Chapter 25
Electric Current and Direct-Current Circuits

Conceptual Problems

*1 °
Determine the Concept When current flows, the charges are not in equilibrium. In that
case, the electric field provides the force needed for the charge flow.

2 .
Determine the Concept Water, regarded as a viscous liquid flowing from a water tower
through a pipe to ground is another mechanical analog of a simple circuit.

3 .

Picture the Problem The resistances of the wires are given by R = pL/A,where L is
the length of the wire and A4 is its cross-sectional area. We can express the ratio of the
resistances and use our knowledge of their lengths and diameters to find the resistance of

wire A.
Ly .
f— A Ty
A_.\ m
A“h—"
Express the resistance of wire A: R = pL,
, =2
A,
where p is the resistivity of the wire
Express the resistance of wire B: R= PLy
AB
Divide the first of these equations PL,
by the second to obtain: R, A, L, 4
R pLy L, 4,
Ay
or, because L, = Lg,
A
R, =—2R (1
AA
Express the area of wire A in terms A, = %ﬂdi

of its diameter:
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Express the area of wire B in terms
of its diameter:

Substitute in equation (1) to obtain:

4 (L]

Ay = %ﬁdé
2
Y
dy
or, because d, = 2dj,
d2
R, = —B ~R=%R
(2d,)
and | (e)1is correct.

Determine the Concept An emf is a source of energy that gives rise to a potential

difference between two points and may result in current flow if there is a conducting path

whereas a potential difference is the consequence of two points in space being at different

potentials.

*5 e

Picture the Problem The resistance of the
metal bar varies directly with its length and
inversely with its cross-sectional area.
Hence, to minimize the resistance of the
bar, we should connect to the surface for
which the ratio of the length to the contact
area is least.

Denoting the surfaces as a, b, and c,
complete the table to the right:

Because connecting to surface ¢
minimizes R:

6 o0

2 a 10
4
Surface L L/A
a 10 8 0.8
b 4 20 0.2
c 2 40 0.05

(c)is correct.

Picture the Problem The resistances of the wires are given by R = pL/ A4,

where L is the length of the wire and 4 is its cross-sectional area. We can express the

ratio of the resistances and use the definition of density to eliminate the cross-sectional

areas of the wires in favor of the ratio of their lengths.
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Express the resistance of wire A:

Express the resistance of wire B:

Divide the first of these equations
by the second to obtain:

Using the definition of density,
express the mass of wire A:

Express the mass of wire B

Because the masses of the wires are
equal:

Substitute in equation (1) to obtain:

7 .

RB — pLB
AB
PL,
Ry _ Ay L4
RB piLB LB AA
AB
or, because L, = 2Lg,
A
R, =2-BR 1
ATEY T (1)

my =pV,=pLyA,
where 0 is the density of copper.

my = p'Vy = p'Lydy

PLy\Ay = p'Lydy

or

~

Ay _ Ly
AA

LB

R, = 22—%B =2(2)R, = 4R,

B

and | (b)is correct.

Picture the Problem The power dissipated in the resistor is given by P = I’R. We

can express the power dissipated when the current is 3/ and, assuming that the

resistance does not change, express the ratio of the two rates of energy dissipation

to find the power dissipated when the current is 3/.

Express the power dissipated in the

P=1IR
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resistor when the current in it is /:

Express the power dissipated in the P = (3] )2 R=9I"R
resistor when the current in it is 3/:

Divide the second of these P91 °R _9
equations by the first to obtain: P IR
or

P'"=9Pand | (d)1is correct.

8 .

Picture the Problem Assuming the current (which depends on the resistance) to
be constant, the power dissipated in a resistor is directly proportional to the
voltage drop across it.

Express the power dissipated in the y?
resistor when the voltage drop R
across it is V-

Express the power dissipated in the (2V)2 412
resistor when the voltage drop R R

across it is increased to 2V

Divide the second of these equations 4>
L Pl T

by the first to obtain: - _ R2 —4— P'—4pP
R

(c)1is correct.

9 .
Determine the Concept You should decrease the resistance. Because the voltage across
the resistor is constant, the heat out is given by P = V* / R . Hence, decreasing the

resistance will increase P.

*10 -
Picture the Problem We can find the equivalent resistance of this two-resistor
combination and then apply the condition that R, >> R,.

Express the equivalent resistance of 1 1 1
Riand R; in parallel: R R, R,
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Solve for R, to obtain: R = R\R,
“ R +R,
Factor R, from the denominator and _ R R, _ R,
simplify to obtain: “ rl1s R, 1+ R,
: R, R,
If Ry>> Ry, then: R., =R = R,and | (b)is correct
1 -

Picture the Problem We can find the equivalent resistance of this two-resistor
combination and then apply the condition that R, >> R,.

Express the equivalent resistance of R,=R +R,

Rjand R, in series:

Factor R, to obtain: R,
Req =R|1+—+
Rl
If Ry >> R,, then: R., = R = Rand | (a)is correct
12 -

Picture the Problem Because the potential difference across resistors connected in

337

parallel is the same for each resistor; we can use Ohm’s law to relate the currents through

the resistors to their resistances.

Using Ohm’s law, express the I = 14 _ V
current carried by resistor A: AR A 2Ry
Using Ohm’s law, express the I = 14
current carried by resistor B: ? Ry
Divide the second of these equations 1
by the first to obtain: Iy Ry 5

I, v

2R,
and

I, =21, and | (b)is correct.
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*13

Determine the Concept In a series circuit, because there are no alternative

pathways, all resistors carry the same current. The potential difference across each resistor,

keeping with Ohm’s law, is given by the product of the current and the

resistance and, hence, is not the same across each resistor unless the resistors

are identical. | (a)1s correct.

14 o

Picture the Problem Because the potential difference across the two combinations
of resistors is constant, we can use P =V’ / R to relate the power delivered by the

battery to the equivalent resistance of each combination of resistors.

Express the power delivered by the
battery when the resistors are
connected in series:

Letting R represent the resistance of
the identical resistors, express Req:

Substitute to obtain:

Express the power delivered by the
battery when the resistors are
connected in parallel:

Express the equivalent resistance of
the identical resistors connected in

parallel:

Substitute to obtain:

Divide equation (2) by equation (1)
to obtain:

Solve for and evaluate P,:

2

R-— m
V2

B=%

P == @)

P =4P, =4(20W)=80W

and | (e)is correct.
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15 -

Determine the Concept While Kirchhoff’s loop rule is a statement about potential
differences around a closed loop in a circuit, recall that electric potential at a

point in space is the work required to bring a charged object from infinity to the
given point. Hence, the loop rule is actually a statement that energy is conserved

around any closed path in an electric circuit. | (b)is correct.

16 -

Determine the Concept An ideal voltmeter would have infinite resistance. A voltmeter
consists of a galvanometer movement connected in series with a large resistance. The
large resistor accomplishes two purposes; 1) it protects the galvanometer movement by
limiting the current drawn by it, and 2) minimizes the loading of the circuit by the
voltmeter by placing a large resistance in parallel with the circuit element across which

the potential difference is being measured. | (a) is correct.

*17 .

Determine the Concept An ideal ammeter would have zero resistance. An ammeter
consists of a very small resistance in parallel with a galvanometer movement. The small
resistance accomplishes two purposes: 1) It protects the galvanometer movement by
shunting most of the current in the circuit around the galvanometer movement, and 2) It
minimizes the loading of the circuit by the ammeter by minimizing the resistance of the

ammeter. | (b)is correct.

18 -
Determine the Concept An ideal voltage source would have zero internal resistance.
The terminal potential difference of a voltage source is given by V' = & — Ir, where ¢is

the emf of the source, / is the current drawn from the source, and r is the internal

resistance of the source. | (b) is correct.

19
Determine the Concept If we apply Kirchhoff’s loop rule with the switch closed, we
obtain £ — IR — V¢ = 0. Immediately after the switch is closed, / = 0 and we have ¢ = V.

(b) s correct.

20 e
Determine the Concept The energy stored in the fully charged capacitor is U = - C& 2.

During the charging process, a total charge Or= C flows through the battery. The battery
therefore does work W = Qge= Cs>. The energy dissipated in the resistor is the difference

between W and U. | (b) s correct.
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*21 oo
Determine the Concept Applying Kirchhoff’s loop rule to the circuit, we obtain
& -V, —V. =0, where V' is the voltage drop across the resistor. Applying Ohm’s law to

the resistor, we obtain V' = IR. Because / decreases as the capacitor is charged, V'

decreases with time. | (e)is correct.

22 e

Picture the Problem We can express the variation of charge on the discharging capacitor
as a function of time to find the time 7 it takes for the charge on the capacitor to drop to
half its initial value. We can also express the energy remaining in the electric field of the
discharging capacitor as a function of time and find the time ¢ for the energy to drop to
half its initial value in terms of 7.

Express the dependence of the Q(t) = Qoe_’/ ’
charge stored on a capacitor on time: where 7= RC.
For O(1) = % Qu: 70, =00
or
T/t
y=e”
Take the natural logarithm of both T=1In2
sides of the equation and solve for T
to obtain:
Express the dependence of the U (t) =1CV;

energy stored in a capacitor on the
potential difference V¢ across its
terminals:

Express the potential difference Ve = Voe_t/ ke
across a discharging capacitor as a
function of time:

Substitute to obtain: U(t) =1 C(VO e—t/RC)2 =1 CV02 o 2IRC
=U e—2t/RC
-
For U(¢¥) = %2 Uy: %UO _ er—Zt’/RC
or
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Take the natural logarithm of both t = % rin2=\|1T

Y

sides of the equation and solve for ¢
to obtain:

23 .
Determine the Concept A small resistance because P = &%/R.

*24 o
Determine the Concept The potential difference across an external resistor of resistance

R is given by V, where r is the internal resistance and V the voltage supplied by the

r+R
source. The higher R is, the higher the voltage drop across R. Put differently, the higher
the resistance a voltage source sees, the less its own resistance will change the circuit.

25 .
Determine the Concept Yes. Kirchhoff’s rules are statements of the conservation of
energy and charge and hence apply to all circuits.

26 oo
Determine the Concept All of the current provided by the battery passes through R,
whereas only half this current passes through R, and R;. Because P = I °R, the power

dissipated in R; will be four times that dissipated in R, and R;. | (c) is correct.

Estimation and Approximation

27 e

Picture the Problem We can use Ohm’s law and the definition of resistivity to find the
maximum voltage that can be applied across 40 m of the 16-gauge copper wire. In part (b)
we can find the electric field in the wire using £ = V/L. In part (¢) we can use P = I°R to
find the power dissipated in the wire when it carries 6 A.

(a) Use Ohm’s law to relate the Vo = Lo R
potential difference across the wire
to its maximum current and its

resistance:
Use the definition of resistivity to R= L
. . . =p—
relate the resistance of the wire to its A
length and cross-sectional area:
. . . L
Substitute to obtain: V=1 _p=
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Substitute numerical values (see
Tables 25-1 and 25-2) for the
resistivity of copper and the cross-
sectional area of 16-gauge wire:

(b) Relate the electric in the wire to
the potential difference between its
ends and the length of the wire:

(c) Relate the power dissipated in
the wire to the current in and the
resistance of the wire:

Substitute for R to obtain:

Substitute numerical values and
evaluate P:

28 oo

Vow = (6A)(1.7x107° Q-m)
40m
X —
1.309mm?
=[3.12V
E:K:M: 78.0mV/m
L 40m
P=1IR
L
P=I'p—
Py

P=(6A)(1.7x10" Q-m)[mgg—mzj
. mm

18.7W

Picture the Problem We can use the definition of resistivity to find the resistance of the
jumper cable. In part (b), the application of Ohm’s law will yield the potential difference

across the jumper cable when it is starting a car, and, in part (c), we can use the

expression for the power dissipated in a conductor to find the power dissipation in the

jumper cable.

(a) Noting that a jumper cable has
two leads, express the resistance of
the cable in terms of the wire’s
resistivity and the cable’s length,
and cross-sectional area:

Substitute numerical values (see
Table 25-1 for the resistivity of
copper) and evaluate R:

(b) Apply Ohm’s law to the cable to
obtain:

L
R=p=
P4

R=(1.7x10"Q-m)

V=IR=(90A)(0.0102Q)=| 0.918V

6m

0mm?

0.0102Q
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(c) Use the expression for the power
dissipated in a conductor to obtain:

29 oo

P=1V=(90A)(0.918V)=| 82.6 W

Picture the Problem We can combine the expression for the rate at which energy is

delivered to the water to vaporize it (P = £*/R) and the expression for the resistance of a
conductor (R = pL / A) to obtain an expression for the required length L of wire.

Use an expression for the power R= &’
dissipated in a resistor to relate the - p
required resistance to rate at which
energy is delivered to generate the
steam:
Relate the resistance of the wire to R=p L
its length, cross-sectional area, and A
resistivity:
Equate these two expressions and I = &4
solve for L to obtain: B PP
Express the power required to p= AE _ A(mLV) s Am
generate the steam in terms of the At At YAt
rate of energy delivery:
Substitute to obtain: I &4

B Am

PL,—
At

Substitute numerical values (see
Table 25-1 for the resistivity of
Nichrome and Table 18-2 for the
latent heat of vaporization of water)
and evaluate L:

*30 oo

(120 V) %(1 .80mm)’

L =
(10° Q- m)(2257kJ/kg)(8 g/s)
=[2.03m

Picture the Problem We can find the annual savings by taking into account the costs of
the two types of bulbs, the rate at which they consume energy and the cost of that energy,
and their expected lifetimes.

A$ = Cost.

incandescent

Express the yearly savings: —Costporeseen (1)
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Express the annual cost with the Cost, ndescent = COSty oo + Cos‘[cncrgy
incandescent bulbs:

Express and evaluate the annual cost of the incandescent bulbs:

Cost, .. = number of bulbs in use x annual consumption of bulbs x cost per bulb

365.24dx@

=(6
( ) 1200h

($1.50)=$65.74

Find the cost of operating the incandescent bulbs for one year:

Costenergy = energy consumed x cost per unit of energy
= 6(75W)(365.25d)(24h/d)($0.115/kW -h)
= $453.64
Express the annual cost with the Cost orescent = COStpups T Cos‘[energy

fluorescent bulbs:

Express and evaluate the annual cost of the fluorescent bulbs:

Cost, ., = number of bulbs in use x annual consumption of bulbs x cost per bulb

365.24d x 24h

=(6
(©) 8000h

($6)=$39.45

Find the cost of operating the fluorescent bulbs for one year:

Cost = energy consumed x cost per unit of energy

energy
2‘(;hj($o.115/kw-h)

=6(20 W)(365.24dx

=$120.97

Substitute in equation (1) and evaluate the cost savings AS:

A$ = Cost.

incandescent

=| $358.96

— Cost = ($65.74 + $453.64) - ($39.45 + $120.97)

fluorescent
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31 e

Picture the Problem We can use an expression for the power dissipated in a resistor to
relate the Joule heating in the wire to its resistance and the definition of resistivity to
relate the resistance to the length and cross-sectional area of the wire.

Express the power the wires must P=IR
dissipate in terms of the current they
carry and their resistance:

Divide both sides of the equation by P 1 °R
L to express the power dissipation L L
per unit length:
Using the definition of resistivity, R=p £ = p L 4pL
relate the resistance of the wire to its A zd>  md’
resistivity, length and cross-
sectional area:
Substitute to obtain: P 4pl :
L

Solve for d to obtain: g e,

- 7(P/L)
Substitute numerical values (see 1.7x10°% Q.

. d =2(20A) L/x10 R2-m

Table 25-1 for the resistivity of 7[(2 W/m)
copper wire) and evaluate d:

=| 2.08mm

*30 oo

Picture the Problem Let r be the internal resistance of each battery and use Ohm’s law
to express the current in laser diode as a function of the potential difference across ». We
can find the power of the laser diode from the product of the potential difference across
the internal resistance of the batteries and the current delivered by them / and the time-to-
discharge from the combined capacities of the two batteries and /.

(a) Use Ohm’s law to express the current I = V nternal resistance
in the laser diode: 2r

The potential difference across the internal  Vematresistance = € — 2-3 V
resistance is:
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Substitute to obtain: j E-23V
2r

Assuming that 7 = 125 Q: - 2(1.55)-2.3V _[320mA
2(125Q)

(b) The power delivered by the batteriesis P =1V =(3.2mA)(2.3V)=7.36mW
given by:

The power of the laser is half this B, =1P=1(736mW)=|3.68mW
value:
Express the ratio of Piaser t0 Pguoted: B... _ 3.68mW —123

I)quotcd 3 mW ‘

or

Raser = 123%Bwoted
(c) Express the time-to-discharge: Af = Capacity

1

Because each battery has a capacity Af = 40mA-h _M125n
of 20 mA-h, the series combination 3.20mA :
has a capacity of
40 mA-h and:

Current and the Motion of Charges

33
Picture the Problem We can relate the drift velocity of the electrons to the current density
using / = nev,A. We can find the number density of charge carriers n using

n=pN, /M, where pis the mass density, Ny Avogadro’s number, and M the molar

mass. We can find the cross-sectional area of 10-gauge wire in Table 25-2.

Use the relation between current and I = nev A4

drift velocity to relate / and »:

Solve for vq: b= 1
4 ned
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The number density of charge
carriers # is related to the mass
density p, Avogadro’s number N,,
and the molar mass M:

For copper, p=8.93 g/cm’ and

M = 63.5 g/mol. Substitute and
evaluate n:

Using Table 25-2, find the cross-
sectional area 4 of 10-gauge wire:

Substitute and evaluate vg:

20A

:PNA
M

. (8.93 g/cm3)(6.02 x10% atoms/mol)
- 63.5g/mol

=8.47 x10*® atoms/m’

A=5261mm*

"4 T 8.47%10% m™ )[1.60x10™ C)(5.261mm”)

34 .

=| 0.281mm/s

Picture the Problem Note that, while the positive and negative charges flow in opposite

directions, the total current is their sum.

Express the total current / in the
tube as the sum of the electron
current and the ion current:

The electron current is the product
of the number of electrons through
the cross-sectional area each second

and the charge of each electron:

Proceed in the same manner to find
the ion current:

Substitute to obtain:

35 -

I1=1 +1,

electron ion

= ne
= (2 x10" electrons/s)

X (1 60x107" C/electron)
=0.320A

electron

Liow = Mo Gion
= (0.5 x10'" electrons/s)
x (1 60x107" C/electron)
=0.0800 A

1=0320A+0.0800A =| 0.400A

Picture the Problem We can solve K =1 m_v* for the velocity of an electron in the

beam and use the relationship between current and drift velocity to find the beam current.
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(a) Express the kinetic energy of the K=+my
beam:
Solve for v: 2K
v=_[—
mE
Substitute numerical values and 2(10 keV)(l 60x107"° J/eV)
evaluate v: V= 911x107>" ke

=|5.93x10" m/s

(b) Use the relationship between I =nev,A
current and drift velocity (here the

velocity of an electron in the beam)

to obtain:

Express the cross-sectional area of A=1D?
the beam in terms of its diameter D:

Substitute to obtain: I =L mev,D’

Substitute numerical values and
evaluate [

Substitute numerical values and evaluate I:
[=17(5%10°em™)(1.60x10™"° C)(5.93x10” m/s) (10~ m)

36 oo

37.3 LA

Picture the Problem We can use the definition of current, the definition of charge
density, and the relationship between period and frequency to derive an expression for

the current as a function of a, A, and @.

