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Remember From Previous Chapters

Classical Mechanics « Work-Energy Theorem: o Electric Field:
« Equations of motion: W = AK R 1;-; .
N N N E=—= ke—2r
vy =v; +at W=F-.d do 4
P =7, + Ut + —at? 1 i— (L) E
f 9 _ §mfv2 a = (m)E
'B?c = U7 + 2d - <7°f_7°7;)
« Newton’s Second Law: Electric Field Flux
Z F = ma « Coulomb’s Law: » Gauss’s Law:
= ma

F =k, 1122 @E:%E’-Azqﬂ
T2 €0



Remember From Previous Chapters

Electric Potential « Potential and Energy:
E
and Energy AU, = gAV
« Electric Potential:
V =k,
T

- Potential Energy:

d142
r

UE:ke

« Relation to Electric
Field:

AV =—E.-d
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1.1 Have you seen this part before? e &

This is a capacitor. A capacitor is a device that stores electric charge and energy.
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1.2 Definition of Capacitance 2smuiol (68
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A/_Q « A capacitor consists of two conductors (plates) sepa-
+Q rated by an insulating material (dielectric) such as air,

glass, or plastic.

- When a voltage is applied across the plates, an electric
field is created, and charge accumulates on the plates.

 The capacitance (C) of a capacitor is defined as the

ratio of the magnitude of the charge (()) on one plate
to the magnitude of the voltage (AV) across the plates:

Q

C=av
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1.2 Definition of Capacitance ]
4/ -0  The capacitance is always a positive quantity and is
+Q measured in farads (F).
l1F=1C/V

« Typical values of capacitance range from picofarads
(pF) to microfarads (uF).

« The larger the capacitance, the more charge a capacitor
can store for a given voltage.

. After disconnecting the voltage source, the capacitor
can retain its charge for a long time, making it useful
for storing energy in electronic circuits.
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2.1 Capacitance of a Parallel-Plate Capacitor o] ..
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4/ -0 For a parallel-plate capacitor with plate area A and plate

separation d, the electric field between the plates is

+Q

uniform and given by:

p_o_Q

g €04

Since the field is uniform, the voltage across the plates
can be calculated as:

AV = Ed = —
g0A
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2.1 Capacitance of a Parallel-Plate Capacitor o] ..
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4/ -0 Substituting this into the definition of capacitance gives:

_Q _ Q
AV (Qd)/(ggA)

+Q

C

Simplifying this expression gives:

enA
O = 29"
d

The capacitance depends on the geometry of the capac-
itor and the properties of the dielectric material between

the plates.
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2.1 Capacitance of a Parallel-Plate Capacitor o] ..

Key ( »k/\
Movable plate 7[ \J/ 2

|
Insulator ———>

Fixed plate —=

What happens when you push down a keyboard key?

Answer: The capacitance increases and the voltage decreases.

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics



1. Definition of Capacitance

2. Calculating Capacitance

3. Combinations of Capacitors

4. Energy Stored in a Charged Capacitor

5. Capacitors with Dielectrics

6. Problems




3.1 Electric Circuits

Capacitor
symbol

Battery +
symbol -T

SWltCh Open

symbol z

Closed

Dr. Abdulaziz Algasem
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 An electric circuit is a closed loop that allows elec-
tric charge to flow through its components, such as
a battery, capacitor and switch.

o Typically we use circuit diagrams to represent elec-
tric circuits, where difterent circuit symbols are used
for different components.

« The capacitor is represented by two parallel lines,
and the battery is represented by a pair of lines of
different lengths.
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3.2 Capacitors in Parallel e
Gy « When two capacitors are connected in parallel, the
N 3 voltage across each capacitor is the same as the
voltage of the source (battery).
% —Q
AV, AV, = AV, = AV
Co
.\  The total charge stored in the system is the sum of
the charges on each capacitor:
+Q —Q
AV, Qiot = @1 + Q2 = C1AV + GAY,
p — o Since the voltages are the same across both capac-

itors, we can factor it out:

i Qtot — (C’1 T 02)AV
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3.2 Capacitors in Parallel =i
| |LS
| y
Q | | The equivalent capacitance for capac-
Ceq=C1+ Cy itors in parallel is given by:
| LS
| _ E
Q, Ceq o Cz
{
| I + | —
+l- AV
AV
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3.3 Capacitors in Series el -
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« When two capacitors are connected in series,
their charges are the same, but the voltage
AV, AV, across each capacitor can be different.

