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Good substation earthing is essential for safe and reliable power systems. The main objective of
this research is to study and develop a safe substation site, within not only the substation but also
its immediate vicinity, with particular attention to the impedance of substation earthing mats and
the distribution of the surface potentials. CDEGS MALT software package is used to model the
earthing system, and the results obtained are analysed with other methods, namely the analytical
model, numerical method, and experimental technique where applicable. CDEGS MALT
software has a high reputation throughout the world. This has been verified in hundreds of
technical papers published in the most reputed international journals to prove its reliability and
accuracy. An electrolytic tank is also used throughout this research. Part of the initial study
shows that the experimental results and the computational results compares very well with less
than 1% difference in most cases. The computer software CDEGS MALT and the experimental
tank are used to investigate some issues regarding substation earthing. The first issue
investigated is regarding an earthing standard widely used in the UK, which is the S34, and some
other common theoretical formulae relating to the resistance and surface potential of simple
earthing systems. The second issue involves the resistance of an earthing disc with varying
depth. The resistance and surface potential is greatly affected as the buried depth of the disc is
changed. The next aspect is the effect of an insulating barrier to the earthing system. Using an
insulating barrier can decrease the surface potentials in the vicinity outside the barrier
significantly. However, this is at the expense of a slight increase in the resistance of the earthing
system and an increase in surface potential between the grid and the barrier. However, the
percentage increase is far less than the percentage decrease in surface potential that can be
achieved outside the barrier. When the barrier is made of plates with varying gap spacing, the
spacing of the plates is very critical. However, it was found that a barrier made of insulating
plates at a specified spacing is fit to act as a solid barrier. This can reduce costs and is easier to
drive into the ground. Although CDEGS MALT proves to be reliable and accurate, as with all
software, there are bound to have some defects. It was discovered that the percentage of
difference between CDEGS MALT and experimental results increases when potentials measured
are very close to the earthing grid. This proximity effect reduces as the earthing grid is buried at

approximately 12 times the rod diameter.
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CHAPTER 1

Introduction

Power plants and substations are extremely vulnerable to hazards of lightning strikes,
electrical and mechanical equipment malfunctioning, and of course, human errors in
which surge current in the order of kiloamperes is impressed on the plant or is generated

from within. Hence, earthing has become one of the dominant problems of system

design.

1.1 Purpose of earthing

Adequate earthing of electrical substations is of significant importance to increase the
reliability of the supply service as it helps to provide stability of voltage conditions,
preventing excessive voltage peaks during disturbances, and a means of providing a
measure of protection against lightning. Earthing generally means an electrical
connection to the general mass of earth, the latter being a volume of soil/rock etc., whose
dimensions are very large in comparison to the electricity system being considered. It
should be noted that in Europe and UK, the term ‘earthing’ is used, whilst in America,

the term ‘grounding’ is more common.

Some of the reasons for having an earthed system are [1, 2]:

e To provide a sufficiently low impedance path and means to carry and dissipate
electric currents into ground under normal and fault conditions without exceeding
any operating and equipment limits or adversely affecting continuity of service.

e To assure such a degree of human safety that a person working or walking in the
vicinity of grounded facilities is not exposed to the danger of a critical electric shock.

e To retain system voltages within reasonable limits under fault conditions (such as
lightning, switching surges or inadvertent contact with higher voltage systems), and
ensure that insulation breakdown voltages are not exceeded.

e Custom and practice.

e (raded insulation can be used in power transformer.
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e To limit the voltage to earth on conductive materials which enclose electrical
conductors or equipment.

e To stabilise the phase to earth voltages on electricity lines under steady state
conditions, e.g. by dissipating electrostatic charges which have built up due to clouds,
dust, sleet, etc.

e A means of monitoring the insulation of power delivery system.

e To eliminate persistent arcing ground faults.

e To ensure that a fault which develops between the high and low voltage windings of
a transformer can be dealt with by primary protection.

e To provide an alternative paths for induced current and thereby minimise the
electrical “noise” in cables.

e Provide an equipotential platform on which electronic equipment can operate.
The earthing system must generally have a low impedance in order to perform
successfully in fulfilling any of the above functions, so that in dispersing or collecting

current from the ground, an excessive voltage rise does not occur.

1.2  Safety functions of earthing

Safety is the main concern of any earthing of electrical installations. Basically, an
earthing system is designed to provide two safety functions. Firstly, it is called bonding.
Any exposed conductive metalwork, that is likely to be touched, is connected together by
bonding conductors. Metal enclosures are usually used to house electrical equipment,
and the enclosure will temporarily become live if there is a live conductor that touches it.
Hence, if there is such a fault, the potential on all exposed conductive metalwork will
virtually be the same, due to the bonding conductors. In other words, the resulting
potential difference can be lowered to a minimal value as the bonds equalise potential
within the site. An equipotential platform is thus created. A bonding conductor will
ensure that if a person is in contact simultaneously with two different pieces of exposed
metalwork, the person does not receive a shock, as the potential difference is minimal or

insufficient for this to take place.

20



The second function of the earthing system is to ensure that any fault current can return
to source in a controlled manner, in the event of an earth fault. “‘Controlled manner’
means that the return path is provided and predetermined so that damage to equipment or
injury to individuals can be avoided. Sufficient earth fault current should flow to operate
protective devices correctly, which will in turn initiate the operation of circuit breakers or
fuses to interrupt the flow of current. Hence, the earthing system should be designed to
have impedance low enough to ensure the earth fault current can pass through. In
addition, the earthing system will experience a rise in potential while the fault current is

flowing and this should also be limited to a predetermined value.

These are the purpose of the earthing system. However, they are also required to

overcome a wide range of different problems encountered. Some of them are listed

below:

a) Conventional Fault: Faults that arise from damage to a cable or breakdown of the
phase to earth insulation in a piece of equipment. This is termed ‘power frequency’
faults because most of the energy dissipated in the fault will be at mains frequency

(50 Hz).

b) High frequency faults: These faults usually take place at sites where large amounts
of power are rectified or capacitor banks are switched, such as radio or television
transmitters. Hence, energy will be available at higher frequencies than normal.
The earthing system must be designed to provide low impedance at these

frequencies.

c) Lightning protection: Many electrical installations are prone to the risk of damage
from lightning strike, such as windfarms [2-4]. Hence, an adequate earthing system

is a fundamental part of the electrical installations.

During some types of maintenance or construction, the earthing system is also used as a
means of achieving safe working conditions. Before any work can commence, plant that
was previously energised has to be switched off and its previously live components

connected to earth. This allows any stored energy to be discharged safely to ground and
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helps to prevent dangerous voltages arising on the equipment being worked on. Places
like a paper manufacturing plants or when explosives or volatile chemicals are present,

the earthing system is required to continuously discharge the build up of static charge.
Indeed, the earthing system performs a wide range of functions throughout all the stages
of providing electricity, i.e. at the generating station, the electricity company substation

through to the electrical installations in homes, offices, and factories.

1.3  Aims and objectives of research

The general aim of this research is to improve the existing earthing practice in industry,
and to decrease the percentage of fatal accidents in or outside the substation. More

specifically, the objectives of this research are as follows:

i) To improve the accuracy with which the impedance of a substation earthing
system to “remote” earth may be calculated.

ii) To analyse the surface potential distributions in and around the substation.

ii1)  To analyse the different methods used in earthing calculations and computations.

iv) To decrease the surface potentials outside the substation to ensure better safety to

the public by using a highly resistive barrier.

The following chapter descriptions outline how and where these objectives were met

during the course of this study.
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1.4 Summary of Chapters

This thesis is divided into nine chapters with appendices. Chapter 1 gives the

introduction and overview of the research.

Chapter 2 provides background information on power systems earthing, and is intended

for electrical engineers who may not be familiar with some of the aspects of power

system earthing.

Chapter 3 outlines the method of analysis used throughout the research. It covers various
methods available ranging from analytical method, methods developed by other
researchers, British and American Standards, computational method and experimental
technique. A general overview of the computer software used in this research, which is
CDEGS MALT, is also included. The electrolytic tank used in this research is explained

and history of electrolytic tanks used in earthing researches is given.

In Chapter 4, a comparison of CDEGS MALT and other theoretical methods are given.
This chapter can be divided into two distinct sections. The first section deals with
comparing CDEGS MALT with existing formulae for the resistance and surface
potentials of vertical rod(s). The next section investigates part of the S34 Standard, by

comparing with the computer software, CDEGS MALT.

In Chapter 5, the measured resistance and surface potentials of multi rod array are
investigated. Comparisons are made between computed (CDEGS MALT) and
experimental results. The S34 standard formulae are also used for comparison where
applicable. This comparison will give more assurance of the accuracy and reliability of

the experimental results.

Chapter 6 investigates on the variation of DC resistance of an earthing disc with

increasing burial depth.

In Chapter 7, the effect of an insulating barrier on one side of the earthing system is

investigated. Two different types of barrier is used, one being a solid barrier and the
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other is a barrier made of plates with varying gaps. The effect of these barriers on the

resistance and surface potential of the earthing system is studied.

