CHAPTER 25: CAPACITANCE






- What we will learn

- What is Capacitors and Capacitance?

- The Capacitance of different types of capacitors:

Parallel plates — Cylindrical — Spherical — Isolated sphere

- How do we add the effect of capacitors?

- How do we find out the energy stored in a
capacitor?

- Capacitors with dielectric materials.



Capacitors and Capacitance

Tienda Brothers/Gamma-Presse, Inc

Explosions of airborne dust in grain storage bins (as above), coal mines,
flour mills, and many powder industries are a common Wh at

occurrence, often with loss of life and much property damage. .
e : propertydamage. | determines
Usually the explosions are due to sparking between charged objects or
between a charged object and a grounded connection. whether

Engineers cannot eliminate the possibility of sparking, s p a rk in g wi I ’
but they can take measures to reduce the chance that a spark
cause an

will set off an explosion.
explosion of
airborne dust?

The answer is in this chapter.




Capacitance

Capacitors are important because they can provide o
large supply of energy at a fast rate.

A capacitor consists of two conducting objects (+Q,-Q)
ne’r:O)
The symbol of a capacitor in electric circuits —| I—

We refer to charge of the capacitor with Q (Q

There are different types of capacitors:

negative
charge
connection

positive

charge
connection

b ; -5
(\\/n' -

|
=N dielectric

(
L metal plate

L aluminum

plastic
insulation




Capacitance

When a capacitor is charged, the plates have equal
and opposite charge (+Q,-Q)

The plates of the conductors are equipotential surfaces.
There is a potential difference between the plates V.

Capacitance: How much charge can be stored in a

capacitor to produce V. QocV Q=CV
Q= - C depends on the
., 9 BE e geometry of the plates
/ and the material between
e them and NOT on Q or V

Units (C/V = Farad)



Charging a capacitor

Terminal \ C
¥ h [
B+—_— |
X o s
Terminal—/ S

(a) (b)
The battery maintains V between its terminals. (+, -)

When the switch is closed, charge (electrons) flow under the

influence of E set by the battery.

e moves from h =2 + (h loses electrons = + charged)

e moves from - 2 | (| gains electrons = - charged)

(fully charged E=0 )

V on capacitor goes from 0 2 Vpattery



Charging a capacitor
N

CAH E C K F 0 I N T 1 Does the cé" acit "'tance C of a capac1tor increase, decrease or
 remain the same (a) when the ¢ a

';arge q on 1sl_doub1ed and (b) when the potentlal
difference Vacross it is tnpled‘? . , e




Calculating the Capacitance
N

-1 Assumption 1: 71 Assumption 2:
1 Path starts from -

o E <:|ncilI dIA are 3+ along E

pardatie = E and ds are

o E.dA = EA anti-parallel

integration

o E.ds = -E ds

&, EA=q,. (Econst.) ]
V=[Eds



Calculating the Capacitance

Parallel Plate Cylindrical Spherical An Isolated
Capacitor Capacitor Capacitor Sphere




Calculating the Capacitance

Parallel

- AA Uenc —
qu.l.e §EdA— qenc EOEA

s

Capacitor Pathof vV =j_+E ds = Ef ds=Ed

c_0_&EA_&A
V. Ed




Calculating the Capacitance

T
C li d : | Touwl charge +4 otal charge - — —
ylindrica A — Qe = &,E(271L)
Capacitor \\ |
. . -~ a q dr —_ q Ia Edr
. b 2rg,lr 2rg,lL b 1
_ 27mg,l

In(b/a)_ In(b/a)




Calculating the Capacitance
=

V:_rEds:—_[_+ d dr =— g jaidr

2
Arce,r Are,

Sphericql Total charge +g otal charge - §E.dA:qenc qenc — 5OE(47ZT2)
Capacitor o %o
WA

1 1 b-a
-2 ds=—ar

- 4dre, ab




Calculating the Capacitance
=




Calculating the Capacitance

CHECKPOINT 2  For capacitors charged by the same battery. does the charge
stored by the capacitor increase, decrease, or remain the same in each of the following
situations? (a) The plate separation of a parallel-plate capacitor is increased. (b) The
radius of the inner cylinder of a cylindrical capacitor is increased.



