CHAPTER 43 FIELD THEORY 
Exercise 166, Page 699

1.  (a) Explain the meaning of the terms (i) streamline (ii) equipotential, with reference to an electric 
     field. (b) A field plot between two metal plates is shown below. If the relative permittivity of the 
     dielectric is 2.4, determine the capacitance of a 50 cm length of the system.
[image: 75ECDBC1]

(a)(i)  A streamline is a line of force in an electrostatic field.
    (ii) Equipotential lines are lines drawn connecting together all points within a field having equal 
         potentials. For more see page 643 - 646.

(b) Capacitance, C =    where m = number of parallel squares measured along each 
      equipotential – in above diagram, m = 11,  and n = number of series squares measured along 
      each streamline (or line of force) – in the diagram above, n = 5.

      For a 50 cm length of the system, with  = 2.4,

             capacitance, C =  
                                                        = 23.4 pF

2.  A field plot for a concentric cable is shown below. The relative permittivity of the dielectric is 5. 
    Determine the capacitance of a 10 m length of the cable.

[image: D26F0ECE]



Capacitance, C =    where  = 5, x = 10 m, m = 15 (= number of parallel squares measured along each equipotential), and n = 4 (= number of series squares measured along each line of force).

Hence, capacitance, C =   = 1.66 nF  

3.  The plates of a capacitor are 10 mm long and 6 mm wide and are separated by a dielectric 3 mm 
     thick and of relative permittivity 2.5. Determine the capacitance of the capacitor (a) when 
     neglecting any fringing at the edges, (b) by producing a field plot taking fringing into 
     consideration.

[image: CD123AE3]


         [image: 6D8E6F88]
     [image: 20F5E6D6]


     [image: DA33B154]

      Total capacitance, C = farads
  [image: BB4BBCBA]


































Exercise 167, Page 704

1.  A coaxial cable has an inner conductor of radius 0.4 mm and an outer conductor of internal 
    radius 4 mm. Determine the capacitance per metre length of the cable if the dielectric has a 
    relative permittivity of 2



Capacitance, C =  = F = 48.30 pF

2.  A concentric cable has a core diameter of 40 mm and an inner sheath diameter of 100 mm. The 
    relative permittivity of the dielectric is 2.5 and the core potential is 50 kV. Determine (a) the 
    capacitance per kilometre of the cable and (b) the dielectric stress at radii of 30 mm and 40 mm.

[image: 36DD08E2]

       (b) Dielectric stress, E, at radius r,

   [image: E6A57B40]



3.  A coaxial cable has a capacitance of 100 pF per metre length. The relative permittivity of the 

     dielectric is 3.2 and the core diameter is 1.0 mm. Determine the required inside diameter of the 

     sheath.





Capacitance, C =      from which,      = 1.7794

Core radius, a = 1.0/2 = 0.5 mm     hence      

i.e.                                                                        


and the internal radius of the sheath, b = 0.5= 2.963 mm

from which, the inside diameter of the sheath = 2 × 2.963 = 5.93 mm


4.  A single-core concentric cable is to be manufactured for a 100 kV, 50 Hz transmission system. 
    The dielectric used is paper which has a maximum safe dielectric stress of 10 MV/m and a 
    relative permittivity of 3.2. Calculate (a) the core and inner sheath radii for the most economical 
    cable, (b) the capacitance per metre length and (c) the charging current per kilometre run.


(a) Core radius, a, for the most economical cable is given by:   a = 

     i.e.   core radius, a =  = 0.01 m   or   10 mm
     Inner sheath radius, b, for the most economical cable is given by:   b = a e = 2.718 a
     i.e. inner sheath radius, b = (2.718)(10) = 27.2 mm
(b) Capacitance per metre length, C, for a concentric cable is given by:

          C =  = 177.9 pF

(c) Charging current =  

     Hence, for a 1 km run, charging current =  = 5.59 A

5.  A concentric cable has a core diameter of 30 mm and an inside sheath diameter of 75 mm. The 

     relative permittivity is 2.6, the loss angle is rad and the working voltage is 100 kV at 
     50 Hz frequency. Determine for a 1 km length of cable (a) the capacitance, (b) the charging 
     current, and (c) the power loss.


