CAPACITANCE 1

SOLVED EXAMPLE

Example 1: Assuming earth to be an isolated conducting sphere of radius 6400 km, what is the capaci-
tance of earth?

Solution: Capacitance of earth, C =41 g r
1
Here, 4mg, = ———; r=6400km=6.4x10°m
9x10

6
C= 6.4 %10
9 x10°
This shows that farad is avery large unit of capacitance.

Note: Since capacitance of earth isquite large, we choose earth asalevel of zero potential for practical
purposes. Think about this!

Example 2. An isolated sphere has a capacitance of 50pF. (i) Calculate its radius. (ii) How much
charge should be placed on it to raise its potential to 10*vV?

Solution:
(i) Capacitance of sphere, C=4 11 &) 1

=0.711x 103 F=711puF

0 Radiusof sphere, r = 2 CHINYS =(9 x10°) x (50 x107%?) =45 x10?m =45cm
g

(ii) Chargeto beplaced, q=CV = (50 x 1012 x 10*=5x 107 C=0.5uC

Example 3. Twenty seven spherical drops, each of radius 3mm and carrying 10-2C of charge are
combined to form a single drop. Find the capacitance and potential of the bigger drop.

Solution. Let r and R betheradii of smaller and bigger drops respectively.
Volume of bigger drop = 27 x Volume of smaller drop

4 3 4 3
—TR® =27 x—1r
or 3 3
or R=3r=3x3=9mm=9x10°m
Capacitance of bigger drop, C=4mngR = P x9 x10° =102 F =1pF
X
Since chargeis conserved, the charge on the bigger drop is 27 x 10712 C.
-12
O Potential of bigger drop, y=9_2/x107 _
cC 10%

Example 4: A spherical capacitor has an inner sphere of radius 9 cm and an outer sphere of radius
10cm. The outer sphereis earthed. Assumethereisair in the space between the spheres. What is the capaci-
tance of the capacitor?

Solution: Capacitance of the spherical capacitor is
C= ATiEy Ip T
(rg = Ta)

Herery,=10cm=0.1m;r,=9cm=0.09m; 41 g, =

9x10°

= 009x01  _j90x1072F=100pF
9x10° (0.1 - 0.09)
Example 5. The thickness of air layer between two coatings of a spherical capacitor is2 cm. The
capacitor has the same capacitance as the capacitance of sphere of 1.2m diameter. Find the radii of its

surfaces.

O

Solution:
Given: RUL LN 4mg, R o afe - R
g = I g = Ta
Here rg—ra=2cm and R=1.2/2=0.6m=60cm
0 rAer =60 or ryrg=120cm
Now (rg+r1,)2=(rg—r)2+4r,r,=(2)?+4x120=484
O g +ry, =+/484 =22cm

Since rg—r,=2cmandrg +r,=22cm,ry=12cm; r,=10cm
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Example6. Theplatesof aparallel plateair capacitor are separated by a distance of 1 mm. What must
be the plate area if the capacitance of the capacitor isto be 1F?

Solution: The capacitance of aparallel plateair capacitor isgiven by;

C= A
d
Here d=1mm=103m; A=? C=1F
-3
O A:C_d:& =1.1% 108 m?2

Note the enormous magnitude of plate arearequired to have a capacitance of 1F. Thisshowsthat farad
isavery large unit of capacitance.

Example 7: What distance apart should the two plates each of area 0.2 mx 0.1 mof a parallel plate air
capacitor be placed in order to have the same capacitance as a spherical conductor of radius 0.5m?

Solution: Areaof plate, A=0.2x0.1=0.02m?
Radius of sphere, r=0.5m
For parallel plate capacitor, C =g A/d
For spherical conductor, C=4mgr
Since the capacitance of the two capacitorsis the same,

g A

O —— =41Er
d &
or g=A = 902 _5164109m=318mm
4mr - 41t x0.5

Example 8. Calculate the capacitance of a parallel plate air capacitor of plate area 30 m2; the
plates being separated by a dielectric 2 mmthick and of relative permittivity 6. If the electric field strength
between the plates is 500 V/mm, calculate the charge on each plate.

g KA _ (8.854 x1072)(6)(30)
- 2x107
PD. acrossplates, V= E x d =500 x 2 = 1000 volts
O Charge on each plate, = CV = (0.797 x 10%)1000=0.797 x 10°C=0.797 mC

Example 9. Ap.d. of 10 kV isapplied to the terminals of a capacitor consisting of two parallel plates,
each having an area of 0.01 n? separated by a dielectric 1 mm thick. The resulting capacitance of the
arrangement is 300pF. Calculate (i) charge on each plate, (ii) electric flux density, (iii) potential gradi-
ent, and (iv) relative permittivity of the dielectric.

Solution: C=300pF=300x10F; V=10kV =10x 103volts

(i) Chargeoneach plate, q=CV=(300x107?) (10x 10%) =3x 10°C

Solution: Capacitance, C = =0.797 x 10°F=0.797 yF

3
(i) Electricflux density, o = — = 3x10° _ 3 104c/m?
A 001
3
(iii) Potential gradient, £ = ¥ =919 _157v/m
d 1x107
. . . o
(iv) Electricintensity, E = ——
g, K
o _ 3x107*

0 Relativepermittivity, K = =3.39

€ E 8854 x107%? x10’
Example 10. A parallel plate capacitor isto be designed with a voltage rating 1kV using a material
of dielectric constant 3 and dielectric strength of 107 Vnrt. What minimum area of the plateisrequired
to have a capacitance of 50 pF?
Solution. For reasons of safety, the electric field E between the plates should not exceed 10% of the
dielectric strength of the dielectrici.e. E=10% of 107 =106 Vm™™.

3
Nw E=Y 0 dg=Y =21 _155n
d d 10°
—12 -3
[IPIateareaA=(50><10 ) x10 =1.9x10°m?

8.85x107%2 x 3
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Example 11. Two parallel plate air capacitors have their plate areas 100 cn? and 500 cn? respec-
tively. If they have the same charge and potential and the distance between the plates of the first capacitor is
0.5 mm, what is the distance between the plates of the second capacitor?

