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' In the rural areas of our country, loads are
very small, and scattered not justifying 3-phase supply on
economic grounds. The use of less costly single phase earth
return system is advocated herein, for such areas where the
immediate and future load demands are very small. The problems
involved in the use of earth as return conductor are analysed
in detail. . The model tests are conducted to study the
interference with neighbouring communication lines, the gradient
problem and to explore the memns of reducing surface poten-
tials near the earth electrode, Fleld tests help to check the
results obtained by analytical and model methods, A simple
protective scheme is devised to provide protection against
high resistance earth faults on such lines. A simple static
over voltage relay 1s developed to prevent build up of
hagzardous potentials near the earth eiqctrodes, The need to
make avallable single phase motors required In the rural
areas &bt reasonable cost, and the use of existing 3 phase
motors on single phase supply in conjuction with a capacitor or
through phase converter 1is strongly advocated. The cost of the
3 phase transmission system and the single phase earth return
system 18 worked out to show the saving in capital investment

by use of the single phase earth return system,
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NTRODUCTIO

!

The extent of rural electrification in India
may be seen from the fact that although 80 percent of the
population is in villages, less than 8 percent of the
villages are electrified. Finance.constitutes the major
difficulty in extending the benefits of electricity to
the rural population. Economies in the initial invest~
ment costs with regard to rural distribution systems
are necegsary in view of the fact that the net return on
such schemes 1is small and in m any instances they have
to be subsidised by the State. In the rmiral areas of our
country, loads are small and 1solafed, not justifying
three phase supply on economnic groﬁnds. While ways and
means have been adopted to overcome the excessive cost,
the cost reduction in the existing supply has usually not
been effective, Moreover, most of the loads in these
areas need only single phase supply. Under these cir-
cumgtances, 1t is thought prudent to investigate the
apparently less constly single phase earth return system
which does away with cross arms, one metallic conductér

and its associated insulation.

Schematic dlagram of the single phase earth
return system suggested is i1llustrated in Figure 1.

The entire electrification of such aréas except the
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final distribution stage, canﬁbe done by a single phase
single conductor line using ground as return and taking
powey from high voltage substation of a standard 3-phase
circuit. The single phase isolating transformer isolatés,
the single phase earth return system from the 3-phase
system. The final distribution is done by complete
metallic ecircuit, consisting of three wire supply to the
consumers, giving the advantage of two voltages, 220

and 440 volts for domestiec and motor loads corresponding

to the present three phase four wire system,

The idea of using ground return for power
lines is not a new one. Trial installation of the single
phage single wire earth return systems were placed in
service in 1950 by New Zealand(l). In the province of
Manitoba in Canada hundreds of miles of rural lines had
been installed using ground.as return path. In the
U.S.S.R.(Z) the use of ground as third conductor in
three phase transmission is widely appllied in 10 XV,

35 KV transmission net work. In India, Bihar and
Maharashtra State Electricity Board have installed, as
an experimental measure, 11 KV single phase single wire
line, Althéugh this system 1s used in many countries
and is in experimental stage in some other countries,
no information is avallable regarding the protective
arrangements made and equipment used for the purpose.

Moreover, the problems involved in the use of this



system have not yet been‘gnalysed completely. In this
dissertation, the problems involved in the use of single
phase earth return systems with particular reference to
the conditiens existing in India,'have been studled in
detall.

The earth has been used as a conductor for
ealectric currents since the very beginning of electrical
engineering practice. But due to the following difficu-
lties, the use of earth return for power lines has not
been adopted as a general practice 3 -

(1) Hazards due to the building up of voltage at the
ground terminel due to high earth resistance of
the terminal, .
(2) Interference with communication circuits using
'~ ground return,
(3) Difficulties in relaying.

It is of primary importance to see that the potential
rise oﬁer the ground‘surfaco is not excessive and that
life of humﬁn being and'animals is noé endangered by
such potential rises, The building up of the voltage
at the ground terminal'cén be kept sufficiently low by
obtaining suitable value of low earth resistance which

is ' the root cause of the wvoltage gradients,

Interference with communication circuits using

ground return has been one of the most effective argu-~



ments against using a ground return for power lines,
However, when the matter is viewed more realistically,
it would be found that the interference problem is
relatively less significant.

