Energy storage in CAPACITORS

Charge capacitor by transferring bits of ‘

charge dq at a time from bottom to top plate. +q y v
Can use a battery to do this. Battery does l l l l l l " dg
work which increase potential energy of q
capacitor. ‘

q is magnitude of charge on plates

V=q/C V across plates
dU =V dq increase in potential energy
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Question!

Suppose the capacitor shown here is /A /
charged to Q and then the battery Is + + + +/

disconnected. d/_ - - -

Now suppose | pull the plates further apart so that the final
separation is d,.

How do the quantities Q, C, E, V, U change?

Q: remains the same.. no way for charge to leave.
C: decreases.. since capacitance depends on geometry

E: remains the same... depends only on charge density
V: increases.. since C 4, but Q remains same (or d T but E the same)
U: increases.. add energy to system by separating

How much do these quantities change?.. exercise for student!!

d d d
ANSWers: [CIZIC] [V1=d—1V] [Ul:d_l]




Related Question

 Suppose the battery (V) is kept / A
attached to the capacitor. /
\V/ ++ + +
—— d

« Again pull the plates apart from d
to d,.

 Now what changes?

decreases (capacitance depends only on geometry)
must stay the same - the battery forces it to be V
must decrease, Q=CV charge flows off the plate
must decrease (E =VB E =E3)

CmO <O

must decrease (U =1CV?)

« How much do these guantities change?.. exercise for student!!

d d d
Answers: [CIZIC] [El:IE] [UIZEU]




Preflight 13:

Two identical parallel plate capacitors are connected to a battery, as
shown 1in the figure. C, 1s then disconnected from the battery, and the
separation between the plates of both capacitors 1s doubled.

2) What 1s the relation between the charges on the two capacitors ?

a) Q, > Q, b) Q, =Q, c)Q,<Q,

3) How does the electric field between the plates of C, change as
separation between the plates 1s increased ? The electric field:

a) Increases b) decreases c) doesn’t change



Preflight 13:

Two 1dentical parallel plate capacitors are connected to a battery,
as shown 1n the figure. C, 1s then disconnected from the battery,
and the separation between the plates of both caps is doubled.

5) What 1s the relation between the voltages on the two capacitors?

a)V, >V, b)V, =V, )V, <V,



Lecturel3ACT?2

Two identical parallel plate capacitors are connected to a battery.

— C, is then disconnected from the battery and the separation
between the plates of both capacitors is doubled.

S |
d —_—— —=V —___q mmmp 2d C, —F—V C, 2d

— What is the relation between the U,, the energy stored in C,, and
the U,, energy stored in C,?

(@) U, < U, (b) Uy = U, (c) U, > U,



Lecturel3ACT?2

« Two identical parallel plate capacitors are connected to a battery.

— C, is then disconnected from the battery and the separation
between the plates of both capacitors is doubled.

S |
d —_—— —=V —___q mmmp 2d C, —F—V C, 2d

— What is the relation between the U,, the energy stored in C,, and
the U,, energy stored in C,?

(@) U, < U, (b) Uy = U, (c)U, > U,

 What is the difference between the final states of the two capacitors?
 The charge on C, has not changed.
* The voltage on C, has not changed.
* The energy stored in C, has definitely increased since work must be
done to separate the plates with fixed charge, they attract each other.
« The energy in C, will actually decrease since charge must leave in order
to reduce the electric field so that the potential remains the same.

. 1Q; 1 1
Initially: C, =C, Later: Ulzgg—‘):zuo U2=5C2V02=5U0
1



Where is the Energy Stored?

Claim: energy Is stored in the electric field itself.
Think of the energy needed to charge the capacitor
as being the energy needed to create the field.

To calculate the energy density in the field, first consider the
constant field generated by a parallel plate capacitor, where

u_lQ 1 @
1+Q 2C 2(Ag/d) This is the energy

The electric field is given by: g%ﬁ%’f?}eﬂ .t.r-1e

o

S g?A = U =%go E*Ad

The energy density u in the field is given Dy:

e U _ U | J

volure Ad\ 2 Units: g}




Energy Density

Claim: the expression for the energy density of the electrostatic field

[u = l—gOEz]
2

IS general and is not restricted to the special case of the constant
field in a parallel plate capacitor.

« Example (Student to fill in steps)

— Consider E- field between surfaces of cylindrical capacitor:

— Calculate the energy in the field of the capacitor by integrating
the above energy density over the volume of the space between
cylinders.

1 vy | ) 1 A
U —EgOIE dv _EgOHE (27zrdrd|)_5,90“(%) (2zrdrdl)

U

— n = — —
o T 2275, a 22wl 2C
In(2)
a

_180L122ﬂfbdr_1 Ly, by 1 LA 1Q°

T2 4nls? B

_ 2me,L

C =
in(2)
a

For a cylindrical capacitor



Lecture 13, ACT 3

 Consider two cylindrical capacitors,

each of length L.
— C, has inner radius 1 cm and outer radius 1.1cm.
— C, has inner radius 1 cm and outer radius 1.2cm.