Solution: Let usdenotethefirst capacitor by suffix 1 and second capacitor by suffix 2. Sincethetwo
capacitors have the same charge and potential, their capacitances (C = g/V) areequal i.e. C, = C,.

£ £
0 0 Al - 0 AZ 0 d2 — id]_
d; d, A
HereA,=500cm?; A, =100cm?; d, =0.5mm=0.05cm
O d, = @ x 0.05 =0.25cm
100

Example 12. Three capacitors have capacitances of 0.5 pF, 0.3 pF and 0.2 pF respectively. They are
first connected to have maximum capacitance and then connected to have minimum capacitance. Find the
ratio of maximum capacitance to minimum capacitance.

Solution: (i) For maximum capacitance, al the capacitorswill haveto be connected in parallel.
C, =05+03+02=1pF
(if) For minimum capacitance, all the capacitorswill haveto be connected in series.
1 1 1 1 31
- + + -

Cc 05 03 02 3

or Cg=3/31uF
C 31

0 =P - ==
Cs 3

Example 13. Two capacitors of capacitance 15 pF and 20 pF are connected in seriesto a 600 V d.c.
supply. Find (i) charge on each capacitor, (ii) p.d. across each capacitor.

Solution: (i) Equivalent capacitance, Cq = GG _15x20
C+C, 15+20

In series connection, charge on each capacitor is the same.

0 Chargeon each capacitor, = C;V = (8.57 x 10°) x 600 =5.14 x 10°C

=857pF

-3
(i) PD.across15 uF capacitor = 3 = % =342.7V
C,  15x10
-3
P.D. across 20 pF capacitor = a :% =257V
C, 20x10

Example 14. The total capacitance of two capacitors is 4uF when connected in series and 18 pF
when connected in parallel. Find the capacitance of each capacitor.

Solution: Let C, and C, be the unknown capacitances. Then,

C,+C, =18 (i) whenin paralléel
GG _ , N
C, +C, = (i) when in series
Multiplying egs. (i) and (ii), C,C, =72
NOW C, - C, =/(C, +C,)2 +4C,C, =/18% -4x72 =+6 ... (iii)
Solving egs. (i) and (iii), we get, C,=12pFor 6 yF; C,=6uF or 12 yF

Example 15. Inthecircuit shownin Fig. 5.13, the total chargeis 750 uC. Find the valuesof V,, V
and C,.

-6
Solution: Voltageacross G,V =3 = (150*107) _ 5y

Appliedvoltage, V=V, +V,=50+20=70V
ChargeonC,=C,V, = (8% 10°) 20=160 x 10°= 160 uC
O ChargeonC,=750—-160=590uC
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Y

C,= 15uF

| |
11
C;= 8uF

«—V —>|<—V2 = 20—

+ —
\%

Fig. 5.13

-6
0 Capacitanceof C, = % =29.5x 10 F = 20.5uF
Obtain the equivalent capacitance for the network shown in Fig. 5.14. For 300 V d.c.

supply, determine the charge and voltage across each capacitor.

C, C,

11 o 10!)IpF
100 pF A B C
(. o L5
I | [ _ll 11

200 pF 200pF |, 200 pF 200 pF
-
| I R +
1(!0| pF 300 V
Fig. 5.14 Fig. 5.15

Solution: Equivalent Capacitance. Theabove network can beredrawn asshowninFig. 5.15. Theequiva
lent capacitance C' of series-connected capacitors C, and C, is
-Gy xG _ 200x 200 _

C, +C; 200+ 200

The equivalent capacitance of parallel combination of C' (= 100 pF) and C, is
Cy=C'+C, =100+ 100=200 pF
Theentire circuit now reduces to two capacitors C, and C. (= 200 pF) in series.
00 Equivalent capacitance of the network is
_ Gy xCge _100x 200 _ 200
C,+Cg 100+200 3

Chargesand p.d. on variousCapacitors

100pF

Total charge, q=CV = (% X 10_12) x300 =2 x108C
O Chargeon C,=2x 108C

0 PD.acrossC, V,= — = LO_BH = 200V
C, 100x10
PD. between Band C, V.  =300-200=100V
Chargeon C,, g, =C, V. =(100x 101%) x 100=10%C
PD.acrossC,,V, =V,.=100V
PD. acrossC, =PD. acrossC,=100/2=50V
Charge on C, = Charge on C, = Total charge—Chargeon C,

=(2x10%) - (10 = 108C
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Fig. 5.16 shows a network of four capacitors. Determine the equivalent capacitance
between points A and B. If a 10V battery is connected between A and B, how much total charge will be
stored on the capacitors.

= C
C,= 3uF A 1 B
A || B —o—l
C,= 9pF == ——C,= 9WF
1 —HH
C C
Cy= 9uF 2 G 4
Fig. 5.16 Fig. 5.17

Solution: Thegiven network isequiva ent to the network shownin Fig. 5.17. The equivalent capacitance
C' of the series connected capacitors C,, C; and C, is given by;
1 1 1 1 1 1 1 1
— o+ + = ==+ 4+ ==
c ¢ ¢ ¢ 9 9 9 3
O C' =3uF
Between points A and B, we now have capacitorsC, and C' (= 3 uF) in parallel. Therefore, the equivalent
capacitance C,g between points A and B of the network is
Cpg=C,+C'=3+3=64F
Total charge stored on the capacitorsis
g=CppxV=(6x10°)x10=60x 10°C=60puC
Calculate the equivalent capacitance between pointsAand Bin Fig. 5.18.