The model tests have been conducted in the
wooden electrolytic tank for determining the voltage
gradient patterns due to different configuration éf the
grounding electrode and for studying the mutual inte-
ference with neighbouring communication line, Field
tests have been conducted on the experimental single
phase single wire line to establish the theoriticsl
investigations as well as to check the results obtained

from model tests,-

This system can be protected for overcurrent,
and fusing or tripping would occur depending on the
fuse/relay setting and the nature of the severity of
fault, This system can be protected against high
resistant earth fault, by superimposing d.c. on singlé
phase a,.c, with the circuitry such that d.c. would
normally remain open circuited, but in case of ground
fault path of the current would be completed through
tho‘fault and the d.c. would actuate a relay which in
turn would operate a breaker. A simple static over-
voltage relay haé been designed and developed in the
laboratory to provide protection against hazardous

voltage gradients,



Before implication of the scheme to the rural
area, load exlsting in that area needs a thorough
investigation. The use of the single phase system
however seems to be handicapped because of non-
avallability of indegenous single phase motors of
rating more than 2-3 H.P. The practical possibility
of operating 3-phase induction motor, with proper
phase conversion unit, on single phase supply is
discussed in detail., A cost comparison of 3-phase And
single phase single wire transmission has been worked

out to show the savings in initial investment,
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BASIC CORSIDERATIONS

2.1 THE BEHAVIOUR OF CURRENTS FLOWING IN THE EARTH

The earth is a body of three dimensions and therefore
the beautiful simplicity of the linear wires by which elsctriec
currents usually are directed is lest, In the earth the current
spreads out in the entire space, and it 1ls necessary to follow

their path in order o analyse thelr performance in the underground

2.1.1 PATH OF THE EARTH RETURN CURRENT

According to "Rudenberg(4)", the flow of earth
return current between two electrodes occurs in form of stream
lines radiating in space from the electrode. This behaviour is
particularly true in caSevof dec. But in case of é.c. the distri-
bution is modified due to the inductive effect of the magnetic
field, except very near the electrodes, where local resistance
dominates. Further when the earth is used as a part of an
alternating current circuit, the current seeks in the ground a
path with minimum.impedance. Hence a.c, return current through
ground does not spread to as great distance as does d.c. but
concentrates on path in closer proximity of the overhead line
itself.

If the current carrying conductor is arranged not
in straight line but irregularly, the return currents do not
flow back through the shortest path between the ground electrodesg
but always follow the trace of the conductor. By magnetic linkage
with the conductor currents, they are attracted towards the line
and cannot fringe out extensively. It indicates that ground
currents do not spread out traversly through the territory in-
festing the earth over vast distance, but that they always follow
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the path of the transmission line with all its detou;s.
The ground path of the current has also a finite cross section,
which inereases if the resistivity of the soll is decreasing

or if the fréquency of the current is decreasing.

2.1.2 Current Density

According to ''Rudemberg'' the current density at
any point on the surface of the ground at a horizontal distance
y from the conductor 1is given by‘

igﬁg—- I Ho (J-J IW)* oao.ooooc.--.oo(2¢1)

where
I = Current in amperes car}ied by the conductor
Ho = Bessel functlon of zero order
K = Jorx10'%
$ = Resistivity of the earth in ohm meters.

we 2ugf

The amplitude of the current density, as given by
equation (2.1) 1is plotted as shown in figure 2.1. It is evident
from the figure that the current density at the eartht!'s surface
is meximum Just underneath the power line and goes on decreasing

as the distance from the power line inereases.

2.2 IMPEDANCE OF EARTH RETURN PATH

The problem has besn considered by many investigators -
and a number of different solutions are avallable which, however,
.usually give similar numerical results for earth impedance.
Since a consideration of each of these in detall would be too
lengthy, 1t has been decided to give one in detail, that due to

*See Appendix I.



! '"Rudenberg'' which have been found to be reasonably accuraté
and the methods due to the others are beiefly indicated.
For determining resistance and reactance of the
ground return path t ‘Rudenberg'!' assumess
(1) the conductor to be placed at the centre of a
o hollowed cylindrical depression in the earth
surface of radius equal to the height of the
conduptor above ground.

(2) the earth has uniform resistivity.

2.2.1 Resistance of earth return Path

A According to ''Rudenberg'' the effective resistance
of the ground return current path is given by

R = vof x 106#;hms/kilometer * e (2.2)

It is interesting to note that the resistance of
the earth return path is independant of the resistivity of the
earth. This paradox is explained by the fact that at high
resistivity the current spreads out over & large area and at

low resistivity is reStrlcged to an area near to the conductoT.

Iabla = X1
Frequency, f 25 60 150 CpBs.
Ground Resistance,R 0.025 0.056 0.15 Ohmﬂ(m.
Diameter of retumm
eonductor, d 3.01 2.13 1.23 Cms .
Depth of return
Path, D 1130 800 460 Meters.

