Chapter 28
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28.1 Electromotive Force

The emf € of a battery is the maximum possible voltage that the
battery can provide between its terminals.
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R is called the load resistance

E=IR+Ir




E
R4+ r

This equation shows that the current in this simple circuit
depends on both the load resistance R external to the battery
and the internal resistance r. If Ris much greater than 7, as it
IS In many real-world circuits, we can neglect r.

If we multiply Equation by the current /, we obtain
IE=I"R+ Pr
the total power output /of the battery is delivered to the

external load resistance in the amount j2p and to the
internal resistance in the amount 2y






Example 28.1 Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of
0.05 £). Its terminals are connected to a load resistance of

3.00 €.

(A) Find the current in the circuit and the terminal voltage
of the battery.

e 19.0V
I= 5y 300~ 984

AV=E — Ir=120V — (393 A)(00501) = 118V

To check this result, we can calculate the voltage across the
load resistance R:

AV=IR=(393A)(3.00Q) =118V




(B) Calculate the power delivered to the load resistor, the
power delivered to the internal resistance of the battery, and
the power dehvered by the battery.

The power delivered to the load resistor is

Ppr=I"R= (393 A)2(3.000) = 463W
The power delivered to the internal resistance is

P, =Ir= (393 A)°(0.050) = 0772W

Hence, the power delivered by the battery is the sum
of these quantities, or 47.1 W




28.2 Resistors in Series and Parallel

Resistors in Series

for a series combination of two resistors, the currents are the
same in both resistors because the amount of charge that
passes through /1 must also pass through /2 in the same time
interval.

AV=AV1+AV2
AV= IR, + IRy = I{R| + Rs)

AV=1IR.=I(R + Ry) — Req=R + Ry

I =h=1 R.,= R+ Ry
—W—e—AN— ? AWy ?
/ f I

AV | AV

Battery



o L

The equivalent resistance of three or more resistors connected in series is

R:q=R|+Rg+R3+"'

This relationship indicates that the equivalent
resistance of a series connection of resistors is the
numerical sum of the individual resistances and is
always greater than any individual resistance.



Resistors in Parallel

when resistors are connected in parallel, the potential
differences across the resistors is the same.
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An extension of this analysis to three or more resistors in parallel gives

We can see from this expression that the inverse of the
equivalent resistance of two or more resistors connected in
parallel is equal to the sum of the inverses of the individual
resistances. Furthermore, the equivalent resistance is always
less than the smallest resistance in the group.



Qu |Ek Qu iZ 23.4 With the switch in the circuit of Figure 28.5 closed (left),
there 1s no current in Ry, because the current has an alternate zero-resistance path
through the switch. There 1s current in | and this current 1s measured with the amme-
ter (a device for measuring current) at the nght side of the circwt. If the switch 1s
]! opened (Fig. 28.5, nght), there 1s current in Ry. What happens to the reading on the

‘9 } ammeter when the switch 1s opened: (a) the reading goes up; (b} the reading goes
'3 down; (c) the reading does not change.
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QUiCk QUiz 23.7 With the switch in the circuit of Figure 28.7 open (left),
there 18 no current in Ry. There 1s current in R and this current 1s measured with the
ammeter at the right side of the circuit. If the switch 1s closed (Fig. 28.7, night), there is
current in Ky What happens to the reading on the ammeter when the switch 1s closed?
84 (a) the reading goes up; (b) the reading goes down; (c) the reading does not change.

Switch open switch closed



Example 28.4 Find the Equivalent Resistance

Four resistors are connected as shown 1n Figure 08.0a.

(A) Find the equivalent resistance between points a and «
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(B) What 1s the current in each resistor if a potential differ- 2001
ence of 42 V1s maintained between a and ¢! ; /
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28.3 Kirchhoff’s Rules

As we saw in the preceding section, simple circuits can be
analyzed using the expression AV= /R and the rules for series
and parallel combinations of resistors. Very often, however, it
! IS not possible to reduce a circuit to a single loop. The

.t procedure for analyzing more complex circuits is greatly

. simplified if we use two principles called
Kirchhoff ’s rules:
h I

1. Junction rule. The sum of the currents entering any junction in a circuit must
a\ equal the sum of the currents leaving that junction:

E fin = E "IFEI-LI.I: {EEE}




Kirchhoff’s first rule is a statement of conservation of electric
charge. All charges that enter a given point in a circuit must
leave that point because charge cannot build up at a point.

h=05+ Iy

-
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2. Loop rule. The sum of the potential differences across all elements around any
closed circuit loop must be zero:
Y AV=10 (28.10)

Closed
loop




When applying Kirchhoff’'s second rule in practice, we imagine traveling
around the loop and consider changes in electric potential, rather than the
changes in potential energy described in the preceding paragraph. You
should note the following sign conventions when using the second rule:

+Because charges move from the high-potential end of a resistor toward
» ~ ¢ the low potential end, if a resistor is traversed in the direction of the
~ ¥ current, the potential differenceA V across the resistor is -/R (Fig. 28.15a).

e

*If a resistor is traversed in the direction opposite the current, the
potential difference AV across the resistor is +/R (Fig. 28.15b).

