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Abstract 

The research described in this thesis is an investigation of stability of short arcs. It is on fault 

tolerant medium voltage distribution networks. It serves to describe experimental findings of 

the investigation of stability of short (1000mm) arcs. The instability of short arcs with high 

source impedance may be exploited to improve the lightning performance of medium voltage 

distribution lines. 

Lightning initiated flashovers on distribution networks do not necessary lead to power follow 

current. This subject has been the cause for concern to various authors as far back as the 

1930 and 1940. But from the literature search that has been done in this thesis there is not 

enough information about the effect of high source impedance on arc quenching. A thorough 

literature search has been done to establish work that has been done by these authors. Some 

work was reported by Darveniza [1], but without details of the dynamic response. Most of the 

work on arc quenching and electric properties of wood was done by Darveniza [1]. Various 

developed arc-quenching techniques are highlighted in this document. 

The arc behaviour is then discussed without going into the details of plasma physics. The 

general characteristics and dynamics of AC arcs that are discussed include inter alia the 

voltage versus current (V-I) characteristic, extinction methods under different circuit 

parameters and re-ignition of arcs as discussed by Cobine [33]. 

A range of tests were performed in the newly built medium voltage laboratory at the University 

of Cape Town. Preliminary tests at low voltage (230V) were performed to establish the 

possible trends of the arc behaviour and from which the measurement and control circuits were 

established. This involved initiating an arc channel at different voltages up to 40kV in air and 

along wood surface path. 

From these test results and literature search it became clear that the dynamics of an arc are 

determined by several factors, but the most important ones are the length of the gap, the arc 

supply voltage and supply impedance. The nature of the results obtained in the laboratory are 

stochastic. Different authors and the results performed in the laboratory in this thesis had 

different circuit arrangements hence arc stability probabilities also differ between authors. The 

work reported in this thesis does concur with what was found by previous researchers thesis in 

so far as arc behaviour is concerned. 
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Chapter One 

INTRODUCTION 

Lightning initiated flashovers on distribution lines affect the quality of supply to many 

customers (in Africa). To be immune to lightning a line must either be capable of receiving a 

direct stroke terminating on conductors or structures, with some means provided for relief of 

the lightning energy without power frequency follow current. If this cannot be achieved, direct 

strokes should be effectively diverted from the line and line insulation be such that flashover 

will not occur due to voltages that can appear on the line conductors when lightning 

discharges occur to the diverting structures. 

In this chapter the topic is introduced and the basic research problem and relevant research 

questions are identified as far as possible. Throughout the thesis much of the jargon used in 

electrical engineering will be minimised. The chapter is divided into six sections. The first one 

is the background to the problem with emphasis on the relevance of the topic. The aims and 

obje.ctives of the research, and the scope and limitations of the topic follow a statement of the 

hypothesis and problem. The hypothesis and problem statement is then defined. Then the 

research methodology that outlines the method of gaining information to get to results is 

outlined. Finally the chapter describes the overall structure of the project with a plan of 

development of chapters. 

1 Background to the Problem 

Some work on arc quenching was done in the 1930s and 1940s and also again was revisited 

in the late 1960s. However, there is little evidence of the effect of source impedance on arc 

self extinction. 

According to Davemiza [1], lightning flashovers on overhead lines do not always cause power 

faults. When a fault occurs on a transmission or distribution system due to lightning or 

overvoltage often an arc discharge occurs at the fault point [2][3]. Power follow current is the 

power frequency current continuing to follow in the arc path initiated by a high voltage 

flashover such as caused by lightning. Hence line fault-protection schemes should be able to 

discriminate between line flashover with power follow current and those without power follow 

current [4]. 

The arc discharge which is caused by a fault current has a high current, high temperature, 

strong light emission, etc, thus it sometimes causes heavy damage not only at the fault point 

but also to electrical power equipment. Hence, it is important to understand the fault arc 
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phenomena well, so as to achieve early recovery from the fault, define its causes and 

undertake fault prevention measures in the apparatus. [2]. 

The reasons why arc quenching should be visited, is because: 

y It affects protection, performance and physical damage on lines. 

y There is a high incidence of lightning in South Africa, which affects the performance 

of electrical networks. 

y Lots of work has been done on long arcs (such as associated with transmission 

voltages) but not much reported on shorter arcs (distribution) with high source 

impedance. 

y It will lead to better design of conductor clearances or earthing. 

2 Aims and Objectives of the Research 

The research is on fault tolerant medium voltage distribution networks i.e. on networks that 

are immune to transient disturbances. The objectives of this thesis are: 

y To investigate the influence of source impedance on arc quenching. 

y To investigate the stability of short arcs in air and along a wood path. The air gap in this 

case represents the gaps such as obtained between conductors and guys or grounded 

parts of structures and across arcing horns. 

y To investigate the arc quenching properties of wood as described by Oaverniza[1]. 

y To represent arc instability as a probability. 

y To make conclusions based on these findings. 

3 Test Scope, Purpose and Limitations 

The effect of factors highlighted in 2 above can be tested in a laboratory for short arcs (up to 

1000mm). These lengths have been adopted from Eskom Medium Voltage Reticulation 

Standard [5], across both in air and wood in a vertical position, voltages up to 40kV and short 

circuit currents limited to 20A by the source impedance. This standard has been adopted 

because Eskom is the largest utility covering more than 80% of the South African electrical 

network. The stability of an arc will be determined by its duration, if it lasts for more than one 

second or characterised by re-ignition it is regarded as stable arc, otherwise the reverse shall 

apply. 

Although the currents are weak and may seem to be not typical values of overhead line 

networks, but from a high impedance earthing point of view they are realistic. Also, as 

8ellaschi [6] proposes, the amount of power current that actually may follow, once the 

breakdown is established does not appear to be a determining factor in affecting probability of 

power follow, provided the conditions of adequate surge current discharge and availability of 
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power voltage are met. Therefore, similar results are expected from tests conducted entailing 

higher power follow currents. 

4 Hypotheses and Problem Statement 

There is a relationship between arc stability and the arc length, source voltage and source 

impedance and the relationship can be represented as probabilities of arc instability leading to 

self-extinction. To confirm this hypothesis the following problems need to be addressed: 

)0- How does arc length voltage affect arc instability? 

)0- What is the effect of arc path followed, whether in air or along wood surface? 

)0- How does the impedance of the supply circuit affect arc instability? 

)0- Does the electrodes configuration count, whether in vertical or horizontal 

configurations. 

)0- Under what prevailing atmospheric conditions e.g. temperature, pressure, wind 

speed, etc. 

All the above potential problems lead to the investigation of stability of short arcs «1000mm) 

in circuits with high source impedance. 

According to Browne [7], often arc behaviour is so interrelated with electrical properties of the 

circuit that it is just as responsive to circuit conditions as it is to the physical state of the arc's 

surrounding. An arc caused by lightning or tree touching does not necessitate a power follow 

if it lasts for less than one second. The arc will extinguish itself in less than one second if 

correct line parameters are chosen. 

This thesis seeks to investigate the possibility of quenching the arc through forced instability 

by using a "high impedance source". High source impedance is a highly reactive impedance 

that will be used in this investigation. 

In transmission lines with high impedance earthed neutrals like the Peterson coil, this 

arrangement will limit the current tending to follow an electrostatic discharge from a direct 

strike so that the normal frequency may be shut off. 

This will in turn influence the philosophy of relay settings, source impedance and pole 

structural design. 

5 Research Approach Followed 

As stated previously that the subject of arc quenching was once researched in the 1930s by 

Melvin [8], Erkval [9], etc and 1940s by Bellaschi [6] and again in the late 1960s, but still some 

uncertainties still exist about self-extinction of arcs. 
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The approach taken to the research included: 

~ Do a literature survey to find out what work has already been done on this subject, 

establish trends. What are the different technologies available both new and old. 

~ Study the dynamics and the physics of electric arcs. 

~ Perform preliminary tests at 230V. 

~ Perform medium voltage tests both in air and along dry wood in a vertical plain. 

~ Analyse the results to establish whether they concur with what was found in the literature 

survey, arc dynamics and preliminary tests. 

~ Make conclusions. 

All this will identify the following: 

~ A probability based description of arc instability 

~ An understanding of the limits of stability. 

~ Testing the effect of the presence of wood. 

6 Research Structure 

The thesis is arranged as follows: 

Chapter Two identifies and reviews work done by previous researchers on the topics of arc 

quenching. 

Chapter Three discusses the behavioural characteristics and dynamics of electric arcs. It 

does not analyse the details of plasma physics and chemical processes involved, but 

describe the behaviour of arcs under certain electric conditions. 

Chapter Four describes arrangements for tests and preliminary results at low voltages. 

Chapter Five describes the extension of the test arrangements to medium voltages of up to 

40kV. 

The results of the laboratory tests are discussed and analysed in Chapter Six, it is based on 

the previous four chapters. This chapter will then lead to the Conclusions, which is Chapter 

Seven. 
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Chapter Two 

LITERATURE REVIEW 

1 Overview 

This chapter identifies and reviews the work previously reported on this topic. The theory behind arc 

quenching properties of wood is also discussed. Possible test circuits and breakdown phenomena 

are discussed. Different developed technologies of arc quenching are discussed. 

2 Effect of Lightning on Distribution Lines 

The physical phenomena associated with direct lightning stoke on an unshielded power line causing 

line tripping are well documented. 

According to Kostenko et al [10] and Rarden [11], when lightning strikes a line it flashes over at the 

nearest structure, flowing over the insulator string and cross-arm, and finally down the pole to 

ground. Because of the absence of a good ground, the rate of dissipation of energy is relatively 

slow so that a travelling wave of high magnitude remains on the line and flashes over at several 

successive structures in both directions from the stroke point overcoming the surge impedance of 

the line. A high voltage drop develops at the pOint where the line's equivalent resistance equals half 

the surge impedance, this point is the closest to the insulator unit of the lightning-struck phase 

conductor. This voltage causes the insulator to flashover. A heavy impulse current flows through the 

flashover channel, the pole and the pole footing resistances resulting into a large sharp voltage rise 

in the cross-arm. Due to electromagnetic coupling between phases, the potential of the healthy 

phases also increases and it can be assessed from the conductor coupling factor. This voltage, 

however, is not as high as that for the lightning-struck conductor. Thus the insulators of healthy 

phases are stressed and flashed over by a voltage equal to the potential difference between the 

cross-arm and the phase conductor. Phase to phase and sometimes three phase fault lightning 

flashover is also likely to occur resulting to a power arc accompanied by heavy short-circuit 

currents, which dictate line tripping. The wave attenuates rather rapidly so that no further damage 

occurs beyond perhaps a half a kilometre from the struck point [11]. 

Phase-to-phase flashovers occur without arcing to ground, the arc utilising the steel brace with 

wood cross-arm construction, or steel cross-arm, as part of the short circuit path. On grounded 

structures the flashovers are from line to ground, usually involving more than one phase [12]. 
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Table 2.1 below shows the minimum phase-earth clearances according to Machinery and 

Occupational Safety. The required clearance is independent of altitude [13]. 

Nominal system voltage [kV] i Minimum phase-earth clearance 

rms [mm] 

2.2 150 

3.3 150 

6.6 150 

11 200 

22 320 

33 430 

Table 2. 1 MinImum phase-earth clearances [13] 

3 Effect of Wood on Arc-quenching 

The electrical properties of wood and line design are well documented by Daverniza [14]. He 

classified the electrical properties of wood into two categories, namely: 

y Low voltage (LV) electrical properties, which include resistivity of wood, be it cross-arms or 

embedded in ground (treated and untreated), dielectric constant and loss factor. 

Y High voltage (HV) electric properties, which include insulation strength. Work done by 

Clayton et al [15] and Melvin [16] show that wood in series with porcelain adds little to the 

power frequency flashover strength of the porcelain alone. However, wood and porcelain 

combine to yield an impulse strength larger than that of either alone, but less than their 

arithmetic sum. Other HV factors influencing arc-quenching in wood paths are leakage current 

effects, wood charring and firing. 

3.1 Arc-Quenching Properties of Wood 

It has been suspected since in the 19305 that wood poles and cross-arms may posses deionising or 

arc quenching characteristics to some degree. As well as contributing to the insulation strength, 

wood can influence the outage rate by its capability of permitting lightning flashovers without the 

development of a power arc and consequence outage. Bellaschi [6] found that where the arc crazes 

the surface of the wood or is confined in the fibres, the normal deionisation action of the arc is 

intensified. Deionisation is when the current approaches the value of zero in the "hysteresis" loop of 

arcing. 

A field experience investigated by Ekvall [9] on occurrence of lightning flashovers with and without 

subsequent power arcs on various pole structures concluded that 'the arc quenching capability was 

mainly dependent on the power frequency voltage divided by the length of flashover path. This is 

called a voltage gradient. The gradient is either the operating voltage over the length of wood or the 

total flashover path including the wet flashover distance of insulators. 
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Brooks et al [17] performed a number of air flashovers in the laboratory and in air, and they found 

that the probability of power follow was small only if the impulse flashover was timed to occur near a 

power frequency voltage of zero. However, they noted that power follow was always prevented if 

the impulse breakdown path was within the body of a wood cross-arm for a minimum distance of 

300mm. Burgsdorf [18] found that the probability of power follow was essentially zero if the gradient 

was less than 7kV/m for air gaps and 10kVlm for flashovers involving wood. Armstomg et al [19] 

found that gradients of less than 5 to 11 kV/m of wood were required to prevent power follow, and 

that the arc quenching phenomena were dependent on the magnitude of the short circuit current 

The finding important in respect of this thesis was that quenching was less likely for larger currents. 

Table 2.2 below shows the test circuit parameters for laboratory power follow tests by different 

researchers. 

Researcher Impulse Current Voltage [kV] Short-circuit 
[kA] Current [A] 

Brooks et al - 26.4 24 
Bellaschi 5 - 25 46 - 138 23 70 
Burgsdorf I 20 - 600 -1000 

Armstrong et al 5 4.8-13.2 1000 -3500 
Table 2.2 Test circuit parameters for laboratory power follow tests [14]. 

The accumulated field and laboratory results show that there is good agreement concerning the 

operating gradients required for near-zero expectation of power follow, namely 10kVLm or less. 

However, there is conflict between the various expected values of the probability at higher operating 

gradients. It would appear that most of this conflict arises from varying characteristic of the 

equipment used in the laboratory [14]. 

According to Davemiza [20] the probability of an outage following a flashover of air or porcelain 

insulation is 0.85. The probability of a power arc developing across a wood path is considerably 

lower than for an arc in air. For lines which use wood cross-arms and poles, this probability can be 

very much smaller, and can be related to the power frequency voltage gradient associated with 

flashover path, see Fig 2.1 below. 
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Fig.2. 1 Probability of lightning flashover across wood [20] 

From these curves particularly with a and a' Davemiza [20] says the probability of a power arc due 

to lightning flashover is less on wet poles, e.g. at 50kv/m curve a yields a probability of 0.78 and the 

wet pole curve a' yields 0.56. 

In the case of wood-insulated lines the ratio of outages to direct lightning strikes is in the range of 

0.35 to 0.5 at voltages gradients between 5 to 8kVlm [21] on 3 or 5 paths followed. Transition from 

a lightning flashover (involving wood) to a power arc is unlikely to occur if the available power 

system voltage is insufficient to maintain conduction in the arc [1]. Thus, if sufficient wood is 

provided on the line structure, and if wood-porcelain and air insulation are co-ordinated to ensure 

that all likely flashover paths involve wood, the probability can be kept small and hence an 

acceptable outage rate achieved. In addition to the need to avoid multiple flashovers, there are 

several problems in applying the arc quenching criterion to line design, including the difficulty of 

ensuring satisfactory co-ordination of flashover paths at the pole top, the variability of the arc 

quenching characteristics and the possibility of lightning current damage to wood [20]. An important 
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finding by Darveniza [20] in this regard is that, if the operating gradient is less than 14kV/m, there is 

little probability that a power arc will develop following a lightning flashover. This contradicts the 

10kV/m voltage gradient proposed by Burgsdof[18]. 

Tests done by Bellaschj [6] in the laboratory indicate that, wood poles of high moisture content 

shatter with great ease than dry poles and also that the probability of wood catching fire is remote, 

unless the wood is very dry and the stroke severe. He reported that these results also concur with 

the experiences in the field. 

3.2 Impulse Strength of Wood 

Impulse breakdown along a wood path usually exhibits high residual arc voltage. Arc quenching 

occurs when this residual arc voltage along wood path prevents a power arc from developing. 

Darveniza [14] in his tests of Australian woods shows that, in impulse voltage waveform recorded 

for breakdowns in wood differ in several respects from normal breakdown waveforms for air or 

across porcelain. At the instant of failure, the voltage collapses to a relatively low value but not to 

zero, as is the case in air. Appreciable residual arc voltages are developed if the arc path involves 

wood either internally or on the surface. Normally, a minimum arc voltage (MAV) is established, and 

the test object later extinguishes the arc and partly recovers its dielectric strength. The voltage 

across the test object at the instant of recovery is called the recovery arc voltage. The various 

processes involved are shown in Fig. 2.2. The post-extinction dielectric strength of arc channel in 

wood ranges between 1.1 and 1.6 times the minimum arc voltage gradient. That is, the post

extinction strength is about 40 to 60kV/m of wood. This is about 20 to 25 % of the initial impulse 

strength of green or rain-wet poles. 

For the probability of arc extinction to be significant, the operating voltage gradient across the wood 

path should not exceed 40kV/m on poles and 20kV/m on cross-arms, and if flashover is possible 

along several different wood paths between two points, lower voltage gradients should be adopted 

[13]. 
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Fig.2. 2 Identification of processes in the breakdown phenomena [141 
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In the above diagram: A - peak of voltage wave; B - instant of breakdown; C maximum discharge 
current; 0 - minimum arc voltage (MAV); E - recovery arc voltage (RAV). 

An analysis done by Bellaschi [6] and AlEE Committee Report [22]. indicate that the impulse 

strength of wood is influenced primarily by three factors, namely: 

• Length of the wood structure 

• Duration of the impulse 

• Moisture content and the type of the wood member as discussed below 
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3.2.1 Length of the Wood Structure 

As the wood path length increases, the residual voltage of the impulse arc increases and the power 

frequency voltage gradient decreases. Therefore the probability of a power arc following the 

impulse flashover along wood also decreases. The probability depends on the number of phases 

affected and the number of flashover paths available, as well as on arc voltage gradient [13]. 

For instance the relationship between the length of the wood structure which was a cedar pole in 

this case of normal moisture content has a strength of 50kV per foot. In addition to what Bellaschi 

[6] discussed in so far as wood length is concerned, Armstrong et al [19] give the minimum length of 

wood, for a given prospective fault current magnitude and instantaneous power frequency voltage, 

for which no faults were obtained, as shown in Fig. 2.3 below. For lengths of wood less than the 

minimums defined by Fig. 2.3, the probability of obtaining a fault increases with decreasing length 

of wood. 

Darveniza [14] came up with the minimum arc voltage versus the length of the hardwood member 

graph superimposed in Fig.2.3 below showing the variation of minimum arc voltage with length of 

arc in hardwood samples. 
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3.2.2 Duration of the Impulse 

The volt-time characteristics of wood rise slowly for longer impulses, while for shorter impulses 

these characteristics rise very abruptly [14]. 

3.2.3 Moisture Content of the Wood 

The moisture content of wood be it absorbed from the rain or its natural water has a significant role 

in the arc quenching properties of wood. For instance very dry wood may have impulse strength of 

40% higher than that of wood of normal moisture content In fact dry-bone wood may attain strength 

comparable to the strength of air. However, when wood such as cedar or fir has been subjected to 

a wet season or sustained rainy weather, it readily can suffer a reduction in strength of fully 30% 

and possible and even more. When wood is dry, even a short sprinkle of rain will tend to lower the 

impulse strength or to introduce an erratic behaviour [14]. 

Thoroughly dried wood has impulse flashover voltages very closely approaching an equivalent 

number of centimetres of porcelain insulator surface, or an equivalent number of centimetres of rod 

gap through free air. Daverniza [14] tested different species woods in Australia and found that 

moisture removal has a dramatic effect on the electrical properties of wood particularly its resistivity. 

He also found that the resistance of a green tree is somewhat less than the resistance of the same 

amount of water in bulk , presumably due to effect of dissolved minerals present in the water of a 

tree. The resistance is inversely proportional to the moisture content 

However, Britten et a/ [23] says the moisture content of the wood is not a major variable, but the 

probability of arc quenching is reduced by about 40% under rain conditions. 

Age of the wood member in itself does not seem to be a factor of importance in determining the 

impulse strength of wood. 

4 Arc-quenching (Physics, Performances and Influences) 

~ The basic factors influencing the arc electric field are the current value and the prevailing type 

of gases and the temperature in the atmosphere around the arc (electrical conductivity and 

thermal conductivity) [24]. A correction for temperature and pressure needs to be made in 

flashover experiments. 

;... However, different factors will be involved, depending on the occurrence conditions of the arc, 

for example the speed of the air [24]. 
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5 Factors Influencing Arc Voltage Characteristics 

The arc voltages values are effective data in clarifying the arc characteristics, and there is a 

possibility that the characteristics of the arc voltages may be utilised in the estimation of the 

conditions around the arc [24]. The voltage drop across the arc also affects the phase angle 

between voltage and current in directional types of relays [25]. 

~ Since the high-current arc, which occurred during the fault is diverse depending on the 

surrounding atmospheric gas such as air, the electric field of the arc will be changed by the 

influence of these factors [24]. 

~ The arc length will be changed by looping or local short-circuit of the arc column and the 

weather conditions such as rain and wind [24]. 