Chapter 8 details the limitation found in the computer software CDEGS MALT. It was
found that percentage difference between CDEGS MALT and experimental results
increases as the surface potentials measured are very close to the earthing rod. Various

types of grids are tested, with particular attention given to measurements in and around

the grid.

Chapter 9 outlines the conclusions obtained from this research and gives

recommendations for future work.
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CHAPTER 2

Literature Review

2.1  Earth Resistance

‘Earth Resistance’ means the resistance of the earth to the path of an electrical current.
The earth is not a good conductor of electricity, when compared to conductors such as
metals. It so happens that, in general, the cross section of the path taken by the current is
very large, and this means that, despite the poor conductive qualities of the soil, the
actual resistance may be quite small. The earth has long been used as a conductor; very

often for safety reasons and its resistance is a matter of considerable importance.

The condition and content beneath the surface of the soil is sometimes an important
aspect to a certain number of cases. Many methods have been developed by which
investigations can be made on the surface of the soil. These are usually based on the
measurement of one of the physical properties of the soil, and one such property is the
electrical resistance. This resistance varies with the type of soil and in particular with the
moisture content. By measurements made on the surface, vital information can be

obtained, from which deductions can be made as to the nature of the underlying soil.

In electricity-supply systems, it is common practice to connect the system to “earth” at
suitable points, the idea since in the event of a fault, sufficient current will flow through
the fault path so that the protective gear will operate and isolate the faulty circuit. It is

therefore essential that this “connection to earth” be of a sufficiently low resistance.

2.2 Conduction through the soil

The soil has been used as a conductor of electricity since the earliest days of electric
supply. It was thought that, because the dimensions of any current path through the earth
would be very large, the resistance of any such path would be negligible. The point

which was overlooked was that means had to be provided to pass current into and out of
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the earth, and that these means, in the form of plates, rods or pipes, will have a finite

resistance to the passage of current from them into the earth.

The electrical properties of the soil are in themselves of interest and importance,
particularly the specific resistance or resistivity. The resistivity is one of the factors in
determining the resistance of any earth electrode and is of importance in connection with

the problems of interference between power lines and telecommunication circuits.

Most soils and rocks when completely dry are non-conductors of electricity, exceptions
to this are certain mineral bodies, which are conductors because of their metallic content.
Sands, loams, and rocks are, however, in themselves of such high resistance that they can
be considered as non-conductors. When they contain water, the resistivity drops
considerably and they must then be considered as conductors, although very poor ones
when compared with metals. The resistivity of soil would be determined by the quantity
of water held in the soil, and on the resistivity of the water itself. In other words,
conduction through the soil becomes conduction through the water held in the soil and so

the conduction must be electrolytic.

Thus, the main factors that determine the resistivity of soil are [5]:
(a) Type of soil

(b) Chemical composition of salts dissolved in the contained water
(c) Concentration of the salts dissolved in the contained water.

(d) Moisture content

(e) Temperature

(f) Grain size of the material and distribution of grain size

(g) Closeness of packing and pressure

2.3  Soil resistivity measurements

Accurate soil resistivity measurements are essential, particularly when electricity
companies are faced with having to establish substations in sites on reclaimed land
usually with non uniform soil, having limited area and/or close to third party equipment

(especially telecommunications and gas). These conditions complicate the design task,
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and accurate measurements are essential if the most effective, economic solution is to be

found.

The purpose of earth resistivity tests related to power system design is to assist in the
determination of an appropriate soil model which can be used to predict the effect of the
underlying soil characteristics on the performance of an earthing system during ground
faults. The electrical characteristics of the earth are usually sufficiently uniform over
horizontal distances to permit the soil beneath typical sites to be considered uniform over
horizontal dimensions. In such cases, vertical variations in resistivity can often be
described by one, two, or more frequently, three or more distinct horizontal layers of
earth. Sometimes, however, earth resistivity variations over horizontal dimensions are
significant and can therefore not be neglected. In such instances, the horizontal variations

in resistivity can often be modelled as two or more distinct vertical layers of earth.

The first stage in designing an earthing system is to take a series of earth resistivity
measurements and in order to do this, it is necessary to pass current through the earth by
inserting electrodes into it so that current can be fed in and out. Some of the most
frequently used methods for determining the resistivity of the soil are described in the
next few sub sections. From these methods, a representative model of the ground can be
constructed. It can comprise of horizontal and/or vertical soil layers having significantly
different electrical resistivity values. Ideally, these measurements should be taken before
the installation of electrical equipment, and the measurements should be taken in an

environment free of electrical interference.

2.3.1 Wenner Method

The measurement configuration most widely used in the electric power industry to
measure soil resistivity is a four-electrode (probe) method developed by F. Wenner [6].
As shown in Figure 2.1, four uniformly spaced electrodes are inserted into the earth
surface along a straight line, with the outer pair being used as current input probes and

the inner pair as potential references.
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Current probes Potential probes

Figure 2.1: Wenner method

Using the Wenner geometry, the apparent measured resistivity is:

p=2maR (Qm) 2.1

where p is the apparent soil resistivity in ohm-meters, ‘a’ is the spacing between two
adjacent electrodes in meters and R is the measured apparent resistance (ratio of
measured voltage to test current in ohms). ‘Apparent resistivity’ is the term used here
since the formula assumes the soil is uniform within a hemisphere to a depth

approximately ‘a’ metres below the centre of the measurement array.

When the electrode penetration depth is small compared to electrode spacing, equation
2.1 effectively describes the variation in measured resistivity as a function of electrode
separation ‘a’. Physically, the greater the electrode spacing, the greater the volume of
earth encompassed by the test current in its traverse from Cito Cz and hence, the greater
the depth of earth involved in the measurement. In practice, the depth of each electrode

should not normally exceed ‘a’ divided by 20 and usually the depth does not exceed 0.3m

[7]

Information regarding the soil layering can be obtained by taking a series of readings,

where ‘a’ is increased in steps. Thus, a plot of apparent resistivity against ‘a’ spacing can
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be drawn to provide information on the general structure of the soil. Measurements
should be taken over several traverses, which are representative of the site of interest, and
up to a sufficiently long ‘a’ spacing (typically 30m to 60m). The test instrument used
should be sufficiently accurate to measure quite small resistance values at these large
spacing, i.e. in the order of 0.01 ohm to 0.002 ohm [7]. Also, the instrument should
ideally be able to filter or reduce the effect of ‘noise’, due to ‘natural earth’ and any
induced current present. Ideally, soil resistivity measurement should be made in the

absence of buried metallic conductors or structures [8].

The simplest interpretation of a soil model problem is when the measured apparent
resistivities, p, vary minimally around an average value. This indicates that the earth
around the measurement site is reasonably uniform and has the resistivity equal to that
average value. Generally, apparent resistivity curves change smoothly and do not exhibit
abrupt changes. When there is a sudden change in the curve, it is an indication that the
measurement array has just crossed a vertical fault or a local discontinuity close to earth
surface. Also, the presence of buried pipes or other metallic structures close to the

surface of the earth will also cause sudden changed in the apparent resistivity.

The results from the measurement of apparent resistivities against electrode spacing can
be translated into an equivalent soil model using graphical or computerised method. The
graphical method is described by Tagg [5]. Several computer programmes are available
to help produce and interpret data to give the equivalent soil model. Generally, they
follow a curve fitting process, and the unknowns are the individual layer thickness and
resistivity. Examples of such programs are the CDEGS program (RESIST module) [9,
10] and the SPEF (Soil Parameters Estimation using Finite Expressions) [11].

2.3.2 Schlumberger Method

An important variation of the Wenner method, which is widely used in geophysical
prospecting, is the unequally spaced symmetrical configuration, called the
“Schlumberger” arrangement (Figure 2.2) [7]. This method circumvents a shortcoming
of the Wenner method often encountered at large probe spacing whereby the magnitude

of the potential between the potential probes becomes too small to give reliable
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measurements. By increasing the distance between the potential probes, the potential
value is increased and the sensitivity limitations encountered using the Wenner method
may be overcome. This method is generally more accurate for measurement of soil
resistivity for small areas. The apparent resistivity according to the Schlumberger
method is given by:

p= nRa(atz)/z (2.2)
where a is the spacing between adjacent potential and current electrodes (in meters), z is
the spacing between potential electrodes (in meters) and R is the measured apparent

resistance.

current probes Potential probes

Figure 2.2: Schlumberger method

2.3.3 Rod Resistance Measurement

The next available method to measure soil resistivity is by using rod resistance
measurement [7, 12]. A vertical rod is inserted, say for one metre, into the soil and its
resistance measured. It is then inserted at a further one metre and the resistance
measured again. This process is repeated until the rod has been installed to the required
or maximum achievable depth and at several representative locations within the site of
interest. One formula which expresses the resistance of a rod of length ‘I’ and diameter

‘d’’ in uniform soil of resistivity ‘p’ is as below [5]:
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R:-—p—_[ln -8—1,-—1] (2.3)
2rl d

The apparent uniform soil resistivity ‘p’ is calculated using this formula, which will
provide the measured resistance value at each depth. A graph of the resistivity measured
against depth can be drawn and by examining the graph, it is possible to estimate where
significant changes in soil resistivity are occurring. Once again, computer software can

be used to derive an equivalent soil model.