(a) Capacitance per metre length, C =  

     Hence, capacitance for a 1 km length of cable = 157.8 pF/m × 
                                                                                   = 157.8 nF   or   0.1578 μF

(b) Charging current, I =  
                                                                                  = 4.957 A

(c) Power loss = 
                                               = 1239 W

6.  A concentric cable operates at 200 kV and 50 Hz. The maximum electric field strength within 
    the cable is not to exceed 5MV/m. Determine (a) the radius of the core and the inner radius of the 
    sheath for ideal operation, and (b) the stress on the dielectric at the surface of the core and at the 
    inner surface of the sheath.

    (a) For ideal operation, the core radius, a, is given by:
  [image: E4758815]
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Exercise 168, Page 706

1.  Two parallel wires, each of diameter 5.0 mm are uniformly spaced in air at a distance of 40 mm 
     between centres. Determine the capacitance of a 500 m run of the line.

Capacitance per metre length, C, of an isolated twin line is given by:


          C =    since   = 1 for air

                             = 10.028 

For a 500 m run of line, capacitance, C = 500 10.028  = 5.014 nF

2.  A single-phase circuit is comprised of two parallel conductors each of radius 5.0 mm and spaced 
     1.5 m apart in air. The p.d. between the conductors is 20 kV at 50 Hz, Determine (a) the 
     capacitance per metre length of the conductors, and (b) the charging current per kilometre run.



(a) Capacitance per metre length, C =    since for air and 1.5 m 
                                                                                                                                       = 1500 mm
                                                                              = 4.875 pF


(b) Charging current per metre length, I = 

                                                                                                          = 30.63 × A



     Hence, charging current per km length = 30.63 ××= 30.63 mA 


3.  The capacitance of a 300 m length of an isolated twin line is 1522 pF. The line comprises two air 
     conductors which are spaced 1200 mm between centres. Determine the diameter of each 
     conductor.

[image: AC42D3C]
[image: E4FCD2AA]


4.  An isolated twin line is comprised of two air-insulated conductors, each of radius 8.0 mm, which 

     are spaced 1.60 m apart. The voltage between the lines is 7 kV at a frequency of 50 Hz. 

     Determine for a 1 km length (a) the line capacitance, (b) the value of the charge carried by each 

     wire, and (c) the charging current.



(a) Capacitance per kilometre length, C =  = 5.248 nF


(b) Charge, Q = CV =  = 36.74 μC

(c) Charging current per km length, I = 
                                                                                                          = 11.54 mA


5.  The charging current for a 1 km run of isolated twin line is not to exceed 30 mA. The p.d. 
     between the lines is 20 kV at 50 Hz. If the line is air insulated and the conductors are spaced 
     1 mm apart, determine (a) the maximum value required for the capacitance per metre length, and 
     (b) the maximum diameter of each conductor.

         [image: EF606EA3]
[image: 18DA7E14]
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Exercise 169, Page 708

1.  Determine the energy stored in a 5000 pF capacitor when charged to 800 V and the average 
     power developed if this energy is dissipated in 20 s.


Energy stored in capacitor, J   or   1.6 mJ

Average power developed = = 80 W

2.  A 0.25 F capacitor is required to store 2 J of energy. Determine the p.d. to which the capacitor 
    must be charged.


Energy stored, 

from which,   p.d., V =  = 4000 V   or   4 kV   

3.  A capacitor is charged with 6 mC. If the energy stored is 1.5 J determine (a) the voltage across 
    the plates, and (b) the capacitance of the capacitor.

[image: 4E05D142]




4.  After a capacitor is connected across a 250 V d.c. supply the charge is 5 μC. Determine (a) the 

    capacitance, and (b) the energy stored.



(a) Since Q = CV   then   capacitance, C =  = 20 nF


 (b) Energy stored,  = = 0.625 mJ   or   625 μJ


5.  A capacitor consisting of two metal plates each of area 100  and spaced 0.1 mm apart in air 
    is connected across a 200 V supply. Determine (a) the electric flux density, (b) the potential 
    gradient and (c) the energy stored in the capacitor.
  [image: 84B32221]
[image: 71EAE1AE]

6.  A mica capacitor is to be constructed to have a capacitance of 0.05 F and to have a steady 
    working potential of 2 kV maximum. Allowing a safe value of field stress of 20 MV/m, 
    determine (a) the required thickness of the mica dielectric, (b) the area of plate require dif the 
    relative permmittivity of the mica is 5, (c) the maximum energy stored by the capacitor, and 
    (d) the average power developed if this energy is dissipated in 25 s.