6 Arc Testing 

6.1 Test Circuit Parameters and Breakdown Phenomena 

The phenomena subsequent to the breakdown of insulation is directly influenced by test circuit 

parameters and the arc extinction capabilities of the insulating media surrounding the arc channel 

[26]. The equivalent circuit of Fig.2.4 represents a generalised voltage source and test circuit; shunt 

resistance has been omitted since they have no significant influence on the breakdown 

phenomena. Common features may be observed for all types of test voltages: 

Case a) If Zs and Zext are large, a breakdown will only result in the discharge of the test object 

capacitance and that parallel to it, and hence will be nonsustained. 

Case b) If only Zs is large, the nonsustained breakdown (NSB) will discharge the energy stored in 

both Cs and Cpo 

Case c) With Zs and Zext small, sustained arCing will result in the flow of current 

from the source, at least until the first natural current zero. 
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Fig.2.4 Equivalent voltage source and test circuit [26] 

In Fig.2.4 above by Daverniza [26], Cs represents stored energy immediately available from test 

source to external circuit, i.e., transformer capacitance in alternating voltage test set, filter, or 

storage capacitance for surge generator, Zext is external test circuit or protective impedance, and Cp 

is stray and test object capacitance. Rh and Ch form the spark heating circuit which is added to 

increase the rate of rise of current should R2 be insufficient. 

6.2 Alternating VOltage Tests with Conventional transformers 

The following parameters of conventional transformer test circuit can influence the post breakdown 

phenomena [26] : 

> Transformer capacitance (typically 500 to 3000pF). 

;.... Short-circuit current. 

> External resistance connected between the transformer and the test object. 

For normal test sets , the reactance of the transformer and regulator is large (typically 100 to 

1000H). 

It has been demonstrated by Daverniza [26] that the simple circuit in Fig.2.5 is adequate for 

determining the arc current /(t) resulting from a breakdown at the positive peak of the alternating 

voltage. 
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Fig.2. 5 Simple equivalent circuit for alternating voltage test set [26] 

An easily interpreted but approximate solution for I(t) may be obtained for the condition 

~> ~L,~, >2R2C 2 .......... . ... . ... .. ......... . . ..................................... (2.2) 
OJ 

V [--': V [--' J I(t)...::..-{cos (mf - ¢)- cos ¢ e L / }+ -e R,Cl ... .. .... ...... . (2 .3) 
Z /R2 R2 

Where Z is the total circuit impedance viewed from the test object. The arc current for a typical test 

circuit of a 1 OOkV transformer is shown in Fig .2.6 and is characterised by a minimum imin and by the 

magnitude of the steady- state short circuit current Isc; imin may be 0.2 to 0.001of the peak value of 

Isc ;. The important parameter controlling the behaviour subsequent to breakdown is imino If it is less 

than the smallest iext (extinction current) necessary to maintain conduction in the arc channel, then 

the arc will extinguish and an NSB results. If it is greater, then the arc will be sustained at least to 

the first natural current zero, and a sustained breakdown results. 
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The results shown are above were calculated for Ll = 1 OOH , C1 = 1 OOOpF, R2 100kD, V = 100kV 

peak. 

The circuit models shown in Fig .2.4 and Fig .2.5 seem to suggest the laboratory tests to be 

performed in this thesis 

7 Developed Arc Quenching Technologies 

Different technologies of arc quenching have been developed. In general they can be subdivided 

into the following arc quenching techniques: 

;> system parameters. 

» arc control. 

» and arresters/diverters. 

7.1 System Parameters 

7.1.1 Compensated Neutral Grounding 

Nikander, et al [27] addresses the effect of compensated neutral grounding on arc extinction . 

Fig .2.7 below illustrates a Thevenin 's equivalent circuit for an earth fault in a compensated system. 

This is in fact a parallel resonance circuit. 
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Fig.2. 7 Equivalent circuit for the earth fault in a network with compensated neutral [27]. 
In Fig .2.7. w = 0) = 27if 

If the reactance of the compensation coil (O)L) is tuned exactly the same as the capacitive 

reactance which represents phase to earth capacitances of the system (YwCa)' the fault current 

has only a resistive component. This residual current depends on the resistances of the 

suppression coil and lines together with the leakage resistances of the system. Commonly in 

suppressed networks a parallel resistor R[ is used with the coil to increase the fault current in 

order to make a selective earth fault relay protection possible. R! symbolises the fault resistance of 

the arc and Vm the recovery voltage. 

Before arc (Rf) ignition the zero sequence voltage Va is zero. During ignition a transient state 

loads the zero sequence parallel resonant circuit. The 50Hz tuning of this circuit limits the fault 

current Ie! to a very low value (only a resistive component is left) making the arc unstable. During 

the zero crossing of the current the arc tends to extinct naturally and will re-ignite only if the 

recovery voltage V rec grows fast enough. In a suppressed network the increase in the recovery 

voltage is slow because Va and the phase to earth voltage of the faulted phase E remain equal 

and have the opposite polarity just after extinction. 

In radially operated medium voltage networks (22kV). 70ms is enough for the fault path to be 

deionised. Thus the high rising speed of the recovery voltage can easily cause a re-ignition of the 

arc during 70ms after extinction. The rising speed of the recovery voltage depends considerable on 

the degree of compensation. Compared to an isolated system a compensation degree of 50% has a 

relatively little effect on the steepness of the recovery voltage and thus unfortunately just a minor 

effect to extinguish the arc. When the compensation degree is below 80% an optimally dimensioned 

star point resistor can decrease the recovery voltage without any significant increase in residual 

fault current [27]. 
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7.1.2 Resistive Grounding and Coil Grounding 

According to Yi [28], for the distribution system with little capacitive charging current (less than 

10A), it is advisable to adopt the high resistance grounding, while for the power system with great 

charging currents it is advisable to adopt the arc extinguishing coil grounding because of: 

~ Small ground fault currents 

> Lower probability of system overvoltage 

~ Small arcing fault damage to equipment 

~ No shock hazard to personnel due to protective earthing wire high potential caused by large 

ground fault current. 

The disadvantage of this is in its difficulty to do ground fault protection 

There are three types of arc-extinguishing coils namely: Arc-extinguishing coil with taps, adjustable 

gap-type and lastly the controlled-saturable-reactor-type. 

An ideal arc-extinguish ing coil should have the following characteristics: 

> Good compensation performance (little wave distortion of the compensation current) 

~ Short response time 

~ Satisfaction not only of the pre-tuning before the ground fault takes place, but also when the 

ground fault is present, and 

~ Simple structure, easy maintenance and low cost 

The tap type cannot be tuned automatically . 

The adjustable gap-type changes the inductance through regulation of the gap of its core by 

mechanical devise hence it is slow. The response time will be several seconds. Further, because of 

the magnetic force produced by the compensation current of the coil , the coil cannot regulate its 

inductance under ground fault conditions. Thus the wave distortion of the compensation current will 

increase. 

The grounding-transformer-type arc-extinguishing coil (GTTAEC) combines both the grounding 

transformer and the arc-extinguishing coil. These two features are combined using the magnetic 

circuit and overcomes the disadvantages of the above types. 
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Fig.2.8 Grounding-Transformer Type Arc-Extinguishing coil [28]. 

The change of the off-on state of the two contactors can roughly regulate the magnitude of the 

compensation current of the arc-extinguishing coil. When the contactor turns on, its compensation 

current increases. Otherwise its compensation current decreases. The change of the firing angle a 

of the thyristors can finely regulate the magnitude of the compensation current of the arc

extinguishing coil. 

7.2 Arc Control 

According to Bryanstev [29] [30], a magnetically controlled reactor (MCR) is a device in which DC 

pulsing through a part of the power winding or through a special control winding changes the 

duration to period ratio of the magnetic core saturation, thereby changing the inductance and 

inductive susceptance of the MCR as a whole. 

Their principle of operation is based on: 

~ Generation and control of the direct component of the magnetic flux in the MCRs two winding 

cores by periodic shorting of some of reactor winding turns by the use of semiconductor 

switches . 

.,. Profound saturation of the two cores under rated conditions , when the saturation magnetisation 

generated by the direct component of the magnetic flux is achieved over about half or more of 

the grid frequency period. 
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Single-phase Arc Quenching Reactors have been developed and produced by a number of 

electrical engineering companies in the Newly Independent States (NIS). They are for 6 to 35kV 

grids with isolated neutral. Significantly, MCRs can smoothly control voltage by regulating power 

consumption from 0.01 to 1 times rated power with an effective time constant of 0.1sec. They can 

also provide short-term (up to 1 min) non-inertial boosts in power consumption to 2times rated value. 

Finally, they are capable of phase to phase control i.e. it prevents transition of single-phase ground 

fault to multi-phase short circuits. 

A------r---------------------------------T---
B 
C 

(4) 

(1 ) 

;,,220 V; 300Vt ~ 

Fig.2.9 Single-phase MeR as Automatic Ground Fault Neutraliser [29]. 

3) ( 

Electric reactor (2) with built-in thyristor converter, controlled by self magetization-1 unit System for 

ground fault capacitive current measurement and for automatic adjustment of reactor current(1)-1 

unit; Overvoltage limiter (5) -1 unit; Optional 3-phase network connection filter (4) -1 unit; Optional 

grounding transformer and voltage transformer (3) 

The principle of operation is as follows: 

The automatic adjustment and control system (1) defines the expected value of ground fault 

capacitive current and sends a control signal to the single-phase MeR converter thus providing 

reactor control. When a ground fault occurs, the reactor reduces the resulting current value at the 

damage point to a negligible value. The reactor switches to compensation mode without requiring 

intervention by maintenance personnel. The adjustment process is fully automatic. Under normal 

operating conditions, the MCR is not saturated, eliminating resonance overvoltages in the neutral 

line. 
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Arc-Quenching Magnetically Controlled Reactors (AQMCRs) are reactors with automatic ground 

fault capacitive current compensation for 6 to 35kV networks. AQMCRs must be completed with 

Automatic Control Systems, without which the nominal functioning of the arc-quenching reactors is 

impossible [29] [30]. 

The desired network behaviour during a single phase to ground fault could be achieved by tuning of 

the arc quenching reactor. During fault extinction, the reactor maintains constant inductance, and 

the natural resonance frequency in the reactor remains equal to network frequency. This ensures 

smooth phase voltage restoration without overvoltages. 

If on the other hand neutral grounding reactors are installed in 3-phase networks with insulated 

neutral (NWIN) and tuned to compensate the capacitive current, then the number of phase to 

ground faults (PGFs) significantly decreases because the reactor limits network overvoltage. When 

such faults do occur, fewer cause tripping of the network because the reactor decreases the arcing 

current and the arc self-extinguishes. Hence, 

y About 60% of PGFs self-extinguish and the electric strength of the network is restored; and 

y About 30% of PGFs are localised- in other words, PGFs tend not to develop into tripping 

for several hours; but 

> About 10% of PGFs still result in tripping~ 

In other words, compensation decreases tripping in NWINs by about half. 

However, compensation is not so easy to come by. To reduce tripping in this way, the neutral 

grounding reactor must be constantly tuned to resonate with network capacity. In other words, it 

must be a controlled reactor. Utilities do not install thyristor-controlled reactors (the only type of 

adequately flexible controlled reactor available until recently) because thyristor control significantly 

distorts the network sinusoidal AC with higher harmonics. 

In accordance with Russian electrical station and network operation instructions, arc-quenching 

reactors must be installed in networks with high capacitive ground fault current. Currents of less 

than 5A in networks containing high voltage electric machines are considered safe, and currents 

less than 10, 20,or 30 are admissible in other 6, 10, 35kV networks. In other countries safety values 

are much lower. 
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7.3 ArresterslDive~ers 

7.3.1 Daverta 

Daverniza [20] says the ability of wood to extinguish a proportion of lightning flashovers without the 

development of power arcs can be exploited in line design. However, pole-tops can be difficult to 

co-ordinate, the arc quenching characteristic of wood is very variable, and there is always the 

possibility of lightning current damage to wood poles and cross-arms. 

An arc-quenching device (commonly called a darverter) has been developed which makes optimum 

use of wood's insulating and arc quenching properties, while overcoming the difficulties. 

Approximately 2000 darverters are now in service on about 200 km of 11 , 33 and 66 kV lines. 

Experience over a six-year period indicates that their installation results in an encouraging 

improvement in lightning performance and that their presence does not give rise to service 

difficulties. 

7.3.2 Diverter Gaps 

In the mid 1940s diverter gaps as means of controlling power follow arcs were proposed by Rorden 

[11] . The function of this gap is to divert lightning strokes that hit the conductor so that they will be 

directed down the pole without flashing over the insulators or cross-arm. 

They consist of an arcing horn supported on a wood frame with a steel wire running from the horn 

along diagonal wood brace to the pole and terminating about one meter below the point of support 

of the diagonal brace on the pole. The experience was on H-frame type of structures. At the base of 

the structure an 8 meter ground rod is driven at each pole. The function of these ground rods is to 

permit dissipation of the energy of the lightning stroke more rapidly so that the travelling wave will 

be of lower magnitude and duration and thereby prevent flashovers on many successive poles 

along the line. 

However, their shortfall is they offer no protection for lightning hits to the middle conductor, which 

can happen occasionally. 

7.3.3 Expulsion Arrester 

The usual method of protecting lines that are not shielded against direct lightning strokes is to install 

arresters at frequent intervals along the line. They are spaced to limit the pole-top voltage at the 

unprotected structures to a value less than the phase-to-phase insulation level of the line, thus 

preventing flashover. 

A new method of line protection was developed using expulsion arresters installed at about one and 

a half kilometres intervals, says Armstrong et al [19]. Arresters are applied to all phases on the 
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same structure and connected to a common ground. A lightning stroke to the line close to the 

arrestor will be drained from the line, as with conventional methods of arrester protection , 

preventing line flashover. Usually a stroke to the line, outside of the arrester zone of protection will 

produce a phase-to-phase flashover; possible a three-phase flashover in the case of a severe 

stroke. Follow current through the adjacent arresters on the source side of the fault will starve and 

thus prevent a fault that would develop as a result of the line flashover. Arresters for such a scheme 

must have a low arc voltage during follow current flow, which is a characteristic of expulsion 

arresters. 

Follow current through the two arresters involved in phase-to-phase flashover will be the line phase

to-phase fault current, and will flow through the two arresters in series. In the case of three-phase 

flashover, follow current will be the three-phase fault current of the circuit. Resistance of the ground 

connection to the arresters is not important, for follow current is the phase-to-phase or three-phase 

fault current of the circuit. An exception to this is a three-wire solidly grounded arrangement 

experiencing a phase-to-ground flashover [19]. 

Fault arcs develop whenever the arresters do not draw power follow current. Since expUlsion 

arresters draw current erratically , the arresters will eliminate only a portion of faults resulting from 

lightning flashovers. In other words the method is not effective in eliminating all lightning initiated 

faults [19] . 

7.3.4 Long Flashover Arrestors 

Podporkin et al [31] look at a new device called long flashover arrestor (LFA) applicable to delta

configured lines. The reason being that the general pattern for a delta configuration is that the top 

middle phase is the most vulnerable because it acts as a shield wire for the two bottom phases. 

An LFA arrestor consists of two cable-like pieces with a semiconductor core of resistance The LFAs 

are particularly important for lightning protection of lines with insulated conductors , which must be 

safeguarded against burnouts by power arcs caused by lightning flashover of an insulator. An 

important feature of the LFA-M model, however, is that it can be applied for lightning protection of 

overhead lines against both induced overvoltages and direct lightning strokes. Therefore, in order to 

protect the line against lightning strokes, LFAs should be mounted on the pole in parallel with each 

line insulator as shownn Fig.2.11 below. 
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Fig.2. 10 Arrestor arrangement on the pole [31]. 

After the top phase LFA flashes over, lightning current will flow through the affected conductor and 

through the pole to ground. Thus the voltage on the cross-arm increases sat a much slower rate 

than it does on the lightning struck conductor before the flashover of the top phase LFA. On the 

other hand, the potential of the adjacent phases also increases due to electromagnetic coupling 

between conductors, but also at a much slower rate than that applied to the top phase insulator. 

Consequently, an outer phase arrester operates under much easier co-ordination conditions than a 

top phase arrester. With one or both outer phase arresters activated, a two or three phase lightning 

flashover is initiated . For optimum protection the examples would be a relatively short flashover 

path (1 m for a 10kV line) for the top arrester, and a longer flashover path (2m for a 10kV line) for 

the bottom phases arresters. 

8 Chapter Summary 

This chapter describes related work done by previous researchers on the topic of arc stability. It 

highlights the causes and effects of arcing in distribution networks and various proposed mitigation 

means. The electric properties of wood in relation to arc quenching are discussed. The most useful 

items of information obtained from the literature search are: 

» A basic description of the mechanism of power follow current was already available in the 

1930s/40s and does not appear to have changed much since then. 

» The details of air flashover (particularly flashover initiation voltage) are well known for low 

impedance sources and long arcs. 

» The factors affecting arc stability for short arcs with high impedance have been discussed. 

» Techniques have been proposed by various authors like Darveniza [20], Podorpkin [31] , 

Nikander [28], etc. to force arc instability and extinction . But the variability of performance with 

changing source impedance has not been reported . 

» Laboratory techniques relevant to this problem have been discussed by Darveniza [26] . 
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Chapter Three 

ELECTRIC ARC DYNAMICS 

1 Overview 

This chapter discusses the general properties of electric arcs, in particular the stability 

characteristics. Technical terms relating to arc are discussed. Also arc equations derived by 

previous researchers are included and their differences highlighted. Various forms of arc 

extinction are presented. The purpose is to highlight the dynamic response of arcs under 

different circuit conditions. 

2 General Properties of Arcs 

"The electric arc is a self-sustained discharge having a low voltage drop and capable of 

supporting large currents" [28]. In general, the V-I characteristic of the discharge has a 

negative slope [32]. So it does not follow Ohm's law. 

According to Strom et al [32], when an arc is established by transition from a higher voltage 

discharge, such as glow, there is a marked change in the current density at the cathode. 

Once the cathode is completely covered by the glow, as the discharge current is increased, 

the current density at the cathode increases and the voltage also increases. At some critical 

point the discharge suddenly changes to the arc, with sudden increase in the current density 

at the cathode. After the transition the current density is practically independent of the arc 

current. Although under certain conditions the mechanism for maintaining the arc column 

may be different from that of the glow discharge, its purpose is the same viz ., to maintain a 

conducting path for the flow of current In some devices the arc column may be so confined 

that the overall volt-current characteristic may have a positive slope. 

3 Characteristic Arc Relations and Stability Requirements 

Strom et al [32] first considered a DC V-I characteristic of an arc. It may be obtained by 

means of a source of DC and a series resistance. Both the applied voltage and resistance 

may be varied to determine the complete characteristic for any given arc length. The 

requirement of a constant arc length is often hard to fulfil , for if a high pressure arc burns 

horizontally the buoyant forces due to hot gases will cause the column to arch and thus alter 

the actual length of the column even though the electrode separation is unchanged. Material 

is lost from the electrodes at a more or less regular rate, but often comes off in drops, which 
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for short periods change the effective length of the column. If the arc is established between 

vertical electrodes, the hot gas may change the phenomena at the upper electrode [32]. 

A load line from Nottingham's equation [28] can be drawn. The stability characteristics can 

be described as follows: 
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Fig.3. 1 DC characteristic of a 1.Sinch copper electrode arc in air [7] 

Key: (1) Voltage-Current behaviour under DC conditions 

(2) DC characteristic from Nottinghams' equation (3.1) 

(3) DC characteristic from Nottinghams' equation (3.1) with the slope or resistance 

approaching its maximum limit. 

The first consequence of the falling V-I characteristic is that a steady arc cannot be 

maintained in a constam Emf circuit without a stabilising series circuit resistance similar to 

that shown in Fig.2.5. In Fig.3.1 the solid straight line with the equation (3.1) [28]: 

Vr =250-201 ..................... ,., ... ...... . , ..... ..... .... ........ .. .... .. .... .. " ..... ... (3.1) 

gives the available voltage at the terminals of an arc in a 250V circuit having a resistance of 20 

ohms. Steady arc conditions can exist in this circuit only at the intersection points A or B 

where the arc voltage and the available terminal voltage are equal. However, the arc can be 
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stable only at pOint A where a change in current would give a voltage unbalance tending to 

restore the equilibrium. At B a current change would give a voltage unbalance tending to 

increase the change, thus prohibiting stable operation at this point. Lowering the resistance 

will move the stable operation point A to the right, resulting in higher arc current and lower 

terminal voltage. The arc current would tend to increase without limit if the resistance were 

reduced to zero [7] . 

There is also an upper limit for the circuit resistance at this voltage corresponding to the dotted 

line tangent to the arc characteristic at C. As the resistance is increased from 20 ohms 

towards 36 ohms, the stable operating point A and the unstable intersection B approach each 

other until they meet in point C, thus destroying the condition for stability . At this point C, the 

arc will suddenly extinguish, the current drops to zero and the voltage returns to the open 

circuit voltage. If there is appreciable inductance in the circuit, the rapid drop in current will 

cause a momentary overvoltage at the terminals [7] . 

At very short electrode spacing <38mm the arc voltage remains virtually constant, being 

relatively independent of small length variations and current changes above the range of 

about 10 amps [28] . However, these characteristics apply to DC arcs. The characteristics of 

AC arc are modified by the cyclic voltage. 

4 Alternating Current Arcs 

The V-I characteristics of an AC arc are the same as those of DC arcs shown in Fig.3.1, 

except for the symmetry of the oscillations about the current axis and the reversal of polarity 

of the arc voltage with reversal of current. 

According to Cobine [33], the characteristics of an AC arc are influenced markedly by the 

nature of electrodes, the length of the arc and the constants of the external circuit. Fig.3.2 

below shows the waveforms of voltage and current for a low frequency AC arc in inductive 

and resistive circuits. 
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Fig.3. 2 Waveforms of AC arc voltage and current [33] 

",)qJ-1,ib (l .. ..r
c "p I a_1.1 

<\. 

(a) Limitation of current by inductance; (b) limitation by resistance (60Hz). 