If both capacitors are given the same amount of
charge, what is the relation between U,, the energy
stored in C;, and U,, the energy stored in C,?

(8) U, < U, (b) U, = U,

1.2

(c)U,>U,



Lecture 13, ACT 3

Cl
 Consider two cylindrical capacitors,
each of length L.
— C, has inner radius 1 cm and outer radius 1.1cm.
— C, has inner radius 1 cm and outer radius 1.2cm. c
2

If both capacitors are given the same amount of
charge, what is the relation between U,, the energy 1.2
stored in C;, and U,, the energy stored in C,?

(8) U, < U, (b) U, = U, (c) U, > U,

The magnitude of the electric field fromr =1to 1.1 cm is the same
for C, and C,. But C, also has electric energy density in the volume
1.1to 1.2 cm. In formulas:

& A -1 e~ 1 vy QJx, c . A

o) el "

In('—) U, Q%/2c, C, 1.1




Vacuum Dielectric

between between
DIELECTRICS plates plates
FYi_ Oy
+ - - + -
Consider parallel plate ——¢ s B &
capacitor with vacuum T r N
separating plates (left) @ . B N .
- - +— +|-
Suppose we place a material N B ! -
: . + - +- +|-
called a dielectric in between . B N . B
the plates (right) + - +- +-
+ - + -
+ — +- +-
+ - + —
+ - + = +|-
Ui (T
(o -a o —a

The charge on the plates
remain the same, but a
dielectric has a property of Y &F Figure 24.13
having induced charges on its surface that REDUCE

the electric field in between and the voltage difference.

fa’ {b)

Since C = Q/V, the resulting capacitance will INCREASE.




DIELECTRICS

Suppose the charges on the plate and the
dielectric are, s and s.. The electric
Fields before and after are
O O — O;
Eo=— ; E= L. K
&) &) E O — Oj

We define the ratio of the original field over
the new field as the dielectric constant, K.

Hence, the voltage difference changes by

1/K and the capacitance, C,=Q/V, changes
by C=KQ/V=K C,

Forsame Q: C=KC, E=E,/K V=Vo/K
But | C=KC, General

+ + 4+ + + + + + + + + + + + |9

Dielectric
between
plates




DIELECTRICS Materials

Tahle 24.1 Values of Dielectric Constant K at 20°C

Material K Material K
Vacuum I Polyvinyl chloride 3.18
Air (1 atm) 1.00059 Plexiglas 3.40
Air (100 atm) [.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

Copyright & 2004 Pearson Education, Inc., publishing as Addison Wesley.

Glass, mica, plastics are very good dielectrics



DIELECTRICS and permittivity
We introduce a convenient redefinition of ¢,, called
permittivity, as

e=Keg,

Consider a parallel plate capacitor with no dielectric

A
Co=¢0
0 0 d
A capacitor with a dielectric becomes simply,

C = KC(): Ké‘()g:gg\

The change in capacitance can be accounted for
by changing permittivity.



EXAMPLE of parallel plate capacitor problem

A parallel plate capacitor is made by placing polyethylene (K = 2.3)
between two sheets of aluminum foil. The area of each sheet is
400 cm?, and the thickness of the polyethylene is 0.3 mm. Find the
capacitance.

C=Keg,A/d =(2.3) (8.85 x 102C3/Nm?) (400 cm?)(1m?/10* cm?)

0.3x107m

=2.71 nF



Lecturel3PF 8:

Two 1dentical parallel plate capacitors are connected to a battery.
Remaining connected, C, 1s filled with a dielectric.

7) Compare the voltages of the two capacitors.

a)V,>V, b)V,=V, o)V, <V,
8) Compare the charges on the plates of the capacitors.
a) Q> Q, b)Q,=Q, ¢)Q, <Q,

Note: Unlike constant Q case, here V and E remain the same
but C=K C, still.



EXAMPLE _CTTTT

Two parallel plate capacitors, C; = C, = 2 yF, are connected across
a 12 V battery in parallel.

a.) What energy is stored?
U, =U, :%CVZ =144) U, =288
b.) A dielectric (K = 2.5) is inserted between the plates of C,. Energy?
C,=KC, =2.5x2uF =5uF

u, =%C;v2 ~360u) U, =504

Note: a dielectric increases amount of energy stored in C..



Y&F Problems 24.72 and 24.71

A parallel plate capacitor has two
dielectrics, side by side, show the I J

capacitance is, Ky K
A Kl + K2
d 2

CZEO

A parallel plate capacitor has two

dielectrics, stacked, show the K 1 $ d/2

capacitance 1s, K ) $ d/?
oo A 2KK,

Od K1+K2

Copyright & 2004 Pearson Education, Inc., publishing as Addison Wesley.
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