


Goals for Chapter 24

* To understand capacitors and calculate
capacitance

* To analyze networks of capacitors
* To calculate the energy stored 1n a capacitor

* To examine dielectrics and how they affect
capacitance
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Introduction

 How does a camera’s flash unit store energy?

* (Capacitors are devices that store electric
potential energy.

* The energy of a capacitor 1s actually stored 1n the
electric field.

* Concept of capacitor 1s closely related to the 1dea
of potential and potential energy
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Capacitors and capacitance

* Any two conductors separated by an insulator form a
capacitor, as 1llustrated 1in Figure 24.1 below.

* The definition of capacitance 1s C = Q/V .

Conductor a

Conductor b

Copyright © 2012 Pearson Education Inc.



Parallel-plate capacitor

* A parallel-plate capacitor consists of two parallel conducting
plates separated by a distance that 1s small compared to their

dimensions. (See Figure 24.2 below.)

A

* The capacitance of a parallel-plate capacitor is: (' = Ey—

(a) Arrangement of the capacitor plates
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Wirj Plate a, area A

Plate b, area A

d

(b) Side view of the electric field E

When the separation of the plates
1s small compared to their size,
the fringing of the field is slight.
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Q24.1 S"I

The two conductors a and b are insulated
from each other, forming a capacitor. You
increase the charge on a to +2Q and
increase the charge on b to —2Q), while
keeping the conductors in the same
positions.

Conductor a

As a result of this change, the
capacitance C of the two conductors

A. becomes 4 times great.

Conductor b

B. B. becomes twice as great.
C. remains the same.
D. becomes 1/2 as great.

E. becomes 1/4 as great.
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Q24.2 5’\'

You reposition the two plates of a capacitor so that the
capacitance doubles. There is vacuum between the plates.

If the charges +Q and —Q on the two plates are kept
constant in this process, what happens to the potential
difference V,_, between the two plates?

A. V,, becomes 4 times as great.
B. V,, becomes twice as great.
C. V,, remains the same.

D. V_, becomes 1/2 as great.

E. V,, becomes 1/4 as great.
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Parallel-plate capacitor

e 24.1 A parallel plate capacitor has a capacitance of 1.0 F 1f the
plates are 1.0mm apart, what 1s the area of the plates?

e 24.2 The plates of a parallel-plate capacitor in vacuum are 5.00
mm apart and 2.00m? in area. A potential difference of 10KV

is applied across the capacitor. Compute: a) the capacitance;
b) the charge on each plate; c¢) the magnitude of the
electric field 1n the space between them.

(a) Arrangement of the capacitor plates (b) Side view of the electric field E
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ab When the separation of the plates
is small compared to their size,

the fringing of the field is slight.

Wire
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A spherical capacitor

e 24.3: Two concentric
spherical conducting shells
are separated by vacuum. The
inner shell has total charge of
+Q and outer radius of r, and
the outer shell has total charge
of —Q and 1nner radius of r;,
The shells are attached by thin
insulating rods with no effect
on capacitance. Find the
capacitance of this spherical
capacitor.

Inner shell, charge +Q
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A cylindrical capacitor

* 24.4) A long cylindrical ks /
conductor has a mner radius \\ }
r, and linear charge density "4 X e
lambda. It is surrounded by — ~ ¢ |
a coaxial cylindrical T\ ~ , |
conducting shell with inner <N /5[ L/

radius r, and linear charge Q ¢%

density —lambda. Calculate
the capacitance per unit
length for this capacitor
assuming that there is
vacuum between the
cylinders.
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Capacitors in series

» Capacitors are 1n series 1f they are connected one after the other,
as illustrated in Figure 24.8 below.

* The equivalent capacitance of a series combination 1s given by:
11 11
=—+—+—+...
c C C, 0C,

eq
(a) Two capacitors in series (b) The equivalent single capacitor
Capacitors in series: g _ .
* The capacitors have the same charge Q. ES Equwalent CApAcInes
« Their potential differences add: 15"(ljessl than tl?e indi-
5 T vidual capacitances:
Vi & ¥ =Y Charge 1s +0 p
7 ! the‘same P . 0
Y, N N as for the —g— ch T2
individual —
+Qasley Y Dy VI Q L ]
— O “1 Voo | capacitors. M M 3
eq CI C2
Vub =V | &3 %é £ z
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Capacitors in parallel

 (Capacitors are connected 1n parallel between a and b 1f the
potential difference V, 1s the same for all the capacitors. (See

Figure 24.9 below.)