Use the definition of current to = g
relate the charge AQ associated with At
a segment of the ring to the time At

it takes the segment to pass a given

point:

i A
Because each segme.nt carries a = 0 AOf
charge AQ and the time for one T

(1
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revolution is T:

Use the definition of the charge
density A to relate the charge AQ to
the radius a of the ring:

Solve for AQ to obtain:

Substitute in equation (1) to obtain:

Because @ = 27f we have:

*37 oo

_AQ
2ma
AQ =2mad
I =2mif
I=|alw

Picture the Problem The current will be the same in the two wires and we can relate the
drift velocity of the electrons in each wire to their current densities and the cross-

sectional areas of the wires. We can find the number density of charge carriers # using
n=pN, / M , where p is the mass density, No Avogadro’s number, and M the molar

mass. We can find the cross-sectional area of 10- and 14-gauge wires in Table 25-2.

Relate the current density to the drift
velocity of the electrons in the 10-
gauge wire:

Solve for vy4:

The number density of charge
carriers 7 is related to the mass
density p, Avogadro’s number N,,
and the molar mass M:

For copper, p=8.93 g/cm’ and
M = 63.5 g/mol. Substitute and
evaluate n:

Use Table 25-2 to find the cross-
sectional area of 10-gauge wire:

Substitute numerical values and evaluate vq ¢:

110 gauge

A

= nevd
10 gauge

1 10 gauge

1% =
d,10 {
ne. 10 gauge

(8.93 g/em’ )(6.02 x10% atoms/mol)
63.5g/mol

=8.47x10* atoms/m’

4,, =5.261mm’
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15A
Va0 = % 3 T 1= 0.210mm/s
1 (8.47x10% m™)(1.60x10™° C)(5.261mm? )
Express the continuity of the current 1 10 gauge — I 14 gauge
in the two wires: or
nev, 104y, gauge nevy , 4, gauge
Solve for vq4 4 to obtain: AlOgauge
Vaisa = Va0 =,
14 gauge
Use Table 25-2 to find the cross- A, =2.081mm’
sectional area of 14-gauge wire:
Substitute numerical values and 5.261mm*

Vare = (0.210mm/s)

evaluate vy 4: 2.081 mm?*

= 0.531mm/s

38 e

Picture the Problem We can use I = neAv to relate the number 7 of protons per unit
volume in the beam to current /. We can find the speed of the particles in the beam from
their kinetic energy. In part (b) we can express the number of protons N striking the target
per unit time as the product of the number of protons per unit volume # in the beam and
the volume of the cylinder containing those protons that will strike the target in an elapsed
time At and solve for V. Finally, we can use the definition of current to express the charge
arriving at the target as a function of time.

(a) Use the relation between current I =neAdv
and drift velocity to relate / and n:

Solve for n to obtain: "= I
eAv
Express the kinetic energy of the 2 2K
K=Imyv =v= |—
protons and solve for v: P m,
Relate the cross-sectional area 4 of A=1D’

the beam to its diameter D:
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Substitute for v and 4 to obtain: I 4] m,
n= =

1 Dz\/ZK " D’ 2K
w -

n,

Substitute numerical values and evaluate 7:

—27
_ 4(1_111;A) 2 1.67x10 k%w T E—
7(1.60x10™° C)2mm) | 220 MeV)(1.60x 107 J/eV)
(b) Express the number of protons N ﬁ _ n(v A) — N = nmvAAf
striking the target per unit time as the At

product of the number 7 of protons
per unit volume in the beam and the
volume of the cylinder containing
those protons that will strike the
target in an elapsed time Az and solve
for NV:

Substitute for v and 4 to obtain: ) 2
N =17D"nAt |—

Substitute numerical values and evaluate N:

2(20MeV)(1.60x10™° J/eV)

— =|3.75x10"
1.67x107" kg

N =1 z(2mm)(3.21x10% m)(1 min)\/

(¢) Using the definition of current, Q=1Ir=(1mA)
express the charge arriving at the = (1 mC /s)t

target as a function of time:

*30 oo
Picture the Problem We can relate the number of protons per meter N to the number n of
free charge-carrying particles per unit volume in a beam of cross-sectional area 4 and then

use the relation between current and drift velocity to relate » to /.

(a) Express the number of protons N =nA (1)
per meter N in terms of the number

n of free charge-carrying particles

per unit volume in a beam of cross-
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sectional area 4:

Use the relation between current and I =endv
drift velocity to relate / and »:

Solve for 7 to obtain: ne Es
eAv
Substitute to obtain: N 4 I
eAv ev
Substitute numerical values and _ SmA
N= -19 8
evaluate N: (1.60x10™ C)(3x10° mvs)
=1.04x10°*m™
(b) From equation (1) we have: _ N _1.04x 10°m™
A 10°m®
=(1.04x10"m™

Resistance and Ohm’s Law

40 -
Picture the Problem We can use Ohm’s law to find the potential difference between the
ends of the wire and V' = EL to find the magnitude of the electric field in the wire.

(a) Apply Ohm’s law to obtain: V=Rl = (()_2 Q)(S A) =|1.00V
(b) Relate the electric field to the - y_1v _ 0.100V/m
potential difference across the wire L 10m

and the length of the wire:

41 -
Picture the Problem We can apply Ohm’s law to both parts of this problem, solving first
for R and then for /.

(a) Apply Ohm’s law to obtain: R 14 _ 100V -13330
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(b) Apply Ohm’s law a second time I = K _ 25_V =1 0.751A
to obtain: R 33.3Q
42 .

Picture the Problem We can use R = pL/A to find the resistance of the block and

Ohm’s law to find the current in it for the given potential difference across its length.

(a) Relate the resistance of the block R=p £
to its resistivity p, cross-sectional A
area A, and length L:

. . 3
Substitute numerical values (see R= (3500x 10 0. m) cm _
Table 2625-1 for the resistivity of (0.5 Cm)
carbon) and evaluate R: —[42.0mO

’ in: 4
(b) Apply Ohm’s law to obtain: I = K _ 8.4V —200A
R 42.0mQ

43
Picture the Problem We can solve the relation R = pL/ A for L to find the length of the

carbon rod that will have a resistance of 10 Q.

Relate the resistance of the rod to its R=p L
resistivity p, cross-sectional area 4, A
and length L:
Solve for L to obtain: I - AR R
P P

Substitute numerical values (see 1 *(10Q

es ¢ f - Z01mm)(100) e
Table 2625-1 for the resistivity of 3500x10° Q- m

carbon) and evaluate L:

*44 o
Picture the Problem We can use R = pL/A to find the resistance of the track.

(a) Relate the resistance of the track R=p

L
to its resistivity p, cross-sectional A
area 4, and length L:
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Substitute numerical values and
evaluate R:

45 .

R=(107Q-m) ~[0.1820

10km

55¢cm?

Picture the Problem We can use Ohm’s law in conjunction with R = pL/ A to find the

potential difference across one wire of the extension cord.

Using Ohm’s law, express the
potential difference across one wire
of the extension cord:

Relate the resistance of the wire to
its resistivity p, cross-sectional area
A, and length L:

Substitute to obtain:

Substitute numerical values (see
Table 25-1 for the resistivity of
copper and Table 25-2 for the cross-
sectional area of 16-gauge wire) and
evaluate V-

46 .

V= IR
L
R=p—
’a
LI
V= p==
P
V=(1.7x10‘8Q~m)(30m—)(5A)
1.309 mm’

1.95V

Picture the Problem We can use R = pL/A to find the length of a 14-gauge copper wire

that has a resistance of 2 Q.

(a) Relate the resistance of the wire
to its resistivity p, cross-sectional
area 4, and length L:

Solve for L to obtain:

Substitute numerical values (see
Table 2625-1 for the resistivity of
copper and Table 2625-2 for the
cross-sectional area of 14-gauge
wire) and evaluate L:

L
R=p—
P4
=
P
2
=(29)(2.0§1mm ) e
1.7x10° Q- m
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Picture the Problem We can use R = pL/A to express the resistances of the glass

cylinder and the copper wire. Expressing their ratio will eliminate the common cross-

sectional areas and leave us with an expression we can solve for the length of the copper

wire.

Relate the resistance of the glass
cylinder to its resistivity, cross-
sectional area, and length:

Relate the resistance of the copper
wire to its resistivity, cross-
sectional area, and length:

Divide the second of these
equations by the first to obtain:

Solve for L, to obtain:

Substitute numerical values (see Table 25-
1 for the resistivities of glass and copper)
and evaluate L¢y:

lass
R, =p,. —¢
lass lass

£ £ 4

glass

L
R — Cu
Cu p Cu ACu
LC
Peu,
Rey _ ‘ Ac, _ Peu Loy
Lglass pglass Lg]ass

glass
p glass

A

glass
or, because Agjass = Acy and Rey = Ryjass,
1= Pcu . LCu

pglass Lglass

LCu = pglass Lglass
pCu
10 Q-m
L. = lcm
c 1.7><10‘8Q-m( )
= 5.88x10"mx—9Y
9.461x10° m

=[622¢-y
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48 e

Picture the Problem We can use Ohm’s law to relate the potential differences across the
two wires to their resistances and R = pL/ A to relate their resistances to their lengths,

resistivities, and cross-sectional areas. Once we’ve found the potential differences across

each wire, we can use F = V/ L to find the electric field in each wire.

(b) Apply Ohm’s law to express the Vew = IR,
potential drop across each wire: and
VFe = ]RFe
Relate the resistances of the wires to R.=p Le,
their resistivity, cross-sectional area, @ @ A,
and length: and
L
R — Fe
Fe pFe 14}:e
Substitute to obtain: Pculcy
VCu = = I
ACu
and
PreLre
VFe = et I
AFe
Substitute numerical values (see Voo (1 Ix107* Q- m)(SO m) (2 A)
Table 2625-1 for the resistivities of o %;;(1 mm)z
copper. anq iron) and evaluate the _[346V
potential differences:
and
10x10°Q-m)(4
v (10x10 m)2 9m)(2A)
+ 7r(1 mm)
=[12.5V
(a) Express the electric field in each E - Ve
conductor in terms of its length and o L,
the potential difference across it: and
V.
EFe =
LFe
Substitute numerical values and 3.46V
. E.,, =——=|433mV/m
evaluate the electric fields: 80m
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and
_ 12.5V _

e =——— =| 255mV/m
49m

*49 oo
Picture the Problem We can use Ohm’s law to express the ratio of the potential
differences across the two wires and R = pL / A to relate the resistances of the wires to

their lengths, resistivities, and cross-sectional areas. Once we’ve found the ratio of the
potential differences across the wires, we can use £ =V/L to decide which wire has the

greater electric field.

(a) Apply Ohm’s law to express the Vew = IR,
potential drop across each wire: and
VFe = IRFe
Divide the first of these equations @ _ IR, _ R, (1)
by the second to express the ratio of Vee IRz, Ry,

the potential drops across the wires:

Relate the resistances of the wires to

_ C
. C e . RCu =P Cu -
their resistivity, cross-sectional area, ACu
and length: and
_ F
RFe - p Fe :
Fe
Divide the first of these equations P L,
by the second to express the ratio of R, _ o A, _ P
the resistances of the wires: R;. P L, Pre
S
A

Fe

because Lc, = L. and Ac, = Are.

Substitute in equation (1) to obtain: Veu _ Peu

VFe pFe
Substitute numerical values (see Voo  L7x 10°Q-m _T0.170
Table 2625-1 for the resistivities of V. 10x10°Q.-m —

Fe
copper and iron) and evaluate the

ratio of the potential differences:
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(b) Express the electric field in each
conductor in terms of its length and
the potential difference across it:

Divide the first of these equations
by the second to obtain:

Because Er. = 5.88E¢,:

50 (1]

Picture the Problem We can use R = pL/ A to relate the resistance of the salt solution to

E. =—and E;, = Vre
Cu LFe
VCu

ECu — LCu — _Cu :0170

EFe ch Fe
LCu

or
E

E. =— =588E

Fe 017 Cu

E is greater in the iron wire.

its length, resistivity, and cross-sectional area. To find the resistance of the filled tube

when it is uniformly stretched to a length of 2 m, we can use the fact that the volume of

the solution is unchanged to relate the new cross-sectional area of the solution to its

original cross-sectional area.

(a) Relate the resistance of the filled
tube to the resistivity, cross-
sectional area, and length of the salt
solution:

Substitute numerical values and
evaluate R:

(b) Relate the resistance of the
stretched tube to the resistivity,
cross-sectional area, and length of
the salt solution:

Letting V represent volume, express
the relationship between the before-
stretching volume » and the after-
stretching volume V":

Solve for A’ to obtain:

L
R=p=
’ 4
R=(0"Qm)— ™ __[7960
7r(2mm)

L' 2L
R'=p== 1

7 P (1)
V=
or
LA=LA'

A'=

NI
W
I
=
g
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R =p—=4 p—
>4 A

=4(79.6Q)=| 318Q

Substitute in equation (1) to obtain: 2L ( L]

51 ee
Picture the Problem We can use R = pL/ A to relate the resistance of the wires to their

lengths, resistivities, and cross-sectional areas. To find the resistance of the stretched wire,
we can use the fact that the volume of the wire does not change during the stretching
process to relate the new cross-sectional area of the wire to its original cross-sectional
area.

Relate the resistance of the R=p L
unstretched wire to its resistivity, A
cross-sectional area, and length:
Relate the resistance of the stretched R'=p L'
wire to its resistivity, cross-sectional A’
area, and length:
Divide the second of these equations L'
" R P L' 4
by the first to obtain: 4L a4
R 0 L LA
A
or
A
R'=2—R (1)
A !
Letting V represent volume, express V=V
the relationship between the before- or
stretching volume 7 and the after- LA=L'A"
stretching volume V":
Solve for A/4" to obtain: A4 _ L' s
A" L

Substitute in equation (1) to obtain: R' = 2(2)R —4R = 4(0_3 Q) =1.20Q
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52 e

Picture the Problem We can use R = pL /A to find the resistance of the wire from its
length, resistivity, and cross-sectional area. The electric field can be found using £ = V/L
and Ohm’s law to eliminate V. The time for an electron to travel the length of the wire can
be found from L = v4At, with v4 expressed in term of / using / = neAv; .

(a) Relate the resistance of the R=p £
unstretched wire to its resistivity, A
cross-sectional area, and length:
Substitute numerical values (see R= (1 7%10° Q. m) 100m
Table 25-1 for the resistivity of . 5.261mm*
copper and Table 25-2 for the cross- ~[03230
sectional area of 10-gauge wire) and
evaluate R:
(b) Relate the electric field in the E= K
wire to the potential difference L
between its ends:
Use Ohm’s law to obtain: - IR
L

Substitute numerical values and - (30 A)(0.323 Q) _[96.9mV/m
evaluate E: 100m :
(c) Express the time At for an Af = £
electron to travel a distance L in the Vy
wire in terms of its drift speed vy:
Relate the current in the wire to the I = neAv,
drift speed of the charge carriers:
Solve for v4 to obtain: b = 1

‘" ned
Substitute to obtain: Af = neAL

Substitute numerical values (in Example 25-1 it is shown that n = 8.47x10** m™) and
evaluate At:
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At =

(8.47x10% m)(1.6x10™"° C)(5.261mm? )(100m)

=|2.38x10°s

30A

53 oo

Picture the Problem We can use R = pL/A to find express the resistance of the wire

from in terms of its length, resistivity, and cross-sectional area. The fact that the volume of

the copper does not change as the cube is drawn out to form the wire will allow us to

eliminate either the length or the cross-sectional area of the wire and solve for its

resistance.

Express the resistance of the wire in
terms of its resistivity, cross-
sectional area, and length:

Relate the volume V of the wire to
its length and cross-sectional area:

Solve for L to obtain:

Substitute to obtain:

Substitute numerical values (see
Table 25-1 for the resistivity of
copper and Table 25-2 for the cross-
sectional area of 14-gauge wire) and
evaluate R:

*54 oo

L
R—,OZ
V= AL
-7
A
4
3
R:(1.7x10‘8Q-m)ﬂ
(2.081mm’ ]

=10.0314Q2

A spreadsheet program to plot / as a function of V' is shown below. The formulas used to
calculate the quantities in the columns are as follows:

Cell Content/Formula Algebraic Form
Bl 2 I
AS —200 V (mV)
A6 A5 +25 V+ AV
B5 $B$1*(EXP(A5/25) - 1) L™ -1)
A B
1 10=]2 nA
2
3 \% 1
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4 (mV) (nA)
5 —-200.0 -2.00
6 -175.0 -2.00
7 —-150.0 -2.00
15 50.0 12.78
16 75.0 38.17
17 100.0 107.20

The following graph was plotted using the data in spreadsheet table shown above.

110

" /

70 A

50 1

30 /
10 /1
-10 ‘
-200 -150 -100 -50 0 50 100
V (mV)

I (nA)

A spreadsheet program to plot In(/) as a function of ' for V"> 0.3 V follows. The
formulas used to calculate the quantities in the columns are as follows:

Cell Content/Formula Algebraic Form
Bl 2 2 nA
AS 300 4
A6 A5+10 V+ AV
B5 | LN($B$1*(EXP(A5/25) - 1)) 1n[10 (eV/25mV _1)]
A B C
10=]2 nA
Vv In(T)
(mV)
300 12.69
310 13.09
320 13.49
330 13.89
340 14.29
350 14.69
970 39.49
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980 39.89
990 40.29
1000 40.69

A graph of In(/) as a function of V' follows. Microsoft Excel’s Trendline feature was used
to obtain the equation of the line.

45

40 i -
| In(/)=0.04V + 0.6931 //

30 /

o 25

E 20 /

15 7//
10
5
0 ‘ ‘ : :
300 400 500 600 700 800 900 1000
V (mV)
For V>>25mV: QB 2smy
and
I ~ I eV/25 mV
=Ly
Take the natural logarithm of both ln( [) = ln(l RaEs mV)
. . . 0
sides of the equation to obtain: !
=1In(/, )+ V
(r) 25mV
which is of the form y = mx + b,
where
1 -
m= =10.04(mV)"
25mV

in agreement with our graphical result.

55 e

Picture the Problem We can use the first graph plotted in Problem 55 to conclude that,
if V< 0.5V, then the diode’s resistance is effectively infinite. We can use Ohm’s law to
estimate the current through the diode.

@ From the first graph plotted in Problem 55 we see that, if ' <0.5V, then
a

the current is negligible and the diode has essentially infinite resistance.
(b) Use Ohm’s law to express the vV

I __ _ resistor

current flowing through the diode: TR



364 Chapter 25

For a potential difference across the 5V-05V

diode of approximately I= 00 90.0mA
0.5V:

56 00

Picture the Problem We can use, as our element of resistance, a semicircular strip of
width ¢, radius 7, and thickness dr. Then dR = (727",0 / t)dr . Because the strips are in

parallel, integrating over them will give us the reciprocal of the resistance of half ring.

