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SU114r'ARY 

The thesis presents the results of an initial study of the flashover 

characteristics of segmented - and "Dayton-Granger" - lightning 

diverter strips, both of which are intended fcr use as radome 

protection devices. 

The hazards of lightning strikes to or near an aircraft are 

considered in Chaper 1 and these hazards are related to the various 

parameters of lightning discharges. The types of discharge are 

classified into two broad categories, viz. positive and negative. 

Owing to the complex nature of a lightning discharge, standardised 

test waveforms, to simulate lightning, have been defined for the 

purpose of laboratory testing. The last section of the chapter 

deals with aircraft protection against lightning strikes and with 

radome protection in particular. 

The next chapter reviews the different techniques used in radome 

protection and the high current; high voltage and radar compatibility 

tests on segmented strips which have been conducted by researchers 

in the U. S. A. and the high current tests undertaken in the U. K. 

The segmented strip consists of a series of conducting segments 

joined by a resistive layer with the whole assembly mounted on a 

dielectric substrate. Radar transparency is achieved when the 

resistive layer has a resistance of at least 260 k ohms/metre and 

the segments are less than one-eighth of the wavelength of the 

radar signals. 

Chapter 3 reviews the many studies made on surface flashover 



characteristics and the mechanisms leading to flashover, both in 

vacuum and in gases. Although much work has been done, there is 

still no general agreement on the mechanism of flashover in vacuum. 

Surface flashover in gases is still being actively studied and 

much has yet to be learned. Surface flashover along a segmented 

strip consists of a series of flashovers across very short gaps. 

A flashover mechanism of such strips is proposed. 

The following chapter describes the apparatus and the measuring 

techniques used in the present study. Various electrodes were 

designed to hold the strip and to allow the strip length to be 

varied. In view of the limited heat capacity of the resistive 

layer in the segmented strip, a parallel chopping gap was designed 

to operate over a wide range of applied voltages for a fixed gap 

setting in order to limit the energy input. A current probe, 

designed to minimise the effect of the displacement current flow 

between high voltage-and earth-electrodes, is also described. The 

various apparatus used include a Ferranti-impulse generator; a 

converter camera/intensifier system for time-resolved photography; 

j 

a scanning-electron-microscope and X-ray spectroscope, for study of 

the strip surface, and an automatic recording microdensitometer 

for analyses of streak-photographs. 

Results of preliminary investigations are presented in Chapter 5. 

The intersegment resistances of the segmented strip were found to 

be unequal but had an average value of 45 k ohms. These resistances 

fell after repeated applications of the voltage impulse and this 

fall is considered to be due to the gradual removal of the initial 



high contact resistance existing between each segment and the 

resistive layer. When this resistance had fallen to a constant 

value of about 5k ohms, the strip was considered to be resistance- 

stabilised. Investigation on the heat capacity of the resistive 

layer in the segmented strip is also presented. This investigation 

revealed that damage to the segmented strip is highly probable if 

it withstood the applied voltage impulse. 

In the following chapter, the conditioning characteristics of a 

segmented strip are presented first. In the course of an 'Up & 

Down' test, the flashover voltage was found to fall with repeated 

applications of the voltage impulse. This fall in flashover 

voltage is unlikely to be due to the process of resistance- 

stabilisation but could be due to the surface conditioning. In 

the conditioned state, the fall in flashover voltage ceased. The 

flashover voltage and time-lag characteristics of a conditioned 

segmented strip are presented in the next section. The flashover 

strength of the strip was found to be affected by field non- 

uniformity in the gap. An approximately proportional relationship 

with strip length was obtained for a strip situated axially in a 

uniform field gap but a non-linear relationship was obtained for a 

strip situated in a non-uniform field gap. Time-lags to flashover 

are, generally, less than the time-to-crest, 3 microseconds, of the 

applied voltage impulse. The flashover results indicate that a 

conditioned strip would be a suitable radome protection device 

because its flashover strength is much lower than that of the 

unbridged air gap. Time-resolved photographic studies of the light 

emission from a developing strip-flashover, for a strip situated 



in a uniform field gap, show that discharges were not initiated at 

one end and then propagated to the other. "Instead, various 

simultaneous discharges were initiated at different points along 

the strip and then propagated to flashover if the applied voltage 

was high enough. Current records have revealed that isolated 

intersegment discharges can occur without propagating to produce 

a flashover. 