To determine the steady state current for a circuit, which consists of a pure inductance and a 

series arc, one can start with the equation [27], 

B - L di 0 A cos wt + SIn wI - - - eo = .. .. _ ..... ... .... " .. 
dt 

. ... .... .... .. ... ...... (3.2) 

where, A cos wI + B sin wI : is the sinusoidal impressed voltage 

L : is the inductance in hendrys 

eo: is the arc voltage 

It may be also shown from equation (3.2) that the purely sinusoidal current lags the quasi

square-wave voltage by angle 

The voltage across the arc is characterised by a reignition voltage Vr a relatively constant 

burning voltage ea, and an extinguishing voltage Ve. Fig. 3.3 shows the current vs voltage 

characteristics of a low frequency (1) such as the one shown in Fig.3.2 and that of a high 

frequency arc (2) . The low frequency characteristic shows the typical "hysteresis" effect of an 

AC arc. As the arc current goes to zero, deionisation of the gas and a cooling of the 

electrodes take place so that considerable voltage Vr may be required to reignite the arc. In a 

resistance circuit Fig .3.2(b) more time is permitted for deionisation and cooling than for an 

inductive circuit, and the reignition voltage must be higher. 
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Fig.3. 3 An AC arc volt-ampere characteristic [33]]: 
(1) low frequency; (2) high frequency; (3) static (dc) characteristic 

Nasser [34] and Anjo [35] also agree with these characteristics drawn by Cobine [33]. 

Owing to the deionisation and cooling taking place during the period of low current, the 

burning voltage of the arc during the period of increasing current will be greater than the 

static characteristic value. After the current maximum is reached, the ionisation is in excess 

of that required for low currents, and therefore for decreasing current the burning voltage is 

less than the static value. At low currents the burning voltage rise with decreasing currents, 

as it would in the static case. The magnitude of the extinguishing voltage depends on 

whether or not the arc will change to a glow discharge at very low current. 
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Fig.3.4 shows the effect of increasing the length on the current versus voltage characteristic, 

the applied voltage and current limiting resistance being maintained constant. 

Y 
I, 12 13 

~ "V-Rl ~F1l1 

o o 
J-+-

Fig.3. 4 Effect of arc length on the V-I characteristic 

In Fig.3.4 above (/1</2</3) as proposed by Cobine [33]. It is worth noting that for 'I there is a 

reversal of the loop. Also Browne [7] agrees that there may be a "loop reversal" effect 

towards current zero. But he attributes this effect to phase error in measuring devices. 

5 Modelling of Arc Voltage and Arc Current 

As seen in Fig. 3.2 above, an arc voltage is not a purely sinusoidal waveform. It is a distorted 

rectangular signal. Terzija [36] says this waveform can be modelled by the following equation 

(3.4) .: 

u(t) = Ua sgn[i(t)] ..... . ...... .... ........ .. .... .. .......... ... ....... .. ........... .. ..... ..... (3.4) 

where , u(t) is the voltage of an arc having constant length 

Ua is the amplitude of the rectangular Signal 

1 if x ~ O } 
sgn is a sign function defined as sgn(x) = . 

-1 if x <O 

i(t) is the sinusoidal arc current defined as: 

---------------------------------------------------------30 

Univ
ers

ity
 of

 C
ap

e T
ow

n



i(t) Jil sin wt ................................................................................ (3.5) 

Goda [37] says the voltage gradient of an arc in air is derived from the following equation 

(3.6): 

E = a + bI-n 
..................................................................................... (3.6) 

where E: voltage gradient (kV/m) in rms 

a,b: constant 

I: current (kA) in rms 

n: power 

A study performed on long arcs shows that the typical values of a= 0.95 and b= 0.005, n=1 

[37] 

According to Warrington [38] the relation between the current and voltage is: 

8750(3.28S + 1.875ut) 
Varc = 1004 ............................................................... (3.7) 

where, S is the conductor spacing in meters 

u is the wind velocity in kilometres per hour 

t is the duration in seconds 

The stationary arc voltage gradient can be assumed to be 15V/cm [39][40] or the following 

equation can be used [37]: 

USf (u~+r~ iarJ.l ......................................................................... (3.8) 

where, 

U sf : stationary arc voltage 

u~ : constant voltage parameter per arc length 

ro: resistive component per arc length 

fare: arc current 

I : arc length 

The time constant of the arc 1: is calculated from [41]: 

13 23 

JGdt- fgdt 

1: = ..ccfl ____ t'-l - ............................................................................ (3.9) 
g3-g1 
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6 Arc Resistance Models 

Arc resistance is an important arc parameter which describes the complex nature of arcs. 

The resistance of an arc is not a constant quantity but may vary from a practically infinite 

value when the current through it is very small, to an almost zero when the current through it 

is very large [42][35]. The arc resistance is sometimes estimated from the following equation 

[43]: 

29000 
Rare = JI:41 in Ohms ...................................................................... (3.10) 

J 

where, I is the arc length in meters 

If is the fault current in amps 

According to Warrington [38), the resistance of a power arc can be calculated from the 

following equation: 

8750(3.28S + 1.875ut) . 
R= 114 mohms ........................................................ (3.11) 

where, S is the conductor spacing in meters 

u is the wind velocity in kilometres per hour 

t is the duration in seconds 

Terzija e/ at [36] proposes a new formula for calculating an arc resistance, they disagree with 

Warrington [38]. They proved the new formula by using two methods with the same results. 

The two methods they use is by deriving the formula using spectral domain analyses 

approach and the other is by using the classical resistance definition. The results yield the 

following equation [36]: 

2.JiUa R= .................................................................................. (3.12) 
nl . 

where Ua EaL is the relationship between arc voltage magnitude and arc voltage 

gradient. 

From the above equation (3.12), and from equations derived by Browne [7] and Strom [32J, 

Terzija [36J went on to come up with the following arc equations: 
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RJ = (1080.4)~ if Ea = 1200% 

(1350.5) ~ if Ea = 1500% ....................................................... (3.13) 

and from equation (3.5) and equation (3.6) by Goda [37J the following arc equation follows: 

L 

I 
........ (3.14) 

A comparison of these equations done by Terzija et a/ [36] does not yield the same results 

everywhere. 

A comparison of equations (3.10) by Gross [43J, equation (3.14) by Warrington [38] and 

equation (3.13) by Terzija [36] in calculating the arc resistance yield the following results: 

At 40kV, current = 2.125A and a length of ~Am. 

Gross [43] long arc equation R = 29000 [ 
arc l4 I f 

~4037.9Q 

Warrington's [38] equation 
8750(3.28S + 1.875ut) t4 assuming wind speed is 0 

~3996.128Q 

Terjiza's [36] equation Rare = (855.3 + 4501.61 L 

I ) I 

~ 559.755Q 

All three answers give different results although Gross's [43] and Warrington's [38] are very 

close to each other. 

The dynamic arc characteristics can be simulated by the following arc equation [39][40][41]. 

dg 1 = -(G - g) ............................................................................. (3.15) 
dt 1: 

where, 

g : time varying arc conductance 

G : stationary arc conductance 

7: : time constant 

\ 

Univ
ers

ity
 of

 C
ap

e T
ow

n



The stationary arc conductance can be physically interpreted as the arc conductance value 

when the arc current is maintained for a sufficiently long time under constant external 

conditions. Thus the stationary arc conductance G is given by equation (3.16) : 

G(i) = iarc 
. . ... . .. ... . ... . .. . . . ...... . ... . .. ... . . ... . .. . .... .. .... . .. . . .... . .. . .... .. .... .... . .. (316) 

U 51.1 

where, 

iarc : arc current 

U 51 : stationary arc voltage 

I : arc length 
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Fig.3. 5 Arc conductance vs time [37] 

According to Kizilcay [41], in most cases, short circuits in a network are power fault arcs so 

that the arc voltage ariSing at the fault point disturbs an impedance evaluation. The fault arc 

has not only a non-linear voltage-current characteristic but also is its length varying due to 

forces acting on it. Electrodynamic force, thermal buoyancy and wind cause the arc to 

elongate between the roots or move along the line conductor with one of its roots. Abrupt 

changes in the arc voltage are caused by a breakdown between arc sections [41] . 
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7 Re-ignition of Alternating Current Arcs 

According to Cobine [33], in an AC arc at the end of each half cycle, there is a very brief 

period in which the current is practically zero. During this period, deionisation acts to reduce 

the conductivity of the column. As the voltage reverses, the conductivity that existed just 

before the instant of zero current must be re-established and this may require a considerable 

voltage if the deionisation has been rapid. The voltage required to ignite the arc 

consequently is higher than the arc burning voltage, and the process of reignition may be 

considered a race between the deionisation process in the gap and the increasing recovery 

voltage determined by the external circuit. For short arcs the phenomena at the electrodes of 

the normal arc consume a considerable part of the total voltage, and during reignition the 

regions near the electrodes become very important. For long arcs (>1000mm) the voltage 

drop at the electrodes is relatively small compared with the required voltage to sustain the 

column, and in reignition the deionisation phenomena are largely those of the column alone 

[33]. 

The reignition of a short arc between electrodes is effected at a relatively low voltage, often 

no more than the normal burning voltage. This is because the slow cooling of the electrodes 

makes it possible for the ,ew cathode to be thermoionically active and capable of supplying 

the necessary current almost immediately after the voltage reverses . Since the anode is at a 

higher temperature than the cathode, the new cathode can cool considerably and still be 

thermoionically active. Thus, a cathode spot can be established before any appreciable 

deionisation of the column can take place [33]. 

The voltage across an arc gap after the arc is extinguished is called the recovery voltage and 

is determined entirely by the external circuit [33] . When the current passes through zero 

rapidly the voltage necessary to re-ignite the arc is only in the order of 40 to 50V [36] . In a 

highly inductive circuit the voltage across the gap increases rapidly after the arc is 

extinguished, for at the zero of the normal current the voltage is at maximum. With a rapidly 

increasing recovery voltage, reignition of the arc takes place through the formation of the 

glow discharge in the highly ionised gas very soon after the instant of zero current, even at 

atmospheric pressure. In an inductive circuit the applied voltage is a maximum at the instant 

of zero current and the distributed capacitance of the inductance can cause the recovery 

voltage to reach a peak value double that of the supply voltage [33] . This is shown in Fig.3.6 

and Fig .3.7. 
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Fig.3. 6 An inductive circuit with distributed capacitance [33]. 

In Fig.3.6, e s is the source voltage, L is a limiting reactor, C is the capacitor, i is the 

current and e is the recovery voltage across the gap. 

Fig.3.7 Recovery voltage for inductive circuit [33]. 
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According to Cobine [33], 40l1s after arc extinction the gap requires a voltage of the order of 

the glow voltage to establish a discharge. For the circuit consisting of an AC source es , a 

current limiting reactor L with distributed capacitance C, and the are, the recovery voltage e 

across the gap after current stops suddenly may be computed from the equation 

VIII = e + Ldi/ dt = e + ~ fidl ... ..... .. ...... .... ..... ... .... ...... . .... .. ...... ... ...... (3.17) 

Where Vm is the peak value of the supply voltage, assumed to be constant during the period 

under consideration. 
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The value of the recovery voltage e from the time to when the current stops to the instant tl at 

which the glow starts is: 

e = VIII - V cos( wI + ()) ....... ........ .... .. ............ .. ....... .. .... ..... ... .... .. ...... ... (3.18) 

} 
where w = ,.-;-;:; and 

"Le 

2 I} 
( J

2 

+ we ......... ... ...... .. ..... .. ................. ... ............. ... ....... (3.19) 

in which V, is the arc voltage at which the arc is extinguished and 11 is the value of the 

current which is stopped suddenly as the arc is extinguished . The factor () is the angle from 

arc failure to the peak of the negative maximum of e. Since C is quite small, the voltage e is 

the high frequency oscillation. In some cases the pre-arc glow has been observed to last 

500l1s [33] . 

8 Control of Recovery Voltage by Shunt Resistance 

Shunting the arc with a resistance can control the rate of increase of recovery voltage of an 

inductive circuit as shown in Fig.3.8 below. 

L 
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i Vm cos(v4-0) 
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\ ~ \ eR 

:? 

Fig.3. 8 Control of recovery voltage by shunt resistance [33] 
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Fig.3. 9 Waveforms for control of recovery voltage by shunt resistance [33] 

If the distributed capacitance is neglected, as it may be if the shunting resistance is low 

enough, the recovery voltage is given by: 

v {{ L } [ L V L2]-R/} 
e= (:LJ2 cos(wt-B) + ~ sin(wt-B) - cosB- ~ sinB+ V~ (l+w R2 e L 

1+ -
R 

........ . .. .... .. ....................................................... ..... .. ..... ........................ (3.20) 

By adjusting Vm, L, R, the rate of rise of the recovery voltage may be varied. By varying the 

recovery voltage the curve of recovery strength of the gap, which is the locus of the reignition 

voltage (see Fig. 3.10) may be determined as a function of the time during which the arc is 

extinguished. Each point of such a recovery strength curve depends directly on the nature of 

the recovery voltage. Thus a high voltage would be expected at a given time if the recovery 

voltage has the form of a pulse occurring at that instant than if the recovery voltage 

increases uniformly with time and is adding ionisation energy to the gap during the entire 

elapsed time after arc extinction [33]. 
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Fig.3. 10 Determination of recovery-strength curve for arc gap [33] 
e1 and e2 are typical recovery voltage, ea is arc-burning voltage. 

9 Extinction of AC Arcs 

The arc recovery characteristics, together with the arc conducting characteristics, playa very 

significant part in determining the time of arc extinction [39]. Extinction of earth fault arcs 

depends on the rising time and the amplitude of the recovery voltage and the magnitude of 

the fault current [39]. In AC arcs the current is reduced to zero once each half cycle. The arc, 

if it goes out at all, will do so at the zero crossing of the current and the current will be 

passing through zero with the least rapidity and therefore with the closest approach to the 

static characteristic when it is the 50-cycle or lowest frequency current [37]. An arc gap 

recovers considerable strength immediately after the current is reduced to zero, with a 

further increase in recovery strength at a relatively slow rate [33]. Where sufficient high 

flashover voltage is obtained the resistance of the air path has a tendency to recover rapidly 

and prevent the follow up of normal frequency current [38]. 
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Fig.3. 11 Interruption of an AC arc in a resistive circuit [33] 

The above diagram shows the extinction of an AC arc in a pure resistive circuit. As soon as 

the arc is drawn, the current decreases somewhat owing to the arc voltage ea, the departure 

from the normal curve of current being the greatest near the point of zero current. At zero 

current A the gap develops a strength V ro, and further recovery strength is developed in the 

column along the curve V,(t). At the instant B the circuit voltage equals the recovery strength 

and the arc is reignited with a reignition voltage Vr The new arc has a longer column than 

during the previous half cycle. At C, the end of this half cycle, the process occurring at A is 

repeated although the initial recovery strength V 'ro may be somewhat higher than before, 

owing to the reduced current. Here the complete action of the switch is taking place, and 

therefore the recovery strength increases so rapidly that the recovery voltage is insufficient 

to reignite the arc at 0 [33]. 

The interruption of an inductive circuit is more difficult than for a pure resistive circuit. 

Fig.3.12 shows the last half cycle of arcing for a circuit containing a generator and 

inductance L with distributed capacitance C [33]. 
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Fig.3. 12 Interruption of an AC arc in an inductive circuit [33] 

Here the current is determined by the inductance alone, and the circuit voltage is at a 

maximum at the instant of zero current. Furthermore the capacitor is charged at this instant 

to the peak value of the circuit voltage. The interruption of the current results in subjecting 

the gap to a high-frequency oscillation (f = _1_ J Le ) with a voltage which reaches a value 
27r 

twice the peak of the applied voltage. Therefore the recovery strength V,(t) must increase at 

a very rapid rate if the arc is to be extinguished. The oscillations are due to distributed 

capacitance. 
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For a pure capacitance circuit the conditions are favourable to arc extinction at zero current, 

for the reapplied voltage increases very slowly as shown in Fig. 3.13. 

c 
r-----tll-I - ..... 

~s/nw~e +ea / 
(a) '" 

"If. ( "t) /'" 

,. 
f , 

I 

I 
I • • • 

/' 

" / 

(b) 

/ 
/' 

· • • I • 
t 

Fig.3. 13 Interruption of an AC arc in a capacitive circuit (33) . 

At the normal current zero at which the arc is assumed to be extinguished, the capacitance 

is charged to a voltage Vc = Vm - ea· Usually ea is so small compared with Vm that it may be 

neglected. In the absence of current the capacitance retains the voltage Vc so that the 

voltage e across the gap, which is the difference between Vm and Vc increases slowly from 

zero. One half cycle later the voltage across the gap reaches twice the circuit voltage, but 

this comparatively long period of zero usually permits the gap to regain the necessary 

strength to prevent ignition (33). 
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Shunting the arc with a resistor may control the rate of increase of recovery. By the use of a 

suitable resistance, the recovery voltage for an arc in an inductive circuit can be kept low 

enough for the gap to recover sufficient strength to prevent the re-ignition of the arc [33] . 

Fig.3. 14 Interruption of an AC arc in an inductive circuit with a shunt resistance [33] 

As an apprOXimation, the applied voltage may be considered constant during the period 

immediately following the arc extinction. The shunt resistance will be assumed so low that 

the distributed capacitance of the inductance can be neglected . Then the recovery voltage 

across the gap is given by equation (3 .21) [33): 

-RI 

e V In (1 - e L ) ........ . ............... . . ..... . ......... . .................. . ....... (3.21) 

The rate of rise of recovery voltage at t=O is 

(~;L -ZR .................. ... ... .. ............. .. ...... . .. .. ..... ... .............. (3.22) 

The effective value of the current is 

I = V In R 
e L .. · .. · .. · ... .. .... · .. .. · ... .. .... .. ... · .. .. .. .. ...... · ... · .. .. · .. .... .. ... · .. (3 .23) 
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Hence (~; to ~ J2 wI , R ... .... .. .. .. ...... .. .......... .. ... ... ....... .. ... ... ........ .. ... .. ... (3.24) 

Under DC conditions the arc can be extinguished by using a simple circuit by connecting a 

capacitor C in parallel with the arc and a current limiting series resistor Rs , as shown in 

Fig.3.15. 

.., 
I 

L 'nITi--r(:r:r' 
I I~ 

Rs R 

_I- C 
--I-

I 
I 

~-~\/\/\~-----.l---~v\/~--

Fig.3. 15 Interruption of a static arc by shunt capacitance [7][32] 

The presence of the capacitance in parallel with the arc may lead to instability if [28] 

e c ~ - ........ ...... .. .... ...... ... ... ...... ....... .. .... .. ...... ... .... .. ....... ..... .. .. ......... (3.25) R . 
s 

In terms of voltage and current, the instability condition is [33) 

.... .. .. .... ........... .. ...... .... . ..... (3.26) 

e is between 300 and 800IJ.sec 

I) is the peak arc current 

For a circuit-controlled current approaching zero, some limiting value will be reached at 

which the residual capacitance shunting the arc terminals will cause instability, and the arc 

will "go out" before the actual current zero is reached. This is a common situation with AC 

arcs in highly inductive circuits [7) . 

Although the magnitude of the source impedances can influence the precise rate and 

manner in which both the secondary arc length and re-ignition voltage vary, they do not 

otherwise significantly affect the extinction process. However, it has been found that the 
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secondary arc behaviour can be affected to a small degree by the ratio of the sequence 

impedances ZsJZS1. This is particularly so under conditions of strong pre-fault circuit loading, 

where it has been found that the extinction time can increase as the zero-sequence 

impedance Zso is reduced [44]. The remnants of the direct current offset in the fault current 

has a significant effect in delaying the secondary arc extinction [45]. 

10 Chapter Summary 

The general characteristics of arcs have been discussed in this chapter. The behaviour and 

circuitry extinction methods have been dealt with. Different arc equations and arc resistance 

equations derived by previous workers have been highlighted. From the theory developed in 

Chapter Two and Chapter Five it is now necessary and sufficient to set up a test protocol. 
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Chapter Four 

PRELIMINARY LABORATORY TESTS 

1 Overview 

This chapter provides the preliminary test results at low voltage source of up to 300V. The 

aim was to establish the general trend of arc behaviour and to develop the measurement and 

control circuits. 

2 Low Voltage Test Protocol 

The idea was to identify the effect of the following conditions on arc-quenching: 

~ Chopping the supply voltage with different sizes of reactors ranging from 16.8mH to 

55mH 

~ Vertical and horizontal configuration of the gap between electrodes 

~ Varying the gap length from 1 OOmm to 300mm 

The following were kept constant 

~ Wind speed =Okm/h 

~ Current limited to 20A by means of a 5Q resistor 

~ Supply voltage =300V 
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3 Laboratory Test Set Up 

The circuit arrangement is as shown in FigA.1 below. This circuit is a simplified version of the 

circuit shown in Fig.2A and Fig.2.5 both proposed by Daverniza [26] . 

L 

I 
I 
I 

~ ~ 

r [ 
[OScilloscop~ 

Fig.4.1 Low Volatge Laboratory Test Set-Up (46] 

Vs is the supply voltage from the mains supply = 230V. Z s =5.5% at 315kVA 

i 

/ o 
( 

The reactor L in the supply circuit was varied between 16.8mH and 55mH, hence 

X 
1.056:s -' :s 3.457 where X , = mL at 50Hz. 

R 

The current was measured using a 1000: 1 Hall Effect (HE). A 5000 resistor was put across 

the output terminals of the Hall Effect transducer and the voltage across the resistor was then 

measured and waveforms were captured through a 20MHz oscilloscope. This 5000 resistor 

meant every reading should be multiplied by 2 to get the actual value. The DC Supply shown 

in FigA.1 is for powering the Hall Effect transducer. The estimated current values were 

between 12.227(-0.813° A and 30.254(-1.289° A, depending on the size of the chopping 

reactor. 
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The supply voltage was controlled by a variac. The voltage across the gap was measured and 

a 20M Hz oscilloscope was used to capture the waveforms. 

