bulb,

L Voo _ (120V)
and so it is obvious that V, , =120V. Thus B =2 = (120v) ={60W|.
R 2400

bulb

(b) Consider the case in which x =0.65.
_ xR, R,  (0.65)(150Q)(240Q)
(0.65) (lSOQ) +240Q

parallel X Rvar + Rbu]b
R, =(1-x)R, +R .., =(0.35)(150Q) +69.3302 = 121.83Q

var parallel

69.33Q2

€ 120V
I, =—=———=09850A ; V,, =(0.9850A)(69.33Q2) =68.29V
R, 121830
(6829VY’
=T ao g T 1943W R [1OW

(¢) Consider the case in which x =0.35.
_ XR_R (0.35)(150Q)(240Q)

' — var_ bulb 243089
parallel vaar + Rbulb (035)(1509) + 24OQ
R, =(1-x)R, +R ., =(0.65)(150Q)+69.33Q = 140.58Q
€ 120V

I, =—=———=08536A; V,, =(0.8536A)(43.08Q)=36.77V
" R, 140.58Q

eq

_(36.77V) .
By =2 =5 63W ~[5.6W]
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(a)

(b)

(©)

(d)

86. (a)

(b)

When the galvanometer gives a null reading, no current is passing through the galvanometer or
the emf that is being measured. All of the current is flowing through the slide wire resistance.
Application of the loop rule to the lower loop gives € — IR = 0, since there is no current through
the emf to cause voltage drop across any internal resistance. The amount of current flowing
through the slide wire resistor will be the same no matter what emf is used since no current is
flowing through the lower loop. Apply this relationship to the two emf’s.

€—IR =0; §—IR =0 — S SR N ¢ - R 2
- R, R R )

S S

Use the equation derived above. We use the fact that the resistance is proportional to the length
of the wire, by Eq. 25-3, R = p/ A.

{
p—=
R { 45.8
€ =| =g =| 4 |g=| =g =| 22 |(1.0182V) =
R o £ L 33.6cm
A

If there is current in the galvanometer, then the voltage between points A and C is uncertainty
by the voltage drop across the galvanometer, whichis V, = I R, = (0.012 X 10’3A) (35 Q)

=14.2x107"V|. The uncertainty might of course be more than this, due to uncertainties

compounding from having to measure distance for both the standard emf and the unknown emf.
Measuring the distances also has some uncertainty associated with it.

Using this null method means that the (unknown) internal resistance of the unknown emf does
not enter into the calculation. No current passes through the unknown emf, and so there is no
voltage drop across that internal resistance.

1.39V

In normal operation, the capacitor is fully charged by the power supply, and so the capacitor
voltage is the same as the power supply voltage, and there will be no current through the
resistor. If there is an interruption, the capacitor voltage will decrease exponentially — it will
discharge. We want the voltage across the capacitor to be at 75% of the full voltage after 0.20 s.
Use Eq. 26-9b for the discharging capacitor.

V= Ve—t/RC - 075V = Vef(O.ZOS)/RC 5 075= e*(O.ZOS)/RC
0 s . 0 0 .
~ —(020s) —(0.20s)
CIn(0.75) (8.5x10°F)In(0.75)

When the power supply is functioning normally, there is no voltage across the resistor, so the
device should NOT be connected between terminals a and b. If the power supply is not
functioning normally, there will be a larger voltage across the capacitor than across the
capacitor—resistor combination, since some current might be present. This current would result
in a voltage drop across the resistor. To have the highest voltage in case of a power supply
failure, the device should be connected between terminals .

=81790Q = |82kQ

87. Note that, based on the significant figures of the resistors, that the 1.0-Q resistor will not change the
equivalent resistance of the circuit as determined by the resistors in the switch bank.

Case 1:

n = 0 switch closed. The effective resistance of the circuit is 16.0kQ. The current in the

. 16V
circuitis [ =

=1.0mA. The voltage across the 1.0-Q resistor is V' = IR

=(1.0mA)(1.0Q) =|1.0mV/|
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Case 2: n =1 switch closed. The effective resistance of the circuit is 8.0k€Q). The current in the

16V
circuitis / = m =2.0mA. The voltage across the 1.0-Q resistor is V' = IR

=(2.0mA)(1.0Q) =|2.0mV]|.
Case 3: n =2 switch closed. The effective resistance of the circuit is 4.0kQ. The current in the

16V
circuitis / = m =4.0mA. The voltage across the 1.0-Q resistor is V' = IR

=(4.0mA)(1.0Q) =|4.0mV|

Case 4: n =3 and n =1 switches closed. The effective resistance of the circuit is found by the
parallel combination of the 2.0-kQQ and 8.0-kQ resistors.