2.4 Fundamental concepts of an Earthing System

A simple earthing system consists of horizontal conductors (also called "mesh" or "grid"
conductors) buried at a certain depth below the earth’s surface and long vertical
conductors (also called "earthing rods") that are connected to the grid formed by the
horizontal conductors. The horizontal grid is usually rectangular and is subdivided into a

number of rectangular loops or "meshes".

When the fault current is injected into the earthing system, it flows throughout the
earthing system and leaks into the surrounding earth from the bare metallic conductors.
The earthing system and all metallic structures connected to it will be at a relatively high
electrical potential because of its energization by the fault current; as current flows
through the earth away from the earthing system, the potential drops and eventually
reaches zero at a great distance from the earthing system. This zero potential zone is

usually referred to as "remote soil" [2].

Figure 2.4 shows electrical potentials, which occur at the earth’s surface when the
earthing system (with 4 meshes, earthing rods at every corner) is energised. Note that
these potentials are plotted as a percentage of the electrical potential of the energised
earthing system. This electrical potential of an energised earthing system is usually

termed "ground potential rise" or simply "GPR".

From Figure 2.3, it can be seen that earth surface potentials are lower than the GPR and

vary greatly from one location to another. Location directly above a grid conductor,
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earth surface potentials are closest to the GPR but, on the other hand, potential "valleys"
occur in the middle of grid meshes and the difference between the GPR and the earth
surface potential is maximum at these centre points. This means that a person standing at
the centre of a mesh and contacting any metallic structure (e.g., a switch handle, the
housing of a piece of equipment, a ladder, etc.) which is connected to the earthing
system, will be subjected to the greatest "touch voltage" available anywhere within the
earthing system. A touch voltage is the type of potential difference which could cause
current to flow through the arm-body-leg path of a person, e.g. a person standing on the
ground and touching earthed metal equipment in the substation (assumed to be at the
same potential as the earthing system) [13]. UK standards define the worst case touch
potential as the difference between the GPR and the ground potential one metre

diagonally outwards from the grid corner.

80
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Figure 2.3: 3-D Plot of Earth Surface Potentials above Earthing System

Due to the sharp drop in earth surface potentials outside the perimeter of the earthing
system, large touch voltages could also be possible. However, when substations are

involved, it is normal practice to install a boundary fence 1 m within the earthing system
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perimeter to ensure that no substation metallic structures are present outside the earthing

system area, where large touch voltages would otherwise be present.

Although a person should normally not be exposed to touch voltages outside the earthing
system perimeter, "step voltages" are possible. As Figure 2.4 shows, the steep potential
gradient outside the earthing system perimeter could result in a significant potential
difference appearing between two earth surface locations at which a person’s feet are
positioned. A step voltage is the type of potential that would cause a current flow
through the legs of a person. The worst case step potential is defined as the voltage of 1
metre of ground surface diagonally outwards from above a grid corner [13]. The ground
above the grid is normally covered with crushed rock to increase the ground surface
resistivity, but the ground outside would normally have a low surface resistivity and so

the acceptable touch and step potentials there would be lower.

When an electrical current is injected into the earth by an earthing system, the current is
met by a resistance, which depends directly upon the properties of the soil, and more
particularly upon the resistivity of the soil. Due to the effect of current flowing through
this resistance, the electrical potential of the earthing system and all metallic structures
connected to it rises. When the interconnected system of metallic structures is small, the

potential rise throughout the system is approximately the same and is termed "GPR".

For a given injection current, the GPR is directly proportional to the soil resistivity. It is
therefore very important, when designing an earthing system, to make soil resistivity
measurements at the substation site to ascertain the soil structure; otherwise, the
performance of the earthing system cannot be predicted. Similarly, seasonal variations in
soil structure (e.g., change in soil structure when the top layer freezes) must also be taken

into account to ensure an adequate design.

For a given injection current, the GPR is approximately inversely proportional to the area

of the grid. Note that the shape and burial depth of the grid also affect the GPR to some

extent.
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The ground potential rise is defined with respect to a point in the earth a great distance
away from the substation, as shown in Figure 2.4. The GPR is therefore the reading that
would be seen on a voltmeter one of whose leads is connected to the substation earthing
system, and the other connected to a ground very far away. This can be seen in another
way. If one end of a well insulated cable is grounded far away from the substation, and
the other end is brought into the substation area during a fault, then the GPR is the
voltage, existing between the cable conductor and any other conductor, that is connected
electrically to the substation earthing system (this generally means all metallic structures
within the substation perimeter). This illustrates the principle of a transfer voltage (low
voltage transferred from the remote grounding point); it can also mean a high voltage

transferred to a remote point which can endanger both personnel and equipment.
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Figure 2.4: Theoretical measurement of GPR of a ground electrode

Existing UK practice terms a substation as “hot” if its GPR exceeds 430V or 650V,
depending on whether the protection is normal or high speed. If telecommunication
equipment, which is remotely earthed, enters the zone, then mitigation is required. This
could require redesigning the grid to reduce the GPR and hence the area of the hot zone,
providing additional insulation, imposing safe working procedures, bonding or physically

diverting the equipment such that it does not enter the hot zone.
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2.5 Earthing System Impedance/Resistance Measurement and Interpretation

The two main methods for measuring the impedance of the earthing system at a medium
or large substation are:

a) Fall-of-Potential

b) Current Injection

The earthing system will consist of mechanical parts above ground, metallic components
within the soil and the surrounding soil itself. On top of that, there are the parallel paths,
such as cables and tower lines. Each of these will have a specific resistance value, and
also contact resistances for example at joints and at material interfaces. In a new

installation, the most significant contact resistance would be at the interface between the

earth conductors and the surrounding soil.

2.5.1 Fall-of-Potential Method

The Fall-of-Potential method is the most common method for electrode systems
measurement. This method employs two auxiliary electrodes, one being the earth-
current return (current electrode), the other (the potential electrode) allowing

measurement of the voltage drop between the electrode under test and a point P of the

soil surface (see Figure 2.5)
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Figure 2.5: Fall-of-Potential method arrangement
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In this way, it is possible to measure the earth resistance of only the electrode under test,

and it does not include the earth resistance of the current electrode. Unfortunately, the

fall-of-potential method involves difficulties and errors in the measurements when it is

applied to large earthing systems. In fact, in this case, it is necessary to increase the

distance ‘xy’ between the system under test and the current electrode (see Figure 2.5).

Some of the difficulties resulting from doing this are [14-16]:

a) The effects due to the stray currents over a wide area. Such stray currents may be
due to nearby traction and other electrical installations.

b) The effects of the electromagnetic coupling between the test lead. For long stretched
wires, the inductance and capacitance to earth and between them can cause
considerable error.

c) The probability that the current electrode cannot be located at the above-mentioned

distance xx.

It is well known that by using a frequency which is not present in the stray currents or by

using filters, the effects of stray current may be lessened [5, 14]. Regarding the

difficulties caused by the electromagnetic coupling, some suggested methods to

overcome this are:

a) The use of direct current will eliminates the coupling effects but causes unwanted
electrolytic effects [14].

b) The use of periodically reversed direct current but in this way the measured value of
the earth resistance cannot be accurate in AC applications [5, 14].

¢) The placement of the potential electrode at the side opposite to the current electrode
[14]. In this way, the coupling effects are eliminated, but the measured value of the
earth resistance is always smaller than the true value. Moreover, this arrangement of

the electrodes cannot always be carried out [15].

In order to avoid the difficulty of inaccessible areas, Tagg [15] showed that, for
hemispherical electrodes, the distance xi between E and K’ can be made as small as is
practicable, and yet true resistance can be obtained if the distance x, between E and P is
61.8% of xi. Although this conclusion is based on the analyses of hemispherical
electrodes, it is found that it gives excellent results for rod electrodes as well, provided

that xi = 10 rod length, and assuming the soil is homogeneous [15, 16].



However, by using this 61.8% rule, it is necessary to know the exact point from which
the measurements of the separation of the current and potential electrodes should be
made. In other words, the centre of the equivalent hemisphere must be known. This

becomes very difficult in a complex earthing system. A special method to do this was

developed by Tagg [15].

If the soil is assumed to be represented by a two-layer model, the value of X, is no longer
61.8% of x¢. The value of x, now is a function of the geometric variables describing the
electrodes E and K’, and of the parameters p; (top layer resistivity), p; (bottom layer
resistivity) and % (depth of the top layer). The bottom layer is assumed to extend to
infinity. Determination of the parameters p;, p; and / is by means of resistivity
measurements [5, 6, 14, 17, 18]. Analytical formulae allowing the calculation of x, as a
function of all the above-mentioned variables have not yet been found and therefore, the
calculation of x,, is only possible using suitable computer programs [19]. A general

digital procedure to determine x, is given by Amoruso, Savino and Sylos Labini [20].

2.5.2 Current Injection

In this method, a reasonable amount of current (typically 50 to 200A) is passed directly
through the test earth grid and back to a return electrode via the soil [7]. The potential on
the earth grid will rise in relation to true earth. The grid impedance can then be
calculated by the voltage rise measured and the current obtained. The voltage is

normally measured by reference to a remote earth which is provided via a telephone line.