Q1:Q2:Q

« The total voltage across the system is the sum

+Q —Q +Q -0

of the voltages across each capacitor:

@ , Q
AV A‘/1:01: — A‘/i +A‘/é — Ci + 022

1 1 1
AVt :Q(a‘F@) ZQ(C—eq)
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3.3 Capacitors in Series el -
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The equivalent capacitance for ca-

Cy Cs T
| | | | I I pacitors in series is given by:
| | |
AV Vo 1 _1 .1
Ceq Cl CQ ]. . Z 1
| | | | Ceq C’I,
i i
+1 - I
AV AV

Notice that the equivalent capacitance for capacitors in series is always less than
the smallest individual capacitance, while the equivalent capacitance for capacitors
in parallel is always greater than the largest individual capacitance.
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3.4 Example P .,

Example 3.1

Find the equivalent capacitance between a and b for the combination of capac-
itors shown in the Figure. All capacitances are in microfarads.
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3.4 Example

Solution 3.1

Cy=Cy+Cy=1+3=4yF
Ceq201+02:6+2:8'u'F

1

o)

— 2

o

q

= Coq = 2uF

_|_

1 1
171
1 1
878

= Cpq = 4uF

Cy = Ci +Cy = 2+4=6uF

Dr. Abdulaziz Algasem
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4.1 Energy Stored in a Charged Capacitor el -,
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Separation .
of charges The work required to move charge
Electrons move represents dq through the potential
from the plate potential difference AV across the capacitor
; ; ;Sat:l}rel;vtilrlee, cnergy. Electrons move plates is given approximately by
- })/\17)13;11 ,d;}fes‘:;;)ilcitor plate positively I | from the wire to the area of the shaded rectangle.

charged. the plate.

— <~ v

remains uncharged.

=

E
Electric|| Electric field
field in || between plates Flectric
wire field in
wire
+ —

Chemical potential
energy in the
battery is reduced.
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4.2 Derivation of the Energy Stored in a Charged Capac-
itor

« The work done to move a small amount of charge dgq from the battery to the

capacitor is given by:

dW = AV dg = (2) dg
C
Therefore, the total work done to charge the capacitor from 0 to @) is given by:
1Q?
d = ——.
W= / 1737¢

Since the work done to charge the capacitor is stored as potential energy,:

Q? 1 1
Ug 5C 2Q vV 20( V)
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4.3 Energy Density

« Since AV = Edand C' = €, A/d, we can express the energy stored in the capacitor
in terms of the electric field:

1 1 A 1
UE = §C(AV)2 = 5803(Ed)2 = §8O(Ad)E2

Therefore, the energy density (energy per unit volume) in the electric field is given by:

Ug 1
— &£ — _¢ E?
UE Ad 280
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4.3 Energy Density et <

Example 4.2

Two capacitors (] and C, (where

C; > C,) are charged to the same Qliﬂl(il Qlfﬂlc_l
initial potential difference AV,. The I '
charged capacitors are removed from | *—] [ b —
the battery, and their plates are con- S\ (S Slg JSQ
nected with opposite polarity as in 1 y : ’

Figure (a). The switches S; and 5, 0, |52 Q! IEQ

are then closed as in Figure (b).

(A) Find the final potential differ-
ence AVf between a and b after the
switches are closed.
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4.3 Energy Density

Solution 4.2

 The capacitor is a device that stores electric charges to an amount defined by
the voltage across its plates and its capacitance.

 Before closing the switches, the total charge on the left capacitor plate is:

Q; = Qq; + Qy = CIAV, — CGAV, = (C; — Gy)AYV;

o After closing the switches, the total charge on the left capacitor plate is:

Q= Qs+ Qyp = CIAV, + CAV, = (C) + Gy) AV,

Dr. Abdulaziz Algasem
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4.3 Energy Density

- Since the total charge is conserved before and after closing the switches,
Q;, = f
(G, — Gy)AV, = (C) + G,)AV,

Therefore, the final potential difference between a and b is given by:

C, —

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics



i:i_o_ol;

4.3 Energy Density el -
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(B) Find the total energy stored in the capacitors before and after the switches
are closed and determine the ratio of the final energy to the initial energy.