-1
PN (LR E DS
! 2.0kQ)  8.0kQ

16V
The current in the circuit is [ = % =10mA. The voltage across the 1.0-C2 resistor is

V=IR=(10mA)(1.0Q)=|10mV|

So in each case, the voltage across the 1.0-Q2 resistor, if taken in mV, is the expected analog value
corresponding to the digital number set by the switches.

88. We have labeled the resistors and the currents through the
resistors with the value of the specific resistance, and the emf’s
with the appropriate voltage value. We apply the junction rule to
points a and b, and then apply the loop rule to loops 1, 2, and 3.
This enables us to solve for all of the currents.

15:16+1t0p ;]top+16.8=l - ]5_16:112_16.8 -

12

L+1,=1,+1 [1]

€+¢,—I.R—IR =0 [2] (loop 1)
+ (éi 112 12 16 8R68 0 (loop 2)
I.R,—IR =0 [4] (loop 3)

R

Use Eq. 4 to substitute /R, =1 ,R, and I, =1, —*=21,. Also combine the emf’s by adding the
*R
6

voltages.
15+16.8 :3[12 [1] > %5 IR [12R12 =0 [2] ((gz 12 12 68 68 =0 [3]
Use Eq. 1 to eliminate /,, by /., =31, —1I..
€ IR ~I,R, =0 [2]

az 12 12 (31 ) 6‘8:() - %2_112(R12+3R6.8)+15R6.8:0 [3]
%5 _[12R12

5

aZ_IIZ (R12+3R6.8) {%5 Rlz 12:|1z6.8 :O -
5

Use Eq. 2 to eliminate I, by I, = , and then solve for 7,,.
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89. (a)
(b)
90. (a)
(b)

E,R +E,R, ~ (12.00V)(5.00€2) +(15.00 V) (6.80002)

" R,R+3R R +R.R., (12.000)(5.000)+3(6.8000)(5.000)+(12.000)(6.8000)

127 76.8

12

= 0.66502A ~[0.665A = I,

;G IR, _ (15.00V) - (0.665024)(12.00Q) _\ \oooo o 1,

’ R (5.000)

5

I, =31,—1,=3(0.66502A) —1.40395A = 0.59111A ~[0.591A = I,

I,=21,=2(0.66502A) ~|1.33A =,

6

After the capacitor is fully charged, there is no current S_ a
through it, and so it behaves like an “open” in the circuit. In B
the circuit diagram, this means that /s =0, I, = Iz, and I, = I,. I/T I \l/ R, I I R
Write loop equations for the leftmost loop and the outer loop —5) 1
in order to solve for the currents. a c d
€ 120V eT
€—L(R,+R)=0 — I = = =120A | IZ R LIZ R
(R +R) > R +R, 1000 4\L 4 3
€ 120V
= =0.800 A b

€—1(R+R)=0 — I = _
(R +R) " R+R, 150Q

Use these currents to find the voltage at points ¢ and d, which will give the voltage across the

capacitor.
V.=¢-1,R, =120V—-(120A)(1.0Q)=10.8V

V,=€—IR =120V —(0.800A)(10.0Q) = 400V

V, =108V -4.00V=[68V] : 0=CV =(224F)(68V)=1496C =[154C]

When the switch is opened, the emf is taken out of the circuit. Then we have the capacitor
discharging through an equivalent resistance. That equivalent resistance is the series
combination of R; and R,, in parallel with the series combination of R; and R4. Use the
expression for discharging a capacitor, Eq. 26-9a.

