!'_ Chapter 26

Capacitance
and
Dielectrics




i Capacitors

= Capacitors are devices that store
electric charge

= Examples of where capacitors are used
Include:
= radio receivers
= filters in power supplies
= energy-storing devices in electronic flashes



i Definition of Capacitance

= The capacitance, C, of a capacitor Is
defined as the ratio of the magnitude of the
charge on either conductor to the potential
difference between the conductors
c-Q
AV

= The Sl unit of capacitance is the farad (F)



i Makeup of a Capacitor

= A capacitor consists of
two conductors

= These conductors are | e :
called plates ~ )

= When the conductor is |
charged, the plates carry |
charges of equal \
magnitude and opposite — 0 —_
directions — G

= A potential difference // \\

exists between the plates et
due to the charge



i More About Capacitance

Capacitance will always be a positive quantity

The capacitance of a given capacitor Is
constant

The capacitance is a measure of the
capacitor’s ability to store charge

The farad is a large unit, typically you will see
microfarads (uF) and picofarads (pF)




i Parallel Plate Capacitor

= Each plate is
connected to a
terminal of the
battery

= If the capacitor is
initially uncharged,
the battery
establishes an
electric field in the
connecting wires

+Q

—




Capacitance — Isolated

i Sphere

= Assume a spherical charged conductor
= Assume V = 0 at infinity

< < R _ 4me R

AV kKQ/R K

= Note, this is independent of the charge
and the potential difference

e



i Capacitance — Parallel Plates

= The charge density on the plates Is
o= Q/A
= A Is the area of each plate, which are equal
= Q Is the charge on each plate, equal with
opposite signs

= The electric field is uniform between the
plates and zero elsewhere



Capacitance — Parallel Plates,

i cont.

= The capacitance Is proportional to the
area of its plates and inversely
proportional to the distance between the
plates

QL _Q__Q _&A
AV Ed Qd/eA d




Parallel Plate Assumptlons

= The assumption that the electric field is uniform is
valid in the central region, but not at the ends of the
plates

= If the separation between the plates is small
compared with the length of the plates, the effect of
the non-uniform field can be ignored



Capacitance of a Cylindrical
i Capacitor

= From Gauss’s Law,
the field between
the cylinders Is
E=2k/ It g

= AV = -2k./ In (b/a)

= The capacitance
becomes

Q / pa—
C=—% —
AV 2k In(b/a) s




Capacitance of a Spherical

* Capacitor

= The potential
difference will be

wko[-4)

a

= The capacitance will
be




i Question 26.1

(a) How much charge is on each plate of a 4.00-4f
capacitor when it is connected to a 12.0-V battery? (b) If
this same capacitor is connected to a 1.50-V battery, what

charge is stored?



i Question 26.7

An air-filled capacitor consists of two parallel plates,
each with an area of 7.60 cm?, separated by a distance
of 1.80 mm. A 20.0-V potential difference is applied to
these plates. Calculate (a) the electric field between
the plates, (b) the surface charge density, (c) the
capacitance, and (d) the charge on each plate.



i Question 26.9

When a potential difference of 150 V is applied to the
plates of a parallel-plate capacitor, the plates carry a
surface charge density of 30.0 nC/cm2. What is the
spacing between the plates?



i Circuit Symbols

A circuit diagram is a
simplified representation
of an actual circuit

= Circuit symbols are used
to represent the various
elements

= Lines are used to
represent wires

= The battery’s positive
terminal is indicated by the
longer line

Capacitor
symbol | |

Battery
symbol — I [+

©2004 Thomson - Brooks/Cole




i Capacitors in Parallel

= When capacitors are
first connected in 1’ ' g
the circuit, electrons
are transferred from
the left plates
through the battery
to the right plate,
leaving the left plate
positively charged
and the right plate
negatively charged




Capacitors in parallel

i P‘«“«”(l



‘L Capacitors In series




i Capacitors In Parallel, 2

= The total charge is equal to the sum of the
charges on the capacitors

= Qtotal = Ql t QZ

= The potential difference across the capacitors
IS the same = voltage of the battery



i Capacitors in Parallel, 3

= The capacitors can K= AT
be replaced with e .
one capacitor with a o m—
capacitance of C, |
[
Qo