4 Laboratory Test Results 

A thin fuse wire was used to initiate the arc. As the arc vaporised and became non-conducting 

the following waveforms were obtained. A combination of likely results revolve around the 

ones shown below. 
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Fig.4. 1 Two And A Half Current Wave Cycles [46] 
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~ 
Q) 
0> 

Test 21 L=22.9mH, R=50hms, 10cm 

300.00 J 

200.00 

-_·-1 

I 

~ -40 .00 20.00 40.00 
o 
> 

-400 .00 

Current[A] 

c) 

Test3 L=16.8mH, R=50hms 

300.00 

-200.00 

-300.00 :J 

Current[A] 

d) 

Fig.4. 5 Typical Arc Current vs Arc Voltage Characteristics (a-d) [46]. 

I 

~ ____ J 

From Ohms' Law, the ;Iope of the V-I characteristics of FigA.5 a) indicate a positive arc 

resistance. There is close agreement between the extinction cycle of the V-I characteristic of 

FigA.5 and Fig.3A specifically I, . FigA.5 b) and d) show the direction of ionisation and 

deionisation processes. Als can be seen from FigA.5 b) and c), sometimes an overvoltage is 

produced. This does not happen with every test 
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Test No. Gap Length Horizontal! Voltage Current L Result 

[mm] Vertical M [A] [mH] 

1 12 Vertical 130 18 16.8 Extinguish 

2 20 Horizontal 150 22 16.8 Extinguish 

3 10 Horizontal 125 23- 22.9 Extinguish 

4 15 Horizontal 150 18 16.8 Extinguish, 

re-strike, 

Extinguish 

Table 4.1 Test results at 300V source voltage 

Note: These V-I characteristics only show the different ionisation and deionisation directions 

that are possible at this voltage. 

5 Chapter Summary 

The preceding chapter has given an insight to the behaviour of arcs at low voltages. The 

chapter has also provided an insight into the control and measured circuit for medium voltage 

tests to follow. These results show that AC arcs at 230V are unstable. 

A more detailed discussion and analysis will be given in Chapter Six. Given these preliminary 

investigations at low voltages, the next chapter looks at investigations at medium voltages to 

determine the effect of source impedance on arc-quenching. 
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Chapter Five 

MEDIUM VOLTAGE LABORATORY RESULTS 

1 Overview 

1.1 The theory and testing that was developed and performed in low voltages was 

extended to medium voltages. Preliminary tests, results and measurement systems 

have been established in accordance with reports by others and as in Chapter Four. 

1.2 This chapter intends to investigate effects of: 

,. Source impedance. 

> Gap length . 

> Presence of wood in the gap. 

At voltages from 10kV up to 40kV (phase-earth), equivalent to the phase-earth of 

66kV lines. 

1.3 It also describes the test protocol and test set up for the medium voltage (MV) testing , 

and presents typical results (others in the Appendix). 

1.4 A detailed discussion of the results, together with LV results in Chapter Four is 

presented in Chapter Six. 

2 Test Scope and Purpose 

The scope of the project was to investigate the quenching of arcs through forced instability in 

both air and wood members removed from distribution lines using medium voltage sources. It 

was to determine: 

> The effect of arc length voltage and voltage gradient. 

> The volt-time and current-time characteristics of material in question. 

> The volt-current characteristics. 

> The effect of arc paths in air and wood surface. 

> The effect of changing impedance of the supply circuit. 
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3 Medium Voltage Test Protocol 

The test protocol will have the following variation: 

~ Voltage range from 1 OkV to 40kV 

~ Different source impedances 

~ In air and along wood surface path in a vertical configuration 

y Different air gap and wood length ranging from 1 OOmm to 500mm 

Other important well-known effects are atmospheric conditions. The temperature and 

pressure will be kept constant at room temperature and the wind speed will be Okm/h. It is 

acknowledged that these are "artificial" conditions. 

4 Experiment Set Up 

There were two circuit arrangements or set-ups. Firstly generator1 was used as shown in 

Fig.5.1 but due to the fact that it had high impedance, then generator2 was used as in Fig.5.2 

below. The purpose was to test the effect of changing the source impedance. 

r--C> Cab~ 50kV 
r "---- ~ 

T2~ 
~I 
~ 

I 

=< 
~~ >- _. _ ___ -<] _______ J 

I-

I Oscilloscope 

Fig.5. 1 MV Laboratory Set-up 1 with generator1 and measurement points 

6600V 380V Cable 
-~-~ ~ i - - -{>--------<}----c- - - --\ 

, ! 

Tl~ r 
=< >= 

I , 

, 

T2<=:\ '>= 
=<>= 

=< >= -=<\ (:> 
I , I 

=< >= =<>= 

50kV 

arc 

--~ _ --.J \....~-{>__--<}____--.-..--I \~~~-- - - ----- ~_~.E-;-v 

1- - - - "- _._-

, Oscilloscope 

Fig.5. 2 MV Laboratory Set-up 2 with generator2 and measurement points 
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Table 5.1 contains the equipment ratings: 

Equipment Rated Voltage M Rated Power [kVA] %Z Zpu 
Generator 1 220 45 194 j862 
Generator 2 6600 520 4.83 j9.288 

T1 6600/380 300 4 j13.33 
Cable 230 - 105.372 

T2 220/50000 15 0.15 j10 
Table 5. 1 Equipment Type and Ratmgs 

The reason why the source was a separate generator instead of the mains supply is to obtain 

a clean sinusoidal waveform and prevent dips on building supply. 

Fig.S. 3 Medium Voltage laboratory set up 

Key: A - Control Box 

B - Transformer 2 

C - C1 Capacitor of voltage divider 

D - C2 Capacitor of voltage divider 

E - Hall Effect transducer for current measurement 

F - Arc Gap 

G - Gas Discharge Tube for Dvervoltage protection 
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5 Voltage and Current Measurements 

The most important parameters that were measured were voltage, current and length. The 

length of both air gap and wood members were manually measured, but the current and 

voltage were measured using measurement equipment. The 100MHz oscilloscope was 

triggered on presence of current. 

5.1 Voltage Measurements 

The voltage across the arc was measured by means of a capacitive voltage divider as shown 

in equation (5.1) below. All voltages measured and analysed are single-phase voltages. 

C1 V) = VI ... ...... ... .. ................................................. ....... .... ...... ..... (5.1) 
- C

1 
+ C2 

With C1 = lOOpF, 

C2 =13.6nF 

This was in turn taken to a High Voltage Differential Probe P5200 with a ratio of 1 :500 then to 

the 1 OOrvlHz oscilloscope, which also captures not only waveforms but also data points as 

well. Effectively in all this set up it means that whatever value is in the oscilloscope must first 

be multiplied by 500 then by 138. 

5.2 Current Measurement 

The test scope requirements were that the current should be limited to 20A by using circuit 

impedance as described above. It could be any combination of these circuit parameters as 

desired by the amount needed to extinguish the arc at that voltage. The measurements were 

taken on the medium voltage secondary side, specifically on the neutral side. A Hall Effect 

transducer or LEM with a ratio of 1000:1 was used in order to achieve this because of its high 

frequency response. A 1 kD resistor was then used to obtain a 1: 1 ratio. The measurements 

were then taken across the resistor then to the 100MHz scope as illustrated in Fig. 5.1, 

Fig. 5.2, Fig.5.3 and Fig 5.4. The probe setting on the oscilloscope for the current was at 

100: 1 for clarity of waveforms, which means every measured value should be divided by 100. 

The theoretical values of the fault current were calculated on 100MVA base and compared to 

the experimental value. 

A typical example with test set-up 2 will yield a current of 7.5A. 

-------------------------------------------------------------- 56 

J 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Fig.5. 4 Control and Measurements side of the laboratory. 

Key: A - Ammeter (DC current) 

B - Voltmeter (Primary Voltage) 

C - 15V DC Supply to power the Hall Effect transducer 

D - 1 OOMHz Oscilloscope 

E - Variac for voltage control 

F - PC 

G- Differential Probe for voltage measurement 

6 Test Procedure 

In the above experimental set up illustrated in Fig. 5.3 and Fig. 5.4, arcs were performed at 

the right end of the circuit in a vertical position. The length of air gap and wood was varied 

from 100mm to 1000mm. The type of wood used was the conventional dry wood member 

used by Eskom. Particularly along wood, tests were conducted by flashing over different 

lengths of wood along the surfaced while power frequency voltage was applied directly and 

longitudinally to the wood member. 

Using the variac to slowly increase the excitation of the generator so as to vary the supply 

voltage from OV to 220V. This arc gap supply voltage was stepped up from OkV to 40kV using 

a single-phase 15KVA transformer as specified in Table 5.1. 
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The test procedure can be summarised as follows: 

Press STOP 
after 1 sec of 

Arcing 

Set to Desired Primary Voltage of T2 
By slowly turning the variac 

Open Gate (Contactor) 

Earth Secondary (MV) Terminals of T2 

Set the Desired Gap/Wood Length 

Hang the Fuse Wire in the Gap or along 
wood surface 

Remove Earth-Stick from T2 

Close Gate (Contactor) 

Yes No 

Fig.5. 5 Test protocol flow chart 

Press STOP 
after Arcing 
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Since there was no surge generator, the arc was initiated with a fine thread of Eureka, a 

copper-nickel alloy with high electrical resistance and a low temperature coefficient; used as 

resistance wire and has a diameter of 0.071 mm. This wire would be attached directly on the 

wood surface in case of wood tests, and in air it would be left hanging between the two 

electrodes. A small gap was left between the neutral electrode and the fuse wire because 

when the fuse wire was bolted on both sides of the electrodes flashover would not take place, 

it becomes a short circuit. With this kind of arrangement there was complete flashover. 

However, it is acknowledged that with unstable arcs lasting few cycles it is not easy to 

differentiate between a fuse blowing and true arcing. 

7 Test Results at Different Lengths and Voltages 

7.1 Arc phenomena 

With the test procedure as discussed above and as the fuse wire vaporised, the arc dynamics 

were then observed. 

Fig.5. 6 Typical power arc in air at 20kV and 100mm gap 

This photo was taken in·:he MV laboratory by means of a digital camera, with lights switched 

off. This was a stable arc with Set-up 2. The picture has been zoomed in, the arc gap is 

1 OOmm but the actual arc length is 140mm due to its arching behaviour. 
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15000 
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C 

-0.300<~=-~0~. 2~00:::::::::::?~11;>" 
- 00 J 

i 

0.300 o. 00 0.200 -0. 00 

I 

-10000 j 
I 

Currenl[AI 

Fig.5. 7 Current vs Voltage (V-I) Characteristic 

The V-I characteristic shown in Fig. 5.7 above shows the direction of the voltage with current. 

Precisely it shows the sequence of the ionisation and de-ionisation process. From A to B is 

the ionisation process, B to C is the arcing process which is similar the DC characteristic and 

C to D is de-ionisation process. 
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The voltage and current waveforms are shown in Fig.S.8 above. Fig.S.8 with current and 

voltage superimposed on each other shows the phase shift between current and voltage and 

how the current increases with decrease in voltage and vice versa. 

7.2 Different Stages of an Arc 

A few typical examples of tests are discussed below, the rest of all other results for all 

different circuit configurations, paths and voltages will be included as appendix. 

i 

Early Arcing Stage 

~--------- 400..,- --------------
I 

I---·~-----.·~---- : 
-----j 

-2 00 -2. 000 -1 JOO -1 .000 0.500 1.000 1.500 2.000 2~00 

-.- - _ . - .-- ------aG()~--- - -----~-

Current[A) 

Fig.5. 10 Typical V-I characteristic of Stage A of an arc 
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Near Extinction 

I f------~--~-JJ--H'-~----r-----,----

I 
I 

·'.500 ·'.000 .,500 ·um ~.500 ' .500 ' .000 ' .500 ' .000 'f 
i 

~--------------~2Ioooo~I----------------~ 
Current[A) 

Fig.5. 11 Typical V-I characteristic of Stage B of a near extinguishing arc 

~ .. 
0> 
J!! 
~ -2.500 -2.000 -1.500 -1000 

Arc extinction 

30000 

-0.500 1.000 1.500 

-30000 .! 

2.000 

--------41()(J()()...L-.. - -------- --------

Currenl[A) 

Fig.5. 12 Arc extinction Stage C 

I 
2.500 

I 
I 

I 
I 
~ 

Fig.S.10 is when there is maximum current when arc is initiated. Fig.5.10 is near arc extinction 

when the current drops 3nd the voltage rises for one cycle. Fig.S.11 is when the current drops 

and consequently collapses to zero. All these stages were plotted from Fig .S.9 as indicated by 

the symbols A, B, and C. 
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Fig.5. 13 Different phases of Voltage and Current waveforms 
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Fig.5. 14 Typical V-I characteristic of a stable arc 

Fig.S.14 above shows a typical V-I characteristic for all different phases of a stable arc. They 

can in turn be divided into different phases as shown from Fig .5.15 to Fig.5.19. They were 

plotted from the waveforms shown in Fig .5.13. 
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Fig_5_ 15 Phase A (Pre-arcing) 

Phase A, shows that arcing does not occur instantaneously after switching. The voltage first 

builds up to full voltage to allow full ionisation of the gap. This is irrespective of whether the arc 

is stable or not. However, it is worth mentioning that sometimes this is not the case as can be 

seen in Fig .5.33 where arcing was instantaneous. 

The off-set to the right of the axis is due to the ionisation in the gap prior to arcing, because the 

oscilloscope was triggered on current the small leakage current was recognised and hence 

triggered the oscilloscope. The current triggering value was O.2A. 
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Arc Initial stages 
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Fig.5. 16 Phase B (Initial arcing) 
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Phase B, is when the fuse wire burns and evaporates coupled with initial arcing. It is difficult to 

distinguish the transition between the two processes, but the fuse wire evaporates in the first 

few milliseconds. The V-I characteristic enveloping is not evident at this pOint. 
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Fig_5_ 17 Full arcing Phase C 

Full Arcing 
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Phase C, shows full arcing and the V-I characteristic enveloping is now evident. 
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Near arc-extinction 
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Fig.5. 18 Near arc-extinction Phase D 

Phase D, is when the arc attempts to extinguish itself but the minimum arc voltage (MAV) still 

exceeds recovery voltage, hence arcing continues. This happens for a very short time and in 

many cases several times during the arcing period. A wood path tends to exhibit more of these 

"near-extinction" intervals jue to its inherent arc quenching properties. An unstable arc will thus 

extinguish itself in one of these intervals. 
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Continued stable arcing 
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Fig.5. 19 Phase E, continued arcing 

Phase E, relates to stable arcs in which case the arc will continue to burn until interrupted by 

manually switching off or by protection equipment, else there will be damage to the equipment. 

The enveloping will continue as long as arcing takes place. The offset from the origin in the V-I 

characteristics is due to measurements error. 

Fig.S.13 to Fig .S.19 describe the different phases of a stable arc. These were captured at 12kV 

and 100mm air path. Although the different stages are similar throughout the test, it is 

acknowledged that not all test will follow the exact pattern, their timing vary although the circuit 

conditions are kept the same. This can be attributed to the complex physical phenomenon of 

arcs. 

------------------------------------------------------------68 

o. 00 

Univ
ers

ity
 of

 C
ap

e T
ow

n



~ 
Q) 
Ol 

.l!! 
(5 -1. > 

· ... " , 

15000.000 

10000.000 

-15000.000 

i 
; 

i 

extinction 

I 
! 

.. _- - -_.- --t -_. 

Current[A] 

--+ 

1.000 

Fig.5. 21 V-I Characteristic at 12kV and 100mm wood path (Set-up 2) 

1. 00 

------------------------------------------------------------69 

Univ
ers

ity
 of

 C
ap

e T
ow

n



~ -2. -1.500 
Q) 
0> 
2 
'0 
> 

-20000.000 

-30000.000 

-40000.000 

Current[A] 

Fig.5. 23 V-I Characteristic at 20kV 100mm wood path (Set-up 2) 

Fig.5.20 and Fig.5.22 show the effect of increasing the voltage while keeping the length and 

arcing medium constant. At 12kV the arc is unstable while at 20kV it is stable. The arc was 

stable until intervention by manually switching off the circuit. 
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Fig.5. 25 V-I Character;stic at 12kV and 100mm air path 

Fig.5.20 and Fig .5.24 illustrate the effect of changing the arcing medium on arc-quenching 

whilst keeping the voltage and the gap length constant. From these waveforms, it can be 

seen that along the wood path, the arc took 300ms before extinguishing while in air it took 

430ms. 
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Fig.5. 26 Voltage and Current waveforms at 30kV 200mm wood path (Set-up 1) 
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Fig.5.27 V-I characteristic at 30kV, 200mm wood path (Set-up 1) 

The phenomenon shown in (A) in Fig.5.26 is evident in some wood paths but not others. This 

could be due to: 

• corona 

• the leakage current through wood prior to arcing . 

• Different arc path followed 
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The arc approached extinction at (8) after 160ms but it did not extinguish, full arc extinction 

occurred at (C) after 4S0ms as shown in Fig.S.27. Fig.S.28 shows its V-I characteristic. It is 

also worth noting that there is no offset from the origin in the V-I characteristic. 

~;:~~:. Agilent Technologies 

Current[A) 

Fig.5.28 Voltage and Current waveforms and its V-I Characteristic at 40kV, 300mm in air 
(Set-up 2) 

A typical stable arc in air is shown in Fig.S.28 above. In the above test again arcing occurred 

before full voltage. The arc was stable until intervention by manually switching off the circuit. 

Note: There are several near arc extinction in the stable arc shown in Fig.5.28 . 

. -::::;::~:-. Agilent Technologies 

Fig.5.29 Voltage and Current waveforms at 40kV 500mm along wood (Set-up 2) 
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Fig.5. 30 V-I characteristic at 40kV 500mm along wood (Set-up 2) 
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Fig.5.31 Voltage and Current waveforms at 40kV, 500mm in air (Set-up 2) 
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Fig.5.32 Corresponding V-I characteristic at 40kV, 500mm in air (Set-up 2) 

3. 00 

In Fig.5.29 and Fig.5.31 the current and voltage waveforms are superimposed on each other 

to illustrate the phase difference between the current and voltage. This superimposition also 

shows the exponential decay of current with exponential rise in voltage. In both tests it is to be 

noted that arcing happened instantaneously after switching. 

The corresponding V-I characteristics in Fig.5.30 and Fig.5.32 show that there is .generally a 

small difference in enveloping boundary position between air and wood paths under the same 

circuit conditions with larger currents in air. Again from Fig.5.29 and Fig.5.31 , it is evident that 

wood has better arc-quenching properties than air. 
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Fig.5.34 Voltage and Current waveforms 20kV, 
300mm air gap (Set-up2) 
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Fig,5.33 and Fig.5.34 IIIL..strate the effect of changing the circuit impedance on arc-quenching _ 

With set-up2, the arc took longer (350ms) to extinguish than in set-up1 with (175ms) . 
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Arc Length vs Arc Current 
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Fig.5. 35 Arc Current vs Arc Length in air and along a wood path 
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The above graphs were obtained by repeating tests and measure maximum current for each 

gap length and type of arc path followed. 
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The following data was collected for different lengths, voltages and arc paths. All tests were 

performed in a vertical position. The 10kV in air and along a wood path with Set-up 1 circuit 

configuration did not produce any arc. 

Voltage [kV] Gap length [em] AirlWood No. of tests % Stable % Unstable 
15 <6 air 10 100 0 

..... 

15 10 air 20 15 85 
15 12 & 15 air 20 5 95 
15 20 P 30 100 
15 25 20 0 100 
15 30 air - - -
15 35 air - - -
15 40 air - - -
15 <6 wood 10 100 0 
15 10 wood 20 10 90 
15 12 & 15 wood 15 13.3 86.7 
15 20 wood 30 0 100 
15 25 wood 20 0 100 
15 30 wood - - -
15 35 wood 
15 40 wood - - -
20 <8 air 10 100 0 
20 10 air 20 50 50 
20 12 & 15 air 30 10 90 
20 20 air 30 I 0 100 
20 25 air 20 0 100 
20 30 air 
20 35 air -
20 40 air - - -
20 <8 wood 10 100 0 
20 10 wood 20 40 60 
20 12 & 15 wood 15 5 95 
20 20 wood 30 0 100 
20 25 wood 20 0 100 
20 30 wood - - -
20 35 wood - - -
20 40 wood - - -
25 <10 air 10 100 0 
25 10 air 20 40 60 
25 20 air 30 10 90 
25 25 air 20 0 100 
25 30 air 15 0 100 
25 35 air - - -
25 40 air - - -
30 <10 air 10 I 100 0 
30 12 & 15 air 20 50 50 
30 20 air 30 16.7 83.3 
30 25 air 20 0 100 
30 30 air 15 0 100 
30 35 air - - -
30 40 air - - -
30 <10 wood 10 100 0 
30 12 & 15 wood 20 40 60 
30 20 wood 30 10 90 
30 25 wood 20 0 100 
30 30 wood 15 0 100 
30 35 wood - - I -
30 40 wood - - -

Table 5. 2 Set-up 1 Laboratory tests 
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iVOftage [kV] Gap length [em] AirlWood No. of tests % Stable • % Unstable 
i 10 i <8 air 10 100 0 

10 10 air 20 15 85 
10 12 & 15 air - 0 100 
10 20 air - -
10 25 air - - -
10 <8 wood 10 100 0 
10 10 wood 20 15 85 
10 12 & 15 wood - 0 100 
10 20 wood -
10 25 wood - - -
12 <8 air 10 100 0 
12 10 air 20 

d 
60 

I 12 12 & 15 air 10 90 
12 20 air 30 100 
12 25 air 20 0 100 
12 30 air - - -
12 35 air - - -
12 40 air - i -
12 <8 wood 10 100 0 i 
12 10 wood 20 40 60 
12 12 & 15 wood 12 ! 25 75 
12 20 wood 30 0 100 I 

12 25 wood 20 0 100 
12 30 wood - - -
12 35 wood - - -
12 40 wood - -
20 <10 air 10 100 0 I 

20 I 12 & 15 air 20 75 25 
20 20 air 30 23.3 76.7 
20 25 air 20 0 100 i 
20 30 air 15 0 100 
20 35 air - - - i 

20 40 air - -
20 <10 wood 10 100 0 
20 12 & 15 wood 20 70 30 
20 20 wood 30 10 90 
20 25 ~ 20 0 100 ! 