Integrate dR fromr=ator=>5bto 1 t Sdr ot ) b

—=—|—=—1n| —
obtain R mp°r mp \a
Take the reciprocal of both sides of R= Yoy
the equation to obtain: B ( bj

tIn
a

57 ooe

Picture the Problem The element of resistance we use is a segment of length dx and
cross-sectional area z{a + (b — a)x/L]*. Because these resistance elements are in series,
integrating over them will yield the resistance of the wire.

Express the re'sistanCEt of the chosen dR = p ﬂ _ P _dx
element of resistance: A 7Z'[a + (b — a)(x/ L)]
Integrate dR from x =0 to x =L and P r
o . R:—j
simplify to obtain: pa o +(b-a x/ L)]
__pL (11
_ﬂ(b—a) a a+(b-a)
__ AL (1. l]
- ab—a)l\la b
__pL (b- aj
z(b—a)\ ab
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*58 oo

Picture the Problem The diagram shows a
cross-sectional view of the concentric
spheres of radii a and b as well as a
spherical-shell element of radius 7. Using
the Hint we can express the resistance dR
of the spherical-shell element and then
integrate over the volume filled with the
material whose resistivity p is given to find
the resistance between the conductors.
Note that the elements of resistance are in
series.

Express the element of resistance dR = dr dr

dR: A p 4’

Integrate dR fromr=ator=>to R P . dr p(1l 1
obtain: _EJ.;/_Z_E a b

a b

evaluate R: R A

Substitute numerical values and B 10°Q-m 1 1
a 1.5cm 5S5cm

=|3.71x10° Q

59  eee

Picture the Problem The diagram shows a
cross-sectional view of the coaxial
cylinders of radii « and b as well as a
cylindrical-shell element of radius . We
can express the resistance dR of the
cylindrical-shell element and then integrate
over the volume filled with the material
whose resistivity pis given to find the
resistance between the two cylinders. Note
that the elements of resistance are in series.

Express the element of resistance _dr  _dr
dR=p—=p
dR: A 2mrL

Integrate dR fromr =a tor=b to e, ¢ dr o, b
. R=—"— In
obtain: 27L° 1
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(b) Apply Ohm’s law to obtain:

Substitute numerical values and
evaluate [

Vv Ay
"R p b b
F nl Z In| =
27l n(aj r n[aj
I 27(50em)(10V)  _ S O0SA
(30Q- m)ln[z'scmj
1.5cm

Temperature Dependence of Resistance

*60 -

Picture the Problem We can use R = pL/A to find the resistance of the rod at 20°C.
Ignoring the effects of thermal expansion, we can we apply the equation defining the

temperature coefficient of resistivity, a, to relate the resistance at 40°C to the resistance at

20°C.

(a) Express the resistance of the rod
at 20°C as a function of'its
resistivity, length, and cross-
sectional area:

Substitute numerical values and
evaluate Ry:

(b) Express the resistance of the rod
at 40°C as a function of its
resistance at 20°C and the
temperature coefficient of resistivity
a:

L
R,y = Py Z

Ry =(5.5x10*Q-m) 22M
(lmm)
=| 27.5mQ
L
Ry = p4oz

L
= pull+alte =20C7)} =

L L
= P ) + P Za(tc - 2OCO)

= R, [1+a(r. —20C°)]

Substitute numerical values (see Table 25-1 for the temperature coefficient of resistivity

of tungsten) and evaluate Ryq:

R, =(27.5mQ)[1+(4.5x10° K')(20C°)|=[ 30.0mQ
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61 -
Picture the Problem The resistance of the copper wire increases with temperature
according toR,_ = R, [1 + a(tc - ZOCO)]. We can replace R, by 1.1Ry and solve for 7c to

find the temperature at which the resistance of the wire will be 110% of its value at 20°C.

Express the resistance of the wire at 1R,y = Ry [l + ax(t. —20C°)]

1. 1R2()I

Simplify this expression to obtain: 1.1R,, = Ry, + Ryycx(t. —20C°)
or

0.1=a(r, —20C°)

in: 0.1
Solve to # to obtain: o =~ +20C°
a
i i 0.1
Substitute numerical values (see = . 420C°
Table 25-1 for the temperature 3.9x107° K
coefficient of resistivity of copper) —[ 45.6°C

and evaluate fc:

62 e

Picture the Problem Let the primed quantities denote the current and resistance at the
final temperature of the heating element. We can express R’ in terms of R, and the final
temperature of the wire 7c using R’ = R,, [1 + a(tc — 20C°)] and relate I', R', Iy, and Ry

using Ohm’s law.

Express the resistance of the heating R'=R,, [1 ta (tc - 2OCO)] (M
element at its final temperature as a

function of its resistance at 20°C and

the temperature coefficient of

resistivity for Nichrome:

Apply Ohm’s law to the heating V =1,R,,
element when it is first turned on:

Apply Ohm’s law to the heating V=IR'
element when it has reached its final

temperature:

Because the voltage is constant, we I'R'=1,R),

have: or
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Substitute in equation (1) to obtain:

Solve for ¢ to obtain:

Substitute numerical values (see
Table 25-1 for the temperature
coefficient of resistivity of
Nichrome) and evaluate #:

63 oo

1y
t. =L 120ce
a
154
o= s0ce =[405°C
0.4x10° K

Picture the Problem We can apply Ohm’s law to find the initial current drawn by the
cold heating element. The resistance of the wire at 1000°C can be found using
R0 = Ry [1 + a(tc - 20C°)] and the power consumption of the heater at this

temperature from P = Vz/Rlooo.
(a) Apply Ohm’s law to find the
initial current /o drawn by the
heating element:

(b) Express the resistance of the
heating element at 1000°C as a
function of its resistance at 20°C and
the temperature coefficient of
resistivity for Nichrome:

Substitute numerical values (see
Table 25-1 for the temperature
coefficient of resistivity of
Nichrome) and evaluate R ggo:

(c) Express and evaluate the
operating wattage of this heater at
1000°C:

;v 120V _
R, 8Q

15.0A

Ry = Ry [1 + a(tc - ZOCO)]

Ry = (8Q)[1+(0.4x10° K ")
x (1000°C —20C°)]
=111.1Q
2 2
po V7t _(20V) 1.30kW
Ry  11.1Q
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64 e
Picture the Problem We can find the resistance of the copper leads using
R, =pc,L / A and express the percentage error in neglecting the resistance of the leads as

the ratio of Rc, to Ryichrome- In part (¢) we can express the change in resistance in the
Nichrome wire corresponding to a change At in its temperature and then find Azc by
substitution of the resistance of the copper wires in this equation.

(a) Relate the resistance of the R, =p £
copper leads to their resistivity, c “ 4
length, and cross-sectional area:
Substitute numerical values (see - 50cm
values ( Re, =(17x10" Q- m)—"ST
Table 25-1 for the resistivity of 17[(0.6 mm)
copper) and evaluate Rcy: 130 1mQ
(b) Express the percentage error as % error — R,
the ratio of Rcy to Richrome: Nichrome
30.ImQ
=2 0.301%
10Q2
(c) Express the change in the AR=R'—-R
resistance of the Nichrome wire as =R,, [1 + a(tc' - 20C°)]
its temperature changes from #c to - Ry, [1 +a (tc - ZOCO)]
fc” = R, aAt,
Solve for Atc to obtain: At = AR
o=
R,
Set AR equal to the resistance of the At = 30.1mQ —[7353¢C°
copper wires (see Table 25-1 for the ¢ (10 Q)(0.4 x107° K™ )

temperature coefficient of resistivity
of Nichrome wire) and evaluate Azc:

*G5  eee

Picture the Problem Expressing the total resistance of the two current-carrying (and
hence warming) wires connected in series in terms of their resistivities, temperature
coefficients of resistivity, lengths and temperature change will lead us to an expression in
which, if oL + ;L = 0, the total resistance is temperature independent. In part (b)
we can apply the condition that pL,a; + p»Lo = 0 to find the ratio of the lengths of the
carbon and copper wires.
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(a) Express the total resistance of these two wires connected in series:

R=R +R,

=p, %(1 +a,AT)+ p, %(1 + azAT)Jr%[plLl (1+ e, AT)+ p,L, (1 +,AT))]
Expand and simplify this expression to obtain:

1
R= z [plLl +p, Ly + (plLlal +pLa, )AT]

If piLyor + polrcy = 0, then:

R= %[plLl +p,L, | |independently of

the temperature.

(b) Apply the condition for pcleac + peLoyCc, =0
temperature independence obtained

in (a) to the carbon and copper

wires:

Solve for the ratio of L, to Lc: L, __ PO
Le Pcu@cu

Substitute numerical values (see Table 25-1 for the temperature coefficient of resistivity
of carbon and copper) and evaluate the ratio of L¢, to L¢:

Le, __(3500x10°Q-m)(-0.5x10°K") =
Lo (L7x107Q-m)B.9x10°K™)

66 oo

Picture the Problem We can use the relationship between the rate at which energy is
transformed into heat and light in the filament and the resistance of and potential
difference across the filament to estimate the resistance of the filament. The linear
dependence of the resistivity on temperature will allow us to find the resistivity of the
filament at 2500 K. We can then use the relationship between the resistance of the
filament, its resistivity, and cross-sectional area to find its diameter.

(a) Express the wattage of the V2
lightbulb as a function of its P=—
resistance R and the voltage V' R
supplied by the source:



Solve for R to obtain:

Substitute numerical values and
evaluate R:

(b) Relate the resistance R of the
filament to its resistivity p, radius 7,
and length ¢:

Solve for r to obtain:

Because the resistivity varies
linearly with temperature, we can
use a proportion to find its value at
2500 K
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2
r="
P
2
R= (IOOV) =1250Q
40W
rR=""
Tr
.o [P
TR
and the diameter d of the filament is
Yol
d=2|— 1
R (D
Pasook ~ P93k _ 2500K -293K
Pssoox ~ Pz 3500K -293K
2207
3207

Solve for pys00 k to obtain:

2207

371

Pasoox = % (pSSOOK ~ Prosk )+ P93k

Substitute numerical values and evaluate o500 k:

2207

P2s00k Z—(l.l,LtQ-m—56nQ-m)+56nQ.m =774.5nQ2-m

3207

Substitute numerical values in
equation (1) and evaluate d:

67 (1 1]

Picture the Problem We can use the relationship between the rate at which an object

., [(774.5nQ-m)(0.5cm)
4= 2\/ 7(2500)

=| 4.44 ym

radiates and its temperature to find the temperature of the bulb.

(a) At a temperature 7, the power
emitted by a perfect blackbody is:

Solve for T:

P=cAT*
where 6 = 5.67x107® W/m2-K* is the
Stefan-Boltzmann constant.

/P /P
[ =4 — =
oA odL
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or, because P = V*/R,

2
— 4 V
omdLR
Relate the resistance R of the pL  4pL
. VA R="=
filament to its resistivity p: 4
Substitute for R in the expression for 2 V2
T to obtain: T = ) AL >
oL —7['3 5 4ol’p

Substitute numerical values and evaluate T:

— (5V)2(40x10—6 m) )
' _4\/4(5-67><10‘8 W/m®-K*)(0.03m) (3x10°Q-m) 636K

As the filament heats up, its resistance increases, leading to more power
(b)| being dissipated, leading to further heat, leading to a higher temperature,

etc. This thermal runaway can burn out the filament if not controlled.

Energy in Electric Circuits

*68 o
Picture the Problem We canuse P =V" / R to find the power dissipated by the

two resistors.

Express the power dissipated in a y?
resistor as a function of its resistance R
and the potential difference across it:

Evaluate P for V= 120 V and ?

(a) Evaluate P for an P:(1—20V) =| 2.88kW
R=50Q: 50

b) Evaluate P for V=120 V and i

(b) Evaluate P for an p:m: 1.44kW
R=100Q: 100

69 -

Picture the Problem We can solve P, =12, R for the maximum current the

max
resistor can carry and apply Ohm’s law to find the maximum voltage that can be

placed across the resistor.



‘Electric Current and Direct-Current Circuits 373

(a) Express the maximum power the P =I'R

max max

resistor can dissipate in terms of the
current flowing through it:

Solve for I, to obtain: ] P .

max R
Substitute numerical values and 2

I = 0.25W =] 5.00mA

evaluate Iy max 10kQ
(b) Apply Ohm’s law to relate the Voo = Lo R
maximum voltage across this
resistor to the maximum current
through it:
Substitute numerical values and V. = (5 m A)(] 0 kQ) =500V

evaluate Vi

70 e
Picture the Problem We can use P = VZ/R to find the resistance of the heater and

Ohm’s law to find the current it draws.

(a) Express the power output of the y?
heater in terms of its resistance and R
its operating voltage:

Solve for and evaluate R: 2 ’

olve for and evaluate R:V_:(24OV) _[5760
P 1kW

Apply Ohm’s law to find the current I :K: 240V =l417A

drawn by the heater: R 57.6Q

b) Evaluate th tput of th §

(b) Vauae- e power output of the P=(12OV) _[250W

heater operating at 120 V: 57.6Q

71 -

Picture the Problem We can use the definition of power and the relationship between the
battery’s power output and its emf to find the work done by it under the given conditions.

Use the definition of power to relate p= AW

the work done by the battery to the At
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time current is drawn from it:

Solve for the work done AW = PAt

in time At:

Express the power output of the P=é&l

battery as a function of the battery’s

emf:

Substitute to obtain: AW = EIAt

Substitute numerical values and AW =(12V)(3A)(5s)=| 180

evaluate AW:

72 .

Picture the Problem We can relate the terminal voltage of the battery to it emf,
internal resistance, and the current delivered by it and then solve this relationship
for the internal resistance.

Express the terminal potential V,=V,=&—1Ir

difference of the battery in terms of

its emf and internal resistance:

Solve for r: ;= - (Va - V)b
1
Substitute numerical values and = 12V -114V 1003000
evaluate 7: 20A
*73 e

Picture the Problem We can find the power delivered by the battery from the

product of its emf and the current it delivers. The power delivered to the battery

can be found from the product of the potential difference across the terminals of

the starter (or across the battery when current is being drawn from it) and the

current being delivered to it. In part (¢) we can use the definition of power to

relate the decrease in the chemical energy of the battery to the power it is

delivering and the time during which current is drawn from it. In part (d) we can

use conservation of energy to relate the energy delivered by the battery to the heat develope
the battery and the energy delivered to the starter

(a) Express the power delivered by P=&l = (12 V)(Q() A) —| 240 W
the battery as a function of its emf




‘Electric Current and Direct-Current Circuits

and the current it delivers:

(b) Relate the power delivered to the
starter to the potential difference
across its terminals:

(c¢) Use the definition of power to
express the decrease in the chemical
energy of the battery as it delivers
current to the starter:

(d) Use conservation of energy to
relate the energy delivered by the
battery to the heat developed in the
battery and the energy delivered to
the starter:

Express the energy delivered by the
battery and the energy delivered to
the starter in terms of the rate at

which this energy is delivered:

Solve for Q to obtain:

Substitute numerical values and
evaluate Q:

74

f)staner = I/staner]
=(11.4V)(20A)=| 228 W
AE = PAt

= (240 W)(3min)=| 43.2kJ

delivered by battery = E transformed into heat

+F

delivered to starter

= Q + E delivered to starter

PAt =0+ PAt

0=(P-P)At

0 =(240 W - 228 W)(3min)
=|2.16kJ

Picture the Problem We can use conservation of energy to relate the emf of the

battery to the potential differences across the variable resistor and the energy

converted to heat within the battery. Solving this equation for / will allow us to

375

find the current for the four values of R and we can use P = I R to find the power delivered

the battery for the four values of R.
Apply conservation of energy
(Kirchhoff’s loop rule) to the circuit

to obtain:

Solve for / to obtain:

E=IR+1Ir
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Express the power delivered by the P=1I’R
battery as a function of the current
drawn from it:

N 6V
(a) For R = 0: =& _°Y oA
R+r 03Q
and
P=(20A)(0)=| 0
(b) For R=5 Q: j=_¢ OV _M13A
R+r 5Q+03Q
and

P=(L.L1I3A)(5Q)=| 6.38W

(¢) ForR=10 Q: I & _ 6V _
R+r 10Q+03Q

and

P=(0.583A)(10Q)=| 3.40 W

0.583A

(d) For R = co: I = € =lim —6V =
R+r " R+030Q @

and
r-[1]

75 e

Picture the Problem We can express the total stored energy AU in the battery in terms of
its emf and the product /At of the current it can deliver for a period of time A¢. We can
apply the definition of power to relate the lifetime of the battery to the rate at which it is
providing energy to the pair of headlights

(a) Express AU in terms of £ and the AU = EINt
product /At:
Substitute numerical values and AU =(12V)(160A -h)=1.92kW -h
evaluate AU: C1.99kW-hx 3.6MJ
kW -h

=1 6.91MJ
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(b) Use the definition of power to Af = ﬂ
relate the lifetime of the battery to P
the rate at which it is providing

energy to the pair of headlights:

Substitute numerical values and Af = 1.92kW -h ~[12.8n
evaluate Az: 150 W
76 e

Picture the Problem We can use conservation of energy (aka Kirchhoff’s loop

Rule) to relate the emf at the fuse box and the voltage drop in the wires to the

voltage at the outlet box (delivered to the space heater). We can find the number of 60-W li
bulbs that could be supplied by the this line without blowing the fuse by

dividing the current available by the current drawn by each 60-W bulb.

(a) Apply Kirchhoff’s loop rule to E—Vires —Vouter =0
the circuit to obtain: or

&- IRwires - Voutlet = 0
Solve for Vet to obtain: Vutier = € — IR ires
Relate the resistance of the copper R = £
wires to the resistivity of copper, the e “ 4

length of the wires, and the cross-
sectional
area of 12-gauge wire:

. . Io. L
Substitute to obtain: v.oo=g- pjl

Substitute numerical values (see Vowee =120V

Table 25 -1 for the resistivity of (12_5 A)(l 7108 Q.- m)(60 m)
copper and Table 25-2 for the cross- N 3309 mm?>

sectional are-a of _116V

12-gauge wire) and evaluate Vet

(b) Relate the number of bulbs N to N = I,..—12.5A )

the maximum current available and Lo

the current drawn by each 60-W
bulb:
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Use Ohm’s law to relate the current
drawn by each bulb to the potential
difference across it and it’s
resistance:

Express the resistance of each 60-W
bulb:

Substitute to obtain:

Substitute in equation (1) to obtain:

Substitute numerical values and
evaluate NV:

*77 oo

”
Ly, = R_
bulb
82
Ry, :?
PV
VIS ?
I, —125A
N=""%p
?
82
=2 (1, —125A
PV( max )
2
N:ﬂQOA—Iz.SA)
(60W)(116V)
=| 15bulbs

Picture the Problem We can use P = fv to find the power the electric motor must

develop to move the car at 80 km/h against a frictional force of 1200 N. We can find the
total charge that can be delivered by the 10 batteries using AQ = NIA¢ . The total

electrical energy delivered by the 10 batteries before recharging can be found using the

definition of emf. We can find the distance the car can travel from the definition of work

and the cost per kilometer of driving the car this distance by dividing the cost of the

required energy by the distance the car has traveled.