Calculating the Capacitance
==

~

Parallel Plate Cylindrical
Capacitor Capacitor
|

Spherical An Isolated
Capacitor Sphere




Equivalent Capacitance

€1

Gy Cy
c C.
=FF-3 o o I i
AV = AT, = AV AW AV,
T
1 Coq=C1+ Cy +Q -0 +0Q -0
2] ]=
+ |-
Cy Il ﬁlv 1 _1 1
@ Lok
+ - o + - “
1l LT e
li |

o Q=Q=Q, |,
AV = AV, = AV,

Ceq=C1+C2+C3+... C _C1+C2+C_3+

Ceq >C1. G, G C., <C,,C,,C,,...



Equivalent Capacitance
N

CHECKPOINT 3 A battery of potential V stores charge ¢ on a combination
of two identical capacitors. What are the potential difference across and the charge on
either capacitor if the capacitors are (a) in parallel and (b) in series?



(b) The potential difference applied to the input terminals
in Fig.25-10a 1s V = 12.5 V. What is the charge on C,?

We first reduce the
circuit to a single
capacitor.

A

1

MNext, we work
backwards to the
desired capacitor.

V 123 =

i = 3.57 uF | 125V
1.50 pF-I_
£ 1';_
(@) (®)

Series capacitors anc
their equivalent have
the same g (“seri-q").

Applying V= g/C yields
the potential difference.

 fiz- -
44.6 p 44.6 uC
Cl?;-’ =I:‘m:: Ciz=| Via=
- 17.3 u !, 17.3 uF| 258V
125V qs = 125V g, =
44.6 uC| 44.6 uC
CS —— 63 = V3 —
4.50 uF , 450 uF| 992V
& S
(@ (®

Gz = Ci3V =
Applying g=CV
yields the charge.
¥ _
Vi =
qiza =
44.6 pC
125V i
Crog = | Vieg =
357 uF| 125V
E—
(c)

Parallel capacitors and
their equivalent have
the same V (“par-V").

S‘,

Ci=rZVi= GCo=_
12.0 uF | 2.58 V 5.30 uF
| qs =
5V 446 uC_L.

Cy = Vs =
% 4.50 uF 1992V

(3.57 uF)(12.5 V) = 44.6 uC.

G12 = G123 = 44.6 uC.

N'l

qo _ 4M6pC _, gy
C]_z 17.3 F.LF
V,=V,=258V.

V, = (12.0 pF)(2.58 V)
= 31.0 uC.

Applying g=CV
yields the charge.

= 12 =

31.0 uCl_ 13.7 uC
Cl ="'—‘ (:«) -

12.0 uF|2. 38 V 5.30 uF

qs =
44.6 pC L

C="T"Vs
4.50 uF

(2

l’c-) =
2.58

125V

99‘7 V




Equivalent Capacitance
N

(a) Find the equivalent capacitance for the combination of
capacitances shown in Fig. 25-10a, across which potential
difference V' is applied. Assume

C,=120uF. C,=530uF and C;=4.50uF.

A
I

G, = Co= e
12.ﬂp1?|' 5.30 uF




Equivalent Capacitance

(a) Find the equivalent capacitance
capacitances shown in Fig. 25-10a,
difference V'is applied. Assume

for the combination of
across which potential

C,=120uF, C,=530uF, and C; =450 uF.

We first reduce the
circuit to a single

capacitor.