Solution: Refer toFig. 5.18. Itisclear that one plate
of each capacitor is connected to point A (plate 1, plate 4, 12 34 56
and plate 5). Similarly, other plate of each capacitor (plate A B
2, plate 3 and plate 6) is connected to point B. Therefore, | | |
C1 Cz C3

the three capacitors are in parallel. Hence, equivalent
capacitance between Aand B is

Cag=C + G+ Gy Fig. 5.18
Inthecircuit showninFig. 5.19, find (i) the equival ent capacitance between Aand D and
(it) the charge on 12 pF capacitor.
Solution:
0) Cus=10uF

8UF 8 uF

L

SE AT

|1

M

8 uF

+ —
@ @
400 V

Fig. 5.19

® >

| Xeo)

T ——
T

8x8
Coc= 5+8 +(8)+(8)=4+8+8=20pF
_ Cag X Cge :10>< 20 :QH
Cpg +Coe 10+20 3
Cop=8+12=20pF
0 Cro = (20/3) x 20 -5
(20/3) + 20

Cac
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(ii) Total charge, 0=C,pxV=(5x10°) x 400=0.002C
Thetotal chargewill divide between the parallel capacitors connected in the branch CD.
PD. between Cand D, Vep = —1 :&26 =100V

CCD 20x 10"

0 Chargeon 12 pF capacitor = (12x 10%) x 100=1.2x 103C=1.2uC
Example 20: Inthe network showninFig. 5.20 (i), C, = C,= C;= C,= 8uF and C, = 10 uF. Find

the equivalent capacitance between points A and B.
G \/\
G
b/

o
-] - qx
Byl an i [ o {/

|
|
D D
0 (ii) (iii)
Fig. 5.20
Solution: A littlereflection showsthat circuit of Fig. 5.20 (i) can be drawn as shownin Fig. 5.20 (ii).
We find that the circuit is aWheatstone bridge. Since the product of opposite arms of the bridge are equal
(C,C,=C,C,because C, =C, = C, = C,), the bridge is balanced. It means that points C and D are at the
same potential. Therefore, there will be no charge on capacitor C.. Hence, this capacitor isineffective and
can be removed from the circuit as shown in Fig. 5.20 (iii). Referring to Fig. 5.20 (iii), the equivalent
capacitance C' of the series connected capacitors C, and C, is
C = GG, _8x8
C +C, "8+8
The equivalent capacitance C" of series connected capacitors C, and C, [See Fig. 5.20 (iii)].
C' = GC, _8x8
C +C, " 8+8
Now Cg=C||C"=4||4=4+4=8uF
Example 21: Amicadielectric parallel plate capacitor has 21 plates, each having an effective area

of 5 cnm? and each separated by a gap of 0.005mm. Find the capacitance of the capacitor. Take the relative
permittivity of mica as 6.

C4

=4uF

=4puF

Solution: For amultiplate capacitor, capacitanceisgiven by;

C:(n—l)SOKA

(8.854 x 1072) x 6 x (5 x10™*)

=(21-1
( ) 0.005 x 1073

=0.1062 x 10°F=0.1062 uF

Example 22: A parallel plate capacitor has three similar parallel plates. Find the ratio of capaci-
tance when the inner plate is mid-way between the outers to the capacitance when inner plate is three
times as near one plate as the other.

Solution: Fig. 5.21 (i). showsthe condition when theinner plateis mid-way between the outer plates. The
arrangement is equivalent to two capacitorsin parallel. Capacitance of this capacitor,

sOKA+£0KA:4£0KA

=42 Tanz d

F 7
diz 4
i L.
a2

\ !
(i) (i)

Fig. 5.21

Fig. 5.21 (ii) shows the condition when the inner plateisthree times as near as one plate as the other.
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Capacitance C, of this capacitor, c cc c
CZZSOKA+EOKA:16£OKA I_”_”_I
d/4 3d/4 3d
0 C,/C,=0.75 FHHH
Example 23: Given somecapacitorsof 0.1uF capable of withstand- i
ing 15V. Calculate the number of capacitors needed if it is desired to
obtain a capacitance of 0.1uF for usein a circuit involving 60V. HHH
Solution: .
Capacitance of each capacitor, C=0.1 uF 60V
Voltagerating of each capacitor, V=15V
Supply voltage, V =60V Fig. 5.22

Since each capacitor can withstand 15V, the number of capacitorsto be connected in series=60/15=4.
Capacitance of 4 series-connected capacitors, Cg= C/4=0.1/4 = 0.025 uF. Sinceitisdesired to havea
total capacitance of 0.1 pF, number of suchrowsinparallel = C/C4=0.1/0.025=4.

O Total number of capacitors=4 x 4= 16
Fig. 5.22 shows the arrangement of capacitors.

Example 24: Acylindrical capacitor hastwo co-axial cylindersof length 20 cmand radii 15.4 cmand
15 cmrespectively. The relative permittivity of theinsulation is 5. If a p.d. of 5000V is maintained between
the two cylinders, determine (i) capacitance of cylindrical capacitor and (ii) potential of inner cylinder.

Solution:
(i) Thecapacitance of acylindrical capacitor is

- Kl % 10_9 E= 5x0.2 ><:I-o_g
41.410g,, (b/a) 41.4109,, (15.4/15)
=211x10°F

(i) Sincethe outer cylinder is earthed, the potential of the inner cylinder is equal to p.d. between the
two cylinders, i.e., potential of inner cylinder = 5000V.
Example 25: A 5uF capacitor is charged to a p.d. of 100V and then connected to an uncharged 3 pF
capacitor. Calculate p.d. across the capacitors.
Solution: Chargeon 5 pF capacitor, = CV = (5 x 1075) x 100=0.0005C
When the two capacitors are connected through awire, the total capacitance C, =5+ 3=8 uF. The
charge 0.0005 C is distributed between the two capacitors to have acommon p.d.

[0 PD. across capacitors = 9 - 00005 _ 625V

Cp 8x10°
Example 26: Two capacitors of capacitance 4 uF and 6 uF respectively are connected in series
across a p.d. of 250V. The capacitors are disconnected from the supply and are reconnected in parallel

with each other. Calculate the new p.d. and charge on each capacitor.
Solution: In series-connected capacitors, p.d.s across the capacitors are in the inverse ratio of their
capacitances.