(a) Express the power the electric
motor must develop in terms of the
speed of the car and the friction
force:

(b) Use the definition of current to
express the total charge that can be
delivered before charging:

P = fv=(1200N)(80km/h)
=| 26.7kW

AQ = NIAt = 10(160A-h)(36005j

=|5.76 MC

where N is the number of batteries.
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(c) Use the definition of emf to W=0¢&= (5-76 MC)(IZ V)
express the total electrical energy =1 69.1MJ

available in the batteries:

(d) Relate the amount of work the W=jd
batteries can do to the work required
to overcome friction:

Solve for and evaluate d: J= K _ 69.1MJ

= =[57.6km
£ 1200N

(e) Express the cost per kilometer as the ratio of the ratio of the cost of the energy to the
distance traveled before recharging:

_ (30.09/kW-h)el: _ (80.09/kW -h)120V)(160A-h)
d 57.6km

Cost/km =| $0.03/km

78 oo

Picture the Problem We can use the definition of power to find the current drawn
by the heater and Ohm’s law to find its resistance. In part (b) we’ll use the hint to
show that AP/P = 2AV/V and in part (¢) use this result to find the approximate power
dissipated in the heater if the potential difference is decreased to 115 V.

(a) Use the definition of power to = E
relate the current / drawn by the V
heater to its power rating P and the
potential difference across it V-

i i 100 W
Substitute numerical values and = —0833A
evaluate I: 120V
Apply Ohm’s law to relate the R= 14 _ 120V M EYYTe)
resistance of the heater to the I 0.833A
voltage across it and the current it
draws:
(b) Approximate dP/dV by dapP ~ AP or AP ~ dapP AV
differentials: dv AV dv
Express the dependence of P on V- y?
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Assuming R to be constant, evaluate
dP/dV:

Substitute to obtain:

Divide both sides of the equation by
P to obtain:

(c) Express the approximate power
dissipated in the heater as the sum
of its power consumption and the
change in its power dissipation
when the voltage is decreased by
AV:

Substitute numerical values and
evaluate P:

Combinations of Resistors

*79 .

Picture the Problem We can either solve this problem by using the expression

dP_d |\V*|_2¥
R

dv  dv| R

2
s ay VAV ar
R RV

:R)(l+2ﬂj
Vv

P~ (IOOW)[1+2(

-5V )
120V

AV
V

91.7W

for the equivalent resistance of three resistors connected in parallel and then using

Ohm’s law to find the current in each resistor, or we can apply Ohm’s law first to

find the current through each resistor and then use Ohm’s law a second time to

find the equivalent resistance of the parallel combination. We’ll follow the first

procedure.

(a) Express the equivalent resistance
of the three resistors in parallel and
solve for R.q:

(b) Apply Ohm’s law to each of the
resistors to find the current flowing
through each:

1 1 1 1

—= +—t

Req 40 3Q 6Q

and

Req: 1.33Q2

=12V _3o0a
40 40

R\ vy
3 3Q

and
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v 12V

=——=—=[200A
60 6Q

Remarks: You would find it instructive to use Kirchhoff’s junction rule
(conservation of charge) to confirm our values for the currents through the three
resistors.

80 -

Picture the Problem We can simplify the network by first replacing the resistors that are
in parallel by their equivalent resistance. We can then add that resistance and the 3-Q
resistance to find the equivalent resistance between points @ and b. In part (b) we’ll denote
the currents through each resistor with subscripts corresponding to the resistance through
which the current flows and apply Ohm’s law to find those currents.

(a) Express the equivalent resistance 1 _ L n L _ L L
of the two resistors in parallel and R, R, R, 6Q 2Q
solve for Rq:: and
R, =150Q
Because the 3-Q resistor is in series R, =R;+R,,
with Reg.1: =3Q+1.5Q=4.500
) 12
(b) Apply Ohm’s law to the network I, = Voo = 12V =|2.67A |,
to find Is: Req 450
Find the potential difference across Vear =V =V,
the parallel resistors: =12V - (2_67 A)(3 ) =4V
i V., 4V
Use the common potential I, = Yo 2V _[0667A
difference across the resistors in R, 6Q
parallel to find the current through and
each of them: V. 4
=" AV _HG0a

81 -

Picture the Problem Note that the resistors between a and ¢ and between ¢ and b are in
series as are the resistors between a and d and between d and b. Hence, we have two
branches in parallel, each branch consisting of two resistors R in series. In part (b) it will
be important to note that the potential difference between point ¢ and point d is zero.
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(a) Express the equivalent resistance
between points a and b in terms of
the equivalent resistances between
acb and adb:

Solve for R, to obtain:

R _=|R

eq

Because the potential difference between points ¢ and d is zero,

no current would flow through the resistor connected between

b
®) these two points, and the addition of that resistor would not
change the network.
82 oo

Picture the Problem Note that the 2-Q resistors are in parallel with each other and with
the 4-Q) resistor. We can Apply Kirchhoff’s loop rule to relate the current /3 drawn from

the battery to the emf of the battery and equivalent resistance R, of the resistor network.

We can find the current through the resistors connected in parallel by applying

Kirchhoff’s loop rule a second time. In part (b) we can find the power delivered by the

battery from the product of its emf and the current it delivers to the circuit.

(a) Apply Kirchhoff’s loop rule to
obtain:

Solve for I;:

Find the equivalent resistance of the
three resistors in parallel:

Find the equivalent resistance of
Req,1 and Rs in series:

Substitute in equation (1) and
evaluate I5:

Express the current through each of
the parallel resistors in terms of their
common potential difference V:

€—I3Req=0

E
I3=_ (1)

Req
1 1 1 1 1
— =t —t— =+ —+
Req,1 R, R, R, 2Q 2Q 4Q
and
R, =080

=Y _[158a
380

1, _ and /, _
R, R,
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Apply Kirchhoff’s loop rule to E-LR, -V =0
obtain:
Solve for V: V=&-LR,

=6V-(1.58A)(3Q)=1.26V

Substitute numerical values and I = 1.26V —[0.630A
evaluate [, and I,: 2Q
and
1, = ﬂ =[0.315A
40
(b) Express P in terms of eand /5: P=&lL,=(6V)(1.58A)=]9.48W

Remarks: Note that the currents I3, I, and 14 satisfy Kirchhoff’s junction rule.

*83 e

Picture the Problem Let r represent the

resistance of the internal resistance of the — =

power supply, £ the emf of the power %
"

supply, R the resistance of the external
resistor to be placed in series with the
power supply, and I the current drawn from e % R
the power supply. We can use Ohm’s law
to express the potential difference across R
and apply Kirchhoft’s loop rule to express
the current through R in terms of g, r, and

R.

Express the potential difference Ve =1IR (1)
across the resistor whose resistance

is R:

Apply Kirchhoff’s loop rule to the E-Ir—IR=0

circuit to obtain:

Solve for / to obtain: I E
r+R

Substitute in equation (1) to obtain: ( g j
Ve= R
r+R
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Solve for R to obtain: R= Vr
E-Vy
Substitute numerical values and R= (4-5 V)(50 Q) [ 4500
evaluate R: 5V-45V
84 o

Picture the Problem We can apply Kirchhoff’s loop rule to the two circuits described in
the problem statement and solve the resulting equations simultaneously for  and &.

(a) and (b) Apply Kirchhoft’s loop E-1r—-IR,=0
rule to the two circuits to obtain: and
E-Lr-LR,=0

Substitute numerical values to & - (0.5 A)r - (0.5 A)(S Q) =0
obtain: or
E-(05A)r=25V (1)
and
£-(025A)r—(0.25A)(112)=0
or
£—-(025A)r=2.75V )
Solve equations (1) and (2) £=[3.00V |and r =|1.00Q

simultaneously to obtain:

85 oo
Picture the Problem We can use the formula for the equivalent resistance for two
resistors in parallel to show that R.q= Rix/(1 + x).

(a) Express the equivalent resistance RR,

R
of Ry and R; in parallel: “ R +R,

— LI 2
Let x = R,/R, to obtain: Req _ XR; _|_x R
R +xR | 1+x

(b) The following graph of R.q/R; versus x was plotted using a spreadsheet program.
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1.0
0.8 - /
0.6 /
Rofk, /
0.4
0.2 -
0.0 ‘
0 2 4 6 8 10
X

86 e
Picture the Problem We can use Kirchhoff’s loop rule to relate the required resistance to
the emf of the source and the desired current. We can apply Kirchhoff’s rule a second
time to the circuit that includes the load resistance 7 to establish the largest value it can
have if it is to change the current drawn from the source by at most 10 percent.

(a) Apply Kirchhoff’s loop rule to E—IR=0
the circuit that includes the source
and the resistance R to obtain:

Solve for R to obtain: R E

I
Substitute numerical values and R 5V 5000
evaluate R: T 10mA
(b) Letting I’ represent the current 1-1 1 I 0.1
in the loaded circuit, express the 7 T <V (1)
condition that the current drops by
less than 10%:
Letting » represent the load E-Ir-IR=0
resistance, apply Kirchhoff’s loop
rule to the circuit to obtain:
Solve for I’ to obtain: I &

r+R
Substitute for / and /' in equation g
1):
M |-LER 201 = 1-——<0.1
r+R
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Solve for r to obtain: 0.1R
r<——-
0
Substitute the numerical value for R
to obtain: (SOOQ) 55.6Q2
) 0.9
87 e

Picture the Problem We can simplify the network by first replacing the resistors that are
in parallel by their equivalent resistance. We’ll then have a parallel network with two
resistors in series in each branch and can use the expressions for resistors in series to
simplify the network to two resistors in parallel. The equivalent resistance between points
a and b will be the single resistor equivalent to these two resistors. In part (b) we’ll use
the fact that the potential difference across the upper branch is the same as the potential
difference across the lower branch, in conjunction with Ohm’s law, to find the currents
through each resistor.

(a) Express and evaluate the R - RR, (6 Q)z _130

equivalent resistance of the two 6-Q el = R, +R, C60+60Q

resistors in parallel and solve for

Req,IZ

Find the equivalent resistance of the Req,z =R, + Req,l

6-Q resistor is in series with Req =60+3Q0=9Q

Find the equivalent resistance of the R.,;=R¢+R,

12-Q) resistor in series with the 6-Q =60+12Q=180

resistor:

Finally, find the equivalent R - R R

resistance of < R o+ R,

Req3 n parallel with Req»: 20)(180

:—( )( 8 )= 6.00Q
902 +18Q

(b) Apply Ohm’s law to the upper [ =] =] = Vs

branch to find the current [, =/, = ! 2 o Req’3

ls: 12V ’
=——=| 0.667A
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Apply Ohm’s law to the lower I =1 _ Vo
branch to find the current o ofiorinseries R -
Il = 16—9 resistor in series- 12V
=——=|1.33A

9Q)
Express the current through the 6-Q L. resistorsin parallel — 31
resistors in parallel: = % (1 33 A)

=|0.667A

88 oo

Picture the Problem Assign currents in each of the resistors as shown in the diagram. We
can simplify the network by first replacing the resistors that are in parallel by their
equivalent resistance. We’ll then have a parallel network with two resistors in series in
each branch and can use the expressions for resistors in series to simplify the network to
two resistors in parallel. The equivalent resistance between points a and b will be the
single resistor equivalent to these two resistors. In part (b) we’ll use the fact that the
potential difference across the upper branch is the same as the potential difference across
the lower branch, in conjunction with Ohm’s law, to find the currents through each

resistor.
40
L W
6Q ?
—W—
;'T hl 20 4Q
a v y b
] 8Q —
Izi 5 WA
4Q T
—W—
r l 50
’ W
(a) Express and evaluate the R = (R2 +R, )R4
equivalent resistance of the resistors ! (R, +R,)+R,
in parallel in the upper branch and 6040
| o),
solve for Req i: 20+4Q+40
Find the equivalent resistance of the R, =Rs+R,,
6-Q resistor is in series with Req =6Q0+240Q0=84Q
Express and evaluate the equivalent RyR
I.) . q eq,2: =t :%RSZ%(89)24Q
resistance of the resistors in parallel Ry + R,

in the lower branch and solve for
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Req’QI
Find the equivalent resistance of the R.;=R,+R,,
4-Q resistor is in series with Reqo: =40+4Q =80
Finally, find the equivalent R = Req,zReqj
resistance of Ry, in parallel with «a Req’2 + Req,3
Rega _(849)89) 705
8.4Q+8Q :

(b) Apply Ohm’s law to the upper _ Ve _ 12V ~[143A
branch to find the current /;: 1 R, 84Q :
Find the potential difference across Vige =12V =V, =12V -1 R,
the 4-Q and 6-Q parallel =12V - (1 43 A)(6 Q)
combination in the upper branch: =343V
Apply Ohm’s law to find the current I = & _ 343V ~[0572A
L: R, 6Q
Apply Ohm’s law to find the current I = E _ 343V —[0858A
Is: PR, 4Q

’ V 12V
Apply Ohm’s law to the lower [ =— = ~M1350A
branch to find the current /5 R, 8Q
Find the potential difference across Vies =12V = LR,
the 8-Q and 8-Q parallel =12V - (l 5 A)(4 Q)
combination in the lower branch: —6V
Apply Ohm’s law to find s = I¢: I=1, = Vss _ 6_V ~[0.750A

8Q 8O

*80 oo
Picture the Problem We can use the equation for N identical resistors connected
in parallel to relate N to the resistance R of each piece of wire and the equivalent resistance

Express the resistance of the N 1 N
R

pieces connected in parallel: R,

where R is the resistance of one of the N
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pieces.
Relate the resistance of one of the N R wire
pieces to the resistance of the wire: N
Substitute to obtain: 1 N 2
eq Rwire
Solve for N: R .
N — WITre
Req
Substitute numerical values and N 1200
evaluate N: 118750 _

90 e
Picture the Problem We can assign currents as shown in the diagram of the first

arrangement of resistors and apply Kirchhoff’s loop rule to obtain an expression for /g ;.
3Q

W
y

16 Q2

O W

Assign currents as shown in the diagram below for the second arrangement of the resistors
and apply Kirchhoff’s loop rule to obtain an expression for /5, that we can equate to /s ;
and solve for R.

80 R 160
VWA VWA VWA
I
- It
L=k, &
Apply Kirchhoff’s loop rule to the E—IR, =0

first arrangement of the resistors: where [, is the current drawn from the

battery.



390 Chapter 25

Solve for /; to obtain:

Find the equivalent resistance of the
first arrangement of the resistors:

Substitute to obtain:

Apply Kirchhoff’s loop rule to the
loop containing R and the 8-Q
resistor:

Solve for Iy | to obtain:

Express Is, in terms of /; and /g ;:

Substitute for /; and I5; and simplify
to obtain:

Apply Kirchhoff’s loop rule to the
second arrangement of the resistors:

_ (8Q)R

“' 8O +R

(24Q)R +1280Q°
R+8Q

R +16Q

£
' (24Q)R +128Q)°
R+8Q
ER+8Q)
(24Q)R +128Q)°

~I,8Q)+R(1,—1,)=0

R
1. = I
SR8

E(R+8Q)

R
B (R + SQJ£(Z4Q)R +1280Q°
ER
(24Q)R +128Q°

18,2 =1, _18,1

_ &(R+8Q)
27 (24Q)R +128Q)°
ER
(24Q)R +1280Q°
8Q)e
(24Q)R +1280Q°

E—LR_,=0

eq,2 =
where I, is the current drawn from the
battery.

|
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Solve for I, (= I3) to obtain: [ =] = &
2 7182 T
eq,2
Find the equivalent resistance of the R, =R+24Q

second arrangement of the resistors:

Substitute to obtain: = E
2 R+240

Equate s and Ig,: ER B (8 Q)E

(24Q)R+128Q> (24Q)R +128Q°

Solve for R to obtain: R=]|8.00Q

91 (L]
Picture the Problem We can find the equivalent resistance R,, between points a and b
and then set this resistance equal, in turn, to R;, R;, and R; and solve for R3, R,, and R,

respectively.
(a) Express the equivalent resistance _ R R, R
between points @ and b: @ R +R, ’
. . . R R
Equate this expression to R;: R = i R,
R, +R,
Solve for R; to obtain: R R12
PTIR+R,
) RR
(b) Set R; equal to R, Ry=—12 4R
R +R,
Solve for R, to obtain: R, =
. R R
(c) Set R; equal to R,: R =—\"2 4R
R, +R,
or
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Solve t.he quadratic equation for R, R+ / R} +4R,R,
to obtain: R = >

where we’ve used the positive sign because

resistance is a non-negative quantity.

92 e
Picture the Problem We can substitute the given resistances in the equations
derived in Problem 91 to check our results from Problem 78.

(@) For Ry =4 Qand R, = 6 Q: p_ R _ 4y 1600
TR +R, 4Q+6Q L
and
ab = KR, + R,
R +R,
_#9)6Q) | (6 7000
40+6Q
(b) For Ry =4 Q and Ry =3 Q: Rﬁ@
and
ab:—Rl(0)+R3=O+3Q
1
=13.00Q
(¢)For R,= 6 Qand Ry =3 Q: 30+3Q) +4(6Q)(30)
R = ;
_3Q49Q s
2
and
ab = KR, + R,
R +R,
_69)69) 16 6000
6Q+6Q

Kirchhoff’s Rules

*93
Picture the Problem We can relate the current provided by the source to the
rate of Joule heating using P = I°R and use Ohm’s law and Kirchhoff’s rules to

find the potential difference across R and the value of r.
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(a) Relate the current / in the circuit
to rate at which energy is being
dissipated in the form of Joule heat:

Substitute numerical values and
evaluate I

(b) Apply Ohm’s law to find V!

(c) Apply Kirchhoft’s loop rule to
obtain:

Solve for r:

Substitute numerical values and
evaluate r:

94 .

P=12Ror1=\/z
R

I=|——=|400A

V,=IR=(4A)(0.5Q)=(2.00V

E—-Ir—IR=0
L_E-IR_E
I
r=2Y _0s50=[1000
4A

Picture the Problem Assume that the current flows clockwise in the circuit and let &

represent the 12-V source and &; the 6-V source. We can apply Kirchhoff’s loop rule
(conservation of energy) to this series circuit to relate the current to the emfs of the
sources and the resistance of the circuit. In part () we can find the power delivered or

absorbed by each source using P = &I and in part (¢) the rate of Joule heating using

P=1I"R.

(a) Apply Kirchhoff’s loop rule to
the circuit to obtain:

Solve for I

Substitute numerical values and
evaluate [

(b) Express the power
delivered/absorbed by each source in
terms of its emf and the current
drawn from or forced through it:

& —-IR,—&,—1IR, =0

gl_gz
R, +R,

;_12v-6V _

=———=|1.00A
2Q+4Q

P,=&,0=(12V)(1A)=|12W

and

P=EI=(-6V)(1A)=| -6W
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where the minus sign means that this
source is absorbing power.