AV AV



i Capacitors in Parallel, final

8 Cq=C +Cy+ ...
= The equivalent capacitance of a parallel

combination of capacitors Is greater
than any of the individual capacitors



i Capacitors In Series

= When a battery is
connected to the
circuit, electrons are
transferred from the
left plate of C, to the
right plate of C,
through the battery

ooooooooooooooooooo




Capacitors in

i Series, 2

= An equivalent capacitor
can be found that performs
the same function as the
series combination

= The potential differences
add up to the battery

voltage




i Capacitors In Series, final

Q=Q;+Q,+ ...
AV=V,+V,+ ...
1 1 1
=—+—+...
Ceq Cl CZ

= The equivalent capacitance of a series
combination Is always less than any
Individual capacitor in the combination



Example 26.4
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= The 1.0-uF and 3.0-uF capacitors are in parallel as are the
6.0-uF and 2.0-uF capacitors

= These parallel combinations are in series with the
capacitors next to them

= The series combinations are in parallel and the final
equivalent capacitance can be found



Question 26.18

Evaluate the equivalent capacitance of the configuration
shown in Figure P26.18. All the capacitors are identical, and
each has capacitance C.




Question 26.21 = GAF (S

21.| Four capacitors are connected as shown in Figure
I 8
P26.21. (a) Find the equivalent capacitance between
points @ and b. (b) Calculate the charge on each capaci-

torif AV, = 15.0V. SYS F
15.0 uF  3.00 uF Cg = [5+3 =25 M

20.0 uF C,= 25""'4:85”F

” |l C szodé MF
‘ I ] 74
6.00 pi¥ 7 g 5 +9¢




Quick Quiz 26.4

You charge a parallel-plate capacitor, remove it from the battery, and prevent the wires con-
nected to the plates from touching each other. When you pull the plates apart, do the fol-
lowing quantities increase, decrease, or stay the same? (a) C; (b) Q; (¢) E between the
plates; (d) AV; (e) energy stored in the capacitor.



i Energy Stored in a Capacitor

= Assume the capacitor is being charged
and, at some point, has a charge g on it

= The work needed to transfer a charge
from one plate to the other is

dW = AVdg = %dq

= The total work required Is



i Energy, cont

= The work done in charging the capacitor
appears as electric potential energy U:
Q2
& _loav=1cuv
- 2C 2Q 2 (V)

= This applies to a capacitor of any geometry

= The energy stored increases as the charge
Increases and as the potential difference
Increases

= In practice, there Is a maximum voltage
before discharge occurs between the plates



i Energy, final

= The energy can be considered to be
stored in the electric field

= For a parallel-plate capacitor, the
energy can be expressed in terms of the
field as U = Y2 (¢ ,Ad)E?

= [t can also be expressed in terms of the
energy density (energy per unit volume)

Uz =% ¢ E?




i Some Uses of Capacitors

s Defibrillators

= When fibrillation occurs, the heart produces a
rapid, irregular pattern of beats

= Afast discharge of electrical energy through the
heart can return the organ to its normal beat
pattern
= In general, capacitors act as energy
reservoirs that can be slowly charged and
then discharged quickly to provide large
amounts of energy in a short pulse



i Capacitors with Dielectrics

= A dielectric Is a nonconducting material
that, when placed between the plates of
a capacitor, increases the capacitance

= Dielectrics include rubber, plastic, and
waxed paper

= For a parallel-plate capacitor, C = kC,
KE(A/d)

= The capacitance is multiplied by the factor
K when the dielectric completely fills the
region between the plates



i Dielectrics, cont

= In theory, d could be made very small to
create a very large capacitance

= In practice, there is a limit to d

= d is limited by the electric discharge that could
occur though the dielectric medium separating the
plates
= For a given d, the maximum voltage that can
be applied to a capacitor without causing a
discharge depends on the dielectric
strength of the material



i Dielectrics. final

= Dielectrics provide the following
advantages:

ncrease in capacitance
ncrease the maximum operating voltage
Possible mechanical support between the

nlates

= This allows the plates to be close together
without touching

= This decreases d and increases C



Table 26.1
Approximate Dielectric Constants and Dielectric Strengths of Various Materials

at Room Temperature

Dielectric Strength®

Material Dielectric Constant K (10 V/m)

Air (dry) 1.000 59 3
Bakelite 4.9 24
Fused quartz 3.78 8
Mylar e 7
Neoprene rubber 6.7 12
Nylon 3.4 14
Paper 3.7 16
Paraffin-impregnated 3.5 11

paper

Polystyrene 2.56 24
Polyvinyl chloride 3.4 40
Porcelain 6 12
Pyrex glass 5.6 14
Silicone oil 2.5 15
Strontium titanate 233 8
Teflon 2.1 60
Vacuum 1.000 00 —
Water 80 .-

* The dielectric strength equals the maximum electric field that can exist in a dielectric without
electrical breakdown. Note that these values depend strongly on the presence of impurities and
flaws in the materials.