0 PD.across4 pF capacitor = 250 x 43 5 =150V

Charge on 4 pF capacitor = (4 x 107%) x 150=0.0006 C
Since the capacitors are connected in series, charge on each capacitor is the same.
0 Chargeon both capacitors=2 x 0.0006 =0.0012 C

Parallel connection. When the capacitors are connected in parallel, the total capacitance C, =4 + 6
=10 pF. Thetotal charge 0.0012 C is distributed between the capacitors to have acommon p.d.

Total charge _  0.0012
Co  10x10°

Charge on 4 pF capacitor = (4 x 107%) x 120 =480 x 10°=480uC

Charge on 6 pF capacitor = (6 x 107%) x 120=720x 10%=720uC

Example 27: Two capacitors A and B are connected in series across a 200V d.c. supply. The p.d.

across Ais120V. This p.d. isincreased to 140V when a 3pF capacitor is connected in parallel with B.
Calculate the capacitance of A and B.

Solution: Let C, and C, uF be the capacitances of the capacitors A and B respectively. When the
capacitors are connected in series [ See Fig. 5.31 (i)], charge on each capacitor isthe same.

=120V

0 PD. across capacitors =
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O C,x120=C,x80

or C,=15C, (i)

When a3 pF capacitor is connected in parallel with B[See Fig. 5.31 (ii)], the combined capacitance of
this parallel branchis (C, + 3). Thusthe circuit shown in Fig. 5.31 (ii) can be thought of as a series circuit
consisting of capacitances C, and (C, + 3) connected in series.

0 C,x140=(C,+3)60
or 7C,-3C,=9 (i)
3uF
| 1
|
A B A
t T . :
G Cz C C,
«— 120 V—>le— 80V —| 4—14ov—>|<—60V—>
+ —
+- : Py Py
200V 200V
0) _ (i)
Fig. 5.31

Solving egs. (i) and (ii), we have, C, = 3.6 uF; C2=5.4 uF

Example 28: A 16 uF capacitor is charged to 100V. After being disconnected, it isimmediately
connected to an uncharged capacitor of 4 uF. Determine (i) the p.d. across the combination (ii) the
electrostatic energies before and after the capacitors are connected.

Solution: C,=16uF, C,=4uF
Beforejoining
Chargeon 16 uF capacitor, q=C,V,=(16x10°) x100=1.6x103C

Energy stored, U, = %clvf = %(16 x107%) x100? =0.08J

After joining

When the capacitors are connected through awire, the total capacitance, C C,+C,=16+4=20
UF. The charge 1.6 x 103 C distributes between the two capacitors to have acommon p. d of V volts.

16x1073

0 PD. across capacitors, V = 9= =80V
Cpo 20x 10‘6
Energy stored, u, = icpv2 = (20%10) x (807=0.064J

It may be noted that thereisaloss of energy. ThIS isprimarily due to the heat dissipated in the conductor
connecting the capacitors.

Example 29: A metal sphere 4 min diameter is charged to a potential of 3 MV. Calculate the heat
generated when the sphere is earthed through a long resistance wire.

Solution: Potential at the surface of sphere, V = 9 x 10° 3
r

_Vxr _(3x10%) x2

0 Ch here, = =0.67 x10°C
arge on sphere q 9x10° 9x10°

Energy stored in sphere = %qv = %(0.67 x107%) x (3 x10°) = 1005 J

When the sphere is earthed, stored energy will be dissipated as heat in the resistance wire.

Example 30. Aparallel plate capacitor isconnected to a 12 V battery. The charge on the capacitor
is1.35 x 10710 C. If the plate separation is decreased to half, find the extra charge given by the battery.

Solution. When the plate separation is decreased to half, the capacitance (C = ¢, A/d) becomes
twice. Therefore, the charge on the capacitor (q' = C'V)becomes twice. The extrachargeis supplied by
the battery.

Extracharge supplied by battery =q' —q=29-g=0=135x101°C
Example 31. Aparallel plate 100 pF capacitor ischarged to 500V. If the distance between the platesis

halved, what will be the new potential difference between the plates and what will be the change in the
new stored energy?
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Solution:

C=100puF=100x 10%F=10"F; V=500volts

When plate separation is decreased to half, the new capacitance C' becomes twicei.e. C' = 2C.
Since the capacitor is not connected to the battery, the charge on the capacitor remains the same. The
potential difference between the plates must decrease to maintain the same charge.

CV _CV _V _500

O q=Cv=CV or V'=— =——=— ==— =250volts
C 2C 2
2

New stored energy 1oy :E(ZC) v

2 2 2

2
:ECL :E ECVZ
2 2 2\ 2
1

= —[1 x107* x (500)2} =6.25J
2|12

Example 32. Fig. 5.32 shows a circuit for a camera flash. A 2000 pF capacitor ischarged by 1.5V cell.
When a flash isrequired, the energy stored in the capacitor is made to discharge through a discharge tube
in 0.1 ms giving a powerful flash. Calculate the energy stored in the capacitor and power of the flash.

Solution: Electronic
Energy stored in the capacitor is R\Trigger
U= %cv2 :% x (2000 x10°%) x (1.5)?
+ J .
=225%x103] 15V ~ _—— 2000 pF Discharge

- Tube
In order to produce the flash, the capacitor discharges

in0.1ms(=0.1x1073s).

_3 .
0 Power of flash = —— = 222190 _ 551y o552
Time 01x1073
Example 33: A parallel plate capacitor is partially filled with an ebonite plate of thickness 6 mm. The
area of the plates of the capacitor is 2 x 10~3 m? and the distance between themis 0.01m. The dielectric
constant for ebonite is 3. Calculate the capacitance of the capacitor.