The main difficulty with this method is due to its cost and can be difficult to carry out. In
most urban type substations, an underground circuit has been used in the past to provide
the current injection route. This would typically be an 11kV cable, earthed at the remote
location with the cable ends available at the test position for the injection of current. The
measured values often will indicate the impedance of the cable sheaths between the test
and source sites, rather than the earth resistance of the test site. Another option that will
likely provide a more reliable result is an unearthed overhead line [21]. This type of test
can become expensive because of the additional equipment needed and the time taken,

during which the test circuit is not available for service.
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Sources of error includes [21]:

a) Difficulty in obtaining a sufficiently long metallic telephone circuit.

b) Interaction with telecommunication system earths. The telephone circuit may be
connected to other nearby earths which interact with that under test and hence
will give a lower voltage measurement than the actual one.

c) The test current that actually flows via the earth grid to ground might be less due
to parallel paths which will divert this current.

d) Difficulty in obtaining a circuit through which to pass the test current.

2.6 Effects of Electrode Shape, Size and Position

A dominant part of the impedance is that due to the physical orientation of the earthing
electrodes. Earthing rods or electrodes can be made from solid copper, stainless steel or
copper bonded steel. The rods are supplied by most manufacturers in various different
diameters from 10 mm to 25 mm and in lengths from 1.2 m to 3m. The most common
size used nowadays is 15 to 16 mm in diameter, and 3 to 4 m in length. Typical buried

depth of the main earth grid is 0.6 m [22]. Some of the methods to reduce the earthing

impedance are:

a) Increasing the buried length of a vertical rod

As the rod length increases the overall resistance falls progressively more quickly. This
is due to deeper soil with better electrical properties being reached. In some soil
conditions, particularly where there is a limited area available, use of vertical rods may
prove to be the most effective option, but it does depend on the soil structure. The
vertical rods give a degree of stability to the impedance of an earthing system. Normally
they should be of sufficient length that they are in or near the water table and below the
freezing line. This means that the impedance should be less influenced by seasonal

variations in water content or temperature [23].

b) Increasing the length of a horizontal conductor

Horizontally laid strip is generally considered to be a good option, particularly when it is
possible to route this in several directions. However, it was found that for approximately
the same length of conductor, vertical rods are more effective in terms of reducing the

grid resistance than adding horizontal conductors [23].
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c) Increasing the side length of a square earth grid/plate

This is one of the most effective way to reduce the resistance of the earthing electrode

[23].

d) Increasing the radius of the earth rod

Usually there is little to be gained by extending the radius of earth electrodes beyond that
necessary to deal with the mechanical and corrosion requirements. Tubes can be used
instead of solid conductors to increase the external surface area, whilst moderating the
increase in volume of the metal used. However, the increased installation cost may
outweigh the value of the performance increase. In rocky condition it may be
advantageous to increase the effective diameter of the electrode by surrounding it with

material which has a lower resistivity then the surrounding rock [23].

e) Increasing the buried depth

This only provides a marginal reduction in impedance, but at a relatively high cost, so is
not normally considered. It should be remembered that the greater the burial depth, the
smaller the voltage gradients on the surface of the soil. Within a substation, a high
voltage is required above the electrode, to minimise touch voltages. However, if an earth
electrode extends into a field, then a low surface voltage is required to reduce step
potentials. In some cases, it is advantageous to increase the depth of electrodes to reduce

the risk of electrocution to horses, cattle and other animals [23].

2.7 Driving Methods

In essence, there are two ways of installing earthing rods. They are [22]:

a) driving either with a sledge hammer or a mechanical hammer.

b) boring and back filling with a soil conditioning medium.

The first method is dependent on the soil conditions and the depth of the installation.
However, it is the quickest and cheapest method. The use of sledge hammer is not
recommended for depths greater than 4m because it would be very difficult to drive the
rods vertically and sometimes gives rise to poor resistance readings due to inadequate rod

to soil contact. The sledge hammer is more suitable for small rods and when the soil is
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very soft. The use of a mechanical hammer gives better results than a sledge hammer

and allows installation of longer rods.

The second method, boring holes to install earth rods, is necessary in very poor ground
conditions. However, this method is very expensive. A large hole needs to be drilled in
order for the rod to be backfilled with a soil conditioning medium such as Bentonite or

Marconite. These substances will reduce the resistance to earth of the earth rods.

2.8  Soil Conditioning Materials

The resistivity of the soil is an important aspect in earthing problems. As mentioned
earlier, one of the methods in reducing the overall grid resistance is by adding additional
earth rods. However, if this does not have the required effects, then methods of

modifying the soil resistivity can be a possible solution. Some of the methods to reduce

soil resistivity are:

a) Addition of Electrolytes [22]

Soil without electrolytes is a poor conductor. Soluble substances such as salt (sodium
chloride), washing soda (sodium carbonate), and Epsom salts (magnesium sulphate), can
reduce the soil resistivity. However, these substances are only short lived as the salt will
become diluted in time. Another substance which have been found to be one of the best
for this type of application is Gypsum (calcium sulphate). This is because Gypsum has a

low solubility and provides adequate conductivity.

b) Improving moisture retention

The soil surrounding the earth conductors may become extremely dry for example, at
places which suffer prolonged period of drought. Material such as Bentonite, which is
added locally to the conductor will prevent excessive moisture loss. Bentonite is a
natural clay containing the mineral montmorillionite [24]. By adding water, Bentonite
resistivity becomes very low. Unlike a salt bed, Bentonite will not gradually leach out,
because it is part of the clay itself. Bentonite can swell up to 13 times its dry volume and

it adheres to nearly any surface it touches [25, 26].
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c) Improving the contact surface of the earth electrodes

Although the moisture and material content of the native soil can give lower resistivity, a
stony soil can cause problem due to the lack of contact between the electrode and soil.
There are a few ways to overcome this. First, the area around the conductor can be
backfilled with a suitable fine loam type soil which is cheap to obtain and can have low
resistivities. Bentonite may also be used as it will expand to make good contact with the
conductor and will fill any voids at its interface with the soil. However, these two
methods have its setback in extremely dry conditions. Another alternative is to encase
the conductor in conductive concrete [22]. Conductive concrete is made by using a

crystalline form of carbon as the aggregate, and this material is called Marconite.

2.9  Electrical Safety Criteria

Figure 2.6 depicts a typical touch voltage situation. A man is standing near to an
energised metallic structure, which he is touching with one hand. Due to the potential
difference between the structure and the location on the earth’s surface where the man is
standing, a current will flow through his body. The magnitude of this current will depend
upon the electrical resistance ofithe man’s body and the resistance of'the earth between
his feet and the earthing system [27]. Equation 2.4 gives the exact relationship between
body current Isopy, touch voltage Vroucn, body resistance Rs, and foot resistance Rrr.

Note that foot resistance is not the resistance of the man’s feet, but the resistance of the

earth beneath his feet.

[ — V TOUCH (2 4)

BODY
R, + R,

Equation 2.4 does not account for the protection that could be provided by rubber gloves
or boots. Although this protection is present in typical situations, earthing systems are
designed assuming the worst possible scenario: bare hand contact and wet shoes with

negligible insulating value [28].
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Figure 2.6: Typical touch voltage situation

The maximum body current, Isopy-max, indicates the threshold where a person
experiencing a current below this value has a very low probability of experiencing

ventricular fibrillation!. For currents above Isopy-max, ventricular fibrillation becomes

more and more likely.

One milliampere is generally recognised as the threshold of perception, a value of current
at which a person is just able to detect a slight tingling sensation in his hands or

fingertips, caused by the passing of current [29].

The maximum acceptable touch voltage, Vroucumax, is clearly the value which results in
a body current of Isopy-max:

V toucn-max =I popy-max * (R B +R fr) (2.5)
A similar equation results for step voltage situations (Equation 2.6):

V step-Max =I Boby-Max * (R B +R rs) (2.6)

! Ventricular fibrillation is the major cause of death due to electric shock and is a state of the
heart in which the heart muscle cells lose their synchronism, resulting in the interruption of the
heart’s pumping action. Human beings cannot recover spontaneously from this condition.
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In this case, current flows into one foot, through the body, and out of the other foot into
the earth. The current path in the step voltage situation is quite different from the current
path in the touch voltage situation, hence the values of maximum body current, body
resistance, and foot resistance are not all the same for the two shock scenarios. Typically,
a lower percentage of the body current flows in the heart region for a step-type shock
than for a touch-type shock; Isopv-maxis therefore larger for step voltage situations. Also,
the foot resistance in Equation 2.6, Res, is defined as the resistance, through earth,
between the two feet, rather than the resistance between the feet and the earthing system.
Thus, Rrsis often regarded as a series combination of two resistances, each

represents the resistance of the earth local to each foot, while Reris regarded as a parallel

combination of these two resistances. In this way, Rrsis approximately four times greater

than Rer.

2.10 Maximum Body Current

The maximum acceptable body current is a function of the duration of the shock: the
longer the shock duration, the lower the current level required to induce ventricular
fibrillation. Presently, Dalziel’s equation (Equation 2.7) is used almost exclusively in
North America to determine maximum acceptable body current levels as a function of

shock duration. Dalziel’s equation is recommended by ANSI/IEEE Standard 80 [28].