* The equivalent capacitance of a parallel combination is the

sum of the individual capacitances:

Coo=Ci+Co+Cy+ ...

(a) Two capacitors in parallel

Capacitors in parallel:

* The capacitors have the same potential V.

* The charge on each capacitor depends on its
capacitance: Q; = C,V, @, = G,V.

a
Ne
+ + |1+ + + |+
Vab =V Cltr Ql C2TT Q2
YV o
b

+0

+ + +

+ + +

(b) The equivalent single capacitor

Charge 1s the sum of the
individual charges:
Q=0+ 0,
Equivalent capacitance:
Coy =€y + 63
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Calculations of capacitance: Problem solving strategy

* Set up: Make a drawing, identify parallel and series arrangements,
the plate at higher potential has the positive Q and the plate at
lower potential has the negative.

» Series capacitors have the same charge
» Parallel capacitors have the same voltage across.

« Simplify the more complicated combinations by identifying the
parts that are parallel or series.

* Evaluate
a a b a C) a d) a
(a) a (b) a © OF
R e o replace these series
- ~apacitors by an equivalent
Y —  capacitors by |
== 12 uF \ capacitor.
o S BAF e 11 P e 1 7 2 e | 8771 o Be— 71 Y o 18 1F
P ——lf . J
=== Replace these series capacitors —wdes ... replace these F— i ]
a9 jLF ; . — T O ; ) JLE
by an equivalent capacitor ... parallel capacitors by \ "] ',
& [ ) an equivalent capacitor ... @ ©

b b b b
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Q24.3 )
A 12-mF capacitor and a 6-mF |
capacitor are connected together as

shown. What is the equivalent 12 mF
capacitance of the two capacitors as a
unit?
A. Coo =18 mF
B. Coq =9 mF l 6 mF
C. Ce =6 mF "
D. Cq =4 mF

E.Ceq=2mF
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Q24.4 )
A 12-mF capacitor and a 6-mF |
capacitor are connected together as

shown. If the charge on the 12-mF 12 mF
capacitor is 24 microcoulombs (24
mC), what is the charge on the 6-mF
capacitor?

B. 36 mC
C.24 mC
D. 12 mC
E.6 mC

A. 48 mC l 6 mF
b
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Q24.5 )

A 12-mF capacitor and a 6-mF
capacitor are connected together as
shown. What is the equivalent
capacitance of the two capacitors as 12 MF 6 mF

a unit?

A. Coq =18 mF
B. Ceq =9 mF l
C. Ce =6 mF b
D. Cq =4 mF

E.Ceq=2mF
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Q24.6 )

A 12-mF capacitor and a 6-mF
capacitor are connected together as

shown. If the charge on the 12-mF
capacitor is 24 microcoulombs (24 12 mF 6 mF
mC), what is the charge on the 6-mF
capacitor?
A.48 mC
B. 36 mC l
C.24 mC b
D. 12 mC

E.6 mC
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Calculations of capacitance: a capacitor network

* 24.6: Find the equivalent capacitance of the combination shown in
Fig.

(a) a (b)

o

(© a (d) ?

~... replace these series
-4

—— capacitors by an equivalent
capacitor.
o 11 02F | o 4 pF e 71 3
e ST

p— 7

Replace these series capacitors == ... replace these

—— A o ; . —— : e D e
by an equivalent capacitor ... parallel capacitors by | )
@ ® an equivalent capacitor ... @ &
b b b b
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Energy stored in a capacitor

The potential energy stored in a capacitor is

P 1
_ 2 Loyl —QV
2C 2 2
The capacitor energy is stored in the electric field between the plates.

1
The energy density is u = ESOE ?

The Z machine shown below
can produce up to 2.9 x10'4
W using capacitors in
parallel!
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Energy stored in a capacitor

The potential energy stored in a capacitor = work required to charge it.

Potential across the plates of the capacitor due to small charge q: v=¢q/C

q 10
dW =vdg=—dqg —> W = dW—— d
q= C q J- Jq qg = C
Potential energy of the uncharged capacitor = zero.
0" 1
ThenU=U,-U,=U,=W ==—=—CV’ ——QV
2C 2
Streatched spring Charged capacitor
Analogy: < 1 11
= Uz k? U=——0’
2 2C

.