C C
Qi 1 Q 1
Y= L=
| | |
-— SR ° ———e
a o 3 b a b
s¥ </52 S, So
H |
Qi ¢ Q¢
9 9
a] b
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4.3 Energy Density

1 1 1
U; = 3G (AV)" + 5G(AV)" = (G + G) (AW

1

1

Using the expression for AV} from part (A), we can express the final energy in
terms of AV:

1 C,—Cy ., ]° _ 1(C—GC)
Us 2(01+02>[01+02 V] 2 C, + G,

Therefore, the ratio of the final energy to the initial energy is:

U _ (G =G\’
U, C, + G,

1
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5.1 Effect of a Dielectric on Capacitance i
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The potential After the dielectric is inserted between
difference across the the plates, the charge remains the same, A V — A % / K
charged capacitor is but the potential difference decreases
initially AV}, and the capacitance increases.
4 4
Diel/ectric O = K CO

—

Qo

Q = kQ

UE UO/KJ

where k is the dielectric
constant of the material.

Dr. Abdulaziz Algasem
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5.2 Advantages of Using Dielectrics )
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Dielectric
Dielectric Strength®

Material Constant k (106 V/m)
1. Dielectrics increase the capacitance of a capacitor, ) P
allowing it to store more charge for a given voltage. ‘;:;Zd e 2;8 3
. . . ) . Neoprene 6.7 12
2. Dielectrics can increase the maximum operating volt- rubber
. . . ] Nylon 34 14
age of a capacitor, allowing it to operate at higher Paper 3.7 16
. . Paraffin- 3.5 11
voltages without breaking down. impregnated
paper
3. They provide mechanical support between the plates, :gf;yln“ vee o
which allows the plates to be close together without pominy 34 40
. . . . Porcelain 6 12
touching, thereby decreasing d and increasing C b 56 »
Silicone oil 2.5 15
Strontium 233 8
titanate
Teflon 2.1 60
Vacuum 1.000 00 —
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6.1 Definition of Capacitance

Problem 6.1

1.

(@) When a battery 1s connected to the plates of a
3.00-uF capacitor, it stores a charge of 27.0 wC. What is the
voltage of the battery? (b) If the same capacitor is connected
to another battery and 36.0 uwC of charge 1s stored on the
capacitor, what 1s the voltage of the battery?

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics




6.1 Definition of Capacitance

a)
Q 27 uC
AV = == —— =9V
C 3 uF
b)
Q@ 36 uC
AV = = = = 12V
C 3uF

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics



6.2 Calculating Capacitance

Problem 6.2

3. 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/cm?. What is the spacing between
the plates?

Dr. Abdulaziz Algasem
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6.2 Calculating Capacitance
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A
C =¢e,—
sod
en A e, A e A
oA
¢ AQV AV
AV
— d = ¢gp— = 4.43um
o

* Note: o has to be converted to SI units before substituting into the formula.

Dr. Abdulaziz Algasem
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6.2 Calculating Capacitance

Problem 6.3

4. An air-filled parallel-plate capacitor has plates of area
2.30 cm? separated by 1.50 mm. (a) Find the value of its
capacitance. The capacitor is connected to a 12.0-V battery.
(b) What is the charge on the capacitor? (c) What 1s the
magnitude of the uniform electric field between the plates?

Dr. Abdulaziz Algasem
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6.2 Calculating Capacitance

a)

A
C = co— = 1.36 % 1071 F = 1.36 pF

b)
Q=CAV =163 x 1072 C = 16.3 pC

EFE=—=8 KV/m

Dr. Abdulaziz Algasem
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6.3 Combinations of Capacitors el -

Problem 6.4

7. Find the equivalent capacitance of a 4.20-uF capacitor and
an 8.50-uF capacitor when they are connected (a) in series
and (b) in parallel.
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6.3 Combinations of Capacitors el -
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a) When connected in series:
I _|_ 1
Ceq Cl 02
Coq = 2.81pF
b) When connected in parallel:
Ceq — C]_ + 02
Coq = 12.7pF

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics
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6.3 Combinations of Capacitors e

Problem 6.5

9. A group of identical capacitors is connected first in series

and then in parallel. The combined capacitance in paral-

lel 1s 100 times larger than for the series connection. How
many capacitors are in the group?

