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Capacitance: The ability to store charge.

When parallel plates are used to store charge (or energy), then we say the
plates form a capacitor. The figure below shows a capacitor. When the
switch S is closed, then charge start building on the plates.

Figure 1: Figure adopted from HRW
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The charge on the plates is directly proportional to the voltage of the
battery.

QxV
QR=CV

C proportionality constant is and known as capacitance of the capacitor. It
depends on the geometry of the capacitor and is measured in Farads.

1Coulombs
1Volt

A simple parallel plate capacitor has two parallel plates with area “A" and
are separated by distance “d".

1Farads =
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Charging a Capacitor

To charge a capacitor, we place it in an electric circuit (electric circuit is a
path through which charge can flow), as shown in the figure below.

Terminal C
LN
+ e
B3 V
; S

Terminal

Figure 2: Figure adopted from HRW

The battery maintains potential difference V between its terminals.
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Charging a Capacitor

When the circuit is complete, electrons are driven through the wires by an
electric field that the battery sets up in the wires. The field drives
electrons from capacitor plate h to the positive terminal of the battery,
thus, plate h, losing electrons, becomes positively charged.

The field drives just as many electrons from the negative terminal of the
battery to capacitor plate /, thus, plate /, gaining electrons, becomes
negatively charged just as much as plate h, losing electrons becomes
positively charged.

Thus the capacitor is then said to be fully charged, with a potential
difference V between it's plates and charge @ on each plate.

Q=CV
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Capacitance of a Parallel Plate Capacitor

V=E-d
o Q Qd Ago
V=|(—)d=—d=V=— v
(60) Acg = Aeg Q d
Aso
C=—
= d

We can see the C depends on:
@ Geometry of the plates

e Material between the plates (g)
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Capacitance of a Cylindrical Capacitor

Total charge +q Total charge —¢
\

Gaussian
- Path of surface
integration

Figure 3: Figure adopted from HRW
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Capacitance of a Cylindrical Capacitor

b 2meol Jp r 2meol a
27T€0L 27T€0L

7= In(b/a) = In(b/a)

Again, C depends only on geometrical factor of the capacitor.

[§]
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A Spherical Capacitor

The above figure can serve as Spherical capacitor as well. So the above
figure will now represent as two concentric spherical shell

_ 1 gq
 dqeg r2

a a
v:_/ Eds — —_4 /dgz q <1_1>
b dmeg Jp 1 4reg \a b

q b—a 4megab 4megab
47r50< ab):>q b—a ~ b—a

E

%4

Depends only on geometry factors.
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An Isolated Sphere

We can find the capacitance of an isolated sphere by assuming the other
shell is at infinity.
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Circuits and Circuit Diagrams

The following figure shows some basic circuit elements.
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Figure 4: Figure adopted from HRW

Chapter 25 - Capacitance 11/32



Series and Parallel combination of Circuit elements

Two basic ways to connect circuit elements together:
@ in series

@ in parallel
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Capacitors in Parallel

The following figure shows a parallel combination of three capacitors.

Terminal
i I +q3 +~?2| +41|

v v

B&==V
.[l *ffsl(;s *fhl(:.z *fhlcl

Terminal

Figure 5: Figure adopted from HRW

We can see that they are all connected to the same terminal of the

battery. That's why all the capacitors have the same voltage across them.
The total charge will be:

Q=Q+Q@+ Qs
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Capacitors in Parallel

The charge stored across each of them will be

=0V, @L=0GV, @KB=GGV

V=GV+QLV+QGV
Ceq:C1+C2+C3

This means the above circuit can be replaced by the following simple
circuit.

VvV
-I- ~4|C.q

Figure 6: Figure adopted from HRW
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Capacitors in Series

The following figure shows a series combination of capacitors. In series,
there is a voltage drop across each capacitor so the voltage across each
capacitor is not the same, but charge is the same on all the capacitors.

Terminal
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Figure 7: Figure adopted from HRW
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Capacitors in Series

The battery voltage will be equal to the sum of voltage drops across each
capacitor.

V=Vi+VWV,+\V;

where 0 0 0
V].:Cl 7V2:C2 9 3:?3

Q. Q Q

e_9 9. @
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Capacitors in series

When there is a combination of capacitors in a circuit, we can replace that
combination with an equivalent capacitor, that is, a single capacitor that
has the same capacitance as the actual combination of capacitors.

[T -
B=V
-I- | (o

Figure 8: Figure adopted from HRW

Such replacement, we can simplify the circuit, affording easier solutions for
unknown quantities of the circuit.
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Example Problem

For the figure below: (a) Find Ceq ?
(b) If V =125V what is charge on C;?