0.116 2.7)
t

[ BODY -MAX

3]

where

I Bopy-MaXx is the maximum acceptable body current or “fribillation current” in
amperes

t is the maximum expected shock duration in seconds (this is usually the
substation fault clearing time)

0.116 is a constant related to the weight of the shock victim: 0.116 corresponds
to a weight of 50 kg and 1s used for locations accessible to the general

public.
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Dalziel’s equation is not applicable for shock durations in excess of 3 seconds or shorter
than 0.03 seconds. Equation 2.7 is plotted in Figure 2.7 on a log-log graph. In Europe,
however, another curve based on more recent research is gaining widespread acceptance.
This curve, which is to be found in Report 479-1 [30] of the International
Electrotechnical Commission (IEC), the European counterpart of IEEE, is also plotted in

Figure 2.7.
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Figure 2.7: Maximum acceptable body current as a function of shock duration

2.11 Body Resistance

ANSI/IEEE Standard 80 suggests that a body resistance value of 1000 ohms is
appropriate in most instances. On the other hand, IEC Report 479-1 asserts that body
resistance is a function of the contact voltage, a fact recognised by ANSI/IEEE Standard
80, and presents a plot of body resistance versus contact voltage. Figure 2.8 is based on
this plot and depicts body resistance as a function of body current, for a hand to hand or
hand to foot contact, and dry conditions. The IEC curve is a lower limit on body

resistance and is assumed to be valid for 95% of a given population.
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Figure 2.8: Body resistance as a function of body current

2.12 Foot Resistance

Foot resistance, in touch voltage situations, is defined as the resistance, through earth,
between a person’s feet and the energised earthing system. However, there is such a
large portion of the foot resistance concentrated in the soil closest to the feet, that for
most practical purposes, the effect of the earthing system configuration on the foot
resistance can be ignored [27]. As a result, the foot resistance to be used in determining
the maximum acceptable touch and step voltages is a function only of the soil

characteristics near the earth’s surface.

When the earthing system to be evaluated is buried in a homogeneous soil with a
resistivity p and no earth surface covering layer such as crushed rock or asphalt is
present, then the following Equations 2.8 and 2.9 can be used to determine the foot
resistance for touch and step voltage situations, respectively. These equations are based

on a metal plate model of the foot with a 0.08m radius. This foot model, which is
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proposed in ANSI/IEEE Standard 80 [28], results in a foot resistance of about 3 p. If

mutual resistance is neglected between the two feet, then:

Rer=05@p)=15p (2.8)
where

Rer  is the parallel resistance of the feet, in ohms, for touch voltage situations
Rgs s the series resistance of the feet, in ohms, for step voltage situations

p is the resistivity, in ohm-m, of the uniform soil

When the soil is not uniform or when an earth surface covering layer is present for added
safety (see Section 2.13), then more general equations must be used. In most instances, it
will be possible to model the soil with a 2-layer structure as shown in Figure 2.9. This

model consists of a top layer with thickness h and resistivity ps, and a semi-infinite

bottom layer with resistivity p.

Figure 2.9: Two-layer soil structure

Note that soil composition nearest to the earth surface is the most critical, so changes in

soil structure at great depths need not be taken into account for determining foot
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resistance. Equations 2.10 and 2.11 can be used in conjunction with Figure 2.9 (adapted

from [28]) to determine foot resistances for 2-layer soils.

Rrr=1.5Cps (2.10)
Rrs=6.0C ps 2.11)
where
ps is the resistivity of the top soil layer
C is the foot resistance reduction factor given by Figure 2.10
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Figure 2.10: Foot resistance reduction factor

Note that use of Figure 2.10 requires calculation of the soil reflection factor, K. This is

done using Equation 2.12:

K=£L_~ (2.12)

T T T T
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The constant C used in Equations 2.10 and 2.11 is obtained when the foot is modelled as
a 0.08 m radius circular plate lying on the surface of a thin layer (resistivity ps and

thickness h) overlaying a uniform soil of resistivity p.

2.13 Earth Surface Covering Layer

In order to increase safety in and around substations, it is common practice to spread a
layer of high resistivity material, such as crushed rock or gravel, over the earth’s surface
[13, 31]. This increases foot resistance and therefore the maximum touch and step
voltage values, which can safely be tolerated. The rock layer does not act as part of the
normal earth path but forms a high-resistance barrier between earth and the equipment
area. The barrier provides some additional resistance in series with an individual
standing on the rock and touching substation equipment, thus reducing the possible body
current. The use of rock or gravel for surfacing may have some merit when the surface is

dry, but moisture in conjunction with certain contaminations reduces the resistance to a

relatively low value.

In order to make effective use of an earth surface covering layer, it is of course important
to know the approximate resistivity of the material. Table 2.1, based on a similar table in
Reference [32], shows wet resistivities of several commonly used materials. Noting that
permissible touch and step voltage levels can be very sensitive to the resistivity of the
earth surface layer, Reference [32] recommends that samples of the surface material be

tested for their wet resistivity before use.

Earth surface covering layer Resistivity of material when wet
(ohm-metres)
Concrete 20-100
Crushed aggregate base granite (with 500-1000*
fines)
Washed granite similar to pea gravel 5000*
#57 washed granite similar to %" gravel 8000**
asphalt Over 10000*

*  based on water resistivity of 500 ohm-metres
** based on water resistivity of 43 ohm-metres

Table 2.1: Wet Resistivities of Typical Earth Surface Covering Layer Materials
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When selecting an earth surface covering layer material, resistivity is not the only factor
which must be considered: it is equally important to ensure that the integrity of the layer
will be maintained throughout the lifetime of the substation. For example, crushed rock

can become contaminated with windblown debris and can be washed away by wind and

rain. In this case, regular inspections and maintenance are required.

It should be noted that the high resistivity layer must extend beyond the earthing system
area if step voltages during fault conditions are expected to be larger than the voltages

that can be tolerated by a person standing on the native soil.

Finally, Table 2.1 indicates that wet concrete can have a very low resistivity when wet.
As a result, if a substation earthing system relies on a high resistivity layer to achieve
safe touch and step voltages, concrete walkways or operator pads can represent a safety
hazard if proper precautions are not taken. Appropriate measures, which can be
implemented to overcome this problem, include earthing the steel mesh reinforcing wires

in the concrete or providing an appropriate insulating coating on the concrete.
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CHAPTER 3

Method of Analysis

In order to achieve the aims and objectives outlined, various methods were implemented
in the analysis as listed below:

L Analytical method.
II. British and other Standards, such as S34, BS7430, BS7354 (Section 7), EA TS

41-24, and IEEE Std 80-2000.
III.  Formula developed by other researchers in the Literature.
IV.  Computer software CDEGS (MALT).
V. Electrolytic tank.

3.1 Analytical Method [33, 34]

An analytical solution for the ground resistance of a single vertical rod in homogeneous
soil was developed which is believed to be more accurate than any other existing model.
The main assumption made 1s that, because the rod radius 7 is much less than the length /,
the current is injected into the soil from the cylindrical surface only (i.e. the tip is
ignored) with a density that varies linearly with height. The solution involves a truncated
series of modified Bessel functions and is rather cumbersome, although the resistance
and surface potential distribution can be computed in a few seconds. Details are given in

Appendix 1.

It was realised at the outset that the Bessel series model would not be suitable for more
than one rod. However, it was required to have a reliable way of checking some of the
simple analytical models that have been proposed in the literature and which express the
resistance to ground and surface potential in simple closed form. If confidence can be
placed in one of these models then it becomes possible to handle an array of vertical rods
in homogeneous soil with relative ease. One such model is the so-called cylindrical rod
with hemispherical tip. This sounds ideal until it is realised that all the surrounding

equipotentials are constrained to follow the same shape, i.e. become cylinders with
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closing hemispheres of increasing diameter. Not only is the local current density forced
to cross these equipotential surfaces at right angles but also with uniform density over the

surface. The resulting current flow almost certainly suffers considerable distortion.

On the other hand, it was discovered that, for rods of length more than 100 times radius,
the resistance obtained from the Bessel function series solution can be reproduced almost
exactly by a thin ellipsoidal model with its minor axis given by d = V2 x rod diameter
(2r). This is a modified version of the existing model in which the more obvious value

d =2r is assumed. An ellipse is a co-ordinate surface in the prolate spheroidal co-
ordinate system, and it can be shown by separation of variables that the ground resistance

is given by

= —-l—ln 4
T 2ol d G
where & is conductivity of soil (provided d /7 < 0.1 which is more than satisfied by

original requirement / >100r). The surface potential is given by

ln(coth g} (G.2)
V=y —
ln—
dl

where V' denotes the potential of the rod and 7 is the co-ordinate describing the
dimension of the elliptical equipotential on which the field is required. The outwardly-

directed electric field on the surface is then

=

2
lsinh(ZU)lng—{ (3.3)

Equations 3.2 and 3.3 can be written in terms of the injected current 7 by replacing V5 by

IR. At alarge distance x*” from the axis of the rod where 2n>>1, eqn.3.3 yields
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_ AV exp(=217) (3.4)

lln4—l

d!