(c) Express the rate of Joule heating P, = ]2R2 = (1A)2 (2 Q) = 2.00W
in terms of the current through and

and

P, =I'R,=(1A)(4Q)=| 4.00W

the resistance of each resistor:

95 e

Picture the Problem The circuit is shown in the diagram for part (a). £ and r; denote
the emf of the "sick” battery and its internal resistance, &, and 7, the emf of the second
battery and its internal resistance, and R is the load resistance. Let [}, I, and /i be the
currents. We can apply Kirchhoff’s rules to determine the unknown currents. In part (c)
we can use P = &I to find the power delivered or absorbed by each battery and P = IR to

find the power dissipated in the internal and load resistors.

(a) The circuit diagram is shown to I

the right: g L

(b) Apply Kirchhoff’s junction rule I +1,=1, (1)
to junction 1 to obtain:

Apply Kirchhoff’s loop rule to loop & -nl,—RIl, =0
1 to obtain: or

114V —(0.01Q), -(2Q)I[, =0 (2)

Apply Kirchhoff’s loop rule to loop & —-nl,—RI, =0
2 to obtain: or
126V —(0.01Q), -2Q)I, =0 (3)

Solve equations (1), (2) and (3) I,=|-57.0A
simultaneously to obtain:

1,=]63.0A1,
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I, =]600A

where the minus sign for /; means that the
current flows in the direction opposite to the
direction we arbitrarily chose, i.e., the

battery is being charged.
(c) Express the power delivered by P,=&,1,=(12.6V)(63.0A)=| 794 W
the second battery in terms of its
emf and the current drawn from it:
Express the power absorbed by the P=&l = (1 1.4 V)(57_0 A) =| 650 W
second battery in terms of its emf
and the current forced through it:
Find the power dissipated in the P =Ir= (57 A)2 (0_019): 32.5W
internal resistance ry:
Find the power dissipated in the P = 122r2 = (63 A)2 (0,01 Q) ={39.7W
internal resistance r:
Find the power dissipated in the P,=IR= (6 A)2 (2 Q) = 72.0W

load resistance R:

Remarks: Note that the sum of the power dissipated in the internal and load
resistances and that absorbed by the second battery is the same as that delivered by
the first battery ... just as we would expect from conservation of energy.

96 e

Picture the Problem Note that when both switches are closed the 50-Q resistor

is shorted. With both switches open, we can apply Kirchhoff’s loop rule to find the
current / in the 100-Q resistor. With the switches closed, the 100-Q resistor and R are in
parallel. Hence, the potential difference across them is the same and we can express the
current /o in terms of the current /,,; flowing into the parallel branch whose resistance is
R, and the resistance of the 100-Q2 resistor. /iy, in turn, depends on the equivalent
resistance of the closed-switch circuit, so we can express /jo0 = I in terms of R and solve
for R.

Apply Kirchhoff’s loop rule to a - (300 Q)I — (1 00 Q)I — (50 Q)I =0
loop around the outside of the
circuit with both switches open:
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Solve for / to obtain:

Relate the potential difference
across the 100-Q2 resistor to the
potential difference across R when
both switches are closed:

Apply Kirchhoff’s junction rule at

the junction to the left of the 100-Q
resistor and R:

Substitute to obtain:

Express the current /i, drawn from
the source with both switches
closed:

Express the equivalent resistance
when both switches are closed:

Substitute to obtain:

Substitute in equation (1) to obtain:

Solve for and evaluate R:

& 15V
450Q 4500
(100Q)1,,, = RI,

=3.33mA

]tot :1100 +1R
or
]R :]tot _]100

where I, is the current drawn from the
source when both switches are closed.

(1009)1100 = R(]tot - ]100)

or
RI
I — tot 1
9 R4+100Q M
&
Itot:R_
eq
) :—(IOOQ)R +300Q
1 R+100Q
;o 1.5V
tot
{100Q)R +300Q
R+100Q
; R 1.5V
100 —
R+100Q| (100Q)R 3000
R+100Q
~ (1.5V)R
(400 Q)R +30,000Q
=3.33mA

R=|600Q
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Remarks: Note that we can also obtain the result in the third step by applying Kirchhoff’s
loop rule to the parallel branch of the circuit.

*Q7  ee

Picture the Problem Let /; be the current delivered by the left battery, /, the current
delivered by the right battery, and /5 the current through the 6-Q resistor, directed down.
We can apply Kirchhoff’s rules to obtain three equations that we can solve simultaneously
for 1, I, and /5. Knowing the currents in each branch, we can use Ohm’s law to find the
potential difference between points @ and b and the power delivered by both the sources.

(a) Apply Kirchhoff’s junction rule I +1,=1,
at junction a:

Apply Kirchhoff’s loop rule to a 12V -(4Q), +(3Q), -12V =0
loop around the outside of the or

circuit to obtain: ~(4Q), +(3Q),=0

Apply Kirchhoft’s loop rule to a 12V - (4 Q)]1 - (6 Q)I3 =0

loop around the left-hand branch of
the circuit to obtain:

Solve these equations I, =|0.667A |,
simultaneously to
obtain: I, = 0889A |,
and
I, =|1.56 A
(b) Apply Ohm’s law to find the V,= (6 Q)I3 = (6 Q)(l .56 A)
potential difference between points —l 936V
aand b:
(c) Express the power delivered by B =€l
the 12-V battery in the left-hand _ (12 V)(O.667 A) = 8.00W
branch of the circuit:
Express the power delivered by the Pnght =él,
12-V battery in the right-hand _ (12 V)(0.889 A) 107w

branch of the circuit:
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08 oo

Picture the Problem Let 7; be the current delivered by the 7-V battery, I, the current
delivered by the 5-V battery, and /3, directed up, the current through the 1-Q2 resistor. We
can apply Kirchhoff’s rules to obtain three equations that we can solve simultaneously for
I, I, and ;. Knowing the currents in each branch, we can use Ohm’s law to find the
potential difference between points a and b and the power delivered by both the sources.

(@) Apply Kirchhoff’s junction rule I, =1, +1,
at junction a:

Apply Kirchhoff’s loop rule to a 7V — (2 Q)I = (l Q)I ,=0
loop around the outside of the
circuit to obtain:

Apply Kirchhoff’s loop rule to a 7V-(2 Q)I = (3 Q)I ,+5V=0
loop around the left-hand branch of or
the circuit to obtain: (2 Q)I  + (3 Q)I , =12V
Solve these equations I,=[3.00A |,
simultaneously to obtain:
I, =|2.00A |,
and
I, =|1.00A
(b) Apply Ohm’s law to find the V,=-5V+ (3 Q)I 5
potential difference between points =5V + (3 Q)(z A)
aand b: 100V
(c) Express the power delivered by P =&l = (7 V)(3 ): 21.0W
the 7-V battery:
(c) Express the power delivered by P.=é&l, = (5 V)(Z A) =[10.0 W

the 5-V battery:

99 e

Picture the Problem We can apply Kirchhoff’s rules to the two circuits to
determine the current, and hence the power, supplied to the load resistor R for the
two connections of the batteries. Differentiation, with respect to the load resistor,
of the expressions for the power delivered to the load resistor will allow us to
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identify the conditions under which the power delivered is a maximum and to

decide whether the power supplied to R greater when R < r or when R > r.

The series connection of the batteries

is shown to the right:

Express the power supplied to R:

Apply Kirchhoff’s loop rule to
obtain:

Solve for [ to obtain:

Substitute to obtain:

Set the derivative, with respect to R,
of equation (1) equal to zero for
extrema:

Solve for R to obtain:

&

MW

&

¥

—W—

—rl+&-rl,+&E-RI, =0

2&

I =
2r+R
2 2
Ps=( 28 )R: 451'22 o
2r+R (2r+R)

dR _dR

_ (2r+R)4&* —48*R(2)(2r + R)
- (27 + R)'

= ( for extrema.

dP.  d | 4&°R
(2r+R)

R=2r

Examination of the second derivative of P at R = 2r shows that R = 2r corresponds to a

maximum value of P, and hence, for the series combination,

the power delivered to the load is greater if R >r and is greatest when R =2r.
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The parallel connection of the

———

batteries is shown to the right:

e
. ®
W

"

| a
;2

M v

Express the power supplied to R: P =1 j R
Apply Kirchhoff’s junction rule to I,=1+1,

point @ to obtain:

Apply Kirchhoff’s loop rule to loop -rl,+&-€+rl,=0
1 to obtain: or
I =1,=11,
Apply Kirchhoff’s loop rule to the E-RI, -1l =0
outer loop to obtain: or

Solve for I, to obtain: J = &
" 1r+R

Substitute to obtain: 2 2

Lr+R (Lr+R)
Evaluate equation (1) when P ( _ )_ 4E°R _4¢& g
r=KR: : (2R+R) 9 R
Evaluate equation (2) when P (r _ R) _ &R _ i 8_2
r=R: (ALR+R) 9 R

Thus, we see that if » = R, both arrangements provide the same power to the load.
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Set the derivative, with respect to R, de d E’R
of equation (2) equal to zero for AR dR (Lr+RY
2

extrema:

_(Ir+RY e’ -*RQ2)(Lr+R)

- 4

(% r+ R)

= 0 for extrema.

Solve for R to obtain: R= %7’

Examination of the second derivative of P, at R =1 r shows that R=1r
corresponds to a maximum value of P, and hence, for the parallel

combination, the power delivered to the load is greater if R <rand a

maximum when R =1 r.

*100 e

Picture the Problem Let the current drawn from the source be 7. We can use Ohm’s law
in conjunction with Kirchhoff’s loop rule to express the output voltage as a function of V,
R, and R,. In (b) we can use the result of (a) to express the condition on the output
voltages in terms of the effective resistance of the loaded output and the resistances R,
and R,.

(a) Use Ohm’s law to express Vo in V..=IR,
terms of R, and [:
Apply Kirchhoff’s loop rule to the V—IR —IR, =0
circuit to obtain:
Solve for I / V
R +R,

Substitute for / in the expression for V R
Vou to obtain: V.= R, =V Z

R +R, R +R,
(b) Relate the effective resistance of 1 1 1
the loaded circuit R4 to R, and i —
Rload: & ? Reff R2 Rload
Solve for Rjpaq: _ RR, 0

load —

Rz - Reff
Letting V"', represent the output Viw =V _ - V' <01 2
voltage under load, express the Vo out '

condition that ¥, drops by less
than 10 percent of its unloaded
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value:

Using the result from (a), express
V' . in terms of the effective output
load R

Substitute for V,, and V' in
equation (2) and simplify to obtain:

Solve for R.g:

Substitute numerical values and
evaluate R

Finally, substitute numerical values
in equation (1) and evaluate R)y,q:

101 e
Picture the Problem In the equivalent

Thevenin circuit shown to the right, R, is in

parallel with Rjo,q. We can apply Ohm’s
law to express Vo, in terms of R and /
and then use Kirchhoff’s loop rule to
express / in terms of V, R, and R..
Simplification of the resulting equation
will yield both of the indicated results.

(a) and (b) Use Ohm’s law to
express Voy in terms of R and [

Apply Kirchhoff’s loop rule to the
circuit to obtain:

Solve for I:

Substitute for / in the expression for
Vout to obtain:

R
Vrout — V{ eff J
Rl + Reff

Reff
- ft R g
R2
R +R,
or

_ R (Rl + Rz)

<0.1
RZ (Rl + Reff)

0.9RR,
eff >
R +0.1R,
s 0.9(10kQ)(10kQ) _ 8 18KO)
10kQ+0.1(10kQ)
. (10kQ)(8.18kQ) _ 119K0
10kQ—8.18kQ
_j-
R.r
v
Rlnad
Vout = ]Reff
V—IR ~IR; =0
4
Rl + Reff

R
I/out =[ V )Reff = V[ < )
Rl + Reff Rl + Reff
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Express the effective resistance R _ RRy

. ff
in terms of Rjy.q and Ry: ¢ R, + R, 4

Substitute for R in the expression R,R, .4
for V,, to obtain: oy R, + R,
R2Rload

R, +
RZ + Rload

Simplify to obtain: % % R R
o RlRload + R2Rload + RIRZ

RZ Rload
Rl + R2 R] R2
R +R,

— V RZ Rload
R+R, )\ R4+ R
Rload
R t+R

Rload +

loa

RiR, and V' =|V e
R +R, R +R,

102 e

Picture the Problem Let 7; be the current in the 1-Q resistor, directed to the right; let 7,
be the current, directed up, in the middle branch; and let /5 be the current in the 6-Q
resistor, directed down. We can apply Kirchhoff’s rules to find these currents, the power
supplied by each source, and the power dissipated in each resistor.

(a) Apply Kirchhoff’s junction rule I +1,=1, (1)
at the top junction to obtain:

Apply Kirchhoff’s loop rule to the 8V — (l Q)I1 +4V - (2 Q)Il - (6 Q)13 =0
outside loop of the circuit to obtain: or

BQ), +(6Q), =12V )
Apply the loop rule to the inside 8V - (l Q)I ,+4V - (2 Q)I .
loop at the left-hand side of the + (2 Q)] ,—4V=0

circuit to obtain: or

SV-(3Q),+(2Q),=0 (3
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Solve equations (1), (2), and (3)
simultaneously to obtain:

(b) Express the power delivered by
the 8-V source:

Express the power delivered by the
4-V source:

(c) Express the power dissipated in
the 1-Q resistor:

Express the power dissipated in the
2-Q) resistor in the left branch:

Express the power dissipated in the
2-Q) resistor in the middle branch:

Express the power dissipated in the
6-Q) resistor:

103 e

Picture the Problem Let I; be the current in the left branch resistor, directed up; let I3 be

I, =|2.00A |,
I, =| -1.00A |,
and

I, =11.00A

where the minus sign indicates that the

current flows downward rather than upward

as we had assumed.

P=&J =8V)2A)=|16.0W

P=&1,=(4V)(-1A)=| —4.00 W

where the minus sign indi

cates that this

source is having current forced through

it.

PIQ :IIZRIQ

=2A)(1Q)=| 4.00W

72
P2§2,left = ]1 RzQ

=2A)(2Q)=|8.00W
PZQ,middle = lzszg
=(1A)(2Q)=|2.00W
Foq = ]32R69

=(1A)(6Q)=| 6.00 W

the current, directed down, in the middle branch; and let /; be the current in the right

branch, directed up. We can apply Kirchhoft’s rules to find /5 and then the potential

difference between points a and b.

Relate the potential at a to the
potential at b:

V.-R1,—-4V =V,

or
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Apply Kirchhoff’s junction rule at a
to obtain:

Apply the loop rule to a loop around
the outside of the circuit to obtain:

Apply the loop rule to the left side
of the circuit to obtain:

Solve equations (1), (2), and (3)
simultaneously to obtain:

Substitute to obtain:

V.-V, =R, +4V
L+1,=1, (1)
2V-(1Q), +(1Q)1, -2V
+(1Q), -(1Q), =0
I,-1,=0 @)

2V-(1Q)I, - (4Q)I, -4V

-(1Q)1, =0
or
~-(1Q), -2Q)r, =1v 3)
I, =-0.200 A,
I, =-0200A,
and
I, =-0.400 A

where the minus signs indicate that all the
directions we chose for the currents were

Remarks: Note that point a is at the higher potential.

104 oo

Picture the Problem Let & be the emf of
the 9-V battery and r its internal resistance
of 0.8 Q, and & be the emf of the 3-V
battery and 7, its internal resistance of 0.4
Q. The series connection is shown to the
right. We can apply Kirchhoff’s rules to
both connections to find the currents /; and
I, delivered to the load resistor in the series
and parallel connections.

wrong.
V.-V, =(4Q)(-04A)+4V
=240V
f 8 Fa &)
—MWA——MW—i}

R
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(a) Apply Kirchhoff’s loop rule to
the batteries connected in series:

Solve for [ to obtain:

Suppose the two batteries are
connected in parallel and their
terminals are then connected to R.
Let /; be the current

delivered by &, I; be the current
delivered by &, and I, the current
through the load resistor R in the
parallel connection.

Apply the junction rule at a to
obtain:

Apply the loop rule to a loop around
the outside of the circuit:

Apply the loop rule to loop 2 to
obtain:

Eliminate /, between equations (1)
and (3) to obtain:

Substitute equation (4) in equation
(2) and solve for /, to obtain:

(b) Evaluate I and /,, for
R=020Q:

E-nl,+& —RI,—nl, =0

g +E, | 12V
S n+rn+R | 12Q+R

=
H‘!
—

L+1,=1, (1)

& —-RI,—-nl,=0

or

9V-RI,—(0.8Q), =0 )

& & +nl,—-rl =0

or

OV -3V+(04Q),-(08Q), =0
or

6V+(04Q),-(0.8Q)[, =0 (3)

L =5A+11 )

7.5V
" 1 1.5R+04Q

12V
1.20+0.2Q

=| 857A

I(R=02Q)=

and
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I (R=02Q)= 75V
P 1.5(02Q)+0.4Q
=[10.7A
(¢), (d), and (e) Proceed as in (b) to R 1 1,
complete the table to the right: (Q) (A) (A)
(o) 0.6 6.67 5.77
(d) 1.0 5.45 3.95
(e) 1.5 4.44 2.83

Note that for R=0.4Q, [ = I,=75A. When R > 0.4Q), the series

connection gives the larger current through R.

Ammeters and Voltmeters

*105 e
Picture the Problem Let / be the current drawn from source and R., the resistance

equivalent to R and 10 MQ connected in parallel and apply Kirchhoff’s loop rule to
express the measured voltage } across R as a function of R.

The voltage measured by the V = [Req (D
voltmeter is given by:

Apply Kirchhoff’s loop rule to the

circuit to obtain:

Solve for I

Express Req in terms of R and

10-MQ resistance in parallel with it:

Solve for Reg:

Substitute for / in equation (1) and
simplify to obtain:

Substitute for Rq and simplify to
obtain:

10V-1IR, —I(2R)=0

;_ 10V
R, +2R
1 1 1
- = +—
R, 10MQ R
_ (1oMQ)R
“ R+10MQ
V:[ 10V jReﬁ 10;;e
R, +2R 148
eq
. (10V)(5MQ) @

R+15MQ
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Evaluate equation (2) for
fqa): 1ng§- quation (2) . (lov)(5MQ) _ 133V
: 1kQ+15MQ
b) Evaluate equation (2) for
Ee)zl(‘)/k;lz- auation (2 Vz—(lov)(SMQ) =|3.33V
: 10kQ+15MQ
Evaluate equation (2) for
5?:1 e q ) . (loV)(5MQ) _ I3V
: IMQ+15MQ
Evaluate equation (2) for
ged)=1g1\;g- uation @) V= (ov)sme) _ 2.00V
: 10MQ+15MQ
(e) Evaluate equation (2) for (10V)(5 MQ)
_ . V= =(0.435V
R =100 MQ: 100MQ+15MQ
(f) Express the condition that the Ve =V |14
measured voltage to be within 10 % =1- 1% <0.1
percent of the true voltage Vie: true true
Substitute for ¥ and Ve to obtain: (1 0 V)(5 MQ)
|__RA1MQ
IR
or, because / =10 V/3R,
(10V)(5MQ)
1- R%ﬂ <0.1
—V
3
Solve for R to obtain: R< 1.5MQ e Mo
0.9
106 -
Picture the Problem The diagram shows a m
voltmeter connected in parallel with a M —=1
galvanometer movement whose internal A
resistance is R. We can apply Kirchhoff’s

loop rule to express R in terms of / and V.