20 30 15 0 100 
20 35 wood - -
20 40 wood - -
25 <10 air 10 100 0 

• 25 12 & 15 air 20 90 10 
25 20 air 30 53.3 46.7 
25 25 air 20 10 90 
25 30 air 15 0 100 
25 35 air - -
25 40 air - - -
25 <10 wood 10 100 0 
25 12 & 15 wood 20 85 15 
25 20 wood 30 40 60 
25 25 wood 20 10 90 
25 30 wood 15 0 100 i 
25 35 wood - -
25 40 wood - - - I 
30 <10 air ! 10 ! 100 0 
30 12 & 15 air 10 95 5 
30 20 air 40 90 10 
30 25 air 35 25 75 
30 30 air 20 5 95 
30 35 air 20 ! 0 100 
30 40 air 5 0 100 
30 <10 wood 10 100 0 
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---- ........ 

30 12 & 15 wood 10 90 10 
30 20 wood 30 90 10 
30 25 wood 36 25 75 
30 30 wood 20 5 95 
30 35 wood 8 0 100 
30 40 wood 5 0 100 
40 <28 air 10 100 0 
40 30 air 10 90 10 
40 35 air 6 50 50 
40 40 air 3 0 100 
40 50 air 4 0 100 
40 <28 wood 10 100 0 
40 30 wood 10 70 30 
40 35 

~ 
8 37.5 62.5 

40 40 3 R 100 
40 50 3 100 

-= -
Table 5. 3 Set-up 2 Laboratory tests 

8 Chapter Summary 

In this chapter the test equipment and process has been described. Results have been 

obtained for different gap lengths in air and in presence of wood, using circuits with two 

different source impedances. Waveforms have been captured and the probability of stability 

under different sets of conditions has been established by repeating tests. 

In the next chapter the results are interpreted in the context of the theory described in Chapter 

Three and the expected outcomes developed in that chapter. 
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Chapter Six 

DISCUSSION AND ANALYSIS OF RESULTS 

1 Overview 

In this chapter. the theory developed and waveforms obtained in the previous chapters are 

analysed. The arc characteristic obtained in previous chapters are analysed and compared. 

The preliminary and medium voltage results are analysed to determine the arc behaviour and 

arc parameters. 

2 Preliminary Tests at 230V 

The waveforms and graphs in the preliminary investigation indicate that: 

? Transition through arc instability at 230V is very quick (-0.05 of a wave cycle). This 

illustrates why power follow currents are not significant on LV lines. 

? Transition is variable and the arc characteristic does not clearly follow the "hysteresis" 

curve illustrated in Fig.3.3 as described by Cobine [33]. but the "loop reversal" effect 

as indicated by Cobine [33] and Browne [7] is evident at this voltage. 

? The impulse voltage from arc quenching may exceed rated voltage. 

? The validity of equation (3.19) cannot be tested or assured from these results at 

230V. Using equation (1) with I 10 cm, If = 20A would indicate Rare = 44Q. 

In all 230V tests the fuse wire vaporised and became non-conducting in less than four cycles 

(BOms) and the arc extinguished before the breaker tripped. The V-I characteristics all cross 

from first to third quadrant through zero. The graphs resemble a linear form. thus suggesting 

that the resistance/impedance of the circuit is the slope of this graph. The current and the 

voltage are in phase. The arc voltage is only evident for a very short period at this operating 

voltage. The arc voltage does not show a qllasi-rectangular waveform but a purely sinusoidal 

waveform as opposed to what other previous researchers and MV tests performed in this 

investigation illustrate. 

3 Medium Voltage Tests 

Throughout the tests the supply circuit impedance was kept the same in each experiment set 

up i.e. tests were performed repeatedly in each experiment set up as shown in Fig.5.1 and 

Fig.5.2, only the gap length and quenching medium was varied. The behaviour of arcs under 

each of these circuit conditions (both set-up1 and 2) was not consistent. Within each of the 

set ups the behaviour of arcs was also different although the voltage and the air/wood length 
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was kept constant. Some more waveforms justifying the findings below can be viewed in the 

Appendices. 

3.1 Arc Voltage versus Arc Current (V~I) Characteristics 

In all medium voltage tests the V-I characteristic curve resemble a "hysteresis" loop. The V-I 

characteristic is in the first and third quadrants just as shown by Browne [7] Cobine [33] and 

Goda [24]. Fig.5.7 shows the direction of ionisation and deionisation processes during arcing. 

Again the reversal in looping does occur as the current approaches zero in some tests. The 

offsets in some of these characteristics indicate that some leakage current exists between the 

electrodes or through the wood member after arc extinction and before switching off. 

3.2 Arc Length versus Arc Voltage 

The minimum length of wood required to prevent a fault arc seem to be a function of 

instantaneous power frequency voltage and the length of the cross-arm at the time of impulse 

flashover. True arc length is not deterministic but it is stochastic in that it is affected by many 

other factors such as the electrode phenomena and its arching nature due to electrodynamic 

forces between the electrodes. 

Arc initiation voltage is directly proportional to gap length. The graphs on arc initiation in 

Fig.2.3 proposed by Armstrong et at [19] can be estimated by the following equations: 

V 0.69/ -13.46 at 1000A .......................................................................... (5.1) 

V 0.691 -18.93 at 3500A....................... . . .. ............................ . ....... (5.2} 

These equations cannot be verified because the given values of current could not be met in 

the laboratory. For example, from test results in wood at 40kV and 500mm (19.685) of wood 

and substituting from these equations would yield 40 = 0.1223 from the first ,equation and 

40=-5.347 from the second equation, which are both indeed absurd. The variations arise from 

the fact that different laboratory equipments were used and the tests performed in this 

investigation were specifically for low currents. 

3.3 Arc Current versus Arc Length 

Again with values obtained by Beffaschi [6], Brooks [17], Burgersdof [18] with respect to short 

circuit currents (see Table 2.2), cannot be verified in these experiments. For the currents 

obtained in this study were between 0.2 and 3A. The variations arise from the fact that 

different laboratory equipments were used to do the test. Fig.5.35 shows that the arc current 

is not directly proportional to the length of the arc. 
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3.4 Arc Current and Arc Voltage 

Analysis of the current and voltage waveforms of the arc indicates a quasi-stable arc 

condition in which the arc voltage magnitude increases exponentially as the arc current 

magnitude decays exponentially with time. This is the case with both stable and unstable 

arcs. 

The arc current and arc voltage are in phase. This finding is different from what was found by 

Cobine [33] who propose that there is a small phase shift determined by equation (3.3). The 

arc current is a purely sinusoidal waveform whereas the arc voltage is a distorted rectangular 

waveform, thus confirming what Terzija et a/ [36], unlike in low voltage tests where both 

current and voltage are sinusoidal. So when modelling an arc voltage these distortion should 

always be taken into consideration. The arc current may have a DC offset. 

During the tests the oscilloscope was triggered on current, which explains why some arcing 

took place before full voltage. The current that triggered the oscilloscope prior to full voltage 

can be attributed to leakage current. The results do not agree with the findings by Daverniza 

[14] that during arcing in air the voltage collapses to zero. In these test results both in air and 

along wood the voltage does not collapse to zero. The difference can be possible attributed 

to different circuit arrangements between the tests performed in this investigation and those of 

Daverniza [14]. 

The calculated results do not agree with the actual measured results. For example at 40kV 

single phase, the calculated short circuit results from the equipment data in Table 5.1 would 

yield a current of 7.5A whereas the measured results in air, at 40kV and with set-up 2 

connected give a maximum current of 2. 125A. This suggests that an arc has some resistance 

in it. 

3.5 Arc Resistance 

Since the arc current and arc voltage are in phase, which explains that the arc impedance is 

purely resistive. From set-up 2 at 40kV, the captured maximum arc current was 2.125A and 

the minimum voltage was 431.250V. Using Ohm's Law, yields a resistance of 202.9410. This 

value does not take care of the length of the gap and does not agree with previous 

researchers e.g. Terjiza [36], Warrington [38] and Gross [43]. Again the difference could be 

due to different circuit arrangements. On calculation of fault current, taking into account that 

the arc has some resistance of 202.914Q and including this value in the calculation, a current 

of 2.673A was obtained. This value is close to the measured value of 2.125, the difference 

could be due to an error in measurement. 
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3.6 Arc Extinction 

The arc, if it extinguishes, will do so at zero crossing. Where the arc did not extinguish by 

itself (stable arcs) they had to be manually switched off through a breaker. Some arcs halfway 

through the total arcing period will attempt to extinguish but still do not a phenomenon called 

quasi-stable arcing. This also happens unevenly through the tests although circuit conditions 

are kept constant. All arcs that extinguished lasted for less than 1 sec with the duration varying 

from a minimum of SO.5ms sec to 900ms depending on the test set-up, gap or wood length 

and voltage. Fig.6.1 below shows the histogram of the number of extinguished arcs per 

duration range irrespective of test set-up, arcing medium, length and voltage. 
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Fig.6.1 Number of Unstable Arcs VS. Arc Duration 

In some cases during arc extinction the arc current collapses to zero but the arc voltage does 

not instantaneously return to full voltage, again this happens sporadically. Arc quenching 

seems to be f~ster along wood than in air for the same voltage and length as can be seen in 

Fig.S.20, Fig.S.24, Fig.S.29, and Fig.S.31 and also presented below as probability in Fig.6.2 

and Fig.6.3. Although the voltage is kept constant but the length is varied, true arcing 

generally takes longer with shorter gaps both in air and along wood surface. 
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3.7 Arc Stability Thresholds 

The stability limit was set to be 1 second, any arcing lasting longer than that is regarded as a 

stable arc that will in other words require switching off of the breaker. Arc stability thresholds 

can be summarised by the following probability curves in Fig.6.2 and Fig.6.3. Set-up 1 and 2 

indicated here are as drawn on page 56. 
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These curves were obtained by repeating tests at different voltages, quenching mediums and 

gaps for different source impedances. From these probability graphs wood seems to have 

better arc quenching properties than air except for 20kV where the reverse is true for 

probability ranging from 0 to 0.2. This can be attributed to the random effect of probability. 

4 Chapter Summary 

In this chapter, the test results obtained in Chapter Four and Five have been discussed and 

analysed in the context of literature in Chapter Two and Chapter Three. Repeating tests has 

produced probability curves of arc extinction for both set ups and arc paths. 

The variability of the experimental results (arc extinction, arc duration, etc) is much greater 

than the atmospheric correction, thus confirming the assumption made in Chapter Two and 

Chapter Three that the correction can be ignored. This is also supported by Holtzhausen et al 

[47] who recommended that no air density correction should be applied in impulse tests on 

wood pole lines. 

The next chapter will then draw conclusions based on the discussion and analysis made in 

this chapter. 
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APPENDIX A 

CLiRRENT AND VOLTAGE DATA POINTS 

The values shown in this appendix were captured by the oscilloscope during medium voltage 

tests. The V-I characteristics plotted in Chapter Five and Appendix B were derived from these 

values. For each test there would be values captured for that test, but in this document only 

one typical set of vales will be shown. 

Of interest are the values of time, current and voltage. The first column is the time, next is the 

current (1:1000 Hall Effect with 1kQ resistor) and voltage values as captured by the 

oscilloscope after the effect of voltage diver and High Voltage Differential Probe, (see Chapter 

Five, Section 4 for the description of these equipments). The actual current and voltage 

values are thus shown in the last two columns. 
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x-axis Channel1 Channel2 

iTime Volt Volt Current[A] Voltage[V] 

-1.96E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 

-1.94E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.92E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.90E-01 6.25E-03 -9.38E-02 -0.094 431.250 

-1.88E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.86E-01 -6.25E-03 -9.38E-02 

~ 
-431.250 

-1.84E-01 6.25E-03 -9.38E-02 431.250 

-1.82E-01 O.oOE+OO -9.38E-02 -0.094 0.000 

-1.BOE-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.7BE-011 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.76E-01 O.OOE+OO -9.3BE-02 -0.094 0.000 

-1.74E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.72E-01 -6.25E-03 -9.3BE-02 -0.094 A31.250 
-1.70E-01 O.OOE+OO -6.25E-02 -0.0631 0.000 

-1.68E-01 O.OOE+O~8E-02 -0.094 0.000 

-1.66E-01 6.25E-03 BE-02 -0.094 431.250 

-1.64E-01 O.OOE+OO -9.3BE-02 -0.094 0.000 

-1.62E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.60E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 

-1.58E-01 O.O~ -6.25E-02 -0.063 0.000 

-1.56E-01 6.25E-03 -9.38E-02 -0.094 431.250 

-1.54E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 

-1.52E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.50E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.48E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.46E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.44E-01 O.OOE+OO ~38E-02 -0.094 0.000 

-1.42E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 

-1.40E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.38E-01 O.oOE+OO -9.38E-02 -0.094 0.000 

-1.36E-01 O.OOE+OO I -6.25E-02 -0.063 0.000 

-1.34E-01 -9.38E-021 -0.094 0.000 

-1.32E-01 O.OOE+OO -9.3SE-02 -0.094 0.000 

-1.30E-01 6.25E-03 -6.25E-02 -0.063 431.250 

-1.28E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 

-1.26E-01 0.00E+0~~25E-02 -0.063 0.000 

-1.24E-01 O.OOE+OO .3BE-02 -0.094 0.000 

-1.22E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.20E-01 O.OoE+OO -9.38E-02 -0.094 0.000 
-1.18E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.16E-01 O.OOE+OO -938E~ -0.094 0.000 

-1.14E-01 O.OOE+Oo -6.25E -0.063 0.000 

-1.12E-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.10E-01 O.OOE+OO -9.38E-02 -0.094 0.000 

-1.0SE-01 O.OOE+OO -6.25E-02 -0.063 0.000 

-1.06E-01 O.OOE+OO -6.25E-02 -0.063 0.000 
-1.04E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 

-1.02E-01 O.OOE+OO -6.2SE-02 -0.063 0.000 
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-1.00E-01 O.OOE+OO -9.3SE-02 -0.094 0.000 

I -9.S0E-02 -6.2SE-03 -9.3SE-02 -0.094 -431.2S0 

-9.60E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-9.40E-02 -6.25E-03 -9.38E-02 -0.094 -431.250 

-9.20E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

~O.OOE+OO -6.25E-02 -0.063 0.000 

-S.S O.OOE+OO -9.3SE-02 -0.094 0.000 

-S.60E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-S.40E-02 -6.25E-03 -9.3SE-02 -0.094 -431.250 

-S.20E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-S.00E-02 -6.2SE-03 -9.3SE-02 -0.094 -431.2S0 

-7.S0E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-7.60E-02 6.25E-03 -3.13E-02 -0.031 431.250 

-7.40E-02 O.OOE+OO -6.25E-02 -0.063 0.000 

-7.20E-02 -6.2SE-03 -9.38E-02 -0.094 -431.250 

-7.00E-02 O.OOE+OO -6.2SE-02 ' -0.063 0.000 

-6.S0E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-6.60E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-6.40E-02 O.OOE+OO -6.2SE-02 -0.063 0.000 

-6.20E-02 O.OOE+OO -6.25E-02 -0.063 0.000 

-6.00E-02 O.OOE+OO -6.2SE-02 -O~ 0.000 

-S.SOE-02 6.25E-03 -6.25E-02 -0.063 431.2S0 

-S.60E-02 -6.2SE-03 -6.2SE-02 -0.063 -431.2S0 

-S.40E-02 -6.2SE-03 -9.3SE-02 -431.250 

-S.20E-02 O.OOE+OO -9.3SE-02 == 0.000 

-S.00E-02 O.OOE+OO -6.2SE-02 -0.0 0.000 

-4.S0E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-4.60E-02 -6.25E-03 -9.3SE-02 -0.094 -431.2S0 

-4.40E-02 O.OOE+OO -6.2SE-02 -0.063 0.000 
-4.20E-02 -6.2SE-03 -9.3SE-02 -0.094 -431.2S0 

-4.00E-02 O.OOE+OO -6.2SE-02 -0.063 0.000 

-3.S0E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-3.60E-02 -6.25E-03 -9.3SE-02 -0.094 -431.2S0 

-3.40E-02 O.OOE+OO -9.38E-02 -0.094 0.000 

-3.20E-02 O.OOE+OO -9.38E-02 -0.094 0.000 

-3.00E-02 O.OOE+OO -9.38E-02 -0.094 0.000 

-2.S0E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-2.60E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-2.40E-02 O.OOE+OO -6.2SE-02 -0.063 0.000 

-2.20E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-2.00E-02 O.OOE+OO -6.2SE-02 -0.063 0.000 

-1.S0E-02 -6.2SE-03 -9.3SE-02 -0.094 -431.2S0 

-1.60E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-1.40E-02 O.OOE+OO -6.2SE-02 -0.063 0.000 

-1.20E-02 O.OOE+OO -9.3SE-02 -0.094 0.000 

-1.00E-02 O.OOE+OO -9.38E-02 -0. 0941 0.000 

-S.00E-03 O.OOE+OO -9.38E-02 -0.094 0.000 

-6.00E-03 O.OOE+OO -6.2SE-02 -0.063 0.000 

-4.00E-03 O.OOE+OO -9. 38E-02 -0.094 0.000 

-2.00E-03 -6.2SE-03 -9.38E-02 -0.094 -431.250 
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O.OOE+OO -S.63E-02 -9.38E-02 -0.094 -3881.250 

2.00E-03 -6.25E-03 -3.13E-02 -0.031 -431.250 

4.00E-03 -1.25E-01 -6.2SE-02 -0.063 -8625.000 

6.00E-03 -6.88E-01 -6.2SE-02 -0.063 -47437.S00 

8.00E-03 -3.75E-02 -9.38E-02 -0.094 -2587.S00 

1.00E-02 -5.13E-01 -9.38E-02 -0.094 -35362.500 

1.20E-02 -1.88E-02 -1.19E+00 -1.188 -1293.7S0 

1 AOE-02 -1.2SE-02 -2.03E+00 -2.031 -862.500 

1.60E-02 -1.88E-02 -2.2SE+00 -2.250 -1293.7S0 

1.80E-02 -1.88E-02 -1.31E+00 -1.313 -1293.750 

2.00E-02 O.OOE+OO -9.38E-02 -0.094 0.000 

2.20E-02 6.2SE-03 7.81 E-01 0.781 431.250 

2AOE-02 1.25E-02 2.03E+00 2.031 862.500 

2.60E-02 6.25E-03 2.06E+00 2.063 431.250 

2.80E-02 6.25E-03 1A4E+00 104381 431.250 

3.00E-02 O.OOE+OO 1.25E-01 0.125 0.000 

3.20E-02 -3.75E-02 -9.69E-01 -0.969 -2587.500 

3AOE-02 -1.88E-02 -2.00E+00 -2.000 -1293.750 

3.60E-02 -1.88E-02 -2.22E+00 -2.219 -1293.750 

3.80E-02 -1.88E-02 -1.50E+00 -1.500 -1293.750 

4.00E-02 -1.25E-02 -4.38E-01 -00438 -862.500 

4.20E-02 1.25E-02 3.75E-01 0.375 862.500 

4AOE-02 1.25E-02 1.88E+00 1.875 862.500 

4.60E-02 6.25E-03 2.13E+00 2.125 431.250 

4.80E-02 O.OOE+OO 1.28E+00 1.281 0.000 
5.00E-02 O.OOE+OO 5.31E-01 0.531 0.000 

5.20E-02 -1.88E-02 -8A4E-01 -0.844 -1293.750 

5AOE-02 -1.88E-02 -1.75E+00 -1.750 -1293.750 

5.60E-02 -1.88E-02 -2.19E+00 -2.188 -1293.750 

S.80E-02 -1.88E-02 -1.56E+00 -1.S63 -1293.750 

6.00E-02 -6.2SE-03 -S.00E-01 -O.SOO -431.250 

6.20E-02 1.88E-02 7.S0E-01 0.750 1293.750 

6AOE-02 1.88E-02 1.66E+00 1.656 1293.7S0 

6.60E-02 6.25E-03 1.91E+00 1.906 431.250 

6.80E-02 O.OOE+OO 1.25E+00 1.250 0.000 

7.00E-02 O.OOE+OO 5.00E-01 0.500 0.000 
7.20E-02 -1.88E-02 -4.69E-01 -00469 -1293.750 
7.40E-02 -3.13E-02 -1.75E+00 -1.750 -2156.250 

7.60E-02 -2.50E-02 -2.09E+00 -2.094 -1725.000 

7.80E-02 -1.88E-02 -1A7E+00 -10469 -1293.750 

8.00E-02 -6.25E-03 -2.50E-01 -0.250 -431.250 

8.20E-02 6.25E-03 3.13E-01 0.313 431.250 

8AOE-02 2.50E-02 1.28E+OO 1.281 1725.000 

8.60E-02 1.25E-02 1.84E+00 1.844 862.500 

8.80E-02 1.2SE-02 1.22E+00 1.219 862.500 

9.00E-02 6.2SE-03 4.06E-01 00406 431.250 

9.20E-02 -1.25E-02 -7.50E-0'1 -0.750 -862.500 

9AOE-02 -3.13E-02 -1A4E+00 -10438 -2156.250 

9.60E-02 -2.S0E-02 -1.97E+00 -1.969 -1725.000 
9.80E-02 -1.88E-02 -1.63E+OO -1.625 -1293.750 
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1.00E-01 -6.25E-03 -7.50E-01 -0.750 -431.250 