Solution:
. _ _ gA
Capacitance of the capacitor, C =
1
d-t@l--)
K
Here A=2x103m%d=001lm;t=6x103m;K=3

C - (8854 x 1072) x 2 x1073
0.01-6x103(1-1/3)
Example 34: A parallel plate capacitor has plate area of 2 n? spaced by three layers of different

dielectric materials. The relative permittivities are 2, 4, 6 and thicknesses are 0.5, 1.5 and 0.3 mm respec-
tively. Calculate the capacitance of the capacitor.

U =295x 10 F

Solution: Capacitance of capacitor, C = g0 A
LN - T -
Kl KZ K3

_ (8.854 x107?) x 2
05x10°  15x10°  03x10
2 4 6
Example 35: A capacitor iscomposed of two plates separated by 3 mm dielectric of relative permit-
tivity 4. An additional piece of insulation 5 mm thick is now inserted between the plates. If the capacitor

has now capacitance one-third of its original capacitance, find the relative permittivity of the additional
dielectric.

Solution: Fig. 5.40 (i) and Fig. 5.40 (ii) respectively show the two cases.

— =0.026x 10°F

For the first case, c="% KiA_gx4xA (i)
d d
C & A A
For the second case, —=—0 = - = ..(ii)
3 4 b 3x10°  5x10

Ki K; 4 K,
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.

K, =
=3 mm—» — 3 MM—— 5 mm—>»
0 (i)
Fig. 5.40
o . . 4(3 5
Dividin .(Dbyeq.(ii),3==| = + =
geq. () by eq. (i) 3[4 KJ
0 K, =333

Example 36: An air capacitor has two parallel plates of 1500 cn¥ area and held 5 mm apart. If a
dielectric slab of area 1500 cn?, thickness 2 mm and relative permittivity 3 is now introduced between the
plates, what must be the new separation between the plates to bring the capacitance to the original value.

Solution: When adielectric slab of thicknesst (t < d) isintroduced between the plates of air capaci-
tor, the capacitance is given by;

_ g A )
d-(t —t/K) (1)

If the medium weretotally air, the capacitance would have been
c, =LA (i)

d

An inspection of egs. (i) and (ii) reveals that with the introduction of the dielectric slab between the
plates of air capacitor, its capacitance increases. The distance between the platesis effectively reduced by
t — (t/K). In order to bring the capacitance to the original value, the plates must be separated by this much
distanceinair.

0 New separation between plates=d + (t—t/K) =5+ (2-2/3) =6.33mm

Example 37: The capacitance of a parallel plate capacitor is 50 pF and the distance between the
platesis4 mm. It is charged to 200V and the charging battery isremoved. Now a dielectric slab (K = 4) of
thickness 2 mm is introduced between the plates. Find (i) final charge on each plate, (ii) p.d. between the
plates, (iii) final energy in the capacitor, and (iv) energy loss.

Solution: The capacitance of parallel plate air capacitor is given by;

C, = s‘;—A N0,
When adielectric dab of thicknesst is placed between the plates of the capacitor, capacitanceisgiven by;
C. = SO—At N0,

d-t+—

K

0 C_=d—t+(t/K):4—2+(2/4):§
Cnm d 4 8
Beforelntroduction of theDielectric Slab
When air capacitor is charged to 200 V and then battery isremoved, charge (q) on each plateis
q=C,xV,=(50x 102) x 200=10°C
After Introduction of theDielectric Slab

(i) Sincethebattery isremoved before the introduction of the dielectric slab, the charge on capaci-
tor plates will remain the same after the introduction of the dielectric slab.

Final charge on each plate=q=10°C

(ii) When dielectric slab is placed between the plates of the capacitor, its capacitance increases to
C,, and p.d. between plates decreases to V.

q=GC,V,=CV

0 v=Soy, :(§j x 200 =125V
C 8

m
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Note that p.d. between the plates decreases. Thisisin agreement with theory.
(iif) Final energy stored in the capacitor,

= %qV = %(10‘8) x125 =6.25x 10~ J

1 1
(iv) Initid stored energy, U, = 5 qV,; Final stored energy, U = 5 qVv
O Energy loss :UO—U:%q(VO—V)

= % (10°%) (200~ 125) =3.75% 107 J

Thisloss of energy will be apparent to the person who introduced the slab. The capacitor would exert a
tiny force on the slab and would do work on it equal to 3.75 x 1077 J.

- 1 1
Note: Initial stored energy, U, = > av, = > (108 x200=106J

Final stored energy U =6.25x 107" J

Had the slab been 4 mm thick (= distance between plates), the energy stored in the capacitor would have
been smaller by 1/Ki.e. U/K.

Thus we arrive at a very important conclusion that final energy after the slab filling entire space is
introduced issmaller by 1/K.

Example 38. A parallel plate capacitor having plate separation of 3mm possesses a capacitance of
17.7 pF. The capacitor is connected to a 100V supply. Explain what would happen if a 3 mm thick mica
sheet of dielectric constant 6 were inserted between the plates (i) while the voltage supply remains
connected (ii) after the supply was disconnected.

Solution. Capacitance of capacitor, C=17.7 pF; Dielectric constant of mica, K=6
(i) Whenvoltagesupply remainsconnected
When mica sheet is inserted between the plates of the capacitor, the capacitance becomesK times
i.e
C' =KC=6x17.7=106.2pF
The p.d. between the plates of the capacitor remains equal to 100 V.

Since C = g/Vand V issame but C hasincreased, the charge on capacitor must increasei.e. Charge
on capacitor,  =CV=106.2x 10 x 100=1.06 x 10°C

The extra charge is supplied by the battery.
(i) After thevoltagesupply isdisconnected
C =KC=6x17.7=106.2pF
Chargeon capacitor, q=CV=17.7x 102 x 100=1.77x 10°C

Since the supply is disconnected, the charge on the plates remains the same. Because the capaci-
tance (C = g/V) hasincreased, the potential difference across the plates must decrease to maintain
the same charge.