1
Capacitance: ability to store charge (Q = CV )and energy (U = Cvzj
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Electric energy density

Energy per unit volume stored in the electric field of a capacitor

U
1s called energy diensity. u =
Volume
Exampe for a parallel plate capacitor:
1 I A
v LV &V yy
U = = 2 = 2 d :—go(—j :_EOEZ
Ad Ad Ad 2 d 2
Electric energy density in vacuum
1
u= ESOE 2

this 1s independent of geometry so can be applied to any capacitor.

Electric field energy and electric potential energy are the same things.
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Some examples of capacitor energy

» 24.7 We charge C, by connecting it to potential difference
of V,.The switch S is 1nitially open. Once the C, 1s charged
the source of potential 1s disconnected.

A) Charge on C! if the switch is left open.

B) What 1s the energy stored in C,?

C) The capacitor C, is initially uncharged. We close the S
what 1s the potential difference across each capacitor and
charge on them?

D) What 1s the total energy of the system after we close the
switch S?

Qo 1 .J

120V

+
-+

1
=
[

C, = 8.0 uF \! S._‘ C, = 4.0 uF
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Electric field energy example

24 .8 Want to store 1.00J of electric potential
energy in a volume of 1.00m?3 in vacuum.
A) What is the magnitude of electric filed
required?
B) If the field magnitude is 10 times larger, how
much energy is stored per cubic meter?

24.9 The spherical capacitor of problem 24.3 has
chares +Q and —Q on its inner and outer
conductors. Find the electric potential energy
stored in the capacitor
A) Using the capacitance found earlier

B) By integrating the electric energy density
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Dielectrics

* A dielectric 1s a non-conducting material. Most
capacitors have dielectric between their plates.
(See Figure 24.13 at upper right.)

* The dielectric constant of the material 1s:

Conductor
(metal foil)

Conductor —

(metal foil) Dielectric
(plastic sheet)
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Dielectrics

* Diaelectric increases the
capacitance and the energy
density by a factor K.

* Figure shows how the
dielectric affects the electric
field between the plates.

E
K=—>1
80
A A
C,=¢& — C=¢e—
o CiJ - dj
In \chuum In d?lrectric

(a) Vacuum

S

+ + 4+ + + + + + + + + + + +

Y Y

EO—

Y Y Y Y Y Y Y Y Y Y VY

g

=~

(b)

Q

+ + + + + + + + + + + + + +

Dielectric

y BN
N
,/— g i O

- 1

- o
ﬁ
E

Y

- +

Y

- -

/Indﬁced\+
charges

- +

Y

A

E 7 1

g

\ —0—1 H

- g
W

For a given charge density o, the induced
charges on the dielectric’s surfaces reduce the
electric field between the plates.

—a
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Dielectrics

For a capacitor when dielectric material inserted in the electric field
while the charge 1s kept constant, the E-field reduces by a factor of K
E=E,/K

The new surface charge density must be reduced bu the Q is constant.
That means the charges innside the dielectric are redistrubuted

(polarized) to reduce net surface charge density.
c-o0, E 1 o-o, o ( 1]

o .
E,=—; E= - —=—= =l-——o0,=0|1-—
£, &, E, K ) 0 K

Permitivity: K¢, = €
A

o .
E-field of capacitor in dielectrics: £ = — & the capacitanc: C = 83
€
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Table 24.1—Some dielectric constants

Table 24.1 Values of Dielectric Constant K at 20°C

Material K Material K
Vacuum 1 Polyvinyl chloride 318
Air (1 atm) 1.00059 Plexiglas 3.40
Air (100 atm) 1.0548 Glass 5-10
Teflon 2.1 Neoprene 6.70
Polyethylene 2.25 Germanium 16
Benzene 2.28 Glycerin 42.5
Mica 3-6 Water 80.4
Mylar 3.1 Strontium titanate 310
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Dielectric breakdown

« If the electric field 1s strong enough, dielectric breakdown occurs
and the dielectric becomes a conductor.

* The dielectric strength 1s the maximum electric field the material
can withstand before breakdown occurs.

« Table 24.2 shows the dielectric strength of some 1nsulators.