()
\J

Apply Kirchhoff’s loop rule to the V—-IR=0
loop that includes the galvanometer
movement and the voltmeter:

Solve for R:

~| =
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Substitute numerical values and evaluate R: 025V

=2 _[500kQ
50 LA

107 oo

Picture the Problem When there is a
voltage drop of 0.25 V across this m
galvanometer, the meter reads full scale. A 4

The diagram shows the galvanometer ‘N\’
movement with a resistor of resistance » in .
parallel. The purpose of this resistor is to I |
limit the current through the movement to
1, =50 pA. We can apply Kirchhoff’s loop I ’
rule to the circuit fragment containing the —= W\,

galvanometer movement and the shunt
resistor to derive an expression for 7.

Apply Kirchhoff’s loop rule to the ~RI,+rl =0
circuit fragment to obtain:

Apply Kirchhoff’s junction rule at I =1-1
point a to obtain:

Substitute for /; in the loop equation: —RI, + r([ — [g) 0

Solve for r: RI
; g

I,
where RI, =0.25V

Substitute numerical values and 0.25V
. = =
evaluate r: 100mA — 50 uA

2.50Q

108 -

Picture the Problem The circuit diagram shows the ammeter connected in series with a
100-Q resistor and a 10-V power supply. We can apply Kirchhoff’s rules to obtain an
expression for / as a function of 7, /,, the potential difference provided by the source, and

the resistance of the series resistor.
R
—vWW
fg U

1, r
— -

100 Q - 1

——
T <
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(a) Apply Kirchhoff’s loop rule to 10V —(100Q)I 71, =0
the inner loop of the circuit to
obtain:
Apply Kirchhoff’s junction rule at I =1-1
point a to obtain: ¢
Substitute for 7 in the loop equation: 10V — (1 00 Q)] — r([ -1, ) =0
Solve for I: 10V +ri, :
100Q+r M
In Problem 107 it was established 10V + (2,50 Q)(SO ,UA)
that 7 = 2.50 Q. Substitute numerical 1= 100Q+2.500
values and evaluate /: '
=| 97.6mA
(b) Under these conditions, equation IV+rl,
(1) becomes: - 100+ 7
Substitute numerical values and 1V+ (2,50 Q)(S 0 yA)
evaluate [: 1= 100+2.500
=| 80.0mA

Remarks: Our result in (b) differs from that obtained in (a) by about 18 percent.

*109 e

Picture the Problem The circuit diagram m
shows a fragment of a circuit in which a WA
resistor of resistance r is connected in Tf‘ U
series with the meter movement of Problem )
106. The purpose of this resistor is to limit
the current through the galvanometer

movement to 50 #A and to produce a % 4
deflection of the galvanometer movement
that is a measure of the potential difference
V. We can apply Kirchhoff’s loop rule to

express 7 in terms of V,, I,, and R. R S v bR M
Apply Kirchhoff’s loop rule to the V—rl —RI =0
circuit fragment to obtain: ¢ ¢
Solve for r: V —RI vV
r= £=—-R (1)
1 1
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Use Ohm’s law to relate the current Vg I/;
1, through the galvanometer I, = E = R=—
movement to the potential g
difference V, across it:
Use the values for V, and /, given in 025V

. R= =5000Q
Problem 106 to evaluate R: 50 LA
Substitute numerical values in 10V

equation (1) and evaluate r:

r=——m—-5000Q =| 195kQ
50 LA

Remarks: The total series resistance is the sum of r and R or 200 kQ.

110 -

Picture the Problem The voltmeter shown —

in Figure 25-64 is equivalent to a resistor

of resistance R, = 200 kQ as shown in the -
RA X R,

circuit diagram to the right. The voltage %

reading across R; is given by V, = IR,. We
can use Kirchhoff’s loop rule and the
expression for the equivalent resistance of

two resistors in parallel to find /. R, %
The voltage reading across R, is V. =1IR,
given by:
Apply Kirchhoff’s loop rule to the E—-IR —IR, =0
loop including the source, R;, and
Rz:
Solve for 7 to obtain: /= &
R, +R,

Substitute for / in the expression for V- ER, )
i " R, +R,
Express Req in terms of R, and R,: R = RR,

“ R +R,
Substitute numerical values and R = (200 kQ)(ZOO kQ) —100kQ

evaluate Reg: T 200kQ+200kQ
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Substitute numerical values in
equation (1) and evaluate V:

RC Circuits

111 -

_ (10V)(200kQ) _ 500V
200kQ +200kQ

Picture the Problem We can use the definition of capacitance to find the initial charge on
the capacitor and Ohm’s law to find the initial current in the circuit. We can find the time

constant of the circuit using its definition and the charge on the capacitor after 6 ms using

Q(t ) = Qoe_t/r .

(a) Use the definition of capacitance
to find the initial charge on the
capacitor:

(b) Apply Ohm’s law to the resistor
to obtain:

(c) Use its definition to find the time
constant of the circuit:

(d) Express the charge on the
capacitor as a function of time:

Substitute numerical values and
evaluate Q(6 ms):

112 -

0, =CV, = (6 4F)(100V)=| 600 1C

1, =Y 100V _oo00A

R 500Q

7 =RC =(500Q)(6 uF)=| 3.00ms

Q(t) = Qoeit/r

O(6ms) = (600 C)e ™™™ =| 81.2 uC

Picture the Problem We can use U, =1C VO2 to find the initial energy stored in the
capacitor and U (t) = %C(Vc (t))z with V. (t) =V, ¢ to show that U= Uye 2",

(a) The initial energy stored in the
capacitor is given by:

(b) Express the energy stored in the
discharging capacitor as a function
of time:

Uy =+CVy
L(6 uF)(100 V) =| 30.0mJ
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Substitute to obtain: U(t) _ 1 C(VO e " )2

2

1 CVOZe—Zt/T — er—zt/T

2

(¢) A graph of U versus ¢ is shown below. U is in units of U, and 7 is in units of 7.

1.0

0.8 1

0.6

0.4 1

NN
\

0.0 T
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Picture the Problem We can find the resistance of the circuit from its time constant and
use Ohm’s law and the expression for the current in a charging RC circuit to express 7 as a
function of time, Vy, and V().

Express the resistance of the resistor _T
R=— (1)
in terms of the time constant of the C
circuit:
Using Ohm’s law, express the V(t ) =1 (t )R

voltage drop across the resistor as a
function of time:

Express the current in the circuit as 1 (t) =1 Oe_’/ i
a function of the elapsed time after
the switch is closed:

Substitute to obtain: V(t)=1,e"R=(I,R)e™ =V,e™"
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Take the natural logarithm of both
sides of the equation and solve for 7
to obtain:

Substitute in equation (1) to obtain:

Substitute numerical values and
evaluate R using the data given for ¢
=4s:

*114 e

2.18MQ

Picture the Problem We can find the resistance of the circuit from its time constant and
use the expression for the charge on a discharging capacitor as a function of time to

express 7 as a function of time, Oy, and Q(¢).

Express the effective resistance
across the capacitor in terms of the
time constant of the circuit:

Express the charge on the capacitor
as a function of the elapsed time
after the switch is closed:

Take the natural logarithm of both
sides of the equation and solve for 7
to obtain:

Substitute in equation (1) to obtain:

Substitute numerical values and
evaluate R:

115 e

R=— (1)

N0l

4s = 48.1MQ

(0.12 yF)lnﬁ

0

Picture the Problem We can use the definition of capacitance to find the final charge on

the capacitor and Q(t) =0 (1 —e T) to express the charge on the capacitor as a function

of time. In part (b) we can let O(¢) = 0.990r and solve for ¢ to find the time required for the
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capacitor to reach 99% of its final charge.

(a) After a very long time has
elapsed, the capacitor will be fully
charged. Use the definition of
capacitance to find its charge:

(b) Express the charge on the
capacitor as a function of time:

When O =0.990:

Take the natural logarithm of both
sides of the equation and solve for ¢
to obtain:

Substitute numerical values and
evaluate ¢:

116 -

0, =CV =(1.6 uF)(5V)=| 8.00 uC

0()=0,(1-¢")
where 7= RC.

0.990, = 0,(1-¢"")
or
0.0l=¢""

t =—RC1n(0.01)

t = —(10kQ)(1.6 1F)In(0.01)
=| 73.7ms

Picture the Problem We can use Kirchhoff’s loop rule (conservation of energy) to find

both the initial and steady-state currents drawn from the battery and Ohm’s law to find the

maximum voltage across the capacitor.

(a) Apply Kirchhoft’s loop rule to a
loop around the outside of the
circuit to obtain:

Because the capacitor initially is
uncharged:

(b) When a long time has passed:

Apply Kirchhoft’s loop rule to a
loop that includes the source and
both resistors to obtain:

E-(12MQ)I, V., =0

Vo =0

& _ 120V _ 0.100mA

I = = =
" 12MQ  1.2MQ

I, =0

00

£-(1.2MQ)I, —(600kQ)I, =0
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Solve for and evaluate /.: ] = &
© 1.2MQ+600kQ
= 120V =| 66.7 uA
1.2MQ +600kQ
(¢) The maximum voltage across the Vew = L Rpora
capacitor equals the potential = (66_7 yA)(6OO kQ)

difference across the 600-kQ under
steady-state conditions. Apply

=|40.0V

Ohm’s law to obtain:

117 oo
Picture the Problem We can use Q(t) =0 (1 — e_t/r): C&'(l — e_t/r) to find the charge

on the capacitor at ¢ = 7 and differentiate this expression with respect to time to find the
rate at which the charge is increasing (the current). The power supplied by the battery is
given by P, =1 & and the power dissipated in the resistor by £y, =1 2-2 R . In part (f) we

can differentiate U (t) =0’ (t)/ 2C with respect to time and evaluate the derivative at 1 = 7

to find the rate at which the energy stored in the capacitor is increasing.

(a) Express the charge Q on the Q(t) =0 (1 —e " ) = Cg(l - 6_1/7) (D
capacitor as a function of time: where 7= RC.
Evaluate Q(7) to obtain: Q(z-) = (1 .5 ,uF)(6 V)(l —e! ): 5.69 uC

(b) and (c) Differentiate equation (1)
with respect to ¢ to obtain: dt

Apply Kirchhoff’s loop rule to the E-RI,-V.,=0
circuit just after the circuit is

completed to obtain:

Because Vo = 0 we have: /= &

)= —

R
Substitute to obtain: dQ(Z) B &€
) _p)=£.,
dt R

Substitute numerical values and ](T) _ 6V o =11 0 A
evaluate /(7): 2MQ
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(d) Express the power supplied by P(T) = ](z’)&‘ = (1 10 ,UC/S)(6 V)
the battery as the product of its emf = 6.60 uW
and the current drawn from it at ¢ =
T
(e) The power dissipated in the Py (r) =1’ (z’)R
resistor is given by: _ (l . lO,uA)z (2 MQ) =[2.42uW
() Express the energy stored in the 0’ (t)
. o U(t)=
capacitor as a function of time: 2C
Differentiate this expression with au (f ) _ b d [Qz (t)]
respect to time to obtain: dt 2C dt
I dol)
=—(20\t))——=
oo 20—
o)
===/t
)
Evaluate this expression when dU(z) _ % 1)
¢t = rto obtain: dt C
5.69 uC
=——"——(1.10 A
1.5 uF ( “ )
=|4.17 uW

Remarks: Note that our answer for part (f) is the difference between the power delivered by
the battery at t = rand the rate at which energy is dissipated in the resistor at the same time.

118 oo

Picture the Problem We can apply Kirchhoff’s junction rule to find the current in each
branch of this circuit and then use the loop rule to obtain equations solvable for R, R, and
R;.

(a) Apply Kirchhoff’s junction rule Loy =1po +5A (1)
at the junction of the 5-4F capacitor

and the 10-Q and 50-Q) resistors

under steady-state conditions:

Because the potential differences _
across the 5-4F capacitor and the 102 10Q2
10-Q resistor are the same:




418 Chapter 25

Express the potential difference % 0O,
across the capacitor to its steady- c C
state charge:

Substitute to obtain: I O
100
(10Q)c
Substitute in equation (1) to obtain: I, = O 15A
(1oQ)C
. . 1
Substitute numerical values and = 000 pC +5A=]250A
evaluate T, (l 0 Q)(S yF)
(b) Use Kirchhoff’s junction rule to I, =10A,
find the currents /s o, Irs, and Ir;: I, =15A,
and
Iy =1, =25A
Apply the loop rule to the loop that 310V - (25 A)Rl - (5 A)(SO Q)
includes the battery, R, and the 50- - (1 0 A)(S Q) =0
Q and 5-Q resistors:
Solve for R, to obtain: R, =|0.400Q
Apply the loop rule to the loop that 310V - (25 A)(O 4 Q) - (20 A)(IO Q)
includes the battery, R, the 10-Q (1 5 A) =0
resistor and R;:
Solve for R; to obtain: R, = 6.67Q
Apply the loop rule to the loop that - (20 A)(l 0 Q) (5 A)R2
includes the 10-Q and 50-Q ( )(50 Q) 0
resistors and R»:
Solve for R, to obtain: R, ={10.0Q

119 e

Picture the Problem We can solve Equation 25-35 for dQ/dt and separate the variables
in order to obtain the equation given above. Integrating this differential equation will
yield Equation 25-36.
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Solve Equation 25-35 for dQ/dt to
obtain:

Separate the variables to obtain:

Integrate dQ' from 0 to Q and dt'
from 0 to ¢:

Transform from logarithmic to
exponential form to obtain:

Solve for Q to obtain Equation 25-
36:

*120  eee

4o _sc-0
dt RC

dQ _ dt
& -0 RC

¢ 4o’ 1 ¢
dt
!

&C-0" RCy
and
&C t
In| =
&C-Q RC
&
eC -0

0=eC(l-e")=[ 0,(1-e")

Picture the Problem We can find the time-to-discharge by expressing the voltage across

the capacitor as a function of time and solving for z. We can use U (t) =4C y? (t) to find

the energy released/stored in the capacitor when the lamp flashes. In part (¢) we can

integrate dU,, = &dI(?) to find the energy supplied by the battery during the charging

cycle.

(a) Express the voltage across the
capacitor as a function of time:

Solve for ¢ to obtain:

Substitute numerical values and
evaluate ¢:

(b) Express the energy stored in the
capacitor as a function of time:

C
_ Vf(l _ e—t/RC)
t —RCln(l - @]
Ve

t = —(18kQ)(0.15 yF)lr{l - %j

=|4.06 ms
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Substitute for ¥(7) to obtain: U(t) =1 Csz (1 _eIRC )2

Substitute numerical values and evaluate U(4.06 ms):

U(4.06ms)=1(0.15 4F)(9 V (1 — e 0om/0s015) )2 _ T3 675

t 2t
Uy (t)=&[ 1)t = %je"'mcdﬂ

0 0

(c) Relate the energy provided by
the battery to its emf and the current
it delivers:

- frcf-e ]

=g (1-e ™)

Substitute numerical values and evaluate Up,(4.06 ms):

U, (4.06ms)=(0.15 1F) (9 V ) (1 — e *oem/ss)015) ) [T 45 ]

Express the fraction f of the energy f= Uy

supplied by the battery during the Upu

charging cycle that is dissipated in

the resistor:

Use conservation of energy to relate Ui =Ur +Ugua

the energy supplied by the battery to or

the energy dissipated in the resistor U,=U,, —Upa

and the energy released when the

lamp flashes:

Substitute to obtain: f= Uba = Utash —1— U fash
Ubat Ubat

Substitute numerical values and f=1- 3.6744 _l61.2%

evaluate f: 9.45

%101 eee

Picture the Problem Let R, = 200 Q, R, = 600 Q, /; and I, their currents, and /5 the
current into the capacitor. We can apply Kirchhoff’s loop rule to find the initial battery
current /; and the battery current /., a long time after the switch is closed. In part (¢) we
can apply both the loop and junction rules to obtain equations that we can use to obtain a
linear differential equation with constant coefficients describing the current in the 600-Q



‘Electric Current and Direct-Current Circuits 421

resistor as a function of time. We can solve this differential equation by assuming a
solution of a given form, differentiating this assumed solution and substituting it and its
derivative in the differential equation. Equating coefficients, requiring the solution to hold
for all values of the assumed constants, and invoking an initial condition will allow us to
find the constants in the assumed solution.

(a) Apply Kirchhoff’s loop rule to
the circuit at the instant the switch is
closed:

Because the capacitor is initially
uncharged:

Solve for and evaluate /j:

(b) Apply Kirchhoff’s loop rule to
the circuit after a long time has
passed:

Solve for I, to obtain:

£-(200Q)1, -V, =0

Vo =0

;o€ _ 50V _
2000 2000

0.250A

50V —(200Q)1, —(600Q)1, =0

; 50V _

L, =——"=| 62.5mA
8002

(¢) Apply the junction rule at the I, =1,+1 (1)
junction between the 200-€) resistor
and the capacitor to obtain:
Appl}.f the loop rule to the loop E-RI - 2 ~0 2)
containing the source, the 200-Q C
resistor and the capacitor to obtain:
Apply t.he loop rule to th‘? loop 2 “RI,=0 3)
containing the 600-Q resistor and C

the capacitor to obtain:

Differentiate equation (2) with

o pg-2]-0-5 d_Ld0

respect to time to obtain: dt d C dt
R L,
dt C
or
R a, __1 I (4)
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Differentiate equation (3) with
respect to time to obtain:

Using equation (1), substitute for /3
in equation (5) to obtain:

Solve equation (2) for /;:

Substitute for /; in equation (6) and
simplify to obtain the differential
equation for /5

To solve this linear differential
equation with constant coefficients
we can assume a solution of the
form:

Differentiate /5(¢) with respect to
time to obtain:
Substitute for I, and dI,/dt to obtain:

—t/t

Equate coefficients of e " to obtain:

Requiring the equation to hold for
all values of a yields:

If I; 1s to be zero when ¢ = 0:

dt| C Cdt

d 1d dl
[g—&g}— O _pdh _

_]3 (%)

1
—2=—(1,-1,) (6)

_€-0/C_&-R],
Rl Rl

d, _ 1 (E-RM, ,
dt RC\| R 2

& _R1+R21
RR,C | RR.C )"’

L(t)=a+be (7

Il
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Substitute in equation (7) to obtain: I (t) _ & & o
7 R +R, R+R,
__¢ (1 e ’)
R +R,
where
S RRC _ (20002)(600Q)(5 1F)
R +R, 2002+ 600€2
=0.750ms
Substitute numerical values and L ( t) _ 50V (1 _ eft/0.750ms)
evaluate I,(¢): 200Q+600Q

=| (62.5mA)(1 —e "7 )

122  eoe

Picture the Problem Let R, represent the 1.2-MQ resistor and R, the 600-k< resistor.
Immediately after switch S is closed, the capacitor has zero charge and so the potential
difference across it (and the 600 kQ-resistor) is zero. A long time after the switch is
closed, the capacitor will be fully charged and the potential difference across it will be
given by both Q/C and I.R,. When the switch is opened after having been closed for a
long time, both the source and the 1.2-MQ resistor will be out of the circuit and the fully
charged capacitor will discharge through R;. We can use Kirchhoff’s loop to find the
currents drawn from the source immediately after the switch is closed and a long time
after the switch is closed, as well as the current in the RC circuit when the switch is again
opened and the capacitor discharges through R,.