Table I gives the return paths resistance R in ohms

*Saa Annandivxy I.

a
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ver kilometer for various frequencies; and the diameter of a
copper wire is indicated, which has the same resistance as the
ground return. Hence the ground replaces for power currents

of 80 cps., a return conductor of about 20 mm. in dlameter,

In addition to the reéistanae, the ground currents
experience a substantial self inductance. According to
"Rudenberg” the self induetance of the earth return path is
glven by _ _— *

51 -7
L=2 xlog ( 0.178 \} §x10 ) xio ‘
, e h £ ,
Henriesm. eww (263)

where h = helght of the conductor above the ground.

For h = 10 meters. = 100 ohm meters and £ = 50 e¢/s
the reactsnce of the ground return path works out to be
nearly 0.28 ohm/km. _

The self inductance as given by the above equation,
1s proportional to length of the line, depends slightly on the
height of the conductor above the ground and to an even lesser
degree on resistivity and frequency, these being under the
logarithm of a‘square'root. The self inductance of a fictitious
conductor of dlameter, 4, and depth, D, under the surface, the
ohmie and inductive effect of which may be taken,equiyalent to
those of ground return can bo.calculated, By comparison of the
above equation with the self inductance of such an ideal return
system, the equivalent depth can be calculated. The values of
the equivalent depth, D, are shown in last row of the Table- I,
2.2.3 Ihegrltical work of other invegtigators
Bresig's Theory

' “Bresig"(sasés the method of the energy of the

* §See Appendix I.



magnetic field to deduce self inductance and mutual inductance
coefficient of an earth return. He considers the conductor

as surrounded on all sides by the earth, but the conductor takmn
as of finite length. The inductance so caleculated should be too
.low on account of the overestimate of the accumulation of the

aerical field by the assumption of earth on all sides.

Bollaczek's Theory‘®?

' He makes somewhat the same assumption as ''Rudenberg'’
but takes the earth as a seml-infinite solid and the wire parallel
to the surface and applles boundry conditions. He assumes that

the electric force and currant flow are parallel to wire and
uniform, and that the height of the line is small compared with _
other quantitles. He obtalns a Bessels differentlial equation, as

' 'Rudenberg’'', but develops some of the formulae by means of series

integrals.

Mavr's Theory
~ He deals only with mutual inductance of earth currents,

not self inductance. He assumes that the earth is a conducting
stratum 300-500 meters in thlckness, with a perfect dlelectric
of unit permeabllity and specific inductive capacity above end
below.
Larson's Theory

He obtains a solution by means of periodic functions
and Fourler inteprals. With ''Rudenberg'' and !''Pollasczek'' he
assumes that the electric force is parallel to the line conductor
and that the earth is a semi-infinite solid with finite conductivity
He determines the unknown functions by means or_the conditions
that at the surface of the earth both the magnetic field due to

line and due to earth currents are continuous. His treatment



differs from ''Pollaczek'' only in the form of functions usede.
Each of these investigators has considered the
surrounding medium (the earth) to be homogeneous and of uniforh
finite conductivity. The permesbility of the earth and air is
taken as unity, and dielectric constants are not taken into

account.

2.3 EARTH RESISTANCE

For the transfer of power through the earth, it is
necessary to have ground electrodes, at each end of the line,
through which the current 1s conveyed to the earth. The resistance
of the grounding electrodes constitutes the major part of the
total resistance. As a matter of fact when we measure the earth
resistance of an earth~electrode by the usual method of an earth=-
tester we éctually measures

(1) ' The resistance of the conductor connecting the earth
electrode toc the system.

(2) The contaect resistance between the surface of the

) electrode and the main body of the earth,

(3) The resistance of the body of earth immediately

surrounding the electrode.

The resistance of the conductor is a normal conductor
resistance and can be dealth with separately. The contact resistanc
has been found to be negligibly small, and the main pert of any
electrode resistance is that of the body of the earth surrounding

the electrode.

2¢3.1 General Earth Electrode

In order to examine the nature of an earth resistance,

consider the simple form of an electrode l.e. 2 hemispherical
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electrode. Suppose a eurrent I 1is flowing into the earth
through the hemispherical electrode. It will flow awﬁy in

all directions and, if the return electrode is long wvay

awvay, 1t will flow in all directions. So 1t can be considered
that the current is flowing in a series of concentric spherical
shells of which one is shown in the Fig. 2.2 These shells

are all in serles and, as the distance from the electrode is
inereased, ﬁhe total resistance is increased but the cross-
section of the shell is increasing, so that the elements of
increase in resistance becomes gradually less. ‘

If an individual shell at a radius x, has a
thickness of dx, then the resistance of 4R of the element
is ‘

a8 = & 2w

2 x?

and the total resistance upto a distance r, is

T ax - 1 1
= g IZE = £ - =) (2.5
r 2 T x 2T - r r
1
the total resistance, 1.e. the resistance uplto ry =o° is
R = § - (2. &
2mr