King Saud University
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6.3 Combinations of Capacitors

C

C+C+CH+..=NC

parallel —
1t _ 1,1, N
Cseries B C C C o ¢
The ration then is:
C'paraullel _ NC _ N2
Cseries C/ N
Cparallel I o

series —

N

Dr. Abdulaziz Algasem
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6.3 Combinations of Capacitors
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Problem 6.6

15.0 V.

11. Four capacitors are connected as shown in Figure P25.11.
(a) Find the equivalent capacitance between points @ and
b. (b) Calculate the charge on each capacitor, taking AVab —

15.0 uF 3.00 wF

_|

Qe

|_

20.0 wF

—e

b

Dr. Abdulaziz Algasem
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6.3 Combinations of Capacitors

| |
1
2.5 uF
a| Mk ¢ ._I |_.b
20 uF
|
11
6.0 uF
(a)
a ” C ”_.L
85 uF 20 uF
(b)
g “ .b
5.96 uF
(c)

To find the charge in each capacitor, we start from the final
single capacitor at (c):

Q = CAV = (5.96uF)(15V) = 89.5uC
The two capacitors in series at (b) have the same charge as

in (c), but with different voltages:
Q@  89.5uC

™ ¢ 85uF
Q@ 89.5uC
= = = = 4.74
Yoo = 20uF v

Finally at (a), we find the charge Q using the V,
Q =CAV,_ =263uC and 63.2uC

Dr. Abdulaziz Algasem
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6.3 Combinations of Capacitors e &
Problem 6.7 12. (a) Find the equivalent capacitance between points a and

b for the group of capacitors connected as shown in Figure
P25.12 (page 686). Take C, = 5.00 uF, C, = 10.0 uF, and

C, = 2.00 pF. (b) What charge is stored on C; if the poten-
tial difference between points a and 41is 60.0 V?

Cy o
Co — C
2 CS 2
_I 1
o i

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics
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6.3 Combinations of Capacitors e &

« (a) First the upper section, left and right sides (C; and () are in series, with
equivalent capacitance:

CUpper—sides — 333:UJF
» (5 is in series with the two upper sides, with equivalent capacitance:
Cupper = 2(3.33) +2 = 8.67uF
 The lower section (C,-C5) is in parallel, with equivalent capacitance:
CLower — ZOIU’F

- Finally, the upper and lower sections are in series, with equivalent capacitance:
Ceq = 6.05uF

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics



6.3 Combinations of Capacitors oo
(b)
Qupper — Qeq = CquV = 363C
AVtvuoper = Qupper =419V
G
Upper

The charge on Cj is:

Qs = C3AV, 1o, = 83.7uC

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics



6.4 Energy Stored in a Charged Capacitor

Problem 6.8

17. A 3.00-uF capacitor is connected to a 12.0-V battery.
How much energy is stored in the capacitor? (b) Had the

capacitor been connected to a 6.00-V battery, how much
energy would have been stored?

Dr. Abdulaziz Algasem
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6.4 Energy Stored in a Charged Capacitor

(a)

(b)

1
Up = 5C(AV)? = 2164

Dr. Abdulaziz Algasem
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6.5 Capacitors with Dielectrics

Problem 6.9

25. Determine (a) the capacitance and (b) the maximum

potential difference that can be applied to a Tetlon-filled
parallel-plate capacitor having a plate area of 1.75 cm® and a
plate separation of 0.040 0 mm.
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6.5 Capacitors with Dielectrics

(a)
kegA
C =
d
Using k = 2.1 for Teflon, we get:
C = 81.3 pF
(b)
A-‘/I'IlaX — Ema,xd

From the table of dielectric materials, we find that the maximum electric field
for Teflon is E . = 60 MV /m, therefore:
AV~ =24kV

max

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics



6.5 Capacitors with Dielectrics |

Problem 6.10

35. A uniform electric field £ = 3 000 V/m exists within a cer-
tain region. What volume of space contains an energy equal

to 1.00 X 1077 J? Express your answer in cubic meters and
in liters.

King Saud University
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6.5 Capacitors with Dielectrics TP <
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Answer 6.10

The energy density of an electric field is given by:

U 1
Up = VE = §€0E2
UE -3 3
— V = o =251 x%x107° m°> =251 L
250

Dr. Abdulaziz Algasem Ch.25: Capacitance and Dielectrics
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