Chapter 7 reports the performance of the "Dayton-Granger" strip 

which is basically a flexible non-conducting strip with a layer of 

micro-conducting-particles on one surface. As for the segmented 

strip, the flashover voltage falls to a stable level. In this 

stable phase, "arrested-flashovers" could occur. An increase in 

the applied voltage, as low as 1.5%, would cause a flashover to 

occur if the preceding outcome had been an "arrested-flashover". 

This stable phase is followed by a deteriorating phase in which the 

flashover strength increased rapidly with repeated voltage 

applications. An explanation for such behaviour is presented. 

Flashover of the strip, in the stable phase, occurs on the wavetail 

of the applied voltage impulse and time-lag up to 42 microseconds 

were recorded. Photographic studies of the light emission from a 

developing flashover showed that discharges could start at 

different points along a strip. It was also observed that the 

discharge path of a flashover tends to follow that of the preceding 

"arrested-flashover" . 

Conclusions and recommendations for further work are presented in 

the last chapter. Based on flashover strength, the "Dayton-Granger" 



strip is superior to the segmented strip. However, this superiority 

is offset by its much longer time-lags to flashover. It is 

suggested that further work be undertaken on the two types of strips 

to investigate the effects, on their flashover characteristics, of, 

variation of impulse waveshape and polarity and applied field. 

Recommendations are also made for studies using model segmented 

strips to investigate the effect of variation of the strip 

parameters on the flashover characteristics. 



Notation of tables, diagrams and appendices 

All tables, diagrams and appendices are numbered as Table I. w; 

figure J. x or Appendix K. y where I. J and K refer to the chapter 

in which they are first mentioned and w, x and y are numbers, 

starting from 1, and used to identify the various tabless, diagrams 

and appendices in any one chapter. Hence, for example, figure 

5.15 refers to the fifteenth figure in chapter 5 and Appendix 4.3 

refers to the third appendix in chapter 1.. 

Symbols 

In general, a voltage level of VX, where x is a number between 

0 and 100, denotes that the probability of flashover or breakdown 

when a voltage of level Vx is applied is. 

Other symbols which are used only once are explained in the text. 

.1 
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I INTRODUCTION 

1.1 General 

The consequence of a lightning strike to any unprotected structure 

is usually disastrous. This has been the motivation for numerous 

research workers in their investigation of the physics of lightning 

over very many years. In addition to the measurement of field and 

current in towers and high buildings , 2, 
recent studies have 

included airborne measurement of electric field in the vicinity of 

thunderclouds3, and initiation of lightning using'aircraft and 

rockets4' 
5. Although much has been learned, the physics of 

lightning is still not fully understood. It is, however, generally 

I 

accepted that the ground-flash or earth flash is the most destructive 

and protective methods and devices have been introduced with that in 

perspective. 

The problem of protecting aircraft against lightning is becoming 

ever more complex as more and more sophisticated electronics and 

light-weight composite structures are used. In particular, radome 

construction has evolved from the original concept, in which thick 

solid dielectrics were used, to become a honey-combed structure, 

having thin inner and outer skins, which makes it more susceptible 

to lightning puncture. Until the introduction of the segmented 

lightning diverter strip, radome protection always involved a 

difficult compromise between the degradation of the radar 

transmission characteristics and the degree of protection afforded. 

The present thesis is the result of an investigation into the 



flashover characteristics of such a diverter strip. 

In the following sections, a general introduction to the hazardous 

effects of lightning on aircraft and how these hazards can be 

minimised is provided. Included also are parameters relating to 

lightning discharges and how these parameters are simulated in a 

laboratory. 

1.2 Effects of lightning on aircraft6,7,8 

If an aircraft is in the vicinity of a thundercloud, then the 

occurrence of a lightning discharge may have several effects. 

These will depend on whether the aircraft is struck and on where 

it is struck. 

1.2.1 Thermal effects 

J 

The thermal effects include burning and eroding, and the generation 

of disruptive pressure. 

At points on the aircraft where a lightning discharge enters and 

exits, burning and eroding of the metallic surfaces will occur. 

The most severe damage occurs when the lightning channel dwells -1 

at one point on the aircraft for the total duration of the discharge. 

This has resulted in holes of up to several centimetres in diameter. 

Disruptive pressure is a damage mechanism applicable to composite 

panels and radomes. When there is a large transfer of energy in 



a short time, fast thermal vapourisation of material may result. 

If this occurs in a confined space, a high pressure may be created 

which may have sufficient magnitude to cause structural damage. 