A

5‘: &
El = —— '22 = :
12.0 uF 5.30 uF
| 1
Cs =
4.50 FF‘

|_
I_

The equivalent of
parallel capacitors

is larger.
A
1
17.3 uF
Vv B
Cy =
| 450 uF[

Cp=C, + Cy = 12.0 uF + 5.30 uF = 17.3 uF.
1 1 1

+
I(_"123 CIZ (‘/_’»

1 1 »
= 173aF | 450uF  O2S0mRET

|
Cipz = 0280 gF % 3.57 uF. (Answer)

The equivalent of

series capacitors Next, we work

backwards to the

Is smaller. : :
desired capacitor.
iz
% Cyos = 12.5V . _—
3.57 uF 123 = | Vieg =
8.57 uF | 125V
i



Equivalent Capacitance
N

(b) The potential difference applied to the input terminals
in Fig. 25-10a is V = 12.5 V. What is the charge on C,?




(b) The potential difference applied to the input terminals

in Fig. 25-10a is V = 12.5 V. What is the charge on C,?

We first reduce the
circuit to a single

capacitor.

Series capacitors anc
their equivalent have
the same g (“seri-q").

T he=
44.6 p

Cio =2

Lo 17.3 uF
125V qs =

44.6 uC|

C3 =

X 4.50 uF

(d

Next, we work

backwa

desired capacitor.

rds to the

|
|

Vias
125V

Applying V= g/C yields
the potential difference.

s

N2 =
44.6 uC

Applying g=CV
yields the charge.

Vo =

di2 44.6 uC

Parallel capacitors and
their equivalent have
the same V (“par-V").

b
Ci=—Vi= GCo=—rV
120 uF | 258V 5.30 uF| 2.5
| a8 =
5V 446 uC_L.
Vs =
4.50 uF 992V

173 uF

G123 = Ci13V = (3.57 uF)(12.5 V) = 44.6 uC.

G12 = G123 = 44.6 uC.

=238 V.

Vl = Vlz = 2.58 V,

q = G\ = (12.0 uF)(2.58 V)

= 31.0 uC.
Applying g =CV
yields the charge.
7= 72 =
31.0 uCl_ 13.7 uC
Cl o oy Vl — CL, — V.-, =
12.0 uF|2.58V 5.30 uF| 2.58
93 =
125V  44.6 uC_L_
Cy =TV =
A 4.50 uF 1992V
(®



Charging a capacitor
N

Capacitor 1, with C; = 3.55 uF, is charged to a potential
difference V = 6.30 V, using a 6.30 V battery. The battery is
then removed, and the capacitor is connected as in Fig. 25-11
to an uncharged capacitor 2, with C, = 8.95 yF. When switch
S is closed, charge flows between the capacitors. Find the
charge on each capacitor when equilibrium is reached.

After the switch is closed,
charge is transferred until
the potential differences
match.

N

1 1

qo

B F




Capacitor 1, with C; = 3.55 uF, is charged to a potential
difference V, = 6.30 V. using a 6.30 V battery. The battery is
then removed, and the capacitor is connected as in Fig. 25-11
to an uncharged capacitor 2, with C, = 8.95 uF. When switch
S is closed, charge flows between the capacitors. Find the
charge on each capacitor when equilibrium is reached.

After the switch is closed,
charge is transferred until
the potential differences
match.

Fig. 25-11 A potential differ-

ence Vjis applied to capacitor 1

and the charging battery is re-

moved. Switch Sisthenclosedso %
that the charge on capacitor 1 is

shared with capacitor 2.

X

G Co

Calculations: Initially, when capacitor 1 is connected to
the batterv. the charoe it acauires is. from Ea. 25-1.
qo=C,V,= (355X 107°F) (6.30V)
=22.365 X 10°¢C.

When switch S in Fig. 25-11 is closed and capacitor 1 begins to
charge capacitor 2, the electric potential and charge on capaci-
tor 1 decrease and those on capacitor 2 increase until

Vi=V,

(equilibrium).