E

Now the Cartesian co-ordinate x’° =/ sinh(n) = 0.5 / exp(n), so that, in terms of the

’32

injected current 7, £ =1/ (2n o x’°). But this expression can also be derived from the

simple hemispherical model of a rod, which is not surprising because the distant
equipotentials in a prolate spheroidal co-ordinate system tend to become spherical in
shape. On the other hand, the surface potentials yielded by the popular hemispherical
model, even with its radius r selected to give the correct resistance to earth, are only
acceptable at a horizontal distance of more than three rod lengths from the axis of
symmetry. This is not surprising when it is realised that r may be about half the original
rod length. The conclusion is that the modified ellipsoidal model of a cylindrical rod is
almost certainly of sufficient accuracy for the analysis of multiple arrays of closely
spaced vertical rods, and will always yield the correct earth resistance. However, the

hemispherical model can only be used for distant fields and widely separated rods.

Eqn.3.2 for the surface potential at distance x’’ from the axis of a single rod can be

written in terms of the injected current as

ln[coth(O.S sinh™ XTH)] (3.5)

V=1
2rzol

This expression assumes the rod to be a thin half-ellipsoid with its length (i.e. half the
major axis) at least 10 times the minor axis d_ (=V2 times rod diameter). This will be
satisfied in practice, and the resistance can be obtained within about 1% (low) from

eqn.3.1 if the length > 100 x rod radius.

We can begin to illustrate the relative ease with which rods can be combined by
considering two rods in homogeneous soil separated by distance ¢’. First let the current I
be injected at one rod and extracted from the second. The surface potential (relative to
true earth zero) at any point can be found by superposition and will of course be zero at

points equidistant from both rods, i.e. on the plane of symmetry. The total potential V; at
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the first rod is the sum of the isolated potential IR, due to the injected current, and the

potential

Ina (3.6)
2nol

V,=-1

set up by the current —/ in the second rod (assuming ¢’ >> a), where
o= coth(O.S sinh™ %) 3.7

Thus V; = IR + Vi3, and, by symmetry, the potential at the second rod is V; = —IR - V2.
The potential difference is therefore AV = V; — Vo, =2 (IR + V12 ), so that we have

1n4—{—1na
0.5AV =IR+V,=1—94 (3.8)
2ol

But in a practical situation both I and AV can be measured, so we have a possible method
of obtaining o, the local value of the “homogeneous” soil conductivity. This method is
tested in Section 3.5.3. The rods should be closely spaced, subject only to the condition

that the spacing should be much greater than the radius of the rods.

The same technique can be used to determine the theoretical value of the ground
resistance of a system consisting of two vertical rods solidly connected together above

ground level. The rods share the current I equally (by symmetry), and so we have

V=V, =O.5](R+—199—J (3.9)
2rol

where o is defined in eqn.3.7 and R is, as usual, the ground resistance of an isolated rod.
The combined resistance is therefore 0.5 [ R + In(a) / (2o /) ] which tends to R/2 as ¢’/ /
increases because the interference between the electric field distributions of the two rods

(which dictate the individual current flow patterns) becomes negligible.



A practical earthing system will consist of an array of N vertical rods with an adjacent
spacing of only a few metres. We will consider the situation where only the rods, and
not the interconnecting links, are in direct contact with the ground because at present
only the vertical rods can be modelled. The superposition technique can be used to take
into account the interference between the rods; an effect that increases the overall
resistance substantially above the minimum value of R/ N. The method is considerably
simplified if the array is fairly small and symmetrical. For example, consider three rods
arranged in a line and numbered in sequence 1,2,3. Equations for V7, V3, and V3 can be
obtained in terms of the individual currents 7, /5, and /5. From the fact that all three
potentials must be equal to the same value, J say, two equations with the three currents
as the only unknowns can be formed. In addition, symmetry imposes the condition /5 =

11, and so all the currents can be determined. The ground resistance is finally given by

V/ZL

This technique, but used with rods modelled as cylinders with hemispherical tips has
been used by Datta, Basu and Chowdhury [16] for several simple arrays. Apart from the
two-rod case mentioned earlier, the simpler example considered by Datta et al is for three
rods situated at the corners of an equilateral triangle, where symmetry dictates that the
current injected by each rod is one third of the total. The resistance ratio (actual

resistance divided by the value for a single rod, R) is given by (1+2m)/3, where

[+ (3.10)

and j is the length of the sides of the triangle. On the other hand, using the ellipsoidal

model, it can be shown that the value of m in eqn.3.10 becomes

_ Ino (3.11)
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For the useful case of four vertical rods placed at the corners of a square, the resistance
ratio is (1+2m+q)/4, where m is given by equations 3.10 or 3.11, and ¢ has the same form
as m but with j replaced by \/Zj to allow for the diagonal separation between rods in

opposite corners of the square.

3.2  British and other Standards

The Standards referred to in this research are the ones commonly used by industry and

other researchers.

3.2.1 Engineering Recommendation S34 (1986)

The Engineering Recommendation S34 (1986) [35] is a guide for assessing the rise of
earth potential at substation sites. This Guide outlines the methods which should be used
to assess the maximum rise of earth potential and the local ground potential profile which
can occur at transmission, bulk supply point and primary and distribution substations
operating at 6.6kV and above. The Guide also prescribes methods for determining the
value of the resistance/impedance of earth electrode systems. The Guide does not deal
with the effects of such potentials or with measures of protection that might be
considered necessary if the potentials exceed certain limits which may be specified

elsewhere.

3.2.2 BS7430 (1998)

This British Standard Code of Practice for Earthing [36] gives guidance on the methods
that may be adopted to earth an electrical system for the purpose of limiting the potential
(with respect to the general mass of earth) of current-carrying conductors forming part of
the system, and non-current-carrying metalwork associated with equipment, apparatus,

and appliances connected to the system.
BS7430 applies only to land-based installations; it does not apply to ships, aircraft, or

offshore installations, nor does it deal with the earthing of medical equipment or the

special problems encountered with solid-state electronic components and equipment due
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to their sensitivity to static electricity. This standard does not address electromagnetic

compatibility requirements for earthing, nor does it give recommendations for functional

earthing.

3.2.3 BS7354 (Section 7,1990)

Section 7 of BS7354 [37] supplements the information in CP1013 and includes a
procedure for the design of the earthing system for switching stations. CP1013 is code of
practice 1013 and is titled 'Earthing', last published in 1965. It no longer exists and is
superseded by BS7430 & BS7354.

BS7354 was rewritten in 1990 to be compatible with CENELEC and IEC standards at the

time. It provides guidance on system earthing and equipment earthing.

324 EA TS 41-24 [38]

This specification relating to main earthing systems in substations is a companion
document to BS Code of Practice 1013 (1988) and supersedes Engineering
Recommendations S5/1 (1966). This specification was issued in 1992, although much of
the work on which it 1s based was completed some years previously. It includes the
voltage limits used within the electricity supply industry, which differ from those of BS
7354, even though the two documents can be considered to apply to many of the same

installations.

3.2.5 IEEE Std 80-2000 [39]

This Guide is primarily concerned with outdoor ac substations, either conventional or
gas-insulated. Distribution, transmission, and generating plant substation are included.
The intent of this guide is to provide guidance and information pertinent to safe earthing

practices in ac substation design.
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3.3  Formulae developed by other researcher in the Literature

These formulae will be quoted and used in the next chapter, as a comparison with other

methods.

3.4  Computer Software CDEGS MALT

The application of computer-assisted design techniques to the solution of complex
engineering problems can result in substantial cost savings, both in engineering and
construction. It can also improve accuracy and reduce design time. This is particularly
true for earthing problems, which cannot generally be solved accurately using
conventional simplified or empirical methods. The software used in this research is the

CDEGS software, in particular the MALT module.

3.4.1 Background information on the creator of CDEGS

SES states that [40]:

“The CDEGS (Current Distribution, Electromagnetic Fields, Grounding and Soil
Structure Analysis) software package was developed by the world leader in
Grounding/Earthing, Lightning and Electromagnetic Interference, which is the Safe
Engineering Services and Technologies Ltd. or better known as SES. SES' primary focus
is helping its customers to assess and mitigate the effects of grounding & electromagnetic
interference on people, equipment and the environment, safely, efficiently, and

economically.”

“Since its foundation in 1978, SES has been recognized as an undisputed world authority
on the effects of soil on the interaction between electrical installations and other utilities
such as gas and oil pipelines, communication industries, and railway electrification. SES
holds the distinction of being the only company worldwide totally dedicated to providing
the engineering community with expertise, software and training for the solution of
complex problems related to earthing and electromagnetic interference. SES has earned

an international reputation for pioneering work in earthing and in electromagnetic and
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conductive interference analysis involving electrical networks. Typical areas of
application for its research and development work include electrical system networks and
neighbouring utility installations such as oil and gas pipelines, telecommunications

cables, and railway tracks.”

“Its leadership is maintained through an aggressive and ongoing research and
development program, regular involvement in the analysis of a wide variety of practical
and challenging industrial problems, and its support of a superior and growing line of

engineering applications software modules.”