(a) Apply Kirchhoff’s loop rule to E-IR -V,=0

the circuit immediately after the or, because Vo =0,

switch is closed to obtain: E-I,R =0

Solve for and evaluate /;: I, = & _ 50V _[417A
R, 12MQ

(b) Apply Kirchhoff’s loop rule to E-1,R-I R, =0

the circuit a long time after the
switch is closed to obtain:
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Solve for and evaluate L,: J = &
“ R +R,
= SOV =|27.8 uA
1.2MQ+600kQ
(¢) Apply Kirchhoff’s loop rule to Ve (t) -R,I (t) =0
the RC circuit sometime after the or
switch is opened and solve for /(¢) to ] (z‘) Ve (z)
obtain: B R,
Substitute for V(?): I( t) _ &e,t/f T
2 o0
where 7= R,C.
Substitute numerical values to 1 (z‘) = (27.8 ,uA)e_t/ (600KkR2)(2.54F)
obtain: _ (27 3 IUA)e—t/l.Ss
123  ees

Picture the Problem In part () we can apply Kirchhoff’s loop rule to the circuit
immediately after the switch is closed in order to find the initial current /,. We can find the
time at which the voltage across the capacitor is 24 V by again applying Kirchhoff’s loop
rule to find the voltage across the resistor when this condition is satisfied and then using
the expression [ (t) =1 Oeft/ ? for the current through the resistor as a function of time and

solving for .

(a) Apply Kirchhoff’s loop rule to E-12V-I,R=0
the circuit immediately after the
switch is closed:

Solve for and evaluate /j: I = E-12V
‘ R
_ 36V-12V _[48.04A
0.5MQ
(b) Apply Kirchhoff’s loop rule to 36V-24V-I(t)R=0
the circuit when V=24V and and
solve for V;: I (t)R =12V
Express the current through the 1 (t) =1 Oeft/ ‘

resistor as a function of /, and 7: where 7= RC.
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Substitute to obtain: Rl =12V
or
e 12V
RI,
Take the natural logarithm of both _t —In 12V
sides of the equation to obtain: T RI,
Solve for #: 12 12
t=-rln 12y =—RCIn 12y
RI, RI,

Substitute numerical values and evaluate ¢:

t=—(0.5MQ)(2.5 ,uF)ln{ (O.SMlé)\(/48 ﬂAJ =| 0.8665

124 eee

Picture the Problem In part (¢) we can apply Kirchhoff’s loop rule to the circuit
immediately after the switch is closed in order to find the initial current /,. We can find the
time at which the voltage across the capacitor is 24 V by again applying Kirchhoff’s loop
rule to find the voltage across the resistor when this condition is satisfied and then using
the expression [ (t) =1 Oe_t/ ? for the current through the resistor as a function of time and

solving for .

(@) Apply Kirchhoff’s loop rule to EF+12V-I,R=0
the circuit immediately after the
switch is closed:

Solve for and evaluate I;: I - E+12V
’ R
+12
=—36V v =1 96.0 LA

0.5MQ
(b) Apply Kirchhoff’s loop rule to 36V-24V -1 (t )R =0
the circuit when Ve =24 V and solve and
for Vi: I(t)R =12V
Express the current through the 1 (t) =1 Oe_t/ ’

resistor as a function of /y and 7: where 7= RC.



426 Chapter 25

Substitute to obtain: Rl =12V
or
e 12V
RI,
Take the natural logarithm of both _t —In 12V
sides of the equation to obtain: T RI,
Solve for #: 12 12
t=-rln 12y =—RCIn 12y
RI, RI,

Substitute numerical values and evaluate ¢:

t=—(0.5MQ)(2.5 ,uF)ln[ (o.leé)\(]% ﬂAJ = 1.73s

General Problems

*125 e
Determine the Concept Because all of the current drawn from the battery passes through
R, we know that [, is greater than /; and I5. Because R, # R;, I, # I; and so (b) is false.

Because R; > Ry, I; < I, and so (c) is false. | (a)1s correct.

126 = A 25-W lightbulb is connected in series with a 100-W lightbulb and a voltage
V' is placed across the combination. Which lightbulb is brighter? Explain.

Determine the Concept The 25-W bulb will be brighter. The brightness of a bulb is
proportional to the power it dissipates. The resistance of the 25-W bulb is greater than
that of the 100-W bulb, and in the series combination, the same current / flows through
the bulbs. Hence, I?Ros > IRy 00.

127 -
Picture the Problem We can apply Ohm’s law to find the current drawn from the battery
and use Kirchhoff’s loop rule to find the current in the 6-Q resistor.

Using Ohm’s law, express the I = &
current /; drawn from the battery: : Req
Find Reg: R =40+ (6Q)(IZQ)_8Q

= 6Q+12Q
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Substitute and evaluate /1: I = 24V _ IA
8Q2
Apply Kirchhoff’s loop rule to a 24V -(4Q)(3A)-(6Q)1, =0

loop that includes the battery and the
4-Q3 and 6-Q2 resistors:

Solve for I, to obtain: I,= 2 A and | (b)is correct.

128 -
Picture the Problem We can use P = I>._R to find the maximum current the resistor

max
can tolerate and Ohm’s law to find the voltage across the resistor that will produce this

current.

(a) Relate the maximum current the P=1> R

max

resistor can tolerate to its power and

resistance:
Solve for and evaluate /;: I = \/E _ 5W _[0707A
R 10Q
(b) Use Ohm’s law to relate the V=I_R= (0,707 A)(IOQ) =1 7.07V

voltage across the resistor to this
maximum current:

129 -

Picture the Problem We can use Ohm’s law to find the short-circuit current drawn from
the battery and the relationship between the terminal potential difference, the emf of the
battery, and the current being drawn from it to find the terminal voltage when the battery
is delivering a current of 20 A.

(a) Apply Ohm’s law to the shorted _&_12V 30.0A
battery to find the short-circuit or 04Q :
current:

(b) Express the terminal voltage as Viern = € —1Ir

the difference between the emf of
the battery and the current being
drawn from it:
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Substitute numerical values and

evaluate Viem:

130 e

|4

term

=12V -(20A)(0.4Q)=| 4.00V

Picture the Problem We can use Kirchhoff’s loop rule to obtain two equations relating &
and r that we can solve simultaneously to find these quantities.

Use Kirchhoff’s loop rule to relate
the emf of the battery to the current
drawn from it and the internal and
external resistance:

When /=1.80 A and a 7.0-Q
resistor is connected across the
battery terminals equation (1)
becomes:

When /=2.20 A and a 12-Q resistor
is connected in parallel with the 7.0-

Q resistor:

Find the equivalent resistance:

Substitute to obtain:

Solve equations (2) and (3)
simultaneously to obtain:

*131 e

E-IR-Ir=0 (1)

E-(1.8A)(7Q)-(1.8A)r=0

E-126V-(18A)r=0 (2

E-(22A)R,, -(22A)r=0

_(79)120)

= = 4420
1T 70+120

E-(22A)4.42Q)-(22A) =0
or
E-972V-(22A)r=0 3)

E=|255V |and r=| 7.19Q2

Picture the Problem We can apply Kirchhoff’s loop rule to the circuit that includes the
box and the 21-V source to obtain two equations in the unknowns £ and R that we can

solve simultaneously.

R

W b

L]

21V
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Apply Kirchhoff’s loop rule to the 21V+ & - (1 )R =0
circuit when the polarity of the 21-

V source and the direction of the

current are as shown in the diagram:

Apply Kirchhoff’s loop rule to the =2IV+&+ (2 A)R =0
circuit when the polarity of the

source is reversed and the current is

2 A in the opposite direction:

Solve these equations R=1140Q | and £E=| -7.00V
simultaneously to obtain:

132 e

Picture the Problem When the switch is closed, the initial potential differences across
the capacitors are zero (they have no charge) and the resistors in the bridge portion of the
circuit are in parallel. When a long time has passed, the current through the capacitors will
be zero and the resistors will be in series. In both cases, the application of Kirchhoff’s
loop rule to the entire circuit will yield the current in the circuit. To find the final charges
on the capacitors we can use the definition of capacitance and apply Kirchhoff’s loop rule
to the loops containing two resistors and a capacitor to find the potential differences
across the capacitors.

(a) Apply Kirchhoff’s loop rule to 50V-1,(10Q)-1,R,, =0

eq
the circuit immediately after the

switch is closed:

Solve for I: I - 50V
" 10Q+R,
Find the equivalent resistance of 15 L _ 1 + 1 + 1
Q, 12 Q, and 15 Q in parallel: R, 150 12Q 15Q
and
R, =4.62Q
Substitute for R.q and evaluate /y: I, = 50V _[342A
10Q2+4.62Q
(b) Apply Kirchhoff’s loop rule to 50V-1, (IOQ)— ILR,=0

the circuit a long time after the
switch is closed:
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Solve for I:

Find the equivalent resistance of 15
Q, 12 Q, and 15 Q in series:

Substitute for R.q and evaluate /.

(¢) Using the definition of
capacitance, express the charge on
the capacitors in terms of their final
potential differences:

Apply Kirchhoff’s loop rule to the
loop containing the 15-Q2 and 12-Q
resistors and the 10 xF capacitor to
obtain:

Solve for Vi 4:

Substitute in equation (1) and
evaluate Qi 4:

Apply Kirchhoff’s loop rule to the
loop containing the 15-Q and 12-Q
resistors and the 5 uF capacitor to
obtain:

Solve for Vs ,:

Substitute in equation (2) and
evaluate Qs

*133 oo

;__sov
“ T 10Q+R,

R, =15Q+12Q+15Q =42Q

I, = & =1 0.962A
102+42Q

QlOyF = ClOyFVIO,uF (1)

and

QSHF = CS;IFVSHF ()

Vo —(15Q)1, —(12Q)1, =0

Vi = (27Q),

QlO,uF = CIO/IF (27 Q)Ioo
(10 1F)(27€2)(0.962 A)

=[260 uC

Ve —(15Q)1, - (12Q)1, =0

VS,uF = (27Q)Ioo

QSyF = C5/4F(27 Q)Ioo
=(54F)(272)(0.962A)

=[1304C

Picture the Problem Let the current flowing through the galvanometer by /. By

applying Kirchhoff’s rules to the loops including 1) R, the galvanometer, and R,, and 2)

R,, the galvanometer, and R, we can obtain two equations relating the unknown
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resistance to R, R, and Ry. Using R = pL/A will allow us to express R, in terms of the

length of wire L, that corresponds to R; and the length of wire L, that corresponds to R,.

Apply Kirchhoff’s loop rule to the
loop that includes R, the
galvanometer, and R, to obtain:

Apply Kirchhoff’s loop rule to the
loop that includes R,, the
galvanometer, and R, to obtain:

When the bridge is balanced,
Is =0 and equations (1) and (2)
become:

Divide equation (3) by equation (4)
and solve for x to obtain:

Express R; and R, in terms of their
lengths, cross-sectional areas, and
the resistivity of their wire:

Substitute in equation (5) to obtain:

(a) When the bridge balances at the
18-cm mark, L; = 18 cm,
L, =82 cm and:

(b) When the bridge balances at the
60-cm mark, L; = 60 cm,
L, =40 cm and:

(¢) When the bridge balances at the

95-cm mark, L; =95 cm,
L,=5 cm and:

134 o

~RI,+R1,=0

(1)

_RZ(II_IG)+RO(]2+[G):O (2)

R, = RxIZ

and

R211 = Rolz

R =R, &
. R,

R =RL
L2
R =(2000Q)3¢m _
’ 82cm
R, = (2000)20cm _
40cm
R, = (2000) 2™ _
Scm

3)

4)

)

43.9Q

300Q

3.80kQ

Picture the Problem Let the current flowing through the galvanometer by /5. By

applying Kirchhoff’s rules to the loops including 1) R, the galvanometer, and R,, and 2)

R,, the galvanometer, and R, we can obtain two equations relating the unknown
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resistance to R, R, and Ry. Using R = pL/A will allow us to express R, in terms of the
length of wire L, that corresponds to R; and the length of wire L, that corresponds to R,.

To find the effect of an error of 2 mm in the location of the balance point we can use the
relationship AR = (de / dL)AL to determine AR, and then divide by R_ =R, L/ (l - L)

to find the fractional change (error) in R, resulting from a given error in the determination

of the balance point.

Apply Kirchhoff’s loop rule to the
loop that includes R, the
galvanometer, and R, to obtain:

Apply Kirchhoff’s loop rule to the
loop that includes R,, the
galvanometer, and R, to obtain:

When the bridge is balanced,
15 =0 and equations (1) and (2)
become:

Divide equation (3) by equation (4)
and solve for x to obtain:

Express R, and R, in terms of their
lengths, cross-sectional areas, and
the resistivity of their wire:

Substitute in equation (5) to obtain:

(a) When the bridge balances at the
98-cm mark, L; =98 cm,
L, =2 cm and:

(b) Express R, in terms of the
distance to the balance point:

Express the error AR, in R, resulting
from an error AL in L:

~RI,+R1,=0

_RZ(II _IG)+RO(12 +IG): 0

9.80kQ2

4L “dLl1-1L

(1

2

)

“4)

)

(6)

AR:deAL:R d[ L }AL
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Divide AR, by R, to obtain:

Evaluate AR,/R, for L =98 cm and
AL =2 mm:

(¢) Solve equation (6) for the ratio of
L] to Lz:

1
R AL
AR, _"(-Lf 1 AL
R, R L 1-L L
1-L
AR, Im  2mm_ o

R Im-098m Im

For L, =50cm, L, =50 cm, and R, = R, =9.80 kQ2. Hence, a resistor of

approximately 10 kQ will cause the bridge to balance near the 50 - cm mark.

135 e

Picture the Problem Knowing the beam current and charge per proton, we can use

I = ne to determine the number of protons striking the target per second. The energy

deposited per second is the power delivered to the target and is given by

P =1V. We can find the elapsed time before the target temperature rises 300C° using AQ

= PAt = mcc,AT.

(a) Relate the current to the number
of protons per second #» arriving at
the target:

Solve for and evaluate n:

(b) Express the power of the beam in
terms of the beam current and

energy:
(c) Relate the energy delivered to the
target to its heat capacity and

temperature change:

Solve for At:

I =ne
p=lo 30HA e 10 s
e 1.60x107°C

P=1V=(3.5uA)(60MeV)=|210]/s

AQ = PAt = C AT = mc. AT

_ mc AT
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Substitute numerical values (see Af = (50 g)(0.386 kJ/kg - K)(3OOC°)
Table 19-1 for the specific heat of 210J/s
copper)and evaluate At: ~[27 65

136 e

Picture the Problem We can use the definition of current to express the current delivered
by the belt in terms of the surface charge density, width, and speed of the belt. The
minimum power needed to drive the belt can be found from P = V.

(a) Use its definition to express the = dQ  dx
=——=0Ww— =OoWy

current carried by the belt: dt dt

Substitute numerical values and I= (5 mC/m’ )(0.5 m)(20m/s)

evaluate [: —[50.0mA

(b) Express the minimum power of P=1V

the motor in terms of the current
delivered and the potential of the
charge:

Substitute numerical values and P= (50 m A)(l 00 kV) = 5.00kW
evaluate P:

137 e

Picture the Problem We can differentiate the expression relating the amount of heat
required to produce a given temperature change with respect to time to express the mass
flow-rate required to maintain the temperature of the coils at 50°C. We can then use the
definition of density to find the necessary volume flow rate.

Express the heat that must be 0 =mc,, AT
dissipated in terms of the specific

heat and mass of the water and the

desired temperature change of the

water:
Differentiate this expression with p= d_Q _ d_m ¢ AT
respect to time to obtain an e dt "

expression for the power
dissipation:
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Solve for dm/dt: dm _ P
dt ¢, AT

Substitute for the power dissipated d_m _ 14

to obtain: dt ¢ AT

Substitute numerical values and dm _ (100A)(240V)

evaluate dm/dr: dt  (4.18kJ/kg-K)(50°C —15°C)
=0.164kg/s

Using the definition of density, arv _ 1dm _ 0.164kg/s

express the volume flow rate in dt pdt 10 kg/m’

terms of the mass flow rate to ( . s ) 1L

. =10.164x10" m"/s

obtain: (10—3 ms]
=|0.164L/s

138 e

Picture the Problem We can use the expressions for the capacitance of a dielectric-
filled parallel-plate capacitor and the resistance of a conductor to show that RC = &yp«k.

Express the capacitance of the K€, A
dielectric-filled parallel-plate C= d
capacitor:
Express the resistance of a pd
conductor with the same R = 7
dimensions:
The product of C and R is: A
P RCzﬂKEO =| g, px
A d
139 oo

Picture the Problem We can use the expressions for the capacitance of a dielectric-filled
cylindrical capacitor and the resistance of a cylindrical conductor to show that RC =

€oPK.

Express the capacitance of the 2rlk €,
dielectric-filled cylindrical capacitor C=
. . 7
whose inner and outer radii are r; In| 2>
and r,, respectively: n

where / is the length of the capacitor.

Express the resistance of a 7

. . . . 2
cylindrical resistor with the same pln| =
dimensions: R= h

27l
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The product of C and R is:

RC= =| €, PK

the resistor.

This result holds independently of the geometries of the capacitor and

*140 e
Picture the Problem We’ll assume that

the capacitor is fully charged initially and
apply Kirchhoff’s loop rule to the circuit
fragment to obtain the differential equation

describing the discharge of the leaky

capacitor. We’ll show that the solution to
this equation is the familiar expression for

an exponential decay with time constant
T = €opPK.

(@) | the voltage drop across the resistor must be the same as voltage drop

If we think of the leaky capacitor as a resistor/capacitor combination,

across the capacitor. Hence, they must be in parallel.