 (a) Field stress, E = , from which, 

     thickness of mica dielectric, d = = 0.1 mm

(b) Capacitance, C = 


     Hence, cross-sectional area of plate, A =  = 0.113 

(c) Maximum energy stored,  = 0.1 J

(d) Average power dissipated =  = 4000 W   or   4 kW

7.  A 500 pF capacitor is charged to a p.d. of 100 V. The dielectric has a cross-sectional area of 

    200  and a relative permittivity of 2.4. Determine the energy stored per cubic metre in the 
    dielectric.

[image: 68D6C9D7]
       and
   [image: 9D52E9EC]

8.  Two parallel plates each having dimensions 30 mm by 50 mm are spaced 8 mm apart in air. If a 

     voltage of 40 kV is applied across the plates determine the energy stored in the electric field.



Capacitance, C =  = 1.6594 pF


Energy stored,  = = 1.328 mJ  
Exercise 170, Page 712

1.  A coaxial cable has an inner core of radius 0.8 mm and an outer sheath of internal radius 
    4.8 mm. Determine the inductance of 25 m of the cable. Assume that the relative permeability of 
    the material used is 1.

Inductance of a concentric cable per metre length,

             L =   

Hence, for a 25 m length, inductance =  = 10.2 H

2.  A concentric cable has a core 12 mm diameter and a sheath 40 mm diameter, the sheath having 
    negligible thickness. Determine the inductance and the capacitance of the cable per metre 
    assuming nonmagnetic materials and a dielectric of relative permittivity 3.2.

Inductance of a concentric cable per metre length,
[image: DE75E8FD]

Capacitance of a concentric cable per metre length,
[image: 786A2DA]

3.  A concentric cable has an inner sheath radius of 4.0 cm. The inductance of the cable is 

     0.5 μH/m. Ignoring inductance due to internal linkages, determine the radius of the core. Assume 

     that the relative permeability of the material is unity.



Inductance per metre length = 


i.e.                          


from which,             



i.e.                                        and     a = 


and    core radius, a == 0.328 cm = 3.28 mm


4.  The inductance of a concentric cable of core radius 8 mm and inner sheath radius of 35 mm is 
     measured as 2.0 mH. Determine (a) the length of the cable, and (b) the capacitance of the cable. 
     Assume that nonmagnetic materials are used and the relative permittivity of the dielectric is 2.5.

 [image: EE032113]

[image: 90313FF8]






Exercise 171, Page 714

1.  A single-phase power line comprises two conductors each with a radius of 15 mm and spaced 
     1.8 m apart in air. Determine the inductance per metre length, ignoring internal linkages and 

     assuming the relative permeability, = 1


Inductance =  = 1.915 μH/m


2.  Determine (a) the loop inductance, and (b) the capacitance of 500 m length of single-phase twin 
     line having conductors of diameter 8 mm and spaced 60 mm apart in air.

   (a) Loop inductance, L, is given by:

[image: 31350F99]

   (b) Capacitance, C, is given by:
         [image: 29D9C0C6]

3.  An isolated twin power line has conductors 7.5 mm radius. Determine the distance between 
    centres if the total loop inductance of 1 km of the line is 1.95 mH.

          Loop inductance, L, is given by:
[image: D770D0C4]
   [image: 470CB1F5]



4.  An isolated twin line has conductors of diameter metres and spaced D millimetres apart 

     in air. Derive an expression for the total loop inductance L of the line per metre length.



Total loop inductance, L =      For proof of this formula, see pages 588 and 589 of 
                                                                                                                                                 textbook




For air, = 1, distance apart of conductors = D × m, radius of each conductor = 


Hence, total loop inductance, L =  =          
                   


         

5.  A single-phase power line comprises two conductors spaced 2 m apart in air. The loop 
    inductance of 2 km of the line is measured as 3.65 mH. Determine the diameter of the   
    conductors.