1.02E-01 1.88E-02 2.81 E-01 0.281 1293.750 

1.04E-01 2.50E-021 1.09E+00 1.094 1725.000 

1.06E-01 2.50E-02 1.78E+00 1.781 1725.000 

1.08E-01 1.25E-02 1.47E+00 1.469 862.500 

1.10E-01 O.OOE+OO 4.69E-01 0.469 0.000 

1.12E-01 -1.88E-02 -5.31 E-01 -0.531 -1293.750 

1.14E-01 -3.13E-02 -1.44E+00 -1.438 -2156.250 

1.16E-01 -3.13E-02 -1.88E+00 -1.875 -2156.250 

1.18E-01 -1.25E-02 -1.44E+00 -1.438 -862.500 

1.20E-01 -1.25E-02 -4.69E-01 -0.469 -862.500 
1.22E-01 1.25E-02 3.44E-01 0.344 862.500 

1.24E-01 3.75E-02 9.69E-01 0.969 2587.500 
1.26E-01 I 1.88E-02 1.69E+00 1.688 1293.750 
1.28E-01 1.88E-02 1.34E+00 1.344 1293.750 
1.30E-01 6.25E-03 5.00E-01 0.500 431.250 
1.32E-01 -1.88E-02 -2.81 E-01 -0.281 -1293.750 
1.34E-01 -4.38E-02 -1.09E+00 -1~ -3018.750 
1.36E-01 -3.75E-02 -1.72E+OO -1.719' -2587.500 
1.38E-01 -2.50E-02 -1.34E+00 -1.344 -1725,000 
1.40E-01 -1.88E-02 -5.00E-01 -0.500 -1293.750 
1.42E-01 1.25E-02 3.13E-02 0,031 862.500 
1.44E-01 ! 6.25E-02 9,69E-01 0.969 4312.500 
1.46E-01 1.88E-02 1.59E+00 1.594 1293.750 
1.48E-01 1.88E-02 1.44E+00 1.438 1293.750 
1.50E-01 1.25E-02 I 6.25E-01 0,625 862,500 
1,52E-01 -4.38E-02 ' -4.06E-01 -0.406 -3018.750 
1.54E-01 -5.63E-02 -1,03E+00 -1.031 -3881.250 
1,56E-01 -4.38E-02 I -1.69E+00 -1.6881 -3018.750 
1,58E-01 -1.88E-02 -1.53E+00 -1,531 -1293,750 
1.60E-01 -3.13E-02 -7.50E-01 -0.750 -2156.250 
1,62E-01 3,13E-02 1,88E-01 0.188 2156.250 
1,64E-01 5.63E-02 8.44E-01 0.844 3881.250 
1.66E-01 1,88E-021 1.47E+00 1.469 1293.750 
1.68E-01 1.25E-02 1.38E+00 1,375 862.500 
1.70E-01 1.25E-02 8.44E-01 O. 862.500 
1.72E-01 -1.88E-02 -3.44E-01 -0. -1293.750 
1.74E-01 -4.38E-02 -7.81E-01 -0.781 -3018.750 
1.76E-01 -3.13E-02 -1.56E+00 -1.563 -2156.250 
i.78E-01 -1.25E-0~mE+00 -1.500 -862.500 
1.80E-01 -1,88E-02 8E-01 -0.688 -1293.750 
1.82E-01 1,88E-02 -9.38E-02 -0.094 1293.750 
1.84E-01 3.75E-02 7.81 E-01 0.781 2587,500 
1,86E-01 1.88~.38E+00 1.375 1293.750 
1.88E-01 i.88E .28E+00 1,281 129 
1,90E-01 1.25E-02 5,94E-01 0.594 862. 
1,92E-01 -1.25E-02 -1.56E-01 -0.156 -862,500 
1,94E-01 -5,63E-02 -8,75E-01 -0,875 -3881.250 
1,96E-01 -2,50E-02 -1.47E+00 -1.469 -1725,000 
1.98E-01 -2,50E-02 -1.47E+00 -1.469 -1725,000 
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2.00E-01 -1.88E-02 -1.06E+00 -1.063 -1293.7S0 

2.02E-01 1.88E-02 O.OOE+OO 0.000 1293.750 

2.04E-01 3.75E-02 6.88E-01 0.688 2587.500 

2.06E-01 2.50E-02 1.34E+00 1.344 1725.000 

2.0SE-01 2.50E-02 1.31E+00 1.313 1725.000 

2.10E-01 1.88E-02 8,44E-01 0.844 1293.7S0 

2.12E-01 6.25E-03 3.13E-02 0.031 431.250 

2.14E-01 -5.63E-02 .31 E-01 -0.531 -3881.250 

2.16E-01 -3.13E-02 -1,44E+00 -1,438 -2156.250 

2.18E-01 -2.50E-02 -1.31E+00 -1.313 -1725.000 

2.20E-01 -1.88E-02 -9.06E-01 -0.906 -1293.750 

2.22E-01 -1.88E-02 -2.19E-01 -0.219 -1293.750 

2.24E-01 6.2SE-02 S.63E-01 0.S63 4312.500 
2.26E-01 3.75E-02 1.22E+00 1.219 2587.S00 

2.28E-01 2.50E-02 1.19E+00 1.188 172S.000 
2.30E-01 2.50E-02 8.7SE-01 0.875 1725.000 
2.32E-01 6.25E-03 O.OOE+OO 0.000 431.250 
2.34E-01 -5.00E-02 -S.31 E-01 -0.531 -3450.000 
2.36E-0'1 -2.S0E-02 -1.19E+00 -1.188 -1725.000 
2.3SE-01 -2.50E-02 -1.38E+00 -1.375 -1725.000 
2,40E-01 -2.S0E-02 -1.00E+00 -1.000 -1725.000 
2,42E-01 O.OOE+OO -1.25E-01 -0.125 0.000 
2,44E-01 3.75E-02 5.31 E-01 0.531 2587.500 
2,46E-01 2.50E-02 1.03E+00 1.031 1725.000 
2,4SE-01 1.88E-02 1.22E+00 1.219 1293.750 
2.S0E-01 6.2SE-03 1.00E+00 1.000 431.250 
2.52E-01 6.2SE-03 2.19E-01 0.219 431.250 
2.54E-01 -2.50E-02 -5.63E-01 -0.563 -1725.000 
2.56E-01 -3.13E-02 -1.16E+00 -1.156 -2156.250 
2.58E-01 -2.50E-02 -1.34E+00 -1.344 -1725.000 
2.60E-01 -1.25E-02 -9.69E-01 -0.969 -862.500 
2.62E-01 -6.25E-03 -2.50E-01 -0.250 -431.~~ 
2.64E-01 3.13E-02 4.69E-01 0,469 2156.250 
2.66E-01 3.75E-02 1.06E+00 1.063 2587.500 
2.68E-01 2.50E-02 1.22E+00 1.219 1725.000 
2.70E-01 1.25E-02 7.19E-01 0.719 862.500 
2.72E-01 O.OOE+OO 9.38E-02 0.094 0.000 
2.74E-01 -2.50E-02 -4.38E-01 -0,438 -1725.000 
2.76E-01 -3.75E-02 -1.31 E+OO -1.313 -2587.500 
2.78E-01 -3.13E-02 -1.38E+OO -1.375 -2156.250 
2.80E-01 -1.25E-02 -9.69E-01 -0.969 -862.500 
2.82E-01 -6.25E-03 -2.81 E-01 -0.281 -431.250 
2.84E-01 6.25E-03 1.88E-01 0.188 431.250 
2.86E-01 2.50E-02 1.03E+00 1.031 1725.000 
2.88E-01 2.50E-02 1.22E+OO 1.219 1725.000 
2.90E-01 1.25E-02 9.06E-01 0.906 862.500 
2.92E-01 6.25E-03 1.88E-01 0.188 431.2 
2.94E-01 -1.88E-02 -4.06E-01 -OA06 -1293.750 
2.96E-01 -4.38E-02 -1.00E+00 -1.000 -3018.750 
2.98E-01 -3.13E-02 -1.28E+00 -1.281 -2156.250 
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3.00E-01 -2.50E-02 -9.69E-01 -0.969 -1725.000 

3.02E-01 -6.25E-03 -1.88E-01 -0.188 -431.250 

3.04E-01 2.50E-02 2.50E-01 0.250 1725.000 

3.06E-01 5.00E-02 8.75E-01 0.875 3450.000 

3.08E-01 3.13E-02 1.13E+00 1.125 2156.250 

3.10E-01 1.25E-02 8.75E-01 0.8751 862.500 

3.12E-01 1.25E-02 2.50E-01 0.250 862.500 

3.14E-0'1 -3.13E-02 -4.69E -0.469 -2156.250 

3.16E-01 -5.63E-02 -9.69E-01 -0.969 -3881.250 

3.18E-01 -3.13E-02 -1.22E+00 -1.219 -2156.250 

3.20E-01 -1.88E-02 I -1.06E+00 -1.063 -1293.750 

3.22E-01 -1.88E-02 I -4.38E-01 -0.438 -1293.750 

3.24E-01 4.38E-02 2.81E-01 0.281 3018.750 

3.26E-01 4.38E-02 7.81 E-01 0.781 3018.750 
i 3.28E-01 2.50E-02 1.06E+00 1.063 1725.000 

3.30E-01 1.88E-02 8.44E-01 0.844 1293.750 

3.32E-01 6.25E-03 3.13E-01 0.313 . 431.250 

3.34E-01 -1.88E-02 -3.44E-01 -0.344 -1293.750 
3.36E-01 -4.38E-02 -7.81E-01 -0.781 -3018.750 

3.38E-0 .13E-02 -1.25E+00 -1.250 -2156.250 

3.40E-01 -1.88E-02 -1.03E+00 -1.031 -1293.750 

3.42E-01 -1.88E-02 -4.38E-01 -0.438 -1293.750 
3.44E-01 3.75E-02 2.50E-01 0.250 2587.500 
3.46E-01 5.00E-02 5.63E-01 0.563 3450.000 

3.48E-01 1.88E-02 1.06E+00 1.063~293.750 
3.50E-01 1.88E-02 9.06E-0' 0.906 1293.7501 
3.52E-01 1.25E-02 1.56E-01 0.156 862.500 
3.54E-01 -1.88E-02 -2.19E-01 -0.219 -1293.750 
3.56E-01 -5.00E-02 -9.38E-01 -0.938 -3450.000 
3.58E-01 -3.75E-02 -1.19E+00 -1.188L -2587.500 
3.60E-01 -3.13E-02 -1.09E+00 -1.094 -2156.250 
3.62E-01 -1.88E-02 -5.00E-01 -0.500 -1293.750 
3.64E-01 3.75E-02 I 1.88E-01 0.188 2587.500 
3.66E-01 4.38E-02 7.50E-01 0.750 3018.750 
3.68E-01 2.50E-02 1.00E+00 1.000 1725.000 
3.70E-01 1.88E-02 8.44E-01 0.844 1293.750 
3.72E-01 1.25E-02 4.06E-01 0.406 862.500 
3.74E-01 -1.88E-02 -1.25E-01 -0.125 -1293.750 
3.76E-01 -6.25E-02 -6.56E-01 -0.656 -4312.500 
3.78E-01 -4.38E-02 -1.13E+00 -1.125 -3018.750 

3.80E-011 -3.13E-02 -1.03E+00 -1.031 -2156.250 

3.82EE -2.50E-02 -5.63E-01 -0.563 -1725.000 
3.84E- 3.75E-02 1.25E-01 0.125 2587.500 
3.86E-01 5.63E-02 4.06E-01 0.406 3881.250 
3.88E-01 4.38E-02 9.38E-01 0.938 3018.750 
3.90E-01 2.S0E-02 8.75E-01 0.875 1725.000 
3.92E-01 I 1.25E-02 3.13E-01 0.313 862.500 
3.94E-01 -2.50E-02 -1.25E-01 F -0.125 -1725.000 

3.96E-01 -7.50E-02 . -6.88E-01 -0.688 -517S.000 
3.98E-01 -S.00E-02 -1.09E+OO -1.094 -3450.000 
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4.00E-01 -3.13E-02 -9.69E-01 -0.969 -2156.250 
4.02E-01 -2.50E-02 -4.06E-01 -00406 -1725.000 

4.04E-0'1 7.50E-02 1.25E-01 0.125 5175.000 
4.06E-01 8.13E-02 3.75E-01 0.375 5606.250 
4.08E-01 4.38E-02 8.75E-01 0.875 3018.750 

4.10E-01 3.13E-02 7.19E-01 0.719 2156.250 
4.12E-01 2.50E-02 4.38E-01 00438 1725.000 

4.14E-01 -6.25E-02 -2.81 E-01 -0.281 -4312.500 
4.16E-01 -9.38E-02 -6.88E-01 -0.688 -6468.750 
4.18E-01 -6.25E-02 -1.00E+00 -1.000 -4312.500 
4.20E-01 -5.0~ -8.75E-01 -0.875 -3450.000 
4.22E-01 -4.3 -4.06E-01 -00406 -3018.750 

4.24E-01 5.00E-02 O.OOE+OO 0.000 3450.000 
4.26E 01 1.13E-01 3.13E-01 .V v 7762.500 
4.28E-01 5.00E-02 

3.44E-J 
0.750

1 
3450.000 

4.30E-01 5.00E-02 3450.000 
4.32E-0' 3.75E-02 0.344 2587.500 
4.34E-01 -1.13E-01 -2.81 E-01 -0.281 -7762.500 
4.36E-01 -1.00E-01 -6.25E-01 -0.625 -6900.000 
4.38E-01 -6.88E-02 -9.69E-01 -0.969 -4743.750 
4AOE-01 -5.00E-02 -8.44E-01 -0.844 -3450.000 
4A2E-01 -5.00E-02 -4.69E-01 -00469 -3450.000 
4A4E-01 8.13E-02 3.13E-02 0.031 5606.250 
4.46E-01 9.38E-02 4.69E-01 0.469 6468.750 
4.48E-01 5.63E-02 7.50E-01 0.750 3881.250 
4.50E-01 3.75E-02 7.50E-01 0.750 2587.500 
4.52E-01 3.75E-02 4.69E-01 0.469 2587.500 
4.54E-01 -1.88E-02 -9.38E-02 -0.094 -1293.750 
4.56E-01 -9.38E-02 -5.31 E-01 -0.531 -6468.750 
4.58E-01 -7.50E-02 -9.38E-01 -0.938 -5175.000 
4.60E-01 -5.00E-02 -8.75E-01 -0.875 -3450.000 
4.62E-01 -00406 -3018.750 

I . 0.094 8625.000 

0.219 9487.500 
4.68E 0.688 3881.250 
4.70E-01 4.38E-02 6.56E-01 0.656 3018.750 
4.72E-01 4.38E-02 3.44E-01 0.344 3018.750 
4.74E-01 -8.13E-02 -1.88E-01 -0.188 -5606.250 
4.76E-01 -6.25E-02 -4.38E-01 -0.438 -4312.500 
4.78E-01 -5.63E-02 -9.69E-01 -0.969 -3881.250 
4.80E-01 -2.50E-02 -1.03E+OO -1.031 -1725.000 
4.82E-01 -3.13E-02 -7.50E-01 -0.750 -2156.250 
4.84E-01 1.25E-02 -9.38E-02 -0.094 862.500 
4.86E-01 7.50E-02 3.75E-01 0.375 5175.000 
4.88E-01 4.38E-02 6.88E-01 0.688 3018.750 
4.90E-0'1 2.50E-02 7.81 E-01 0.781 1725.000 
4.92E-01 2.50E-02 5.00E-01 0.500 1725.000 
4.94E-01 -3.13E-02 -1.88E-01 -0.188 -2156.250 
4.96E-01 -5.63E-02 -4.69E-01 -0.469 -3881.250 
4.98E-01 -4.38E-02 -1.00E+00 -1.000 -3018.750 
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5.00E-01 -2.50E-02 -9.69E-01 -0.969 -1725.000 
5.02E-01 -3.13E-02 -4.69E-01 -OA69 -2156.250 

5.04E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 
5.06E-01 6.25E-02 3A4E-01 0.344 4312.500 
5.08E-01 3.13E-02 7.81E-01 0.781 2156.250 
5.10E-01 3.13E-02 8.13E-01 0.813 2156.250 
5.12E-01 2.50E-02 5.63E-01 0.563 1725.000 
5.14E-01 -1.88E-02 -1.25E-01 -0.125 -1293.750 
5.16E-01 -5.63E-02 -4.38E-01 -OA38 -3881.250 
5.18E-01 -5.00E-02 -9.69E-01 -0.969 -3450.000 
5.20E-01 -3.75E-02 -9.06E-01 -0.906 -2587.500 
5.22E-01 -3.75E-02 -S.94E-01 -0.594 -2587.500 
5.24E-01 -6.25E-03 -9.38E-02 -0.094 -431.250 
5.26E-01 7.50E-02 3A4E-01 0.344 5175.000 
5.28E-01 5.00E-02 7.19E-01 0.719 3450.000 
5.30E-01 3.75E-02 8.13E-01 0.813 2587.500 
5.32E-0'1 1.88E-02 4.38E-01 0.438 1293.750 
5.34E-01 -2.50E-02 -1.25E-01 -0.125 -1725.000 
5.36E-01 -7.50E-02 -4.69E-01 -OA69 -517S.000 
5.38E-01 -S.63E-02 -9.38E-01 -0.938 -3881.2S0 
5.40E-01 -3.75E-02 -9.06E-01 -0.906 -2587.S00 
5A2E-01 -3.75E-02 -6.56E-01 -0.656 -2587.500 
5A4E-01 2.50E-02 -3. 13E-02 -0.031 1725.000 
5.46E-01 6.88E-02 3.13E-01 0.313 4743.750 
5.48E-01 6.25E-02 6.88E-01 0.688 4312.500 
5.50E-01 4.38E-02 7.81E-01 0.781 3018.; 
5.52E-01 2.50E-02 5.00E-01 0.500 1725.0 
5.54E-01 -2.50E-02 -1.25E-01 -0.125 -1725.000 
5.56E-Oil -7.50E-02 -4.38E-01 -0.438 -5175.000 
5.58E-01 -6.88E~-S.75E-01 -0.875 -4743.750 
5.60E-01 -5.00E-02 -S.44E-01 -0.844 -3450.000 
5.62E-01 -3.13E-02 -4.69E-01 -0.469 -2156.250 

~-6.25E-03 -9.38E-02 -0.094 -431.250 
5.66E-01 7.50E-02 3.13E-01 0.313 5175.000 
5.68E-01 7.50E-02 7.50E-01 0.750 5175.000 
5.70E-01 5.00E-02 7.50E-01 0.750 3450.000 
5.72E-01 3.75E-02 5.00E-01 0.500 2587.500 
5.74E-0 6.25E-03 O.OOE+OO 0.000 431.250 
5.76E-01 -8.13E-02 -4.06E-01 -OA06 -5606.250 
5.78E-01 -8.75E-02 -8A4E-01 -0.844 -6037.500 
5.80E-01 -6.25E-02 -8.75E-Oi -0.875 -4312.500 
5.82E-01 -3.75E-02 -6.25E-01 -0.625 -2587.500 
5.84E-01 -1.25E-02 -9.38E-02 -0.094 -862.500 

~-O1 8,13E-02 2.19E-01 0.219 5606.250 
-01 1.06E-01 5.94E-01 0.594 7331.250 

5.90E-01 5.63E-02 6.56E-01 0.656 3881.250 
5.92E-01 5.00E-02 5.00E-01 0.500 3450.000 

~94E-01 6.25E-03 -3.13E-02 -0.031 431.250 
.96E-01 -1.06E-01 -4.06E-01 -OA06 -7331.250 

5,98E-01 -1.06E-01 -7,50E-01 -0,750 -7331.250 
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6.00E-01 -7.50E-02 -7.81 E-01 -0.781 -5175.000 

6.02E-01 -6.25E-02 -5.94E-01 -0.594 -4312.500 

6.04E-0'1 6.88E-02 O.OOE+OO 0.000 4743.750 

6.06E-01 1 13E-01 2.81 E-01 0.281 7762.500 

6.08E-01 8.75E-02 5.94E-01 0.594 6037.500 

6.10E-01 5.00E-02 6.88E-01 0.688 3450.000 

6.12E-01 4.38E-02 5.31E-01 0.531 3018.750 

6.14E-01 1.25E-02 3.13E-02 0.031 862.500 
6.16E-01 -8. 13E-02 -4.06E-01 -0.406 -5606.250 

6.18E-01 -1.00E-01 -7.50E-01 -0.750 -6900.000 
6.20E-01 -5.00E-02 -8.44E-01 -0.844 -3450.000 

6.22E-01 -4.38E-02 -6.88E-0 -0.688 -3018.750 

6.24E-01 -1.25 1.25 -0.125 -862.500 
6.26E-01 9.38E-02 1.25 0.125 6468.750 

6.28E-01 8.75E-02 5.94E 0.594 6037.500 
6.30E-01 5.63E-02 6.88E 0.688 3881.250 
6.32E-01 3.75E-02 4.38E 0.438 0 
6.34E-01 -2.50E-02 -0.125 -1725.000 
6.36E-01 -9.38E-02 -0.375 -6468.750 
6.38E-01 -6.88E-02 -7.50E-01 -0.750 -4743.750 
6.40E-01 -3.13E-02 -9.38E-01 -0.938 -2156.250 
6.42E-01 -1.88E-02 -7.50E-01 -0.750 -1293.750 
6.44E-01 -1.25E-02 -2.81 E-01 -0.281 -862.500 
6.46E-01 2.50E-02 1.25E-01 0.125 1725.000 
6.48E-0'1 4.38E-02 7.50E-01 0.750 3018.750 
6.50E-01 2.50E-02 8.13E-01 0.813 1725.000 
6.52E-01 1.88E-02 5.94E-01 0.594 1293.750 
6.54E-01 1.2~ 0.000 862.500 
6.56E-01 -1.88 -0.250 -1293.750 
6.58E-01 -5.63E-02 -7.50E-01 -0.750 -3881.250 
6.60E-01 -2.50E-02 -9.69E-01 -0.969 -1725.000 