(b) Assuming that the capacitor is
initially fully charged, apply
Kirchhoff’s loop rule to the circuit
fragment to obtain:

Separate variables in this differential
equation to obtain:

From Problems 138 and 139 we
have:

Substitute for RC in the differential
equation to obtain:

Integrate this equation from
Q' = Oy to O to obtain:

© _Rri-o
C
do

or, because [ = ———

dt’
2+RdQ 0

C dt

w0_ 1,

0 RC

RC =€, px

d_Q 1 dt

0 Sy PK

0= Qoe_t/r

where

T=|¢€, Pk
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(c) Because O/Qy=0.1:

Solve for ¢ by taking the natural
logarithm of both sides of the

e"=0.1

—£=ln0.l =>t=—¢, pxin0.1
T

equation:

Substitute numerical values and evaluate ¢:

t=—(8.85x10™2C>/N-m?)(9x10” Q-m)(5)In0.1=9.17x10* s =[ 2.55h

141  eee

Picture the Problem We can use its definition to find the time constant of the charging
circuit in part (a). In part (b) we can use the expression for the potential difference as a
function of time across a charging capacitor and utilize the hint given in the problem
statement to show that the voltage across the capacitor increases almost linearly over the
time required to bring the potential across the switch to its critical value. In part (c) we
can use the result derived in part (b) to find the value of R, such that C charges from 0.2
Vto4.2 Vin 0.1 s. In part (d) we can use the expression for the potential difference as a
function of time across a discharging capacitor to find the discharge time. Finally, in part
(e) we can integrate / °R; over the discharge time to find the rate at which energy is
dissipated in R; during the discharge of the capacitor and use the difference in the energy
stored in the capacitor initially and when the switch opens to find the rate of energy

dissipation in resistance of the capacitor.

7 =R,C =(0.5MQ)(0.02 iF)
=110.0ms

(a) When the capacitor is charging,

the switch is open and the resistance

in the charging circuit is R;. Hence:

(b) Express the voltage across the
charging capacitor as a function of

time:
Solve for the exponential term to o =1 V(t) 0
obtain: &
Noting that V(¢) << ¢, let = V(f)/¢ e"=1-n
or

e :(1—77)7l ~1+7

because 77 << 1.
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Use the power series for e to
expand e'":

Substitute in equation (1) to obtain:

Solve for ¢ to obtain the linear
relationship:

(c) Using the result derived in (b),
relate the time At required to change
the voltage across the capacitor by
an amount AV to AV

Solve for R;:

Substitute numerical values and
evaluate R;:

(d) Express the potential difference
across the capacitor as a function of
time:

Solve for ¢ to obtain:

Substitute numerical values and
evaluate ¢:

(e) Express the rate at which energy
is dissipated in R, as a function of its

provided #/7 <<1.

1+ltz1+77:1+®
&

.
r(n)=% (1)
T
AV(e)=E A
T
or
&
=RC= A
e AV (t) t
&
R = A
LoCAr(r) t

(800V)(0.1s)
(0.02 4F)(4.2V -0.2V)

=|1.00GQ2

R =

Ve (t ) =Vee o
where
7 =R,C.

SNCT R )

Co Co

0.2V
=—(0.0012)(0.02 «F)1
(=000 0)002u)u] $27 ]
=| 60.9ps
R="Eorg
At
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resistance and the current through it:

Because the current varies with time,
we need to integrate over time to
find AE;:

2
AE, = [I’Rdt = | (@] Rdt
1
2
=J.(ﬁj Rldt
TR,
e 2 1 0.105s
=(—j — jtzdt
T R

1 0.005s

2 3 770.105s
_(soov) 1 [#
20s ) 1GQ| 3

0.005s

=6.17x107°7

Substitute and evaluate P;: p_ 6.17x107'07 _

) 6.17nW
0.1s

Express the rate at which energy is

_ AUc _ UCi _UCf

P,
dissipated in the switch resistance: g At At
_serz-terp el -rg)
At At
Substitute numerical values and p - %(0.02 LF ) (4.2 V)2 - (0.2 V)2 |
evaluate P,: ? 60.9ps
=| 2.89kW

142  eee

Picture the Problem We can apply both the loop and junction rules to obtain equations
that we can use to obtain a linear differential equation with constant coefficients
describing the current in R, as a function of time. We can solve this differential equation
by assuming a solution of an appropriate form, differentiating this assumed solution and
substituting it and its derivative in the differential equation. Equating coefficients,
requiring the solution to hold for all values of the assumed constants, and invoking an
initial condition will allow us to find the constants in the assumed solution. Once we
know how the current varies with time in R,, we can express the potential difference
across it (as well as across C because they are in parallel). To find the voltage across the
capacitor at f = 8 s, we can express the dependence of the voltage on time for a
discharging capacitor (C is discharging after # = 2 s) and evaluate this function, with a
time constant differing from that found in (a), at =6 s.
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(a) Apply the junction rule at the
junction between the two resistors to
obtain:

Apply the loop rule to the loop
containing the source, R, and the
capacitor to obtain:

Apply the loop rule to the loop
containing R, and the capacitor to

obtain:

Differentiate equation (2) with
respect to time to obtain:

Differentiate equation (3) with
respect to time to obtain:

Using equation (1), substitute for /5
in equation (5) to obtain:

Solve equation (2) for /;:

Substitute for /; in equation (6) and
simplify to obtain the differential
equation for /;:

To solve this linear differential

equation with constant coefficients we

can assume a solution of the form:

I =1+1, (1)
g—ag—%zo )
%_Rzlzzo 3
e gy Ql_g_gdh_1do
dt dt C dt
:—&5ﬂ—lgzo
dt C
or
dl, 1
el ISR § 4
' o 4)
E{Q_RI}ZLEQ_RéQ:o
delc | Cdt 7 odr
or
dl, 1
et B 5
*dat c’? )
da, 1
oo (1 -1 6
dt Rp(IZ) ©)

; _E-0/C_&-Ri,
= -

Rl Rl
d, _ 1 (e-RlI, ,
d RC\| R ?
__ & R +R, ]
RR,C | RRC )"
L(t)=a+be (7)
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Differentiate /,(¢) with respect to
time to obtain:

Substitute for I, and dI,/dt to obtain:

Equate coefficients of ¢ " to

obtain:

Requiring the equation to hold for
all values of a yields:

If I, is to be zero when ¢ = 0:

Substitute in equation (7) to obtain:

Substitute numerical values and
evaluate 7:

Substitute numerical values and

evaluate /5(7):-

Because C and R, are in parallel,
they have a common potential
difference given by:

Evaluate Vo att=2s:

dl —z/ | _ —z/ T
oL lavbe]--

b E —(R1+R2j(a+be’/’)

r RR,C | RR,C
__ RRC
R +R,
E
a =
R +R,
O=a+b
or
b=-a=- &
R +R,
E E
I — _ t/t
) R +R, &+&e
&
— 1_ —t/z‘
R1+R2( ¢ )
where
_ RRC
R +R,
:(2MQX5MQXUE)ZLBS
2MQ +5MQ
10V
] — 1— -t/1.43s
(1) 2MQ+5MQ( ')

= (143 2A)(1 - )
Vc(t): Vz(t)=12(t)R2

= (143 uA) (5MQ) (1 - e ¥'4)

=(7.15V)(1- )

Vo(25)=(7.15V)(1-e>"*)=538V
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The voltage across the capacitor as a function of time is shown in the figure. The current
through the 5-MQ resistor R, follows the same time course, its value being V/(5x10°) A.

2 ~
\
1 T
0
0 2 4 6 8 10
t(s)
(b) The value of Vcatt=2 s has VC(2S)= 5.38V

already been determined to be:

When S is opened at t=2's, C '=R,C= (5 MQ)(1 yF) =5s
discharges through R, with a time
constant given by:

Express the potential difference Volt)=Vee ™ =(5.38V)e ™
across C as a function of time:

Evaluate V¢ at = 8 s to obtain: v, (8 s) - (5_38\/)3‘65/5S =11.62V

in good agreement with the graph.
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143 oeee

Picture the Problem Let /; be the current L Ty
—

delivered by &, I, the current delivered by JW‘

&, and /5 the current through the resistor R.

Oy

-~

We can apply Kirchhoff’s rules to obtain

three equations in the unknowns 7y, /;,and
I; that we can solve simultaneously to find

Gy

—

I;. We can then express the power

delivered by the sources to R. Setting the »

()

ENES
T

derivative of this expression equal to zero

will allow us to solve for the value of R

that maximizes the power delivered by the
sources.

Apply Kirchhoff’s junction rule at a I +1,=1 (1)
to obtain:

Apply the loop rule around the E-LR-nl =0 )
outside
of the circuit to obtain:

Apply the loop rule around the & —-LR-rl,=0 3)
inside of the circuit to obtain:

Eliminate /; from equations (1) and & -LR—-r (I =1, ) =0 @)
(2) to obtain:

Solve equation (3) for 1, to obtain: I &, - LR
2

Substitute for /, in equation (4) to E, —I.R
obtain:

r

Solve for /; to obtain: I = En+é&n
rry + R, +1,)
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Express the power delivered to R:

Noting that the quantity in
parentheses is independent of R and
that therefore we can ignore it,
differentiate P with respect to R and
set the derivative equal to zero:

Solve for R to obtain:

To establish that this value for R
corresponds to a maximum, we need
to evaluate the second derivative of
P with respect to R at R = 4 and
show that this quantity is negative,
1.e., concave downward:

We can conclude that:

*144  oee

2
P=I'R= _éntén | p
rry +R(r +71,)

e+ &, ? R
= 2
5+, (R+4)

where
A: ”1’”2
n+r,
a_d[ R
dR  dR|(R+ A)
d
R+AY —R =" (R+ A)
(R Af R (R4 4)
(R+ 4)
_(R+4) —2R(R+4)
(R+4)

= ( for extrema

R=4a=-""2
htn

d*P _i[(R+A)2 —2R(R+ A)

dR®  dR (R+4)
_2R-44
(R+4)
and
d*P —24
&| TReay "
R=4 ( + )
R=| -2 | maximizes the power

ntrn

delivered by the sources.

Picture the Problem Let O, and Q, represent the final charges on the capacitors C; and
C,. Knowing that charge is conserved as it is redistributed to the two capacitors and that

the final-state potential differences across the two capacitors will be the same, we can

obtain two equations in the unknowns Q; and O, that we can solve simultaneously. We
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can compare the initial and final energies stored in this system by expressing and
simplifying their ratio. We can account for any difference between these energies by
considering the role of the resistor in the circuit.

(a) Relate the total charge stored 0=CV,=0,+0, (1)
initially to the final charges O, and
0, on C; and Cy:

Because, in their final state, the g _ % 2)
potential differences across the two ¢ G,
capacitors will be the same:
Solve equation (2) for Q2 and C

eduation (2) for 02 anc. 0. +0,=C,
substitute in equation (1) to obtain: G,
Solve for Q, to obtain: 0, = C G,

2 0
C +C,
Substitute in either (1) or (2) and C12
solve for Q) to obtain: 0 = C +C, 0
(b) Express the ratio of the initial U, _ Loy
and final energies of the system: u. , le L sz
2 Cl 2 C2
_ G Vo2
(¢ Y (co Y
1 V() 12 VO
C +C, N C +C,
Cl C2

Simplify this expression further to U, 14+ C,
obtain: U, B |

or Uj; is greater than Uy by a factor of
1+ G)/C,.

The decrease in energy equals the energy dissipated as Joule heat in

(©)

the resistor connecting the two capacitors.
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145  eee

Picture the Problem Let ¢, and ¢, be the time-dependent charges on the two

capacitors after the switches are closed. We can use Kirchhoff’s loop rule and the conserva
charge to a obtain a first-order linear differential equation describing

the current /, through R after the switches are closed. We can solve this differential equatio
assuming a solution of the form ¢, (t) =a+be " and requiring that the solution satisfy the
boundary condition that ¢,(0) = 0 and the differential equation

be satisfied for all values of z. Once we know I, we can find the energy dissipated

in the resistor as a function of time and the total energy dissipated in the resistor.

(a) Apply Kirchhoff’s loop rule to 4q, IR — o 0
the circuit to obtain: G C,

or, because / = dq,/dt,

9 pddy 4y _

C d C,
Apply conservation of charge during q,=0-q9,=CV,—q,
the redistribution of charge to
obtain:
Substitute for ¢, to obtain: Vo 9> R % 9

e dt C,
Rearrange to obtain the first- order dq, C, +C,
. i . R + q, =V,

differential equation: dt C,C,
Assume a solution of the form: q, (t) —a+be" (1)
Differentiate the assumed solution dq, (l ) _ i [a n be—t/r]z _ é ol
with respect to time to obtain: dt dt T
Substitute for dg,/dt and g, in the rl - b o
differential equation to obtain: T
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Rearrange to obtain:

If this equation is to be satisfied for
all values of #:

Solve for zto obtain:

Substitute the boundary condition
¢>(0) =0 in equation (1):

Substitute for a and b in equation

(1) to obtain:

Differentiate g,(¢) with respect to
time to find the current:

(b) Express the energy dissipated in
the resistor as a function of time:

(¢) The energy dissipated in the
resistor is the integral of P(¢)

‘}Eew%+GLﬂ£%
T CC,
+ ﬁ e*f/f b:VO
CICZ

cC

a=—1"2V =C_V,
c+c, "
and
{—ﬂe-f”}m GHG e 2
T cC,
or
r CC,
<k GG g
C +C,
O=a+b
or
b=-a=-C/V,

qZ (t) = CquO - Cqu/O eit/r
—C,V,(1-¢")

](t) = dL(t) =C.V, d (1 _e—t/r)

dt dt
- CquO (_ e ) - %)

:%eit/r — VO

T R

e—t/r

2
P(t)=I’R = (5e’/fj R
R

2
V_O e—Zt/T
R

E= V—;Te_Zt'/RC”dt' = 1VZC
R 270

0

€q




448 Chapter 25

between ¢t = 0 and ¢ =c0:

This is exactly the difference between the initial and final stored energies
found in the preceding problem, which confirms the statement at the end

of that problem that the difference in the stored energies equals the energy

dissipated in the resistor.

146 eee
Picture the Problem We can apply Kirchhoff’s loop rule to find the initial current drawn
from the battery and the current drawn from the battery a long time after S, is closed. We
can also use the loop rule to find the final voltages across the capacitors and the current in
the 150-Q resistor when S, is opened after having been closed for a long time.

(@) Apply Kirchhoff’s loop rule to 12V =1, (O)(l 00 Q) Ve =0
the loop that includes the source, the

100-Q resistor, and the capacitor

immediately after S, is closed to

obtain:
Because the capacitor is initially Vg =0
uncharged: and
12V —-1,,(0)(100Q)=0
Solve for and evaluate /,,(0): ( ): 12V _[0.120A
1000

(b) Apply Kirchhoff’s loop rule to 12V -1, (l 00 Q) -1, (50 Q)
the loop that includes the source, the -1, (1 50 Q) =0
100-Q2, 50-Q, and 150-Q resistor a
long time after S; is closed to obtain:
Solve for and evaluate /,.: I = 12V 20 0mA

100QQ+50Q+150Q

(¢) Apply Kirchhoff’s loop rule to 12V -1,,(00Q)-V., =0
the loop that includes the source, the

100-Q2 resistor, and C; a long time

after both switches are closed to

obtain:
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Solve for and evaluate Vc: V., =12V —(40mA)(100Q)=| 8.00V

(d) Apply Kirchhoff’s loop rule to Ve, +1,, (1 50 Q) =0
the loop that includes the 150-Q

resistor and C, a long time after both

switches are closed to obtain:

Solve for and evaluate Vc,: Vo =1y (1 50 Q) = (40 mA)(l 50 Q)
=[6.00V

(e) Apply Kirchhoff’s loop rule to Ve, (t ) -1/ (t)(l 50 Q) =0

the loop that includes the 150-C2 or

resistor and C, after S, is opened to v, (O) et — ](t)(l 50 Q) -0

obtain: ’

Solve for (7) to obtain: I(t) _ Ve, (0) ol 6V S1500)50,8)

150Q 150Q

— (40 mA)e—t/TSOms
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Picture the Problem We can use the definition of differential resistance and the
expression for the diode current given in problem 54 to express Ry and establish the
required results.

The differential resistance Ry is dv ar "
given by: = E = (Wj
From Problem 54, the current in the I=1, (eV/ 25mV _ 1) (1)

diode is given by:

Substitute for / to obtain:

r= Ll )

2)
_ 25mV o V/5mY
1,
For V> 0.6 V, equation (1) I~ ]OeV/ZSmV
becomes:
Solve for the exponential factor to v /25my yppsmy 1
r— =

obtain:
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Substitute in equation (2) to obtain: 25mV I, 25mV
T, 1|

Examination of equation (2) shows that, for /' <0, R, increases exponentially.
This result, together with that for ' > 0.6 V, justifies the assumptions made in
Problem 55.

148 oo
Picture the Problem We can approximate the slope of the graph in Figure 25-77 and
take its reciprocal to obtain values for R4 that we can plot as a function of V.

Use the graph in Figure 25-77 to complete V(V) | R (QQ)

the table to the right. 0 6.67
0.1 17.9
03 | =752
0.4 42.9
0.5 8

The following graph was plotted using a spreadsheet program.

40

ZO/N\
0

) ./
N/

0.0 0.1 0.2 0.3 0.4 0.5
V' (v)

R 4 (ohms)

-80

The differential resistance becomes negative at approximately 0.14 V.
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Picture the Problem We can use the definition of current to find the number of
electrons accelerated in each pulse and the average current in the beam. The
average and peak power of the accelerator can be found using P, =1,V and



P

peak

=1

peak

(a) Use the definition of current to
relate the number of electrons
accelerated in each pulse to the
duration of the pulse:

Solve for and evaluate n:

(b) Using the definition of current
we have:

(c) Express the average power
output in terms of the average
current:

(d) Express the peak power output
in terms of the pulse current:

(e) The duty factor is defined to be:

‘Electric Current and Direct-Current Circuits 451

V" and the duty factor from its definition.

_AQ ne
e a T A
where 7 is the number of electrons in
each pulse.
IpulseAt
n=——
e

(1.6A)(0.145) _ 9.99x10" ~[107

1.602x107"° C -

I — qulse — ne
107s

Y Al piyeen pulses
_10%(1.60x10™ C)
107s
~[0.160mA

P, =1V =(0.160mA)(400MV)

av

=| 64.0kW
P =1V =(1.6A)(400MV)
=| 640 MW
duty factor = — Al
time between pulses
_ 0.17,3us _o~
10~ s
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Picture the Problem Let R be the
resistance of each resistor in the ladder and
let R.q be the equivalent resistance of the
infinite ladder. If the resistance is finite
and non-zero, then adding one or more
stages to the ladder will not change the
resistance of the network. We can apply the
rules for resistance combination to the
diagram shown to the right to obtain a
quadratic equation in R, that we can solve
for the equivalent resistance between
points a and b.

The equivalent resistance of the
series combination of R and
(R || Req) 18 Reg, SO:

Simplify to obtain:

Solve for R, to obtain:

ForR=1Q:

*15]  eee

Picture the Problem Let R, be the
equivalent resistance of the infinite ladder.
If the resistance is finite and non-zero, then
adding one or more stages to the ladder
will not change the resistance of the
network. We can apply the rules for
resistance combination to the diagram
shown to the right to obtain a quadratic
equation in R4 that we can solve for the

equivalent resistance between points a and
b.

The equivalent resistance of the
series combination of R; and
(R2 || Req) 18 Req, sO:

Simplify to obtain:

Solve for the positive value of Req to
obtain:

eq

R, =R+ =
R+R,
R, -RR, —-R*=0
1+4/5 R
2
L+3s 1Q)=[1.620
2
R

R, =R +R,|

R2Req
R, =R +——
R, +R

eq

R, -RR,—RR,=0

€q

R ++ R} +4RR,