        Loop inductance, L, is given by:
[image: B79A772]
   [image: 6806ECCB]











Exercise 172, Page 717

1.  Determine the value of the energy stored when a current of 120 mA flows in a coil of 500 mH. 
     What value of current is required to double the energy stored?


Energy stored in coil,  = 3.6 mJ

If the energy is doubled, then 

from which, current,    or   169.7 mA

2.  A moving-coil instrument has two airgaps each 2.5 mm long and having a cross-sectional area of 

    8.0 . Determine the total energy stored in the magnetic field of the airgaps if the flux density 
    is 100 mT.

      Energy stored,
[image: 337C82DE]


3.  Determine the flux density of a uniform magnetic field if it is to have the same energy as that 
    established by a uniform electric field of strength 45 V/m. Assume the relative permeability of 
    the magnetic field and the relative permittivity of the electric field are both unity.


Energy stored in electric field, 


                                                        =  = 

Energy stored in magnetic field, 

Hence, if                     = 8960.625

then flux density, B =  = 0.15 T



4.  A long single core concentric cable has inner and outer conductors of diameters and 
    respectively. The conductors each carry a current of I amperes but in opposite directions. If the 
    relative permeability of the material is unity and the inductance due to internal linkages is 
    negligible, show that the magnetic energy stored in a 4 m length of the cable is given by:

                                                               joules

Inductance of concentric cables, ignoring flux linkages, 

                                              L =  H/m


Magnetic energy stored,  =  J/m

For a 4 m length of the cable, energy stored = 

                                                                        =  joules

5.  1 mJ of energy is stored in a uniform magnetic field having dimensions 20 mm by 10 mm by 
     1.0 mm. Determine for the field (a) the flux density, and (b) the magnetic field strength.

[image: 1251947]

              Hence, 
        [image: F3253F0A]
              Hence,
         [image: FF3499ED]
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(b) In the side view of the plates shown in Fig. 155, RS is the medial line of
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Figure 155
The field may thus be divided into four separate symmetrical parts. Con-

sidering just the top left part of the field, the field plot is estimated as follows,
with reference to Fig. 156:
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potential between that of the plate and that of the medial equipotential
XO. F is not taken too far since it is difficult to estimate. Point E will
lie slightly closer to point Z than point O.

(ii) Estimate the positions of intermediate equipotentials GH and 1J.

. ) o 1.5 |
(iii) All the equipotential lines plotted are Vi i.e. 0.375 mm apart. Thus a

series of streamlines, cutting the equipotentials at right angles, are drawn,
the streamlines being spaced 0.375 mm apart, with the object of forming,
as far as possible, curvilinear squares.
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Figure 156
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image10.png
It may be necessary to erase the equipotentials and redraw them to fit
the lines of force. The field between the plates is almost uniform, giving
a field plot of true squares in this region. At the corner of the plates the
squares are smaller, this indicating a great stress in this region. On the
top of the plate the squares become very large, indicating that the main
field exists between the plates.
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image121.png
(a) Energy stored,

W, = —J/m
2y
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BZ
\2(47 x 10" ) m

1xz@*1—{ )('ﬂi}x}(}xl(}xﬂ}“ 3

1.e.
1072 = B? (0.0795775)
from which. flux density,

i 1 -3
B= ;'( 0 ) ~0.112T
\ \0.0795775

(b) Energy stored in a magnetic field,

| ,
Wy == poH 2 J/m?®

s
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image11.png
The number of parallel squares measured along each equipotential is
about 18 in this case and the number of series squares measured
along each line of force is 4. Thus, for the plates shown in Fig. 155,
m=2x18=36and n=2 x 4 = 8. Since x is 6 mm,

36
total capacitance = gge,x o (8.85 x 107 1%)(2.5) (8,886)<~é~)
1

= 0.60 pF
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image14.png
(a) For a concentric cable, capacitance per metre length,

e 27(8.85 x 107'H(2.5 o -,
C - 2Tty _ 2E(8:85 X VC3) 151715 x 10-12 F

b ( 109;‘2,}
In - In .
 40/2 /
Hence for a 1 km length of the cable,

capacitance, C = (1000)(151.715 x 1071%)
= 0.1517 pgF or 151.7nF
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At a radrus of 30 mm.