3.4.2 Documentation and Validation Reports

On this issue, SES states that [40]:

“Engineers and scientists are now more and more relying on engineering software
developed by independent professionals or specialized firms outside of their own
organizations as was usually the case a decade or more ago. Consequently, some critical
questions need to be answered before selecting a specific engineering software package.
One important question is whether the software is accurate and how this can be verified.
This is an important question because it is crucial for the safety and integrity of any
engineering study or design. Another important aspect is whether the software is well
documented. This question addresses the fundamental requirement for insuring adequate
understanding of the subject and usage of the technical software. In other words, a
satisfactory engineering software must have sufficient documentation and an adequate
validation report. This implies necessarily that the software producer is competent and

has the necessary resources to conduct and document its software validation tests.”

“SES’ engineers and scientists conduct their own research and development and offer
advanced consulting services on a continuous basis in the marketplace. This unique
combination allows SES to develop and maintain state-of-the-art, industry applications-
oriented software. SES' scientific publications, in the most reputable journals, are an

excellent indication of how SES is viewed in the scientific community.”
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“Extensive scientific validations of the software using field tests and comparisons with

analytical or published research results have been conducted for over twenty years. The

validation conducted by SES as well as other independent researchers is documented in

hundreds of technical papers published in the most reputed international journals.”

“Each module in CDEGS has been tested to insure that it produces the correct results for

a large number of cases. These cases are tested for every release of the programs and the

results are validated by comparing them to the existing ones, which in turn have been

continuously validated over the years using the following three well-documented

mechanisms [40] with some of the published documents listed:

a)

b)

Comparisons with field tests and experimental scale models. References [9, 41-49]
provides the comparisons between measured and computed results.

Comparisons with scientific published results. References [8, 9, 19, 44, 46, 48, 50-
90] are technical publications and research and development reports which describe
scientific validation studies using CDEGS results. Essentially, computed results
produced by the CDEGS engineering modules are compared to analytical results
already published by other researchers. The comparisons often involve classical
cases or simple models for which exact analytical results exist already.

Comparison with other similar programs using completely different techniques.
References [73, 85, 91, 92] provides technical publications and research and
development reports which gives scientific validation studies using CDEGS results.
Essentially, computed results produced by the CDEGS engineering modules are
compared to known analytical results obtained using computer models based on
completeley different techniques. The comparisons often involve complex cases for

which no exact analytical results exist.”

3.43 OQOverview of CDEGS

The CDEGS software package is a powerful set of integrated engineering software tools

designed to accurately analyse problems involving earthing, electromagnetic fields,

electromagnetic interference including AC/DC interference mitigation studies and

various aspects of cathodic protection and anode bed analysis with a global perspective,

starting literally from the ground up. CDEGS computes conductor currents and
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electromagnetic fields generated by an arbitrary network of energized conductors

anywhere above or below ground for normal fault, lightning and transient conditions.

CDEGS models simple and multi-component conductors, including bare, coated pipes

and pipe-enclosed cable systems buried in complex soil structures [10].

CDEGS itself is composed of eight individual modules, which are RESAP, MALT,
MALZ, TRALIN, SPLITS, HIFREQ, FCDIST AND FFTSES. Each of theses modules

caters for a particular type of analysis. CDEGS modules are enabled on the installation

of hardware protection key on the parallel port of the computer. A brief explanation of

each module is given below, except for the MALT module, which will be explained in

the next section [10]. The modules are:

a)

b)

RESAP: This program interprets measured soil resistivity data and determines
equivalent earth structure models. The users enter apparent resistance or resistivity
values which have been measured using Wenner, Schlumberger or arbitrary
electrode arrays and RESAP determines a multilayered or exponential soil structure

which most closely matches the measured results.

MALZ: This program analyses the frequency domain performance of networks of
buried, current-carrying conductors and computes the following quantities:

e  Magnetic field in the air,

e  Conductor and earth potentials,

e  Current distribution in the conductors

It is particularly suited for analysing extensive ground networks which cannot be
considered to be equipotential surfaces or which interact with nearby coated
pipelines. MALZ is also an excellent tool for analysing conductor networks
energized by current at frequencies varying from O to about 1 MHz or for studying
the cathodic protection of coated structures. Finally, using FFTSES, the transient

response of any network of conductors is easily determined using program MALZ.
TRALIN: This program analyses electric line cross sections to determine conductor

line parameters, electrostatic and electromagnetic induction effects on

undergrounded conductors, and electric fields in the air. TRALIN can be applied to
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d)

industrial, distribution, and transmission lines with any number and type of
conductors or phases configured in any arbitrary positions. Computations take into
account the non-uniform nature of soil structure characteristics. The most usual
application of TRALIN is to compute series and shunt impedance of electric line
conductors and nearby non-energised conductors such as pipelines and
communications cables. These impedances are then used to create a circuit model,
which can be analysed by the SPLITS program to compute currents flowing in all

parts of the systems (including metallic return paths) and potentials throughout the

system.

SPLITS: This program determines the distribution of load and short-circuit currents
in every section or span of a multi-conductor, multi-phase electric transmission,
distribution, or industrial network. It is also used to investigate the electromagnetic
interference effects caused by such conductors on neighbouring facilities such as

pipelines, communication lines, rails, and fences.

FCDIST: This program computes the distribution of fault currents between a
earthing system and the overhead ground wires or neutral wires which are

connected to it.

HIFREQ: This program analyses the performace of networks of buried and above-

ground current-carrying conductors and computes the following quantities:

e  Magnetic field in the air and in the earth

e  FElectric field in the air and in the earth

e  Conductor and earth potentials

e  Current distribution in the conductors

e  Self and mutual impedances and capacitances of conductors and arbitrary
shaped circuits

HIFREQ is particularly suited to analyse extensive conductor networks including

earthing systems energized at frequencies ranging from DC to hundreds of MHz.

Using appropriate software such as FFTSES, the transient response of any network

of conductors is easily determined.
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g) FFTSES: This program performs Forward and Inverse Fast Fourier Transforms on
waveforms to be studied by frequency domain programs such as the MALZ,

SPLITS, and HIFREQ programs and on waveforms generated by theses programs.

344 MALT module

This research involves bare rods as conductors and is undertaken at 50 Hz, hence the
MALT module is used. Abbreviation MALT stands for Mise-a-la-Terre (in French).
This French expression in general means grounding. MALT is the oldest and most
widely known program of the CDEGS software package. It is generally used to analyse
electric system earthing networks and is often used to investigate transferred potentials

and currents diverted to uncoated pipelines or other bare metallic structures.

MALT can be used to determine the distortion effects caused by the proximity of two
earthing networks carrying currents in opposite directions. MALT can also solve
cathodic protection problems involving non-extensive uncoated buried structures.
Finally, it can be used to interpret ground resistance measurements in non-uniform soils
when carried out using the well-known fall-of-potential method. MALT assumes low-
frequency harmonic current excitations similar to those existing during normal or fault

power conditions [10].

The most common application of MALT is to model electric substation, plants, factory or
power line structure earthing systems in uniform, horizontally, vertically or
hemispherically multi-layered soils and to determine the ground resistance and GPR,
potentials at user-defined points in the soil and at the earth surface, and touch and step
voltages at user-defined points throughout the earthing system area. Transfer potentials

to nearby, bare non-energised structures are also computed.

MALT is used mainly when all conductors to be modelled are bare and when the size of
the various energised buried systems (e.g. a substation earthing system and a nearby
return electrode) modelled is small enough that the potential difference between two

locations on the same system is expected to be small, i.e. each system is an equipotential
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surface. If these conditions are not satisfied, MALZ (Cathodic Protection & Frequency

Grounding) should be used instead.

In MALT, the program energises the earthing system as a whole (not a specific
conductor). Thus, for example, if there are 2 symmetrically located rods of the same
length and radius, the current injected will be equally distributed between them. MALT
is designed in such a way that it does not take into account the longitudinal impedance of
earthing conductors. Thus, in this situation the location of the current injection points
within the ground network do not play a significant role. It is as if the conductors from

the main electrode have a ‘zero resistance’ link to an imaginary injection point.

3.4.5 Theoretical approach outline used in MALT

The sources of electric field in the case of an earthing network located in a soil are
charges located on the surfaces of conductor segments. Each conductor is subdivided
into small conductor segments. Each conductor segment is assumed to have a uniform
surface charge distribution. The method of images is applied for all the elements of the
soil interfaces and all the conductor segments, to take into account the presence of the
earth surface. The charge distribution in the system is determined by numerically solving
integral equations expressing the boundary conditions on the conductor segments.
Finally, the earth potentials anywhere is computed by considering the contributions from

all the charges on the conductor segments.