© 2004 Thomson - Brooks/Cole



i Types of Capacitors — Tubular

s Metallic foll may be Metal foil
Interlaced with thin
sheets of paper or Mylar

= The layers are rolled into ‘))
a cylinder to form a small | / '
package for the ’
capacitor b




Types of Capacitors — Oll

i Filled

= Common for high-
voltage capacitors

3 z.
= A number of —p—

interwoven metallic !
plates are immersed
In silicon oll 1




Types of Capacitors —
‘L Electrolytic

= Used to store large Case

amounts of charge
at relatively low
voltages

The electrolyte is a
solution that
conducts electricity
by virtue of motion
of ions contained In
the solution

Electrolyte

Contacts

Metallic foil + oxide layer

(c)



‘L Types of Capacitors — Variable

= Variable capacitors
consist of two
Interwoven sets of
metallic plates

= One plate is fixed and
the other is movable

= These capacitors
generally vary between
10 and 500 pF

= Used in radio tuning
circuits




‘L Example 26.6

EXAMPLE 26.6  APaper-Filled Capacitor

A parallel-plate capacitor has plates of dimensions 2.0 cm by
5.0 cm separated by a 1.0-mm thickness of paper. (a) Find its
capacitance.

Solution Because k = 3.7 for paper (see Table 26.1), we
have

E“f‘l

(d

C

K

6.0 x 104 mz)
— 3.7(8.85 X 1012 C2/N-m? |
(8 0~ C/N-m }( 1.0 X 10—° m

20 X 107 12F = 20 pF



Example 26.6

(b) What is the maximum charge that can be placed on
the capacitor?

Solution From Table 26.1 we see that the dielectric
strength of paper is 16 X 10° V/m. Because the thickness of

the paper is 1.0 mm, the maximum voltage that can be ap-
plied before breakdown is

AV, = Epd = (16 X 105V/m) (1.0 X 1073 m)
=16 X 103V

Hence, the maximum charge is

Qs = CAVpx = (20 X 10712 F) (16 X 103 V) = 0.32 puC



‘L Example 26.6

Exercise What is the maximum energy that can be stored
in the capacitor?

Answer 2.6 X 107%].



Example 26.7

EXAMPLE 26.7 Energy Stored Before and After

A parallel-plate capacitor is charged with a battery to a charge
0y, as shown in Figure 26.17a. The battery is then removed,
and a slab of material that has a dielectric constant « is in-
serted between the plates, as shown in Figure 26.17b. Find
the energy stored in the capacitor before and after the dielec-
tric is inserted.

Dielectric
+ - /

Q ‘

AV, (b)

(a) Figure 26.17



‘L Example 26.7

Solution The energy stored in the absence of the dielec-
tric is (see Eq. 26.11):

Qv’*
20,

U'[ )y =

After the battery is removed and the dielectric inserted, the
charge on the capacitor remains the same. Hence, the energy
stored in the presence of the dielectric is

U= Qo*
20

But the capacitance in the presence of the dielectric is
C = kCy, so U becomes




‘L Example 26.7

Exercise Suppose that the capacitance in the absence of a
dielectric 1s 8.50 pF and that the capacitor is charged to a po-
tential difference of 12.0 V. If the battery is disconnected and

a slab of polystyrene is inserted between the plates, what 1s
I!1.':'1-.[]. _ IJT:"'

Answer 373 pJ.



‘L Geometry of Some Capacitors

Table 26.2
Geometry Capacitance Equation
Isolated sphere of radius R C = 4megR 26.2

(second spherical conductor
assumed to have infinite radius)

Parallel-plate capacitor of plate C = ¢ i 926.3
area A and plate separation d d

Cylindrical capacitor of length C = ¢ 26.4
¢ and inner and outer radii a 2k,In(b/ a)
and b, respectively

Spherical capacitor with inner C = ab 26.6
and outer radii @ and b, ke (b — a)
respectively
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