From the above equation it 1s evident that the
resistivity of the soll is one factor, which mainly contributes
to the resistance of the electrode and the size and shape are

also important,
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2.32. - igt t

The electrical propertisess of the soll in themselves
are of interest and important, particularly, the specifie
resistivity,Earth resistivity 1s generally expressed in ohm
meters. The resistivity of a particular material, expressed
in terms of this unit, is equal to the resistance in ohms

between opposite faces of a one meter cubic of that material,

The electric conductivity of the material consti-
tuting the earth surface is very 1ow,'compared with, the high
conduetivity of the metals. Two main constituents of the earth
are Silicon oxide and Aluminium oxide. Actually both of them
are excellent insulators. On the other hand, even a semiconductor
may carry a considerable amount of current if only the cross
section is large enough and in this respect the earth by its
great depth presents no limitation., The main facetors which
determine the resistivity of the soll are s

(1) the composition of soil i.e. geological strata.

{2) the moisture content in the soil. |

(3) the temperature of the soil.

(4) the mechanical composiﬁion of soil.

2.3.2.1 ‘ t the t

The type or(ggil 1s very important in determining
the earth resistivity « Attompts have been made to e?§§elate
the resistivity with the geological age of the strata .
Although olden materilals in general has higher resistivity,

many exceptions were found. In the actual strata under the
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surface, loam, clay and lime stone usually have lower resisti-
vity, sandy and rocky material have higher resistivity.
Some typical values of resistivity of some soils

are 1
~ZABLE J1Z

Iype of Soil Besigtivity in ohm m,
Loam, garden soils etc. 5 « 850
Clay ' 8 - 50
Hard Clay 50 =150
Chalk 80 =140
Marsh ) 2e2 =27
Clay, sand and gravel mixtures 40 -2850
Sand and Gravel 60 <100
Slates, Shale, Sand Stone etec, 100 -SDOA
Crystaline rocks 200 -10000

2.2.2.3 The Mojsture Content of the Soil

The amount of water present in the soll is a major
factor in determining the earth-resistivity.Experiments have
proved (7), that even a trace of moisture in a sample of dry
soll has a considerable effect in reducing the soil resistance.
The manner in which the resistivity of soill varies with the
moisture content 1s illustrated in Fig. 2.3. It wlll be
notified that the resistivity at first, falls rapidly as
moisture content is increased but after a value of 14 -15 per

cent the rate of decrease becomes much lesse.

2e3e2e3 fogt of t Concentration
As a matter of fact, the water alone without the
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presence of salt 4s a poor conductor,The resistivity of the
water and that of soll is governed by the smount of salts
dissolved in it, (FPig.2.4).

From the figure it can be seen that the resistivity

of the soil decreases with added salt concentration,
23244 ect Temper e

The temperature of the soil has an appreciable
effect on resistivity especially when temperature falls below
freezing point. Fig. 2.5 indicates that the resistance increases
sharply as the temperature goes down, but smooths out as the

temperature rises,.

2.32.5

Figures are not available to show the effect of the
mechanical composition of the soil in neighbourhood of the
electrodess but in general the finer the grading, lower will
be the resistance. Course grading does not provide for the
retention of the same amount of moisture as is possible with
finer materials, and this probably aecounts for the high
resistivity.

2.32.6

Seasonal wvariations also affect the so0ll resistivity
a loty firstly due to temperature variations and secondly due
to rain i.e. increase in mdsture content of the scll. During
the rains the soll resistance is very small.lt 1s not possible
to allocate a definite value of resistivity to a given type of
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soil, as this varies with the location in which the soil 1is
found. Furthermore the resistivity can change very rapldly
with location, due partly to change of moisture content and
partly to change in type of soll.

2.,3.3 CRITICAL REVIEW OF THE DIFFERENT GROUNDING ARRANGEMENTS .

Effective ground connection 1s the key to the
successful operation of earth vyveturn for continuous flow of
the current., And selection of the proper grounding electrodes
45 of prime importance to provide. the effective ground connec-
tion.

The easrth-electrodes which are generally used for

grounding are 3

(1) Driven rods or pipes

(2) Plate Electrodes

(3) Strips | _

(4) Buried Straight horizontal Wires,
2.3.3.1 en Rods =)

From the practical view point, where conditions
are satisfactory, the most sultable form of electrode is the
driven rod or pipe. The resistance of a single driven rod or
pipe 18 given in the Table III. Curves calculated from the
equation for the resistance of single driven rod gilven in Table
IIY are given in Pig.2.6. For rods of different diameters
and for a specific resistance of 100 ohm-meters, These curves
show that an increase in length has a much greater effect.The

best length of rod to use is determined by the nature of the
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g80il among other factors. If for instance, specific resistance
tests indicate that there is an underlying stratum of lower
resistivity a rod long enough to reach this should be used,

go that denefit of lower resistivily can be obtained.