3.4.6 Input and Output Data in MALT

MALT is relatively simple to use due to its user-friendly structure. However, some tasks
may be a bit complicated, but it gets the job done very well. Upon entering CDEGS, the
working directory must be specified, and then a string is entered to identify the series of

simulations that are about to run. Figure 3.1 shows CDEGS main screen. CDEGS main

screen consist of three main panels, which are Data Entry, Engineering, and Plot/Report.
It can be seen that from the central panel, CDEGS consists of eight engineering modules.
Data entry session for these programs is started by clicking on the “Toolbox™ button at

the top of the left panel (highlighted in red). After all the data is ready, the appropriate
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module button in the central panel is launched, in this case, the MALT module
(highlighted in blue). Finally, the “Toolbox” button at the top of the right panel will give
the results of the computations (highlighted in green).

Import from DB Export to DB

| =

Text Editor Fidle View/Print/Plot

%) L2

Guidelines i }| GuideEnes

Figure 3.1 : CDEGS Main Screen

The input data task of MALT is straightforward. See Figure 3.2 for the master data entry
screen for MALT. The data can be entered using the buttons at the bottom left hand
corner, which consists of:

a) Soil Type: type, resistivities, and location of layer interfaces.

b) System (Electrode configuration): physical location of the conductors that constitute
the electrodes (i.e., the ground network and other directly energised or non-energised
buried structures, if any).

c) Computations (Profile data): pertinent data about the directions in which potential

profiles are to be calculated.
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d) Advanced (Codes and options): this data allows a flexible and efficient use of
program MALT capabilities for each particular problem to be studied.

|25 rods c=60mm

[t barier S0 plates ot omm spacng

[60.60 position

Figure 3.2 : MALT main input screen

Figure 3.3 shows the MALT System screen. The top left of the screen (highlighted in
red) suggests, more than one earthing system can be entered, which are a main earthing
system, an optional return electrode, and any number of buried structures, each one
consisting of as many conductors as desired and each one energised by a voltage, a
current, or left floating. As the illustration shows, the conductors can be oriented in any
way you wish, in three-dimensional space. The conductor coordinates can be specified by

a number of means, alone or combined.

Figure 3.4 illustrates the SesCAD screen. SesCAD is an important tool in drawing the
earthing grid. There are many features in SesCAD, which will make drawing the

earthing grids easier.
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SCAD - - [DocumentT (From Input Toolbox) - View (1) (X-Z View) ** |

Figure 3.4: SesCAD screen
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After drawing the earthing system and entering the appropriate data, the next step would
be to enter the soil structure characteristics. If RESAP has been run, MALT will
automatically use the model proposed by RESAP if one is not entered here. MALT offers
a great variety of soil models as can be seen from Figure 3.5. The most commonly used
in practise is the horizontally layered soil. Other soil structures include vertical layering,
multiple finite volumes of soil with different resistivities (useful for modeling backfill or

multi-tiered sites), cylindrical and hemispherical volumes of soil (to model rivers, lakes,

etc.).

ZECDEGS Runme [Jobid: FAT RING 100MM ONE RING |
Control Qata

EYData Entry. i= [=/[4] =l Engineering

S MALT (Soil Type)

Figure 3.5: Soil Type screen

The Computation screen (see Figure 3.6) is where the points for touch voltages, step
voltages and earth surface potentials will be specified. This can be done with SesCAD
(highlighted in red), in which one or more rectangular arrays of points can be drawn with
the mouse; simple lines of points or “profiles” can also be specified. Alternatively, this

information can be entered in the table shown on this screen (highlighted in green).
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||,

Figure 3.6: Computation screen

A large variety of graphs and reports can be generated by MALT. The data that can be
plotted includes: touch voltages, step voltages, earth potentials, fall-of-potential apparent
impedances, conductor potentials, and conductor leakage currents. Figures 3.7 and 3.8

show a couple of examples of output screens that can be obtained after the computations

have been done.
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1

Scalar Polens

Scalar Potentials

Figure 3.7: A large variety of graphs and reports can be generated by MALT.

(based on two representative points)

End of Report #2

Ele Edt View QOptions Help
@] Sl@| =[] ¢ I
1 0.30 0.32 0.00
2 0.30 -0.32 0.00
3 0.31 -0.32 0.00
4 0.31 0.32 0.00
5 0.30 0.32 0.18
6 0.30 -0.32 0.18
% 0.31 -0.32 0.18
8 0.31 0.32 0.18
CONFIGURATION OF MAIN ELECTRODE
Original Ground Potential of Electrode............: 20.000 volts
Current Scaling Factor (SPLITS/FCDIST/specified)..: 1.0000
Adjusted ial of El sesmssaseaaat 20.000 volts
Subdivision Flag....ccceccrorenaascnnn 1
Number of Conductors in Electrode.. 35
Resistance of Electrode Syscem......... 15.345 ohms
SUBDIVISION
e
Grand Total of C After ision.: €5
Total Current Flowing In Nain Electrode......: 1.30383 amperes
Average Current Density of Conductor Segments: 0.33419 amperes /meter
Total Buried Length of Main Electrode........: 3.9000 meters
EARTH POTENTIAL COMPUTATIONS
Hain Electrode Potential Rise (GPR).....: 20.000 volts

Figure 3.8: Numerical values from the output panel giving the grid resistance and GPR.
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3.5 Electrolytic Tank

The need for accurate design procedures for the earthing system becomes more important
both from a safety point of view and from financial considerations, as the number and
complexity of AC substations increase. When all the physical dimensions of an earthing
grid system are reduced in size by the same scale factor (this includes the conductor
diameter and the depth to which the grid is buried), the pattern of current flow and the
shape of the equipotential surfaces are unaltered. Some further changes are necessary in
order for modeling to be of practical value. The full-scale grid is buried in semi-infinite
earth, but a solid medium is inconvenient both from the measurement standpoint and
when delicate model grids must be frequently removed for modifications and replaced.
Hence, the obvious alternative is an electrolytic tank. The electrolyte presents no

particular problem for the homogeneous case, as water is a convenient choice.

In essence there are only three methods for evaluating the performance of an earthing
grid. These are the measurements on a full-scale grid, numerical computation (see
Chapter 3), and measurement on a scale model grid. Full-scale tests are both costly and
difficult to perform, hence they are very unattractive. Numerical methods, on the other
hand, are very convenient to use once the necessary programs are available and
thoroughly verified. Creation of these programs, however, is not without its problem. In

all but the simplest cases, it is necessary to make some simplifying assumptions.

Scale modelling provides a valuable alternative method. It requires only a very modest
investment in equipment. It can be used to verify numerical methods during the
development phase. Once an electrolytic tank has been set up, it is possible to make

changes on grid models quickly and easily.

3.5.1 Researchers using Electrolytic Tank and Scale Models

In a 1950 paper by Koch, the concept of using scale models and an electrolytic tank to
simulate the performance of earthing grids was introduced [93]. This paper may have had
the most impact on the IEEE-80 Guide [94]. A number of other researchers published

papers in the 1950’s on the use of scale models, for example, McCrocklin and Wendlandt
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[95] and Amstrong [96] in the United States, Schmidt [97] in Germany, and Faletti,
Rossignani and Malaman [98] and Rossignani and Rostagno [99] in Italy. The use of
scale models continued world wide in the 1960’s with work by Amstrong and Simpkin
[31], Thapar and Puri [100], and Voronina [101]. A number of papers have been
published in the last decade on research work related to scale models performed at Ecole
Polytechnique, Montreal, Canada [42, 90, 102]; the researchers include Dawalibi,
Delean, Gervais and Mukhedkar.

The size of the electrolytic tank is directly related to the minimum scale factor, which can
be used. In the initial work by Koch, the model size was limited to 120mm with a scale
factor of 115. The tank was a metal container. Many researchers utilized a rectangular
tank either made of concrete or of wood construction and lined with plastic with one of
the larger being 6 x 15 feet by 1.5 feet deep (1.83m x 4.57m by 0.46m deep) [96]. There
are a few researchers who use a hemispherical tank. Kouteynikoff [103] used a 2.7m
diameter hemisphere while a 20m diameter hemisphere was used by Amstrong and
Simpkin [31] and Thapar and Puri [100]. The researchers in reference [95] report the use

of a large lake as the electrolytic tank in which case grids up to 2.44m x 2.44m were

tested.

The physical return electrode varied significantly among the various researchers. Koch
used the metal container which was the electrolytic tank as the return electrode [93]. In
one case a hemispherical return electrode was used [103] and in another the return
electrode was a copper bar located around the periphery of the tank just below the water
level [104]. Most researchers report the use of a return electrode that was a small plate or

simply an electrode located at one edge of the tank.

3.5.2 Experimental Arrangement

The experimental tank used in this research is cylindrical and measures 2m in diameter
and 1.2 m in depth. It also has a plastic liner that covers the inner part of the tank. The
model-earthing mat is mounted on a central platform suspended from a rigid arm
attached to one of the vertical steel wall struts. The potential on the surface of the water

is measured by a probe suspended by a plumb-bob arrangement from a horizontal arm
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that is free to rotate about the axis of the tank through 360°. Only the tip of the wire is
touching the surface of the water. Surface measurements within the platform area are
obtained by inserting fixed probes through 1.5 mm holes in the platform. The platform is
made from hard clear Perspex that will not absorb water and it provides a horizontal

configuration with the minimum distortion and sag.

The true earth plane is a flat zinc-coated steel mesh, containing very small holes, whose
height from the tank bottom can be adjusted. The resis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>