C' 106.2x107%2

Example 39. In aVan de Graaff generator, the shell electrodeisat 25 x 105 V. Thedielectric strength
of the gas surrounding the electrode is 5 x 107 V/m. Calculate the minimum radius of the spherical shell.

Solution. Electric potential V of acharged shell is

V :LH
ATigy 1
Electricfield at the surface of acharged shell is
E :Li
ameg r?
S5
0 Voo o r:!:25x12 =5x1072m =5cm
E E 5x10
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CAPACITANCE
MORE NUMERICAL PROBLEMS

A capacitor of 20 pF and charged to 500 V is connected in parallel with another capacitor of 10 pF

charged to 200 V. Find the common potential. [Roorkee]
[400V]

Charge on one capacitor, g, = C, V, = (20 x 107%) x500=0.01C
Charge on second capacitor, g, = C, V, = (10 x 107%) x 200=0.002C
Total charge on capacitors, =g, +q,=0.01+0.002=0.012C
Total capacitance, C=C, +C,=(20x 10°) + (10x 10%) =30x 10°F
q 0.012

O Common potential, V = — = ———— =400V
C 30x10

Five equal capacitors connected in series have a resultant capacitance of 4 pF. What is the total
energy stored in these when connected in parallel and charged to 400 V ?
[EAAM.CE.T.91] [8J]

Suppose C puF isthe capacitance of each capacitor. Since 5 (= n) capacitors are connected in series,
< =40rC=4n=4x5=20uF

n

When the capacitors are connected in parallel, then equivalent capacitance C' is
C' =5x20=100uF=100x 10°F

Energy stored is given by;

1 1
U =2 C'V2= 2 % (100% 10) x (4002 =8

2
Find the length of the paper used in a capacitor of capacitance 2 uF if the dielectric constant of
the paper is 2.5 and its width and thickness are 50 mm and 0.05 mm respectively. [90 m]
c=fo ;< A
Here C=2UF=2x10°%F,K=25;d=0.05mm=0.05x10°m
—6 -3

0 _ Cd _(2x10 )><((3.205><10 ) — 45?2

&K 8.85x10“ x 25
0 Length = 2/ —_ 45 1\ _gom

Width 50 x 102
A5 pF capacitor isfully charged across a 12 V battery and connected to an uncharged capacitor.
The voltage across it is found to be 3 V. What is the capacity of the uncharged capacitor ?

[EAM.CET] [15 uF]
The common potential V after connectionis
V = GV + GV,
G+G
Here C,=5uF, V=3vaolts; V, = 12vaolts,V,=0,C,=?
0 3= 5x12 +C, x0
5+C,
O C,=15uF

A parallel-plate capacitor has plates of dimensions2 cmx 3 cm. The plates are separated by a1l mm
thickness of paper.

(i) Find the capacitance of the paper capacitor. The dielectric constant of paper is 3.7.
(i) What is the maximum charge that can be placed on the capacitor ? The dielectric strength of

paper is 16 x 165 \/m. [(i) 19.6 x 10-22 F (ii) 0.31 pC]
Hint. () C= %*
Here €,=885x 10 2C2NTIm? K=37,A=6 10*m% d=1 10°m
-12 -4
C= (8.85x107) x(3.7) x (6 x10™) ~106 x10-2 F
1x10°°

(it) Sincethethickness of the paper is 1 mm, the maximum voltage that can be applied before break-
down occursis
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Hint.

Hint.

Hint.

Virax = By X 0
Here E, o =16%10°V/m;d=1mm=1x103m
0 Maximum chargethat can be placed on capacitor is
O = C Ve = (19.6 X 10712) x (16 x 10%) = 0.31x 10°C=0.31puC

A capacitor of capacitance C, = 1 uF withstands the maximum voltage V, = 6 kV while

another capacitance C, = 2 uF withstands the maximum voltage V, = 4 kV. What maximum

voltage will the system of these two capacitors withstand if they are connected in series ?
[M.N.R. 1992] [9kV]

The maximum charge g, and g, that can be placed on C, and C, are

0, =C,V,=(1x10°9 x (6x10%=6x103C

0,=C,V,=(2x10°) x (4x10%=8x103C
The charge on capacitor C, should not exceed 6 x 10- C. Therefore, when capacitors are con-
nected in series, the maximum charge that can be placed on the capacitorsis 6 x 102 C (= q,).

q . ¢ _6x10° 6x107°

mex =~ TS T g 6
C. C, 1x10° 2x10
=6x103+3x108=10%(6+3)=9x 103V =9kV

A parallel-plate capacitor is charged with a battery to a charge g, as shown in Fig. 5.70 (i).
The battery is then removed and the space between the plates is filled with a dielectric of
dielectric constant K. Find the energy stored in the capacitor before and after the dielec-

O

2 2

L b . D
tricisinserted. 2C, 2K C,
Energy stored in the capacitor in the absence of dielectricis

Up = %Covo2
Since V, = q,/C,, this can be expressed as :
2
0= % (1)
2

Eq. (i) givesthe energy stored in the capacitor in the absence of dielectric.

After the battery isremoved and the diel ectric isinserted between the plates, charge on the capacitor
remainsthe same. But the capacitance of the capacitor isincreased K timesi.e., new capacitanceisC'
=K C,[SeeFig5.70(ii)].

Yo %
4 F A
Co KCo
1
IV0
@i (i)
Fig. 5.70

O Energy stored in the capacitor after insertion of dielectricis

or Uu=— .. (i)

SinceK > 1, wefind that final energy islessthan theinitial energy by the factor /K. How will you
account for “missing energy” ? When the dielectric is inserted into the capacitor, it gets pulled
into the device. The external agent must do negative work to keep the dielectric from accelerating.
Thiswork issimply = U, —U. Alternately, the positive work done by the system = U, —U.