6.62E-01 -1.88E-02 -7.81 E-01 -0.781 -1293.750 

E5E-02 -1.88E-01 -0.188 -862.500 

5E-02 2.19E-01 0.219 2587.500 
6.25E-01 0.625 2587.500 

6.70E-01 2.50E-02 8.13E-01 0.813 1725.000 
6.72E-01 1.88E-02 6.88E-01 0.688 1293.750 

~9.38E-02 0.094 0.000 
6.76 -2.81 E-01 -0.281 -1725.000 
6.78 -8.13E-01 -0.813 -3881.250 
6.80E-01 -3.13E-02 -9.06E-01 -0.906 -2156.250 
6.82E-01 -1.88E-02 i -7.50E-01 -0.750 -1293.750 
6.84E-01 -1.25E-02 -1.BBE-01 -0.188 -862.500 
6.86E-01 4.38E-02 6.25E-02 0.063 3018.750 
6.88E-01 5.63E-02 5.63E-01 0.563 3881.250 
6.90E-01 2.50E-02 7.81 E-01 0.781 1725.000 
6.92E-0'1 2.50E-02 6.88E-01 0.688 1725.000 
6.94E-01 1.25E-02 2.19E-01 0.219 862.500 
6.96E-01 -1.88E-02 -2.50E-01 -0.250 -1293.750 
6.98E-01 -6.88E-02 -6.88E-01 -0.688 -4743.750 
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7.00E-01 -4. 38E-02 -9.38E-01 -0.938 -3018.750 

7.02E-01 -2.50E-02 -8.44E-01 -0.844 -1725.000 

7.04E-01 -1.88E-02 -2.50E-01 -0.250 -1293.750 
7.06E-01 6.25E-02 1.88E-01 0.188 4312.500 

7.08E-01 5.63E-02 4.38E-01 0.438 3881.250 

7.10E-01 2.50E-02 7.50E-01 0.750 1725.000 
7.12E-01 1.88E-02 6.88E-01 0.688 1293.750 
7.14E-01 6.25E-03 9.38E-02 0.094 431.250 
7.16E-01 -3.13E-02 -3.44E-01 -0.344 -2156.250 

7.18E-01 -6.25E-02 -5.94E-01 -0.594 -4312.500 
7.20E-01 -3.75E-02 -9.06E-01 -0.906 -2587.500 
7.22E-01 -3.13E-02 -7.19E-01 -0.719 -2156.250 
7.24E-01 -2.50E-0 -3.13E-01 -0.313 -1725.000 
7.26E-01 6.25E-0 0.125 4312.500 
7.28E-01 4.38E 5 0.594 3018.750 
7.30E 3.13E-02 7 0.719 21~ 
7.32E 6.56E-01 0.656 1725. 
7.34E-01 1.56E-01 0.156 862.500 
7.36E-01 -2.50E-01 -0.250 -1725.000 
7.38E-01 -6.88E-02 -6.88E-01 -0.688 -4743.750 
7.40E-01 -3.75E-02 -8.75E-01 -0.875 -2587.500 
7.42E-01 -2.50E-02 -7.19E-01 -0.719 -17 
7.44E-01 -1.88E-02 -1.88E-01 -0.188 -1293.750 
7.46E-01 4.38E-02 6.25E-02 0.063 3018.750 
7.48E-01 5.63E-02 4.69E-01 0.469 3881.250 
7.50E-01 3.13E-02 7.19E-01 0.719 2156.250 

~6E-01 0.656 1725.000 
. . OE-01 0.250 1725.000 

7.56E-01 -2.50E-02 -2.19E-01 -0.219 -1725.000 
7.58E-01 -6.88E-02 -5.94E-01 -0.594 -3~ 7.60E-01 -4.38E-02 -8.7SE-01 -0.875 

~E-02 -7.19E-01 -0.719 -2587.500 
7. .88E-02 -2.19E-01 -0.219 -1293.750 
7.66E-01 3.75E-02 3.13E-02 0.031 2587.500 
7.68E-01 8.13E-02 3.75E-01 0.375 5606.250 
7.70E-01 3.75E-02 7.19E-01 0.719 2587.500 
7.72E-01 2.50E-02 5.63E-01 0.563 1725.000 
7.74E-01 6.25E-03 6.25E-02 0.063 431.250 
7.76E-01 -5.00E-02 -2.81 E-01 -0.281 -3450.000 
7.78E-01 -7.50E-02 -6.56E-01 -0.656 -5175.000 
7.80E-01 -6.25E-02 -8.44E-01 -0.844 -4312.500 
7.82E-01 -3.75E-02 -7.50E-01 -0.750 -2587.500 
7.84E-01 -1.88E-02 -1.88E-01 -0.188 -1293.750 
7.86E-01 8.75E-02 1.25E-01 0.125 6037.500 
7.88E-01 7.50E-02 3.75E-01 0.375 5175.000 
7.90E-01 4.38E-02 6.56E-01 0.656 3018.750 

~6!i 
0.563 2587.500 

.13E -0.031 431.250 
7.96E-01 -6.88E-02 -1.88 -0.188 -4743.750 
7.98E-01 -9.38E-02 -5.00 -0.500 -6468.750 
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8.00E-01 -8.13E-02 :781 E-011 -0.781 -5606.250 
8.02E-01 -5.00E-02 -0.656 -3450.000 
8.04E-01 -3.13E-02 -0.219 -2156.250 
8.06E-01 9.38E-02 0.156 6468.750 

8.08E-01 9.38E-02 3.13E-01 0.313 6468.750 
8.10E-01 6.25E-02 5.94E-01 0.594 4312.500 
8.12E-01 4.38E-02 4.69E-01 0.469 3018.750 
8.14E-01 2.50E-02 1.25E-01 0.125 1725.000 

8.16E-01 -8.75E-02 -2.50E-01 -0.250 -6037.500 

8.18E-01 -1.00E-01 -5.00E-01 -0.500 -6900.000 
8.20E-01 -8.75E-02 -7.19E-01 -0.719 -6037.500 
8.22E-01 -5.63E-02 -5.6~= -0.563 -3881.250 
8.24E-01 -3.13E-02 -1.56E-0 -0.156 -2156.250 
8.26E-01 1.31 E-01 6.25E-02 0.063 9056.250 
8.28E-01 1.25E-01 3.44E-01 0.344 8625.000 
8.30E-01 9.38E-02 5.00E-01 0.500 6468.750 
8.32E-01 5.63E-02 3.75E-01 0.375 3881.250 
8.34E-01 3.75E-02 9.38E-02 0.094 2587.500 
8.36E-01 -1.44E-01 -2.50E-01 -0.250 -9918.750 
8.38E-01 -1.63E-01 -4.69E-01 -0.469 -11212.500 
8.40E-01 -9.38E-02 -5.94E-01 -0.594 -6468.750 
8.42E-01 -6.88E-02 -5.63E-01 -0.563 -4743.750 
8.44E-01 -6.25E-02 -2.50E-01 -0.250 -4312.500 
8.46E-01 1.06E-01 3.13E-02 0.03~~ 
8.48E-01 1.25E-01 2.81 E-01 I 0.281 .000 

5.00E-02 5.94E-01 0.594 3450.000 
5.00E-02 5.94E-01 0.594 3450.000 

B.54E-01 2.50E-02 1.56E-01 0.156 1725.000 
B.56E-01 -6.88E-02 -1.88E-01 -0.188 -4743.750 
8.58E-01 -1.19E-01 -4.69E-01 -0.469 -8193.750 
8.60E-01 -6.88E-02 -7.81 E-01 -0.781 -4743.750 
8.62E-01 -3.75E-02 -7.81 E-01 -0.781 -2587.500 
8.64E-01 -4.38E-02 -3.75E-01 -0.375 -3018.750 
8.66E-01 1.13E-01 O.OOE+OO 0.000 7762.500 
8.68E-01 9.38E-02 3.75E-01 0.375 6468.750 
8.70E-01 6.25E-02 5.31E-O'1 12.500 
8.72E-01 5.00E-02 5.31E-01 50.000 
8.74E-01 3.75E-02 1.88E-01 587.500 

~O1 -2.50E-01 056.250 
-02 -5.31 E-01 .750 

8.80E-01 -6.88E-02 -7.50E-01 3.750 
8.82E-01 -6.25E-02 -6.25E-01 -0.625 -4312.500 
8.84E-01 -6.88E-02 -3.75E-01 -0.375 -4743.750 
8.86E-01 1.44E-01 3.13E-02 0.031 9918.750 
8.88E-01 1.44E-01 2.19E-01 0.219 9918.750 
8.90E-01 9.38E-02 3.75E-01 0.375 6468.750 
8.92E-01 ! 7.5OE-02 4.o6E-01 0.406 5175.000 
8.94E-01 4.38E-02 6.25E-02 ~O18.750 
8.96E-01 -4.38E-02 -3.44E-01 . 0 
8.98E-01 -6.88E-02 -5.94E-01 -0.594 -4743.750 

A 12 

Univ
ers

ity
 of

 C
ap

e T
ow

n



9.00E-01 -2.50E-02 -1.03E+00 -1.031 -1725.000 

9.02E-01 -2.50E-02 -9.69E-01 -0.969 -1725.000 

4E-01 -2.50E-02 -6.56E-01 -0.656 -1725.000 

6E-01 1.25E-02 6.25E-02 0.063 862.500 

E-01 4.38E-02 4.69E-01 0.469 3018.750 

.10E-01 1.25E-02 7.81 E-01 0.781 862.500 

.12E-01 1.25E-02 7.19E-01 0.719 862.500 

.14E-01 O.OOE+OO 1.88E-01 0.188 0.000 
9.16E-01 -1.88E-02 -1.56E-01 -0.156 -1293.750 

9.18E-01 -5.00E-02 -5.63E-01 I 0.563 -3450.000 

9.20E-01 -3.75E-02 -9.69E-01 -0.969 

9.22E-01 -2.50E-02 -8.75E-01 -0.8 

9.24E-01 -2.50E-02 -6.25E-01 -0.625 -1725.000 

9.26E-01 1.25E-02 9.38E-02 0.094 862.500 

9.2BE-01 4.3BE-02 4.38E-01 0.438 3018.750 
9.30E-01 1.88E-02 7.50E-01 0.750 1293.750 
9.32E-01 1.88E-02 7.50E-01 0.750 1293.750 
9.34E-01 6.25E-03 4.69E-01 0.469 431.250 
9.36E-01 O.OOE+OO -6.25E-02 -0.063 0.000 
9.38E-01 -3.13E-02 -4.69E-01 -0.469 -2156.250 
9.40E-01 -3.13E-02 -9.38E-01 -0.938 -2156.250 
9.42E-01 -2.50E-02 -9.06E-01 -0.906 -1725.000 
9,44E-01 -2.50E-02 -5.63E-01 -0.563 -1725 .. 000 
9.46E-01 -6.25E-03 -6.25E-02 -0.063 -431.250 
9,48E-01 4.38E-02 3.44E-01 0.344 3018.750 
9.50E-01 2.50E-02 7.50E-01 0.750 1725.000 
9.52E-01 1.88E-02 7.19E-01 0.719 1293.750 
9.54E-01 6.25E-03 4.69E-01 0,469 431.250 
9.56E-01 -2.50E-02 -1.88E-01 -0.188 -1725.000 
9.58E-01 -5.63E-02 -5.94E-01 -0.594 -3881.250 
9.60E-01 -4. 38E-02 -B.75E-01 -0.875 -3018.750 
9.62E-01 -2.50E-02 -B.75E-01 -0.875 -1725.000 
9.64E-01 -2.50E-02 -4.69E-01 -0.469 -172S.000 
9.66E-01 3.13E-02 6.25E-02 0.063 2156.250 
9.68E 01 56g 3,44E-01 ""''-'-'-'1 3881.250 
9.70E-01 1.8 7.19E-01 0.719 1293.750 
9.72E-01 1.8 7.19E-01 0.719 1293.750 
9.74E-01 1.25E-02 3.7~ 0.375 862.S00 
9.76E-01 -1.88E-02 -i.56E -0.1S6 -1293.750 
9.78E-01 -S.63E-02 -S.94E-C -0.594 -3881.250 
9.80E-01 -3 -9.06E-C -0.906 -2156.250 
9.82E-01 -2.50E-02 -8.7SE-C -0.B75 -1725.000 
9.84E-01 -2.50E-02 -5.31 E-01 -0.531 -1725.000 
9.86E-01 3.7SE-02 3.1.3E-02 0.031 2587.500 
9.88E-01 5.00E-02 2.50E-01 0.250 3450.000 
9.90E-01 2.50E-02 7.19E-01 0.719 1725.000 
9.92E-01 2.50E-02 7.19E-01 0.719 1725.000 
9.94E-01 6.25E-03 2.81 E-01 0.281 431.250 
9.96E-01 -2.50E-02 -1.25E-01 -0.125 -1725.000 
9.98E-01 -5.63E-02 -5.00E-01 -0.500 -3881.250 
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1.00E+00 -5.00E-02 -S.44E-01 -0.844 -3450.000 

1.00E+00 -3.75E-02 -S.75E-01 -0.S75 -2587,500 

1.00E+00 -3.13E-02 -3.44E-01 -0.344 -2156.250 

1,01 E+OO 2.50E-02 -3.13E-02 -0.031 1725.000 

1,01 E+OO 4.38E-02 4.38E-01 0.438 3018.750 

1.01 E+OO 3.13E-02 7,19E-01 0.719 2156.250 

1,01 E+OO 2.50E-02 6,56E-01 0,656 1725.000 

1,01 E+OO 6.25E-03 2,50E-01 0.250 431.250 

1.02E+00 O.OOE+OO -3.13E-02 -0.031 0.000 

1.02E+00 -6.25E-02 -5,94E-01 -0.594 -4312.500 

1.02E -5.00E-02 -8.44E-01 -0.844 -3450.000 

-3.13E-02 -7.81 E-01 -0.781 -2156.250 

-2.50E-02 -6.25E-01 -0.625 -1725.000 

-9.38E-02 -0.094 -431.250 

1.03E+00 5.00E-02 2.19E-01 0.219 3450.000 

1.03E+00 3.75E-02 6.56E-01 0.656 2587.500 

1.03E+OO 3,13E-02 6.56E-01 0.656 2156.250 

1.25E-02 2,81E-01 0.281 862.500 

-9.38E-02 -0.094 -862.500 
-5,00E-01 

1.04E+00 -5.63E-02 -8.75E-01 

1.04E+00 -3,13E-02 -8.44E-01 -0.844 

1.04E+00 -1.25E-02 -4.06E-01 -0.406 -862,500 

1.05E+00 -6.25E-03 -9.38E-02 -0.094 -431.250 

1.05E+00 4.38E-02 2.81E-01 0.281 3018.750 

1.05E+00 3.75E-02 6.88E-01 0.688 2587,500 

1.05E+00 3.13E-02 6.56E-01 0.656 2156,250 

1.05E+00 1.88E-02 4.69E-01 

1.06E+00 O.OOE+OO O.OOE+OO 

1.06E+00 -6.25E-02 -5.31E-01 

1.06E+00 -5,00E-02 -8.44E-01 

1,06E+00 -4.38E-02 -8.13E-01 

1.06E+00 -2.50E-02 -4.69E-01 

-0.063 

0.250 3881.250 
0,656 3450.000 

0.656 2156.250 

0.438 1725.000 

-0.094 -862.500 
-0,531 -4743.750 

-0.781 -6037.500 

-0.750 -3450.000 

1,08E+OO -3.13E-02 -3.75E-01 -0.375 -2156.250 

1.09E+00 2.50E-02 O.OOE+OO 0,000 1725.000 

1.09E+00 7.50E-02 2.50E-01 0.250 5175.000 

1.09E+00 8.75E-02 5.3'1 E-01 0.531 6037.500 

1.09E+00 5,63E-02 5,63E-01 0.563 3881.250 

1.09E+00 2.50E-02 2,50E-01 0.250 1725.000 

1.10E+00 -1.88E-02 -1.25E-01 -0.125 -1293,750 

1.10E+00 -1.06E-01 -4.69E-01 -0.469 -7331,250 
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1.10E+00 -1.06E-01 -7.8'1 E-01 -0.781 -7331.250 

1.10E+00 -5.00E-02 -7.19E-01 -0.719 -3450.000 

1.10E+00 -3.75E-02 -4.69E-01 -0.469 -2587.500 

1.11 E+OO 2.50E-02 -3.13E-02 -0.031 1725.000 

1.11E+00 1 13E-01 3.13E-01 0.313 7762.500 

1.11E+OO 9.38E-02 5.00E-01 0.500 6468.750 

1.11E+OO 5.63E-02 5.31E-01 0.531 3881.250 

1.11E+00 3.75E-02 2.81E-01 0.281 2587.500 

1.12E+00 6.25E-03 -3.13E-02 -0.031 431.250 

1.12E+00 -1 13E-01 -4.69E-01 -0.469 -7762.500 

1.12E~~ -6.88E-01 I -0.688 -5606.250 

1.12E+00 -1.88E-02 -7.50E-01 I -0.750 -1293.750 

~ 
-0.563 -1293.750 

1.13E+00 O. -0.094 0.000 
1.13E+00 5.6 0.313 3881.250 

1.13E+00 3.75E-02 6.56E-01 0.656 2587.500 

1.13E+OO 1.88E-02 7.50E-01 0.750 1293.750 
1.13E+00 1.88E-02 5.31E-01 0.531 1293.750 

1.14E+00 6.25E-03 -6.25E-02 -0.063 431.250 

1.14E+OO -2.50E-02 -3.44E-01 -0.344 -1725.000 

1.14E+00 -3.75E-02 -7.81 E-01 -0.781 -2587.500 

1.14E+00 -2.50E-02 -8.75E-01 -0.875 -1725.000 
1.14E+00 -1.88E-02 -6.88E-01 -0.688 -1293.750 
1.15E+00 O.OOE+OO -6.25E-02 -0.063 0.000 

1.1SE+00 6.25E-02 1.56E-01 0.156 4312.500 
1.15E+00 4.38E-02 6.25E-01 0.625 3018.750 

1.15E+00 3.13E-02 6.88E-01 0.688 2156.250 
1.15E+00 1.88E-02 3.13E-01 0.313 1293.750 
1.16E+00 1.25E-02 O.OOE+OO 0.000 862.500 
1.16E+00 -6.25E-02 -4.69E-01 -0.469 -4312.500 
1.16E+00 -5.00E-02 -7.19E-01 -0.719 -3450.000 

1.16E+00 -3.13E-02 -8.44E-01 -0.844 -2156.250 
1.16E+00 -3.13E-02 -6.88E-01 -0.688 -2156.250 
1.17E+00 -6.25E-03 -1.25E-01 -0.125 -431.250 
1.17E+00 5.63E-02 2.50E-01 0.250 3881.250 
1.17E+00 6.25E-02 5.31 E-01 0.531 4312.500 
1.17E+00 3.75E-02 6.56E-01 0.656 2587.500 
1.17E+00 2.50E-02 4.69E-01 

1.18E+00 6.25E-03 -9.38E-02 250 
1.18E+00 -4.38E-02 -4.38E-01 750 

1.18E+00 -5.63E-02 -8.13E-01 250 

1.18E+00 -3.13E-02 -9.06E-01 -
1.18E+00 -3.13E-02 -5.31 E-01 

1.19E+00 -1.88E-02 -1. 0.188 
1.19E+00 6.25E-02 1~ 0.188 4312.500 

-02 5.63E-01 0.563 3881.250 
3.75E-02 6.56E-01 0.656 2587.500 

1.19E+00 2.S0E-02 3.13E-01 0.313 1725.000 
1.20E+00 -1.88E-02 -9.38E-02 -0.094 -1293.750 
1.20E+00 -5.63E-02 -3.44E-01 -0.344 -3881.250 
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1.20E+00 -7.50E-02 -7.19E-01 -0.719 -5175.000 
1.20E+00 -3.75E-02 -8.44E-01 -0.844 -2587.500 
1.20E+OO -3.13E-02 -6.56E-01 -0.656 -2156.250 
1.21 E+OO -1.88E-02 -1.56E-01 -0.156 -1293.750 
1.21 E+OO 7.50E-02 1.56E-01 0.156 5175.000 
1.21 E+OO 7.50E-02 5.31 E-01 0.531 5175.000 
1.21E+00 4.38E-02 6.25E-01 === 1.21 E+OO 3.13E-02 3.75E-01 . 2156.250 
1.22E+00 O.OOE+OO -3.13E -0.031 0.000 

1.22E+00 -7.50E-02 -3.75E -0.375 -5175.000 
1.22E+OO -1.13E-01 -6.56E-01 -0.656 -7762.500 
1.22E+00 -5.00E-02 -7.19E-01 -0.719 -3450.000 