1 -1
R = : + : = #+; =6.16Q2
* \R+R, R +R, 11.0Q2 14.0Q

0=0,e """ =00300, —
t =—R C1n(0.030) = ~(6.160)(2.2 10 F) In(0.030) =

The time constant of the RC circuit is given by Eq. 26-7.
r=RC=(33.0 kQ)(4.00 yF) =132 ms
During the charging cycle, the charge and the voltage on the capacitor increases exponentially
as in Eq. 26-6b. We solve this equation for the time it takes the circuit to reach 90.0 V.
e 4 90.0 V
Vv —%(1 e )—) t= z’ln(l %j = (132 ms)ln(l 1000 Vj =
When the neon bulb starts conducting, the voltage on the capacitor drops quickly to 65.0 V and

then starts charging. We can find the recharging time by first finding the time for the capacitor
to reach 65.0 V, and then subtract that time from the time required to reach 90.0 V.
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Chapter 26 DC Circuits

650V

t= —Tln(l—K) =—(132 ms)ln(l—
é 1000V

At =304 ms—139 ms=165ms ; #, =304ms+165ms =|469ms

(¢) The spreadsheet used for this
problem can be found on the
Media Manager, with filename
“PSE4_ISM_CH26.XLS,” on
tab “Problem 26.90c.”

j=139 ms

0 / e e yd
60 /
50 /
wt—/

30 1

Voltage (V)

20
10

0 T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
time (sec)

We represent the 10.00-MQ resistor by R,,, and the resistance of the voltmeter as R,,. In the first

configuration, we find the equivalent resistance R, ,, the current in the circuit /,, and the voltage

drop across R.

R R € R
Rqu:R"rﬁ ;IAZ— 5 VR:IARZ%_VA - %—:%—VA

In the second configuration, we find the equivalent resistance R ss the current in the circuit /,, and

eqA eqA

the voltage drop across R,,.

RR €

R
Rqu=R10+rI\;V ;]BZR— 5 VR”):IBRIOZ%_VB - %—loz%—VB

eqB eqB
We now have two equations in the two unknowns of R and R,. We solve the second equation for
R, and substitute that into the first equation. We are leaving out much of the algebra in this solution.

R g R _ey .
chA R.}.M
R, +R,
€ R, =¥ Ry —€-V. —> R = VeRi R
B A\
R.s o+ RR, (€R-Vy4R,, —V4R)
R+R,
E-V, —6— 1 _¢ R N
R+ R Ry R VR, R
10
R, + Ry ' _(%R—VBRN—VBR)_
R + VBRIOR
1 (€R-V,R,, —V4R)
R =%R10 = Z);;X(lo.oowz) =199.92MQ ~ [200MQ)| (3 sig. fig.)
. .
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92. Let the internal resistance of the voltmeter be indicated by R,,, and let the 15-MQ resistance be
indicated by R,;. We calculate the current through the probe and voltmeter as the voltage across the

probe divided by the equivalent resistance of the problem and the voltmeter. We then set the voltage
drop across the voltmeter equal to the product of the current and the parallel combination of R, and

R,. This can be solved for the unknown resistance.

1= V . V :1 RISRV — V RISRV — VRISRV
re BB 7Y U R4R, p RSBy R+R, R(R+R,)+R,R,
Ris+Ry R +R,
7 RR,-R.R
R BV R, (V) (15MQ)(10MQ) 50,000V
 (Re+R) (Rs+R)\V, ) (25MQ) 50V

= 5994 MQ ~ 6000MQ =

93. The charge and current are given by Eq. 26-6a and Eq. 26-8, respectively.
% —t/RC

=Cé(l-e"*) ; I=—e ; 7=RC=(1.5x10"Q)(3.0x107F)=4.5x10"s
0 =C¥( )i 1=5 ( i )
0.630y,, =0.63C€=0.63(3.0x107F)(9.0V)=1.70x10°C
0371, ., = 0.37§ =0.37 L\C =222x10"*A
R 1.5x10°Q
The graphs are shown. The times
for the requested values are about 25 —
4.4 or 4.5 ms, about one time 20 L —
constant, within the accuracy of ’
estimation on the graphs. —~ 1.5
Q
3
The spreadsheet used for this o 107
problem can be found on the § 05
Media Manager, with filename °
“PSE4 ISM_CH26.XLS,” on tab 0.0 ; ;
“Problem 26.93.” 0 1 2 3 4 5 6 7 8 9 10
time (ms)
0.6
0.5
~ 047 \
g 0.3 N~
So02 T TN
0.0 T T : T
0 1 2 3 4 5 6 7 8 9 10
time (ms)
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