The practical advantages of driven rods over other

forms of electrode may be summarised as followgs—

1) The low cost of driven rods vhen compared with
other electrodes.

2) Where the surface soil is sandy, or where the
permanent moisture is at s considerable depth,
rods can be driven to much a depth as will
result in tooc much reduetion in resistance.

3) Seasonal variations are very much less with deep
rods than with burled electrodes as such rods
will be unaffected by drying out of the soil in
sumner or freezing in winter.

4) If artificlal treatment with a salt solution is
considered necessary, the process is simpler with
earth rods than with any other eleetrode.

5) Quite a number of electrodes can be driven for
the cost of single earth plate, giving for the
sam® cost much lower earth-resistance.

6) The comnexion between the earth-rod and the
conductor to which 1t is coupled can be quite
simple and can be easlily Inspected and where
necessary can be replaced,

23632, t trode:
The second type of earth electrode is the
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burid plate.This was the earliest form of earth electrode
to be used.In the past considerable use has been made of

buried plates of 3' x 3' ,The resistance to earth of the

buried vertical plate i1s indlcated in Table III.

Earth plates, due to the followlng draw-backs,
are being possibly replaced by driven rods.

1) Cost of burying the plate is high.

2) The connection between the earth plate and the
conductor to which it is connected cannot be
quite easily inspected,and 1s also susceptible
to corrosion,

3) Seasonal variations are much as compared to the

driven rods.

2.3.3.3 Strip Electrode: |
These electrodes,if in the form of strips are

usually made from copper having section not less than 1% x _1"

which 15 preferably untined, 16
£.3.3.4 PBurjed Straight Horizontal Wire:

In many situations,where it is desirable to
obtain a ground of low resistance,it may be convenient to 1hsta11
a buried wire ground either by ploughing or hand trenching.
Especially where rock 1s present under the surface,the only
solution i1s to use a horizontal wire buried at the required
depth. Curves calculated from the equation for the resistance
of buried horizontal wire given in Table III are shown in
fig.2.7. These curves show that the depth of burisl has little
effect on resistance.lt is necessary to bury only deep enough
to prevent theft.,

1y
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2.3:3.5 Ground Electrode Material

Copper is by far the most common metal used’
for ground grid conductors, at least in the United Statessls)
Copper and steel is usually used for grounding rods.Copper
in addition to its high conductivity, has the advantage of
freedom from under-ground corrosion, since it is cathodic with

respect to other metals likely to be buried in the vicinity.

But in our ecountry use of copprer electrodes
is a costly affair dAue to shortage of the metal ,Many utili-
tlies have reported the guccessful use of steel as material
for ground rods and ground gride conductors. But it often
requlires some form of cathodic protection often in combination
with galvanizing of the steel or use of corrosion resistant

steel. :
Less fregquently, aluminium has been used

for grounding electrode.in such cases the relativity high
purity elesctric conductor grade 1s more satisfactory than
most alloys. Use of aluminium, like use 6f steel avolds con-
tributing to the corrosion of the underground pipes etc.
However, the aluminium itself may corrode in certain solls.
Alternating current corrosion of aluminium may also be a
problem under some conditions, Hence, aluminium should be
uged after full investigations of the prodblem,however, it

1s beyond the scope of the dissertation topilc.

234 age dr he

Assuming a single driven rod is used as ground
slectrode the voltage drop in the ground can be caleculated

azg follows =



‘z1

For a length of ground rod- 10' dismeter 1"
and earth resistivity = 100 ohm. meter, the resistance due
to ground elsctrode = 31 ohms, Let us take the length of
the line as 1 Kilometer, then earth resistance per kilometer
from Table 1 = 0,05 ohms., Earth reactance per kilometer =0.286
It can be seen that the resistance of ground 1s far greater onm:
than the impedance of the earth path.

Total impedance = 31 + 0.05 + J0O.285

= 31 ohms,
For a current of 10 ampheres, the voltage drop is
v =31 x 10 = 810 volts,

Hence for proving the voltage regulation, the <¢transmission
voltage would have to be stepped up. Howéver, the voltage drop
in the ground can be substantially reduced by reducing the
earth resigtance which iS'the root cause for the excessive

voltage drop.



2.4 THE GRADIENT PROBLEM

One of the natural effects of current flow through earth
electrode is that a voltage gradient is present on the surface of
the earth in neighbourhcod of the electrode. The f&ndamental
reason for this gradient is that the resistance of the electrode
is not concentrated at one voint but 1is distributed over the soll
in 1ts vieinity. However, the resistance of an earth electrode
is not in itself sufficient to characterize the performemce.