Suppose in the above problem, the capacitor is kept connected with the battery and then
dielectric is inserted between the plates. What will be the change in charge, the capacitance,
the potential difference, the electric field and the stored energy ?

Sincethe battery remains connected, the potential difference V, will remain unchanged. Asaresult,
electricfield (=V,/d) will also remain unchanged.
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CAPACITANCE

The capacitance C, will increaseto C= K C,
The charge will alsoincreaseto g = K g, asexplained below.
0y=Cy Vy:a=CV,=KC,V,=Kq,

Initial stored energy, U, = %COVO2

Final stored energy, U, = %(:OVO2 :%K(:OVO2 =KU,

O U=KU,

Notethat stored energy isincreased K times. Will any work be donein inserting the dielectric? The
answer isyes. In this case, the work will be done by the battery. The battery not only gives the
increased energy to the capacitor but also provides the necessary energy for inserting the
dielectric.

A parallel plate capacitor is maintained at a certain potential difference. When a 3mm slab is
introduced between the plates, in order to maintain the same potential difference, the distance
between the plates is increased by 2.4 mm. Find the dielectric constant of the slab.

[M.N.R] [K=5]
The capacitance of parallel-plate capacitorinairis
_&A :
C =4 - ()
With the introduction of slab of thicknesst, the new capacitanceis
r— SOA ..
d-t1-1/K) “tL-1UK) . (i)
Now the charge (g = CV) remains the same in the two cases.
0 g A _ A
d d-t1-1/K)
or d=d -t(1-1VK)
Here d'=d+24x103m;t=3mm=3x103m
1
0 d=d+24x10°%-3x10°3 (1_Ej

1
or 24x103=3x103 (1_E)

O K=5

The capacitance of a variable radio capacitor can be changed from 50 pF to 950 pF by turning the
dial from0° to 180°. With dial set at 180°, the capacitor is connected to 400 V battery. After charging,
the capacitor is disconnected from the battery and the dial is turned at 0°.

(i) What is the potential difference across the capacitor when the dial reads 0° ?
(it) How much work is required to turn the dial if friction is neglected ? [M.NR]
[(i) 7600V (ii) 1.37 x 102 J]
(i) With dial at 0°, the capacitance of the capacitor is
C,=50pF=50x1012F
With dial at 180°, the capacitance of the capacitor is
C, =950 pF =950 x 102 F
PD.acrossC,, V, =400V
O ChargeonC,, q=C,V, = (950 x 101%) x 400=380x 10°C
When the battery is disconnected, charge g remains the same. Suppose V, isthe potential difference
across the capacitor when the dial reads 0°.

0 q=CV,
-9
or Vl :& :% =7600V
C, 50x10

(ii) Work required = Gain in energy of the capacitor
1 2 1 2
==C V" -=G,V,
2C1 1 2 2V2

=% x 50 x 1072 x (7600)2 —% x950 x10712 x(400)2
=1.37x103J
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13.

Hint.

14.

Hint.

A 90 pF capacitor is connected to a 12 V battery and is charged to 12 V. How many electrons are
transferred from one plate to the other ? [6.9 x 109]
g=CV=(90x101?) x (12)=1.1x10°C
Now g=ne
0O Number of electronstransferredis
-9
S0 _11x10° g 100
e 16x10"
If C, =20 uF, C,=30uF and C, = 15 uF and theinsulated plate of C, be at a potential of 90V, one
plate of C, potential of 90V, one plate of C, being earthed, what is the potential difference between
the plates of C,, three capacitors being connected in series ? [20V]
Fig. 5.71 shows the conditions of the problem. The equivalent capacitance of this series combina-
tion is given by;
1 1 1 1 1 1 1 3
o+ + ==+ =+ = ==
C ¢ C C 20 30 15 20
20 20

C=="pF==x10°F
3 3

PD. across seriescombination, V=90-0=90V
20
Total charge, q=CV = 3 10%x90=6x10*C

0 PD.across C,V, =+ = 2222 =20y
C, 30x10°

A spherical capacitor hasan inner sphere of radius 12 cmand outer sphere of radius 13 cm. The
outer sphereis earthed and theinner sphereis given a charge of 2.5 pC. The space between the
concentric spheresisfilled with a liquid of dielectric constant 32.

(i) Determine the capacitance of the capacitor.
(if) What is the potential of the inner sphere ?
(iii) Compar e the capacitance of this capacitor with that of anisolated sphere of radius 12 cm. Why isthe

capacitance smaller in the latter case ? [(i) 5.55% 102 F (ii) 4.5 x 102 V (iii) 1.33 x 10711 F]
(i) Capacitance of spherical capacitor is given by;
C = 4rg, K 2P
b —_
1
Here —— =9x10°CN'm2%K=32;b=0.13m;a=0.12m
4mg,
0 C= 32 9 0.12 x 0.13 555 x10°F
9x10° 0.13-0.12
(ii) Potential of inner sphereis
—6
-9 _2'5"—10_9 =45 x10°V
C 555x10
(iii) Capacitance of isolated sphereis
= 4mgr = 0'129 =1.33 x10 ' F
9x10

Note that capacitance of an isolated sphere is much smaller than that of the concentric spheres. It is
because in case of concentric spheres, the total potential is distributed over two spheres and the
potential difference between the two spheres becomes smaller. Since capacitance (C = g/V) is
inversely proportional to potential difference, a spherical capacitor has large capacitance.

N drops of mercury of equal radii and possessing equal charges combine to forma big drop.
What is the charge, capacitance and potential of the bigger drop ?

[(1)) Q=Nq(ii) C=c NY3(iii) V =v N3]
Let g, vand c bethe charge, potential and capacitance of theindividual small drop. The corresponding
quantities for the bigger drop are Q, V and C.