From Eq. 25-1, we can rewrite this as

4 _ B

G G,

Because the total charge cannot magically change, the total
after the transfer must be

(equilibrium).

q1+ q2=qo (charge conservation);
thus 42= qo — q1-
We can now rewrite the second equilibrium equation as
v _ 90— 91
G G

Solving this for ¢; and substituting given data, we find
q,= 6.35 uC.

The rest of the initial charge (g, = 22.365 uC) must be on
capacitor 2:

(Answer)

q,= 16.0 uC. (Answer)



Energy Stored in an Electric Field
E

—a The potential energy of a charged capacitor may be viewed as being stored in the
electric field between its plates.

Suppose that, at a given instant, a charge q’ has been transferred from one plate of a
capacitor to the other. The potential difference V’ between the plates at that instant will
be q’/C. If an extra increment of charge dq’ is then transferred, the increment of work
required will be, '

AW = V' dg’ = %dq’.

The work required to bring the total capacitor charge up to a final value q is

j 1 J’q q?

W= [ dW=— "dq' = ——.
c o 2c

This work is stored as potential energy U in the capacitor, so that,

1

U= 9 (potential energy). U= ECVE (potential energy).



Energy Density

In a parallel-plate capacitor, neglecting fringing, the electric field has the same value at
all points between the plates. Thus, the energy density u—that is, the potential energy per
unit volume between the plates—should also be uniform.

We can find v by dividing the total potential energy by the volume Ad of the space
between the plates.

U v
YT Ad T 244
, . 1 VY
But since(C =¢ ,A/d), this result becomes u =3\
- \a

However, (E=-AV/4s), V/d equals the electric field magnitude E. Therefore.

(energy density). ‘




Energy Density
N

An isolated conducting sphere whose radius R is 6.85 cm
has a charge ¢ = 1.25 nC.

(a) How much potential energy is stored in the electric field
of this charged conductor?

(b) What is the energy density at the surface of the sphere?



Energy Density

An isolated conducting sphere whose radius R is 6.85 cm
has a charge g = 1.25 nC.

(a) How much potential energy is stored in the electric field
of this charged conductor?

KEY IDEAS

(1) An isolated sphere has capacitance given by Eq. 25-18
(C = 4megR). (2) The energy U stored in a capacitor depends
on the capacitor’s charge ¢ and capacitance C according to
Eq.25-21 (U = ¢*2C).

Calculation: Substituting C = 47¢,R into Eq. 25-21 gives us

qZ

T 2C  8meR
~ (125 X 1072 C)?
~ (87)(8.85 X 10"2 F/m)(0.0685 m)

= 1.03 X 1077J = 103 nl.

(Answer)

(b) What is the energy density at the surface of the sphere?

KEY IDEA

The density « of the energy stored in an electric field depends
on the magnitude E of the field, according to Eq. 25-25
(= %EOEQ).

Calculations: Here we must first find E at the surface of
the sphere, as given by Eq. 23-15:

1 g

E=—1
4780 RZ

The energy density is then

q2

3272, R
(125 X 1070 C)?2
(3272)(8.85 X 102 C/N-m?)(0.0685 m)*
= 2.54 X 1075 J/m? = 25.4 pJ/m?.

—1 e
u =gk =

(Answer)



Capacitors with Dielectric
=

‘. In a region completely filled by a dielectric material of dielectric constant «, all
electrostatic equations containing the permittivity constant g, are to be modified by
replacing g, with kg,

C:KQA
d
-+ 4
Arxe, I
E-_9
KE



Capacitors with Dielectric
-

A dielectric, is an insulating material such as mineral oil or

Table 25-1

Some Properties of Dielectrics®

plastic, and is characterized by a numerical factor K, : e _
Dielectric Dielectric

called the dielectric constant of the material. Constant  Strength
Material K (kV/mm)
The introduction of a dielectric also limits the potential Air (1 atm) 1.00054 3
. . Polystyr 2.6 24
difference that can be applied between the plates to a P;f;”ene 35 16
certain value Vmax, called the breakdown potential. Transformer
L] L] L] (] L) . L .1 4v5
Every dielectric material has a characteristic dielectric o ,
Pyrex 4.7 14
strength, which is the maximum value of the electric field Ruby mica 5.4
. . - P y l( i 6.5
that it can tolerate without breakdown. e
- Silicon 12
" Germanium 16
Ethanol 25
Water (20°C)  80.4
Water (25°C)  78.5
Titania
ceramic 130
Strontium
titanate 310 8

For a vacuum, k = unity.