It only defines the overall pctential UO = RI which the passage
of current I produced in an electrode in relation to earth at a
greater distance. The potential U_ 1s the integral of all the
elemental Increases which are met with when following any path
from Infinity to the electrode. Practical interest attaches to
the potentlial between specific.points along this path which may
not be the electrode and infinity; In order to characterise the
electrode completely it is necesséry in practice to knaﬁ the distri-
bution or the 'map'® of the potential throughout the whole of the
surrounding ground, taking into account its natural and artificial
lack of homogenelty.

2e4.1 The simplest possible electrode 1s a sphere in the
ground which 1s symmetrical in all directions. It may be imbeded
in the ground or only the lower hemisphere. I1If a current I flows
through the hemisphere then the current density at distance x from
the centre of the electrode 1s given by

J = ;-2
2r x

This produces an electric field strength in the soil equal to

27 x
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From this equation it can be seen that a considerable potential
difference exists over a relatively short distance near the

earth electrode.

2 4.2 BEINGS. A

If a human being or animal 1s walking through such
a surface field of electric potentlial, the body diverts some
current from theé earth and this may be sufficient to result in
fatality. Actueally this factor is rather a difflcult to analyse,
as the danger to living belng depends on many clrcumstances.
The pathway that the current traverses in its passage, 1s of
extreme importence in deteimining the magnitude of the shock
hazard. If there are such vital organ as the brain the heart or
lungs in the current path eveh very small currents result in
fatalities. If there are no vital organs in the e¢nrrent path the
resulting injury is 1959. _A.very'common case 1s the flow of
current between 1limbs (hand to hand or hand tc foot in the case of
human beings) so that an important part of the current passes the
heart. Moreover the shock hazard depends on the current magnitude,
duration, wave forms frequency and phase of heart cycle at the
instant of shock. The last decade and helf have seen considerable
work done all over the world on the electric shock hagzard.
The following data, has been given by several authorities(lo’llflz)
regarding the physiological effects of shock in order of rising

current flow at 50 ¢/s.

k)

1 mA can be perceived

10 mA are painful, with a somewhat greater current

it becomes impossible to let go & firmly grasped electrod:
Unconsciousness may occur at 40 mA,

100 mA may give rise to a fatal accident if it permits



for one second or more - the regular functioning

of heart is disturbed, fibrillation starts and does

not recover by itself. A current of shorter duration

produces fibrillation only if it conicides with an

appropriate phase of the heart cycle. One or more

amperes ave less daengerous if epplied for a very

short period only =~ the fibrillation is cured immediately

after it starts, with longer duration, external and

oven internal burns may occur, If the current passes

th2 centre of respiration (at the base of the brain)

the respiration ma&y be disturbed.

Direct current i1s a 1little dangerous than 50 e¢/s

alternating currente.

High

from
A current Just
is the maximmum
numeraus tests
with man, this
The reslstance
1t varies from
few hundred to

frequency curfent 18 practically hammless aparf
the possibility of burns.

below the threshold for ventricular fibrillation
to which man safely may be subjected. Based upon
on animals of several speciles comparable in size
meximum current is about 0.1 amp at 50 ¢/s.

of the human b&dy 1s difficult to determine since
person to vperson. Body resistance can range from

several thousands of ohms. For all practical

purpose the body resistance is taken as 1000 ohms on an average.

Dry skin is a good insulator, but does not withstand high voltages.

With low contact resistance (e.ge wet hénds, wet shoes) less than

100 volts may cause deathe.

However, for all purpose of ascertaining the maximum

voltage that can be withstood by a living being, 0.l amp. 1s

taken as the maximum tolerable currente.



POTENTIAL AT THE SUKRFACE OF THE EARTH NE AR
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2.4.2.1 Step Voltage
The electrid fileld strength produced in the soil due

to current flow through the hemispherical earth electrode, as
given by equation 2.11, is plotted in Fig. 2.8. When a person

is walking on such a surface fleld of electric potential,poten=-
tial difference E step 1s shunted between two feet as shown
The current resulting from step voltage enters the body ¥ia one
foot and passes out through the other and may cause serious damage
This step voltage is given by the line integral of the elgctric
field strength over the width 8. This is with the use of equation
2.11.