T C - (@ |
12.0 yFl 5.30 uF |
P B
Figure 9: Figure adopted from HRW
G =12uF, G =53uF, G=45uF
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Example Solution

(a) C1 and C2 are parallel because they are connected to the same
terminals. (The total charge appears on C3. The upper plate is charged
+@Q, and opposite C3 plate and the top plates forward to the two plates
toward C1 and C2. That is why C1 or C2 is in series with C3.)

Co=CG+ G =173uF

<
o]

Cy =

4.50 uF |

Figure 10: Figure adopted from HRW
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Example Solution

L1111
Ceq N Cio G 173 45
(17.3)(4.5)
Cog = —21—~2 =357uF
€9 45+17.3 a

(b) What is the charge on ;7
Q = CeqV = (3.57)(12.5) = 44.625 uC

Q  44.625
Ci, 173

This is the same potential across C; & C.

Vip = =258V
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Example Solution

Q= Via G = (2.58)(12 x 107°)

Q = 30.96uC

Chapter 25 - Capacitance 21/32



Energy Stored in Capacitor

Charging a capacitor means moving charge from one plate of the capacitor
to the other.

Let's suppose dg is some charge that is moved to the positive plate.
The work required to move that dgq from the negative plate to the positive
plate is:

il

q q
W=V v=2 aw=1
d 9q, ¢ W=cd
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Energy Stored in Capacitor

Total work required to charge the capacitor to charge Q:

Q Q 2 2
q 1 1 Q Q
W= [dw=| Zdg== | qdg== % =
/ /GC cJ, 1% 2 ~2C
Q2
W= —
2C

The work done to charge the capacitor is stored as energy in the capacitor.
This work done is electrostatic potential energy between the field.

1@
2 C

V)
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Energy Stored in Capacitor

Or
U:%CVQ
U= %(CV)2 - % = %Cv2
U:%CVQ
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Energy Stored in a Parallel Plate Capacitor

=-CV?
v 2
A80 -
C=—— V=E-d
d7
U—2 p (E - d) _250E (Ad)
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Energy Stored in a Parallel Plate Capacitor

Since Ad: volume of the capacitor,

U Energy 1 _,
_— = = — E
Ad ~ Volume ~ 2°°

U 1
E ity =y = — = —goE?
nergy density = u Ad 250
1
= ~goE?
u 260

Although we derive this for a parallel plate, it holds for any capacitor. This
suggests that energy is stored in E-field.
=>E-field Contains Energy
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Example: Isolated Conducting Sphere

The radius and charge on an isolated conducting sphere is given below.
R=6.85cm, g =1.25nC

Find: (a) Energy Stored in the E-field (U =7?)

1 1 g \°
= ZCV? =2 . 47meR -
V=3 p Mo <47r50R>

_ (1.25 x 1079)?
~ 8-3.14-8.85 x 10~12.6.85 x 102

V)
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Example: Isolated Conducting Sphere

(b) Energy density at the Surface of the Sphere
1

= ZgoE?
u 260
E ! (at th face)
= = a € surrace
4req  R2 a
1 q2 q2
u= —€qp- =
270 1672c2R* ~ 32m2eoR*
u=254u)/m
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Capacitor with a Dielectric

First time Michael Faraday (1837) checked the effect of introducing an
insulating material inside a capacitor.

He found that the capacitance increases by a factor K, which is called the
dielectric constant of the insulating material.

Air: K = 1.00054
Paper: K=35
Water (20°C): K =80.4
Vacuum: K=1
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Capacitor with a Dielectric

Since capacitance for any geometry can be written in the form:

C:&‘Qg

Where £ represents the geometry of the capacitor.
For parallel plate capacitor it is:

A
L=y

So Faraday discovered that by completely filling the space with dielectric
material, the capacitance becomes:

C= K€0$ = KCa,'r

Where C,;, is the value of capacitance with only air in between.
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Effect of Dielectric

By comparing equations C = £9.Z and C = Keg.Z, we see the effect of a
dielectric can be summed up in more general terms:

“In a region completely filled by a dielectric material of dielectric constant
K, all electrostatic equations containing the permittivity constant g are to
be modified by replacing g with Kep.”
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Effect of Dielectric

Then:

1 q

- 4nKeg 12

A point charge immersed in a dielectric — the electric field is reduced by a
factor of K.

Similarly, E = % (field due to an infinite charged sheet)
0
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