Charge on bigger drop = N x charge on small drop
O Q=Ng
The capacitance of a spherical drop is proportional to the radius.
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C_R
c r
Since mass is a conserved quantity,

O

4 3 4 3
—TRp=NX—T11r
3 P 3 P

R=rx N3
or R
r
O C =N or CzoxNB
c
Now Vv = Q andv =4
C c
\ Q C 1
0 —=| = x| = |=(N)x| —=|=N28
GRS :
I
or V=vx N c c
An infinite identical capacitors each of capaci- c c c c
tance 1 uF areconnectedasshownin Fig. 5.72. ||| [} I} |
What is the equivalent capacitance between ter- c . c. Cc ¢ C.C.C.C
minalsAand B ? 2pF] HEAFARARE—A R A R
Itisclear from the figure that the rows of capaci- | C . IC
torsare connected in parallel. The capacitance of P 16 capacitors - ———— |
first row, second row, third row, fourthrow ... .isC, A 5
C/2,Cl4,C/8..... © ©
Fig. 5.72

The equivalent capacitance of the arrangement is

Cas :c+9 +E +E +...=C|1 +1 +l +E +..
2 4 8 2 4 8

=C{ L }=2C =2 x1=2uF
1-1/2
A spherical capacitor has 10 cmand 12 cm as theradii of inner and outer spheres. The space
between the two isfilled with a dielectric of dielectric constant 5. Find the capacitance when
(i) the outer sphere is earthed and (ii) inner sphere is earthed.

[(1) 3.33x 10719 F (ii) 3.46 x 109 F]
(i) When the outer sphere is earthed, the capacitance of the spherical capacitor is

C =4ngK ab
b —
Here 4mg, = s =C?°N'm?%K=5a=01m;b=0.12m
9x10
0 _ 1 < E x 0.1x0.12 -333 x107°F
9 x10° 012-01

(ii) When theinner sphereisearthed, the system isequivalent to capacitorsin parallel. One capaci-
tor is between outer sphere and earth and the other capacitor is between outer sphere and inner
earthed sphere. The equivalent capacitance is

ab
C=4ng, b+ 4ng K b-a

2 uF

- x 012 + 1 ,01x012 - o

9 x10° 9x10° 012-0.1 H {1
=0.13x109+3.33x 1010
=346% 10°0F 5uF
Find the charge on 5 uF capacitor in the circuit shown in I
Fig. 5.73. [9uC] 4pF

The p.d. between AB is 6 V. Considering the branch AB, the I}
capacitors 2 uF and 5 pF are in parallel and their equivalent 6V
capacitance = 2+ 5= 7 uF. The branch AB then has 7 uF and Fig. 5.73




CAPACITANCE 17
3 pFisseries. Therefore, the effective capacitance of branch AB is

_7x3_2
T

) 21 63
Total chargeinbranchAB, q=C,;V=-— x6= uC

63 1 21

PD. across 3 F capacitor = a._ x = =volts
HF P 3 5 3 5
21 9

0 PD. acrossparallel combination = 6 = -gvolts

9
Charge on 5 uF capacitor = (5 x 1079) x T =9 10%C=9uC

18. Two parallel plate capacitors A and B having capacitance of 1 uF and 5 pF are charged
separately to the same potential of 100 V. Now positive plate of A is connected to the negative
plate of B and the negative plate of A is connected to the positive of B. Find the final charge
on each capacitor. [On A =200/3 puC; On B =1000/3 uC]

Hint. Initial chargeon A, g, = C,V=(1x107) x 100 =100 uC
Initial chargeon B, g, = C,V=(5x 107) x 100 =500 uC
When the oppositely charged plates of A and B are connected together, the net charge is
g=d,—q, =500-100=400 uC
Net charge 400 x10°° _ 200 v

Final potential difference = - = i
Netcapacitance (1+5)10° 3

Final char - 200 200 200

in geon A=C,x —(1><10-6)x—_—_|c

F 200 200 _ 1000
inal chargeonB =C, x —— =(5x 107) x

19. The radii of the two spherical shellswhlch forman air f|IIed spherical capacitor are 10 cm
and 10.5 cm. After the inner shell has been charged to a potential of 100 V, the outer shell
is taken apart and removed. What is the final potential of the charged inner shell ?

[2100 V]
Hint. The capacitance of air-filled spherical capacitor is
C= 41150 ab
Here 4arg, = OX10° =C?N1tm2a=0.1m;b=0.105m
q co_ 1 ,01x0105_ 21

_9x109 0105-01 9x10°

21 21

Charge oninner sphere, = CV = x100 = iy x10°8C

9x10°
When the outer shell isremoved, then charge on the inner sphere remains the same. However, the
capacitance will change and is given by

C' =4nga = 1 x0.1 —x10‘8|:
9x10° 9
O Final potential of theinner charged shell is
vi=d -2 089 _oi00v
c 9 10

20. A capacitor isfilled with two dielectrics of the same dimensions but of dielectric constants K,
and K, respectively. Find the capacitances in two possible arrangements
260 A KK,

[MNR]. (i) =S ——

. A
(i) 820d (Ky + Ky)
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Hint. Thetwo possible arrangements are shownin Fig. 5.74.
(i) Thearrangement shown in Fig. 5.74 (i) is equivalent to two capacitorsin series,each with plate

area A and plate separation d/21i.e.,
_Kigg A _ 2K g A

S =4 d
_Kyeg A _ 2K, 0 A
27 d/2 d
The equivalent capacitance C' is given by;
1_1,1_ d d _d (1,1
c' Cl G, 2Kig A 2K2 €A 280 Ki K,
0 C = 2e0 Al Ki K,

(il) The arrangement shown in Fig. 5.74 (ii) is equivalent to two capacitorsinparallel ,each with plate

area A/2 and plate separation di.e.,
c = Kigg (Al2) _ Kigp A
d 2d

C = K, &0 (Al2) _Kyg A
2 d 2d
The equivalent capacitance C " is given by;

Kigg A Ky A
C'=C, +C, =—1%07% , *2%0 K, +K
G +G od od 2d(1 2)

g A
U C'=20"(K, +K
2d(1 2)