"Measured at room temperature, except for the water.



Capacitors with Dielectric

Fig.a: Capacitor voltage " remains constant Fig. b: Capacitor charge ¢ remainsconstant

This is because the battery remains connected to the plates. This is because the plates are isolated.
Beforethe dielectric is inserted between the capacitor plates Before the dielectric is inserted between the capacitor plates
oy q, q Vi
G =% — =V S V. = a9
e 1B —— 1~
-I‘-T_1 -G Cl
q, =C,V =(«C, )V
_9_9 Vv
q v T T T e
4, =xq, 21 _ g 2 C, xC «
T. Y ity
(a9, >0,) q | ——— _V
qg -4 V2 - ;

Ve a constant

(a) = a constani (\/2 < Vl)
(&)



Capacitors with Dielectric
N

A parallel-plate capacitor whose capacitance C is 13.5 pF is
charged by a battery to a potential difference V=125V
between its plates. The charging battery is now discon-
nected, and a porcelain slab (k = 6.50) is slipped between
the plates.

(a) What is the potential energy of the capacitor before the
slabis inserted?

(b) What is the potential energy of the capacitor-slab device
after the slab is inserted?



A parallel-plate capacitor whose capacitance C is 13.5 pF is
charged by a battery to a potential difference V =125V
between its plates. The charging battery is now discon-
nected, and a porcelain slab (k = 6.50) is slipped between
the plates.

(a) What is the potential energy of the capacitor before the
slab is inserted?

KEY IDEA

We can relate the potential energy U, of the capacitor to the
capacitance C and either the potential V' (with Eq. 25-22) or

the charge ¢ (with Eq.25-21):
2
_1 _ 4
U = ;CV? ok

Calculation: Because we are given the initial potential
V (= 12.5 V), we use Eq. 25-22 to find the initial stored
energy:
U =3CV? =1(13.5 X 10 2 F)(12.5 V)
= 1.055 X 107J = 1055 pJ = 1100 pJ. (Answer)

(b) What is the potential energy of the capacitor-slab device
after the slab is inserted?

KEY IDEA

Because the battery has been disconnected, the charge on
the capacitor cannot change when the dielectric is inserted.
However, the potential does change.

Calculations: Thus, we must now use Eq.25-21 to write the
final potential energy U, but now that the slab is within the
capacitor, the capacitance is kC. We then have

¢ U 1055p]

1

Y

2kC «k 6.50
= 162 pJ =~ 160 pJ.
When the slab is introduced, the potential energy decreases
by a factor of k.

The “missing” energy, in principle, would be apparent to
the person who introduced the slab. The capacitor would ex-
ert a tiny tug on the slab and would do work on it, in amount

W= U, — U;= (1055 — 162) pJ = 893 pl.

(Answer)

If the slab were allowed to slide between the plates with no
restraint and if there were no friction, the slab would oscillate
back and forth between the plates with a (constant) mechani-
cal energy of 893 pJ, and this system energy would transfer
back and forth between kinetic energy of the moving slab and
potential energy stored in the electric field.



- What have we learnt

- What is Capacitors and Capacitance?

- The Capacitance of different types of capacitors:

- Parallel plates — Cylindrical = Spherical — Isolated sphere

- How do we add the effect of capacitors?

- How do we find out the energy stored in a
capacitor?

- Capacitors with dielectric materials.