X 4+ 8
Esa f e d4dx oco-¢--900(2o'12)
x '-\'\‘\
X + 8
SRR S ax
e X xa
fI
= . : ..tt‘t..(z.la)
2m X(x+=8)

At a distance x from the electrode, large compared with the
step width,

Es = 118 ...-o'onaoooooco‘('2.14)
2 W x2 '
decreases inversely to the square of the distance. In pro-

ximity to the electrode, the step voltage will rise to a

maximum as given for x = D/2 by

Es = 2 . . S S)I '01-00(2.15)
(L D( D+ 25 )

Where D = Diameter of the electrode.
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Thus the step voltage depends not only on the
ground current and the distance from the electrode, but
also on step width and resiétivity of the ground, and increases
with both these wvalues.

Actually the danger to living creature is not
dependent on the voltage but on the current. flowing through
body. This current depends substantially on the resistance
of the body itself, the magnitude of which is highly variably.
The maximum possible current develops if the internal body
resistance is amall compared with foot resistance on the

ground, The foot resistance is

r = f ....u....n(2.16)
27h
where b is the equivalent radius of the creatures
foot,
2ed.2.2 te olt fo u n

For a human being the equivalent radius of
foot is usunally 7 ems. on an average. The voltage drop
by the body ecurrent through the registance 2r due
to bhoth feet is given by the voltage taken over the
step width ) then the step voltage is

13 :
Es = 2r 1k( ) ..l'u.'....'.‘.(2‘17)
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Where 1k is the body current from 2.17

ik'—-z'ﬁg——' sesacsonse (2018)

Neglecting the body resistance, which gives the worst condition from
2
( .163 1k = ’—lh'—Es-—'- L I A R A N ) (2'19)

g ) .

As has been seen already, the maximum fibrillatlion current 1is
taken as 0,1 ampers &t 50 c¢/s. Hence 1f 3, = O.1.

Es = 10!1;1 L sersevssan (2-20)

For a value of earth resistivity = 100 ohm m and b = 7 cms.
Es = 46 volts | " '

Thus the voltage difference between the two feet of a man should

not be more than 46 volts. For other soil resistivities the

. voltage is directly proportional to the resistivity.

2.4.2.3 Safa step voltage for animals

In case of animals, step volfage is the potential difference
shunted between the fore and hind legs. The path of the current
due to step voltage for an animal involves vitai organs sueh as
heart and lungs and relatively small magnitude of_eurrent may
result in fatality.
For animals step voltage Es is given as

ESE—E%,;U Snosoerses (2.21)

Assuming the average radius of foot of animal as 4 cm
and earth resistivity = 100 ohm.m.

Es = W = 40 volts.

2.4.2.4 JIouch Voltage
Touch voltage 1s the potential difference shunted between
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one hand and the feet. It 1s denoted by Etouch. In general
this 1s the potential difference between the ground electrode
gnd points on the ground one meter distént. The'path;of the
current due to touch voltage involves such vital organis as
heart and lungs. Many fatalities of operating personnel haveq
occurred due to touch contact. In this case about half the

rasistance of a single foot is effective and Etouch = gﬁ%?‘e 238 volts.

2.4.3 DETERMINATION OF POTENTIAL GRADIENTS

In order to find out the step and touch voltages,
the potential distribution has to be determined. The potential
gradient in the vicinity of ground electrode can be determined
by :

Analytical Methods.

Model tests.

Fleld Testse.

2.4.3.1 Analytical Method
It is possible to compute potential gradlents for
simple electrodes in homogenous soll analytically.

The earth potential in volts at the surface of
distance y em. from a vertical ground rod or pipe of length
L is given by

- (14; o ‘
V(y) = -—2-5-1‘1-— sin W™l LA ? eess (2.22)

= ——-‘I—-———~ I.oge 0-2%-——— when Yy <L ssee (2.23)

= —-E-}yf——- when y >L eece (2.24)

Fig. 2.2 shows the curves which indicate the variation of
earth potential as calculated from the above equations, with



the distance from the electrode, for variocus lengths of the

electrode,

Potential gradient in the viecinity of buried horizontal wire

For a wire of length 'L’ buried at depth d the
-potential at & point on the surface at horizontal distance 'y!
from wire and a longltudinal distance *x!' from a line through
the midpoint of the wire 1s given by

v(x,y)_Jf-Iog...wl*V‘ “‘dpjal +L/2 . .
1__(an/2) * y + d?_J 2 4 x -1/ «..(2.25)

(14)

v (o,y) = —4L Log E“'/gj *’25’1 + d :] + L/ e e(2.26)
(y'+ a%)m
. _ 2 o ] o
V (o,0) ”"ﬁfl log E;EP/QD td ;1 + Lo eee(2.27)

a;I!;_. log i when d << L

The maximum earth potential equals V(o,0)
in the above derivations earth resistivity is assumed to be uniform
throughout the surface.

Vhen there are number of rods or wires then the resultant
earth potential is obtained as the sum of earth potential due to
each, the current in each of equal rods or wires being taken as

I/m.