50 x 103 o
E = x 10 o= 1819 10°V/m or 1819 MV/m
(30 x 107%)in{ )
- \20/
At a radius of 40 mm.
50 x 103 |
E= = ~ 1364 x 10°V/m or 1.364 MV/m

(40 x 107 3In 2.3
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Plate Plate
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image32.png
V. 200x10°V

= —=004m or 40mm
E... 5x10°V/m

and the inner sheath radius, 5 = eq = 2.718a = (2.718)(40) = 108.7 mm
(b) The stress on the dielectric at the surface of the core is a maximum given by
equation (9},
E_ = ?’éz 200 x ii};}g?
aln— (40 x i%‘s}m(—-—-——;—>
a 40

=5x10°V/m or S5MV/m

The stress on the dielectric on the inner surface of the sheath is 2 minimum
given by equation (9'),

V 200 x 10°
E.: = 8>X

e b 8.7
bin— 108.7 x 1073 23(%)

W

=184 x 105V/m or 1.84MV/m




image33.jpeg
7. A concentric cable has a core radius of 20 mm and a sheath inner radius of 40 mm. The
permittivity of the dielectric is 2.5. Using two equipotential surfaces within the dielectric,
determine the capacitance of the cable per metre length by the method of curvilinear squares.

Draw the field plot for the cable.

The field plot consists of radial lines of force dividing the cable cross-section into
a number of sectors, the lines of force cutting the equipotential surfaces at right
angles. Since two equipotential surfaces are required in the dielectric, three
capacitors in series are found in each sector of 8 radians. In Fig. 157, 7, = 20 mm
and r, = 40 mm.

From equation (13), page 564,

from which,

3=In2 and f= —ljln 2 =0.23105rad

Thus the number of sectors in the plot shown in Fig. 157 is

2n -~
023105

The two equipotential lines are shown in Fig. 157 at radii r, and ;. From
equation (13),
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image35.png
from which.
ry = r;e*? = 202923195 = 31 75 mm

and

oy
o
[%)

&
f
|

-y

from which,
Fa = Tiee = 2@9{3'23185 = 25.29 mm
Thus the field plot is as shown in Fig 157.

Capacitance, C, is given by:
Fidd
C = gy8,x —
o

The number of parallel squares along each equipotential, m = 27.2 and the number
of series squares measured along each line of force, » = 3. Thus the capacitance

per metre length of cable,
272

C= ggs,xz = (385 x 1073 25) (1) 5=

=200.6 x 1071*F

" or 200.6 pF

(Checking, using equation (7),
27eee,  27(8.85 x 1071325
= = ) = 200.6 pF)

Elrc
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image44.png
The capacitance of an isolated twin line,

TEGE,

C= F/m
In—
a
For a 300 m length of twin line,
C= 300?3898,.F
D
In —
a
Hence
7(8.85 x 10713 (1
159 « 10-13____39&‘(8 5x 1079

(m&)
In
a

where a = radius of each conductor in mm

( 12{}(3) 3007(8.85)
In =

, = 5.480242
1522

.
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Thus

12@6 . ,5.480242
—=e
a
and radius,
1200 |
— - _ 1 ~5.480242 __

e

Hence the diameter of each conductor = 2 x 5.0 = 10 mm
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image49.png
(a) Charging current

from which, capacitance,
Co I _ 30 x 1073
oV (2r50)(20 x 10%)
= 4775 x 107° F/km

F for a 1000 m length of line

Hence the maximum required value of capacitance per metre length
_ 4775 % 1077
1000
=4775 x 1071*F or 4.775pF
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(b) Capacitance of an isolated twin line,

pl

ﬁg{}f}'

™

C =

&

In —
24

Hence
4775 % 1012 = n{8.85 x 107 )(1)
‘ <1oc}o)

Inf —

¥

a ;
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where a = radius of each conductor in mm, and

/1000 7(8.85
m( o0 = ( }= 5.82264
a 4775
1000 ...,
=3 82264

a
and radius.
1000

_ - o~ 5.82264 _ 5 Q%

a

Hence the diameter of each conductor = 2 x 2.9598 = 5.92 mm
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