1.22E+00 -5.00E-02 -6.25E-01 -0.625 -3450.000 
1.23E+00 6.88E-02 -3.13E-02 -0.031 4743.750 

1.23E+00 1.19E-01 2.19E-01 0.219 8193.750 

1.23E+00 1.13E-01 3.75E-01 O. 62 
1.23E+00 6.25E-02 5.00E-01 O. 12 
1.23E+00 5.00E-02 3.44E-01 0.344 3450.000 

1.24E+00 -5.00E-02 -1.25E-01 -0.125 -3450.000 

1.24E+00 -8.13E-02 -4.06E-01 -0.406 -5606.250 
1.24E+00 -8.75E-02 -6.56E-01 -0.656 -6037.500 

1.24E+00 -3.75E-02 -8.13E-01 -0.813 -2587.500 

1.24E+00 -3.75E-02 -5.94E-01 -0.594 -2587.500 
1.25E+00 1.88E-02 -6.25E-02 -0.0 1293.750 

1.25E+00 1.00E-01 1.25E-01 0.1':: 6900.000 

1.25E+00 6.88E-02 4.69E-01 0.469 .750 

1.25E+00 5.00E-02 5.63E-01 0.563 

1.25E+00 3.75E-02 4.06E-01 0.406 

1.26E+OO -4.38E-02 -1.56E-01 -0.156 -3018.750 
1.26E+00 -9.38E-02 -4.06E-01 -0.406 -6468.750 

1.26E+00 -9.38E-02 -6.88E-01 -0.688 -6468.750 

1.26E+00 -5.63E-02 -7.50E-01 H 7
50 

-3881.250 

1.26E+00 -5.00E-02 -5.94E-01 .594 -3450.000 

1.27E+00 -1.88E-021 -1.25E-01 H125 -1293.750 

~88E_01 0.188 9056.250 

8. 3.75E-01 0.375 5606.250 

5.63E-02 5.00E-01 0.500 3881.250 

1.27E+ 5.00E-02 2.81 E-01 0.281 3450.000 

1.28E+00 -1.88E-02 -9.38E-02 -0.094 -1293.750 

1.28E+00 -1.38E-01 -4.06E-01 -0.406 -9487.500 

1.28E+00 -1.19E-01 -5.94E-01 ~193.750 
1.28E+00 -8.13E-02 -6.88E-01 -0. -5606.250 

1.28E+00 -6.88E-02 -5.00E-01 -4743.750 

1.29E+00 3.13E-02 -3.13E-02 - 156.250 
1.29E+00 7.50E-02 2.81 E-01 0.281 5175.000 

1.29E+OO 3.75E-02 6.88E-01 0.688 2587.500 

1.29E+00 2.50E-02 7.19E-01 0.719 1725.000 

1.29E+00 2.50E-02 4.69E-01 0.469 1725.000 

1.30E+00 O.OOE+OO -3.13E-02 -0.031 0.000 
1.30E+00 -3.13E-02 -3.44E-01 -0.344 -2156.250 

A 16 

Univ
ers

ity
 of

 C
ap

e T
ow

n



1.30E+00 -5.63E-02 -5.94E-01 -0.594 -3881.250 
1.30E+00 -3.13E-02 -8.75E-01 -0.875 -2156.250 
1.30E+00 -2.50E-02 -7.81 E-01 -0.781 -1725.000 
1.31 E+OO -1.25E-02 -1.25E-01 -0.125 -862.500 
1.31 E+OO 5.63E-02 1.25E-01 0.125 3881.250 
1.31 E+OO 3.75E-02 6.56E-01 0.656 2587.500 
1.31 E+OO 2.50E-02 7.50E-01 0.750 1725.000 
1.31 E+OO 1.88E-02 5.94E-01 0.594 1293.750 
1.32E+00 6.25E-03 -3.13E-02 -0.031 431.250 
1.32E+OO -3.13E-02 -3.13E-01 -0.313 -2156.250 
1.32E+00 -6.25E-02 -7.81 E-01 -0.781 -4312.500 
1.32E+00 -3.13E-02 -8.75E-01 -0.875 -2156.250 
1.32E+00 -2.50E-02 -7.50E-01 -0.750 -1725.000 
1.33E+00 -1..25E-02 -1.88E-01 -0.188 -862.500 
1.33E+00 6.25E-02 1.56E-01 ~4312.500 
1.33E+00 4.38E-02 4.69E-01 3018.750 
1.33E+00 1.88E-02 7.50E-01 0.750 1293.750 
1.33E+00 1.88E-02 5.31 E-01 0.531 1293.750 

~E-02 0.094 431.250 
E-01 -0.344 -1725.000 

1.34E+00 -5.63E-02 -6.88E-01 -0.688 -3881.250 
1.34E+00 -3.13E-02 -9.06E-01 -0.906 -2156.250 
1.34E+00 -2.50E-02 -6.88E-01 -0.688 -1725.000 
1.35E+00 -6.25E-03 -1.25E-01 -0.125 -431.250 
1.35E+00 2.50E-02 1.25E-01 0.125 1725.000 
1.35E+00 3.75E-02 5.63E-01 0.563 2587.500 
1.35E+00 2.50E-02 7.19E-01 0.719 1725.000 
1.35E+00 1.88E-02 6.25E-01 0.625 1293.750 
1.36E+00 6.25E-03 -6.25E-02 -0.063 431.250 
1.36E+00 -1.88E-02 -3.44E-01 -0.344 -1293.750 
1.36E+00 -5.63E-02 -6.25E-01 -0.625 -3881.250 

-02 -8.75E-01 -0.875 -2156.250 
1. -7.19E-01 -0.719 -1725.000 

8E-01 -0.188 -1293.750 
1. 5E-02 0.063 2156.250 
1. 3E-01 0.563 3450.000 
1.37E 88E-01 0.688 1725.000 
1.37E 94E-01 0.594 1293.750 
1.38E+00 13E-02 -0.031 431.250 
1.38E+00 01 -0.250 -1293.750 
1.38E+00 -6.25E-02 -6.25E-01 -0.625 -4312.500 
1.38E+OO -2.50E-02 -8.75E-01 -0.875 -1725.000 
1.38E+00 -1.88E-02 -7.50E-01 -0.750 -1293.750 
1.39E+00 -2.50E-02 -3.75E-01 -0.375 -1725.000 
1.39E+00 3.75E-02 3.13E-02 0.031 2587.500 
1.39E+00 4.38E-02 5.94E-01 0.594 3018.750 
1.39E+00 1.88E-02 6.88E-01 0.688 1293.750 
1.39E+00 2.50E-02 5.63E-01 0.563 1725.000 
1.40E+00 6.25E-03 3.13E-02 0.031 431.250 
1.40E+00 -4.38E-02 -2.81 E-01 -0.281 -3018.750 
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1.40E+00 -5.63E-02 -6.25E-01 -0.625 -3881.250 

1.40E+00 -3.75E-02 -8.75E-01 -0.875 -2587.500 

1.40E+00 -3.13E-02 -6.56E-01 -0.656 -2156.250 

1.41 E+OO -2.50E-02 -1.88E-01 -0.188 -1725.000 

1.41 E+OO 8.13E-02 1.25E-01 0.125 5606.250 

1.41 E+OO 5.63E-02 3.44E-01 0.344 3881.250 
1.41 E+OO 3.13E-02 6.56E-01 0.656 2156.250 

1.41E+00 3.13E-02 5.63E-01 0.563 2156.250 
1.42E+00 1.25E-02 6.25E-02 0.063 862.500 

1.42E+00 -3.75E-02 -2.50E-01 -0.250 -2587.500 

1.42E+00 -5.00E-02 -7.50E-01 -0.750 -3450.000 
1.42E+OO -4.38E-02 -8.75E-01 -0.875 -3018.750 

1.42E+00 -1.88E-02 -7.81 E-01 -0.781 -1293.750 
1.43E+00 -1.88E-02 -1.56E-01 -1293.750 

3881.250 

3018.750 

1725.000 

1293.750 
431.250 

-2587.500 
-5.63E-01 -0.563 -4312.500 

-8.75E-01 -0.875 -2156.250 
-8,13E-01 -0.813 -1725.000 

1.45E+00 -2.50E-02 -3.75E-01 -0.375 -1725.000 
1.45E+00 8. 13E-02 1.56E-01 0.156 5606.250 
1.45E+00 5.00E-02 4,69E-01 0.469 3450.000 
1.45E+00 0.656 1293.750 
1.45E+00 0.531 1293.750 
1.46E+00 6.25E-03 1.25E-01 0.125 431.250 
1.46E+OO -2.50E-02 -1.88E-01 -0.188 -1725.000 
1.46E+00 -6.25E-02 -5.31 E-01 -0.531 -4312.500 
1.46E+00 -3.75E-02 -8.44E-01 -0.844 -2587.500 
1.46E+00 -2.50E-02 -7.19E-01 -0.719 -1725.000 
1.47E+00 -2.50E-02 -1.88E-01 -0.188 -172,5.000 
1.47E+00 6.88E-02 3.13E-02 0.031 4743.750 
1.47E+00 5.63E-02 4.06E-01 0.406 3881.250 
1.47E+00 3.75E-02 6.25E-01 0.625 2587.500 
1.47E+00 2.50E-02 5.63E-01 0.563 1725.000 
1.48E+00 1.88E-02 1.88E-01 0.188 1293.750 
1.48E+00 -7.50E-02 -2.81 E-01 -0.281 -5175.000 
1.48E+00 -8.13E-02 -5.63E-01 -0.563 -5606.250 
1.48E+OO -5.00E-02 -0.781 -3450.000 
1.48E+00 -3.13E-02 -6.88E-01 -0.688 -2156.250 
1.49E+00 -2.50E-02 -2.19E-01 
1.49E+00 5.63E-02 1.25E-0'1 

1.49E+OO 5.00E-02 3.75E-01 
1.49E+00 3.13E-02 6.88E-01 

1.49E+OO 2.50E-02 6.25E-01 

1.50E+OO 1.25E-02 

1.50E+00 -1.88E-02 
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1.50E+OO -5.63E-02 -5.31 E-01 -0.531 -3881.250 
1.50E+OO -2.S0E-02 -8.44E-01 -0.844 -1725.000 
1.50E+00 -3.13E-02 -8.13E-0'1 -0.813 -2156.250 
1.51 E+OO -1.88E-02 -2.50E-01 -0.250 -1293.750 
1.51E+00 2.50E-02 O.OOE+OO 0.000 1725.000i. 
1.51E+00 6.88E-02 3.13E-01 0.313 4743.7501 
1.51E+00 3.13E-02 6.56E-01 0.656 2156.250 
1.51 E+OO 3.75E-02 6.25E-01 0.6250587.500 
1.52E+00 1.25E-02 3.13E-02 0.031 862.500 
1.52E+00 -2.50E-02 -1.88E-01 -0.188 -1725.000 
1.52E+00 -6.25E-02 -5.94E-01 -0.594 -4312.500 
1.52E+OO -3.75E-02 -8.75E-01 -0.875 -2587.500 
1.52E+OO -2.50E-02 -7.50E-01 -0.750 -1725.000 
1.53E+00 -3.1~~ -4.69E-01 -0.469 -2156.250 
1.53E+00 4.38 3.13E-02 0.031 3018.750 
1.53E+00 6.25E-02 4.38E-01 0.438 4312.500 
1.53E+00 3.75E-02 6.56E-01 0.656 2587.500 
1.53E+00 2.50E-02 5.63E-01 0.563 1725.000 
1.54E+00 6.25E-03 1.56E-01 0.156 431.250 
1.54E+00 -3.13E-02 -2.19E-01 -0.219 -2156.250 
1.54E+00 -7.50E-02 -6.56E-01 -0.656 -5175.000 

liliE
+

OO -5.00E-02 -8.13E-01 -0.813 -3450.000 
E+OO -2.50E-02 -7.50E-01 -0.750 -1725.000 

1.55E+00 -1.88E-02 -2.19E-01 -0.219 -1293.750 
1.55E+00 5.63E-02 9.38E-02 0.094 3881.250 
1.55E+00 5.00E-02 4.38E-01 0.438 3450.000 
1.55E+00 3.13E-02 5.94E-01 0.594 2156.250 
1.55E+00 3.75E-02 5.63E-01 0.563 2587.500 
1.56E+00 1.88E-02 2.19E-01 0.219 1293.750 
1.56E+00 -4.38E-0 -2.50E-01 -0.250 -3018.750 

1.56E+00 -8.13E-0 -4.38E-01 -0.438 -5606.250 

1.56E+00 -4.38E-0 -8.13E-01 -0.813 -3018.750 

1.56E+00 -3.13E-02 -7.19E-01 -0.719 -2156.250 

1.57E+00 -1.88E-02 -1.56E-01 -0.156 ':1293.750 

1.57E+00 9.38E-02 1.25E-01 0.125 6468.750 

1.57E+00 8.75E-02 2.50E-01 0.250 6037.500 

1.57E+00 4.38E-02 6.25E-01 0.625 3018.750 
1.57E+00 4.38E-02 5.00E-01 0.500 3018.750 

1.58E+00 1.25E-02 3.13E-02 0.031 862.500 
1.58E+00 -6.25E-02 -2.19E-01 -0.219 -4312.500 

1.58E+00 -8.75E-02 -5.94E-01 -0.594 -6037.500 
1.58E+00 -5.63E-02 -7.50E-01 -0.750 -3881 
1.58E+00 -5.63E-02 -7.19E-01 -0.719 -3881.250 
1.59E+00 -3.13E-02 -1.88E-01 -0.188 -2156.250 
1.59E+00 1.19E-01 6.25E-02 0.063 8193.750 

1.59E+00 9.38E-02 2.50E-01 0.250 6468.750 

1.59E+00 6.25E-02 5.31E-01 0.531 4312.500 
1.59E+00 5.00E-02 4.38E-01 0.438 3450.000 
1.60E+00 1.88E-02 O.OOE+OO 0.000 1293.750 
1.60E+00 -3.75E-02 -3.44E-01 -0.344 -2587.500 
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1.60E+00 -6.25E-02 -5.94E-01 -0.594 -4312.500 

1.60E+OO -3.13E-02 -9.06E-01 -0.906 -2156.250 

1.60E+OO -3.13E-02 -B.44E-0'1 -0.844 -2156.250 

1.61 E+OO -3.75E-02 -5.63E-01 -0.563 -2587.500 
1.61 E+OO 6.25E-03 -6.25E-02 -0.063 431.250 

1.61 E+OO 5.63E-02 4.3BE-01 0.438 3881.250 

1.61 E+OO 4.38E-02 6.56E-01 0.656 3018.750 

1.61E+00 2.50E-02 6.25E-01 0.625 1725.000 

1.62E+00 1.25E-02 3.44E-01 0.344· 862.500 
1.62E+00 -2.50E-02 -2.50E-0 -0.250 -1725.000 

-5.00E-02 -5.00E-0 -0.500 -3450.000 
1.62E+00 -6.25E-02 -B.44E-01 -0.844 -4312.500 

1.62E+00 -3.13E-02 -8.13E-01 -0.813 -2156.250 
1.63E+00 -2.50E-02 -5.31 E-01 -0.531 -1725.000 

1.63E+00 5.00E-02 9.3BE-02 0.094 3450.000 
1.63E+00

i 
6.88E-02 3.44E-01 0.344 4743.750 

1.63E+00 5.00E-02 6.25E-0'1 0.625 3450.000 
1.63E+00 2.50E-02 5.94E-01 0.594 1725.000 
1.64E+00 1.25E-02 2.19E-01 0.219 862.500 
1.64E+00 -2.50E-02 -1.25E-01 -0.125 -1725.000 
1.64E+00 -8.13E-02 -5.63E-01 ~6.250 
1.64E+00 -5.00E-02 -8.13E-01 -0. 0.000 
1.64E+00 -4.38E-02 -7.81 E-01 -0.781 -3018.750 
1.65E+OO -3.13E-02 -4.69E-01 -0.469 -2156.250 
1.65E+00 6.88E-02 6.25E-02 0.063 4743.750 
1.65E+00 9.38E-02 3.44E-01 0.344 6468.750 
1.65E+00 4.38E-02 5.94E-01 0.594 3018.750 
1.65E+00 3.75E-02 5.63E-01 0.563 2587.500 
1.66E+00 1.88E-02 1.25E-01 0.125 1293.750 
1.66E+OO -5.63E-02 -2.81 E-01 -0.281 -3881.250 
1.66E+00 -1.06E-01 -5.94E-01 -0.594 -7331.250 
1.66E+OO -5.00E-02 -8.13E-01 -0.813 -3450.000 
1.66E+00 -3.75E-02 -7.81 E-01 -0.781 -2587.500 
1.67E+00 -3.75E-02 -5.00E-0'1 -0.50~t== 
~-02 0.063 000 

1.67E+ -01 0.344 4743.750 
1.67E+00 4.38E-02 6.25E-01 O.~~ 
1.67E+00 3. 13E-02 5.63E-01 0.5 
1.6BE+OO 2.50E-02 3.75E-01 0.375 1725.000 
1.68E+00 -1.B8E-02 -1.25E-01 -0.125 -1293.750 
1.68E+00 -6.88E-02 -4.06E-01 -0.406 -4743.750 
1.68E+00 -4.38E-02 -8.75E-01 -0.B75 -3018.750 
1.68E+00 -3.13E-02 -8.13E-01 -0.81 ~ -2156.250 
1.69E+00 -1.88E-02 -3.13E-01 -0.31 -1293.750 
1.69E+00 6.25E-02 6.25E-02 0.06 4312.500 

aa 3.13E-01 0.313 3881.250 
3. 6.88E-01 0.688 2156.250 

1. 2. 6.56E-01 0.656 1725.000 
1.70E+00 1.25E-02 2.81E-01 0.281 862.500 
1.70E+00 -1.88E-02 -1.25E-01 -0.125 -1293.750 
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1.70E+00 -7.50E-02 -5.63E-01 -0.563 -5175.000 
1.70E+00 -5.00E-02 -8.44E-01 -0.844 -3450.000 
1.70E+OO -3.13E-02 -7.50E-01 -0.750 -2156.250 
1.71 E+OO -3.75E-02 -4.06E-01 -0.406 -2587.500 
1.71E+00 5.00E-02 3.13E-02 0.031 3450.000 
1.71 E+OO 6.88E-02 2.81 E-01 0.281 4743.750 
1.71 E+OO 3.75E-02 6.25E-01 0.625 2587.500 
1.71 E+OO 3.75E-02 5.94E-0 0.594 2587.500 
1.72E+00 1.88E 1.56E-0 0.156 1293.750 
1.72E+00 -3.75E-02 -1.25E-O -0.125 -2587.500 
1.72E+00 -5.63E-02 -5.94E-01 -0.594 -3881.250 
1.72E+00 ~3.75E-02 -8.75E-01 -0.875 -2587.500 

~.72E+OO -3.13E-02 -8.44E-01 -0.844 -2156.250 

.73E+00 -3.13E-02 -5.63E-01 -0.563 -2156.250 

1.73E+00 4.38E-02 O.OOE+OO 0.000 3018.750 

1.73E+OO 5.63E-02 2.19E-01 0.219 3881.250 

1.73E+00 3.13E-02 6.56E-01 0.656 2156.250 

1.73E+00 2.50E-02 5.63E-01 0.563 1725.000 
1.74E+00 1.88E-02 4.06E-01 0.406 1293.750 

1.74E+00 -3.13E-02 -1.56E-01 -0.156 -2156.250 

1.74E+00 -5.63E-0 -4.o6E-01 -0.406 -3881.250 

1.74E+00 -7.S0E-0 -8.13E-01 -0.813 -5175.000 
1.74E+00 -3.13E-0 -8.44E-01 -0.844 -2156.250 

1.75E+Oo -3.13E-02 -4.69E-01 -0.469 -2156.250 

1.75E+00 6.25E- -9.38E-02 -0.094 431.250 

1.7SE+00 7.5OE-02 2.81 E-01 0.281 5175.000 

1.75E+00 3.75E-02 6.25E-01 0.625 2587.500 

1.75E+00 3.13E-02 6.56E-01 0.656 2156.250 

1.76E+00 1.25E-0 3.13E-01 0.313 862.500 

1.76E+00 -3.75E-0 -1.88E-01 -0.188 -2587.500 

1.76E+00 -6.88E-02 -5.31 E-01 -0.531 -4743.750 

1.76E+OO -5.63E-02 -8.13E-01 -0.813 -3881.250 

1.76E+00 -3.75E-02 -7.81 E-01 -0.781 -2587.500 

1.77E+OO -3.13E-02 -5.94E-01 -0.594 -2156.250 

1.77E+OO -1.25E-02 -1.25E-01 -0.125 -862.500 

1.77E+OO 9.38E-02 1.88E-01 0.188 6468.750 

1.77E+OO 4.38E-02 5.94E-01 0.594 3018.750 

1.77E+00 3.13E-02 5.63E-01 0.563 2156.250 

1.78E+OO 2.50E-02 3.13E-01 0.313 1725.000 

1.78E+Oo -1.88E-02 -1.88E-01 -0.188 -1293.750 

1.78E+Oo -5.00 -3.75E-01 -0.375 -3450.000 

1.78E+OO -4.38E-O -8.75E-01 -0.875 -3018.750 

1.78E+00 -3.13E-02 -8.7SE-01 -0.875 -2156.250 

1.79E+00 -3. 75E-02 -6.88E-01 -0.688 -2587.500 

1.79E+00 -6.25E- E-02 -0.063 -431.250 

1.79E+00 7.5OE-02 2.81 E-01 O~ 5175.000 

1.79E+00 3.13E-02 6.25E-01 o. 2156.2501 

1.79E+00 2.50E-02 6.25E-01 0.625 1725.000 
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APPENDIX B 

CURRENT AND VOLTAGE WAVEFORMS AND V-I CHARACTERISTICS 

This appendix shows more test results. It shows typical all waveforms and corresponding V-I 

characteristics. Since there were more than 700 tests only a selected few are shown in this 

appendix to compliment those shown in Chapter 5. 

These waveforms and graphs illustrate the effect of changing circuit impedances on arc stability. 

This is achieved by performing tests with set-up1 and then changing to set-up 2 and observe the 

duration of arcing. 

They also illustrate the effect of the following factors on arc-quenching: 

~ Arc quenching medium (air or along wood surface) 

~ Gap length 

~ Voltage 
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Note: The above waveforms do not quit resemble each other although the circuit set-up was 
exactly the same. 
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In the above test arcing occurred before full voltage. This could be due to the leakage current 

through wood as the oscilloscope was triggered on current. 
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In the above test again arcing occurred before full voltage, but returned to normal after complete 

extinction. 
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