2.4.3.1.,1 Drawbacks of Analytical Method

In analytical method the caluculations become unduly
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complicated for any practical grounding arrangement. Any cal=-
culated value is a good approximation due to non rigorous method
and analytically the effect of varying the different parameters
of grounding arrangement. By analytlcal method it is difficult
to arrive at optimum ground electrode arrangement which willl bde
most economical end sultable electrically. Also the resistivity
of the soil throughout the different parts of current varies over
a considerable range. The varliation cannot be readily considered
in the mathematlcal analysis and to that extent the accuracy 1is
linited.

2.4.3.2 Model Teats
Scale model tests can be employed to determine ground

resistance and potential gradient pattern of any grounding arrange-

ment. This method is discussed in detall in Chapter 3.1.
2.4.3.3 FEleld Tests

The voltage gradients can be determined by conducting
the actual fleld tests. This method will be discussed in detail
in Chapter 3.2.

' 2eded.

Dangerous potentiai gradients can be prevented by obtain-
ing a sultable low value of earth resistance which 1s the root céuse
of these potential gradients. lLow earth resistance can be obtained
by -

1) Deep driven electrodes

2) Multiple electrodes

3) Horizontal Buried wires

4) Chemical treatment of the soil
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2.4.4.1 Deep Driven Electrodes

For a driven electrode the resistance decreases as the
length of electrode increases. From the fig.2.¢c 1t can be seen
that the resistance to earth is considerebly redunced if the depth
of rod is increased to 15 feet, From & theoritical view point
the most economical installation consists of single rod electrode
to whatever depth 1s Fequired for the resistance desired, Site
conditions, however, are cften unsuitable for deep driving.

2.4.4.2 MULTIPLE DRLVEN ELECTRCDES

The resistance of a asingle driven rod is in general not
sufficiently low and it is necessary to use a number of rods
connactedlin parallel, Ccnsiderable care has to be taken when
this is done as rods 30 connected do not necessarily comply with
the usual low resistances in parallel. This ;sltocauae the resias-
tance of any cne rod is contained in a body of the earth surround-
ing it and, if the full effect of the resistance in parallel is
to be attained, the electrodes should be spaced enough away fr&m
each other so as not to overlap the resistance sreas of their
neighbours. In Fig. 2.10 curve 1 shows the variation of resistance
of two driven pipes distant apart, It can be seen from the curve
that as the distance between the electrode Ancreases resistance
decreases rapidly at first and then more slowly tending towards
a value R/ at infinite distance. Hence it becomes necessary to
determine what reduction in the total resistance cen be obtained
_by connecting rods in parallel.

This problem hés been studied by many of the investi-
gatorl('b), and various imperical forsulas have been developed
to calculate the total resistance that can be obtained by eonnew
ating roda in narallaeld. Inatasd of giving tﬁa methematical formulse
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to account for the above, the curves have been prepared in this
chepter to show the characteristies of multiple driven rods for
different arrangements. In Fig. X-1° curve 2 indicates the com-
bined resistance of 3 rods in a triangle, in parallel, curve 2
indicates combined resistance of four rods in a sQuare, in para-
llel. Fig.z''t gives the combined resistance of number of rods
in percent of the resistance of'single rod when they are placed
at different spacinge. Fig.2'(2 glves the combines resistance of
rods in percent of the resistance of rods, arranged in a straight
line end in & circle in parallel, when the spacing is equal to the
length of the rod.

From the above figures we can directly determine the number
of electrodes and spacing between them reduired to secure the

required ground reslstance.

2.4.4.3 Horldzontal Buried Wires

In the sress where rock 1s present at 3 or 4' below the
earth surface the only solution for reducing the earth resistance
is the horizontal wire buried in the ground aﬁ reduired depth.

If necessary number of burled wires connected in parallel can be
used to reduce the earth resistance and the potential hazard.
The characteristics of the buried horizontal wire has already
been discussed in 2.3.3.4.

. 2+4.4.4 Chemlical Treatment of Soll
Where 1t is not possidble to obtain earth resistance low

enough, the resistance of the existing electrode can be decreased
by means of chemical treatment of the soil in its immedliate neigh-
bourhood.

The effect of chemical treatment may be calculated as

follows.
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Suppose a8 hemispherical electrode of radius ry i3
surrounded by a3 medium composed of two layers each being
homogenous and hemispherical in shape, the resistivity of
the inner medium being Pl and its radius r,. The resistivity
of the cuter being §, and being infinite in extent, then the
resistance of the electrode 1s given by

(17)

Ry = Lfg;- Lidr: = Fi1¥2 ohms. _ _...(2.28)
rlrg

Let Rl = Resistance of the electrode without chemical solutions
aroun