Table 24.2 Dielectric Constant and Dielectric Strength of Some Insulating Materials

Material Constant, K E.(V/m)
Polycarbonate 2.8 3 X 10’
Polyester 3.3 6 X 10’
Polypropylene 2.2 7 X 10’
Polystyrene 2.6 2% 107

Pyrex glass 4.7 1 % 107
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Examples with and without a dielectric

« Refer to Problem-Solving Strategy 24.2.
* 24.10

o 2411
—_
F_;
o+ + + + ++ ++ 4+ + + + +
Dielectric
N
K Y Y Y Y Y Y Y Y Y VYYVYE

ﬁ
F
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Molecular model of induced charge - 1

(b)

(a)
Figures 24.17 (right)
and 24.18 (below) \ ’

show the effect of an ' ——
applied electric field & polar molecules
on polar and nonpolar &5 . auekmanmy
molecules.

_ When an
~electric field is
applied, the
_molecules tend
~ to align with it.

(a) (b)

QQQ
QO
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An electric field
causes the mole-
cules’ positive and
negative charges
to separate
slightly, making
the molecule
effectively polar.

In the absence of
an electric field,
nonpolar molecules
are not electric
dipoles.




Molecular model of induced charge - 11

* Figure 24.20 below shows polarization of the dielectric and how the
induced charges reduce the magnitude of the resultant electric field.

(a) No dielectric (b) Dielectric just (c) Induced charges  (d) Resultant field
inserted create electric field
o Eo —0 m ¢ o < -0
O i UH
b > - + > = i > - + -~ =
+ = - + - o | o c— +— +|—
+ > - + > - + > - + > -
+ - - + - - | mm— + - +|-
=+ > = - > = . > = = > -
+ > = e > = b > = T +Hi=
+ - + - - + > - + > -
+ - + > - e — + - +|-
+ > - + > - + > - + > -
+ > - + > - | o a — +— +|-
+ > - + > - + > - -+ > -
+ = o > - & = > ¥ g +|—
+* > it + = +— = = 2o > m~
+ - = + > = - +— +|-
\_/ i LSS
o —0 ; : o -0
Originél Weaker field in dielectric

electric field  due to induced (bound) charges
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Gauss’s law in dielectrics

* Follow the text discussion of
Gauss’s law 1n dielectrics, using
Figure 24.22 at the right.

* Follow Example 24.12 for a
spherical capacitor

E=0 E

T ——

Conductor Dielectric

+ —
Side view Tt ———
(0) _Gi
+ —
+
Gaussian
surface
Conductor
Perspective
view
A : .
Dielectric
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Q24.7 5’\'

You reposition the two plates of a capacitor so that the
capacitance doubles. There is vacuum between the plates.

If the charges +Q and —Q on the two plates are kept
constant in this process, the energy stored in the capacitor

A. becomes 4 times greater.
. becomes twice as great.
. remains the same.

. becomes 1/2 as great.

m O O O

becomes 1/4 as great.
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Q24.8 5’\'

You slide a slab of dielectric between the plates of a

parallel-plate capacitor. As you do this, the charges on the
plates remain constant.

What effect does adding the dielectric have on the potential
difference between the capacitor plates?

A. The potential difference increases.

B. The potential difference remains the same.

C. The potential difference decreases.

D. not enough information given to decide
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Q24.9 5’\'

You slide a slab of dielectric between the plates of a

parallel-plate capacitor. As you do this, the charges on the
plates remain constant.

What effect does adding the dielectric have on the energy
stored in the capacitor?

A. The stored energy increases.

B. The stored energy remains the same.

C. The stored energy decreases.

D. not enough information given to decide

Copyright © 2012 Pearson Education Inc.



Q24.10 5’\'

You slide a slab of dielectric between the plates of a
parallel-plate capacitor. As you do this, the potential
difference between the plates remains constant.

What effect does adding the dielectric have on the amount
of charge on each of the capacitor plates?

A. The amount of charge increases.

B. The amount of charge remains the same.

C. The amount of charge decreases.

D. not enough information given to decide
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Q24.11 5’\'

You slide a slab of dielectric between the plates of a
parallel-plate capacitor. As you do this, the potential
difference between the plates remains constant.

What effect does adding the dielectric have on the energy
stored in the capacitor?

A. The stored energy increases.

B. The stored energy remains the same.

C. The stored energy decreases.

D. not enough information given to decide
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