B
e




*If a source of emf (assumed to have zero internal resistance)
is traversed in the direction of the emf (from - to +), the
potential difference AV is + (Fig. 28.15c). The emf of the
battery increases the electric potential as we move through it
in this direction.

c) = _ll_

e

¢ If a source of emf (assumed to have zero internal resistance) is traversed in the

direction opposite the emf (from + to — ), the potential ditference AVis — €
(Fig. 28.15d). In this case the emf of the battery reduces the electric potential as
we move through it.




PROBLEM-SOLVING HINTS

Kirchhoff's Rules

Draw a circuit diagram, and label all the known and unknown quantities. You
must assign a direction to the current in each branch of the circuit. Although
the assignment of current directions is arbitrary, you must adhere rigorously to

the assigned directions when applying Kirchhoff’s rules.

Apply the junction rule to any junctions in the circuit that provide new
relationships among the various currents.

Apply the loop rule to as many loops in the circuit as are needed to solve for
the unknowns. To apply this rule, you must correctly identify the potential
difference as you imagine crossing each element while traversing the closed
loop (either clockwise or counterclockwise). Watch out for errors in sign!

Solve the equations simultaneously for the unknown quantities. Do not be
alarmed if a current turns out to be negative; ifs magnitude will be correct and the

direchion 15 opposite to that which you assigned.



A single-loop circuit contains two resistors and two batteries,
as shown n Figure 28.16. (Neglect the internal resistances
of the batternes. )

(A) Find the current in the circuat.

£,=60V
i _I|+ — ! el
> AV=10
Ro=10£L2 Ry =8.0L)
€ — IR — €y — IRy =10 3 " l 3
i = _||_ .0
E,=12V
e — £ GOV — 12V
(1) Jf=—1 2 = 2 —0.33A

R +R 80Q+100




(B) What power 1s delivered to each resistor? What power 1s
delivered by the 12-V battery

P, = IR, = (0.33 A)2(8.00Q) = 08TW

P, =I"Ry = (0.33A)7(100) = L1IW

The 12-V battery dehivers power 1E; = 4.0)




Example 28.9 Applying Kirchhoff’s Rules

Find the currents [, &, and I3 in the circuit shown in Figure
28.17.

14.0V
(1) I+ I = I Y = o/
§4.un "
b= —0 .

. 600
abeda 100V = (60001 — (20015 =10 100% }s




Expressions (1), (2), and (3) represent three independent
equations with three unknowns. Substituting Equation (1) into
Equation (2) gives

10,0V — (6.00)1, — (200) (I, + I;) =0
(4) 100V = (8007, + (2.0 Q)1

Dividing each term in Equation (3) by 2 and rearranging gives

(5) — 120V =— (3.0 )1, + (20 Q) 1,

Subtracting Equation (5) from Equation (4) eliminates £, giving

9290V = (11.0 Q)1

h= 20A




Using this value of 4 in Equation (5) gives a value for £:
2000 =(5.00) - 120V
= (300)(20A) -120V=-60V
L= -30A
Finally,

1'3=IIJ'|'1IE= —]l}ﬂ_




Example 28.10 A Multiloop Circuit

(A) Under steady-state conditions, find the unknown currents
5. 5, and I3 in the multiloop circuit shown in Figure 28.18.

4.00V
(1) L+ 1I=1Is ie _=I+ ye
ngg 5.00 Q lfg
apphed to loops defed and cfghe, traversed 3.00 Q
"B clockwise, gives °t ~— Wy +/
5. [y I
(2) defed 4.00V — (3.00 Q)1 — (5.00 Q)13 =0 IIT o0 gl'
[ |y '
(3) ofgbe (3.00 Q) 1y — (5.00 Q)I; + 8.00V =0 ’ b= g
8.00V
|
From Equation (1) we see that I} = Is — [s, which, when “"—_|I+ - H_ $h
substituted into Equation (3), gives 300v  6.00uF

(8.00 ) — (5.00 )5 + 800V =10



Subtracting Equation (4) from Equation (2), we eliminate /3
and find that

D0V
_ A0V —0.364 A

o = —
2 11.00

Using /3 = —0.364 A in Equations (3) and (1) gives

I,= 138A Iy= 1.02A

(B) What is the charge on the capacitor?

~8.00V + AV, — 3.00V =0
AVep =110V

0= (6.00 uF)(11.0V) =  66.0 uC