1.2.2 Mechanical effects 

A flow of current in a conductor, in which there is a bend, creates 

magnetic forces which tend to straighten it. If the magnitude of 

current in a lightning discharge is sufficiently high, the resultant 

force can twist or rip structures from rivets, screws or other 

fasteners. 

Another form of mechanical force is also experienced by an aircraft 

in the immediate vicinity of a lightning discharge. During the 

return stroke, the lightning channel expands due to the almost 

instantaneous heating of the channel to a temperature in excess 

of 30, O00°K. The expansion is supersonic and results in a shock 

wave having initial pressures considerably greater than ten 

atmospheres. 
9 

1.2.3 Electrical effects 

The magnetic field associated with a lightning channel can 

penetrate an aircraft thus giving rise to high overvoltages10; 
11, 

12,13,14 
* These may destroy electronic or other equipment or 

may cause sparking. 

l 

The electronic equipment situated within the radon is, in addition, 



vulnerable to damage should a lightning discharge puncture the 

radome. 

1.2.4 Ignition hazards 

Fuel vapours and other combustible gases may be ignited by a 

lightning discharge in several ways: 

a) It is possible for a lightning discharge to burn through the 

thin metallic skin of a fuel tank or to produce a local hot- 

spot which might cause ignition; 

j 

b) a flow of current through a poorly bonded section, for example, 

a filler cap, can cause sparking and consequent ignition; and 

o) sparking, resulting from transient overvoltages induced on 

electrical wiring within the fuel tank, could also cause 

ignition. 

1.3 Parameters associated with the lightning current 

1 . 3.1 General 

The various effects already mentioned are dependent upon different 

parameters of the lightning current. The most important parameters 

of the current waveform are the peak value; the rate of rise of 

current; the total duration; the charge transferred and the action 

integral ( 
Ji2at). 

These parameters differ between the two basic 

types of discharge, viz. positive and negative. Differences also 

exist between the values of lightning currents recorded by 

different investigators15. Typical values are given below for 



disoharges of both polarities6. 

1 . 3.2 Positive discharge 

In a positive discharge there is usually only one return stroke 

and this is represented diagrammatically in figure 1.1 Depending 

upon the geographical location, the positive discharges constitute 

between 1 and 20jß of all flashes. However, positive discharges 

are more severe than negative ones due to the higher energy 

content which is related to the action integral. Positive 

lightning strokes, having action integral values of 107 Als and 

charge transfer exceeding 3000, have been recorded. 

1.3.3 Negative discharge 

A generalised representation of a severe negative discharge is 

shown in figure 1.2. It is characterised by the occurrence of 

several strokes of high peak value, indicated by the numbers 1-7 

in figure 1.2. These high peak current phases are sometimes 

extended for several milliseconds by intermediate current phases, 

indicated by the numbers 8 and 9. A low amplitude continuing 

current phase, indicated by 11, usually occurs after the last 

stroke. 

The initial high peak current p base has a typical magnitude range 

from 10 - 30 kA but magnitudes as high as 200 kA have been recorded. 
6 

The rate of rise is typically 10 - 20 kA per microsecond- 

.4 

.1 



The intermediate current phase is a low-level decaying current of a 

few kiloamperes that flows for several milliseconds after the 

initial more rapid decay from the peak current of some of the 

strokes. 

The continuing current phase usually occurs after the last stroke 

of a flash. Typical current magnitudes and times of current flow 

are 100 - 400 amperes and 100 - 800 milliseconds respectively. 

Consequently, a high charge transfer is realised during this phase 

and is of the order of 200C for a severe discharge. Charge 

1 

transfer during the high peak current phase is only a few coulombs. 

Restrikes are typical for negative discharges and they occur with 

an average interval of 50 milliseconds. This interval increases to 

145 milliseconds if a continuing current phase, indicated by 10 

in figure 1.2, precedes the restrike. The peak value of the 

restrike is typically one half of that of the initial stroke but 

its rate of rise is generally greater than that of the initial 

stroke. 

104 Laboratory simulation of lightning for aircraft testing 

1.4.1 High current test waveform 

Owing to laboratory limitations and to the complex variation of 

the lightning current it has been necessary, for the purpose of 

high current testing, to 

a) define an equivalent test waveform that contains all the 



essential features of a lightning discharge, 

b) divide the various effects of a lightning discharge on an 

aircraft into groups, and 

c divide the aircraft into zones. 

The test waveform, as defined by the Lightning Studies Unit, 

Culham Laboratory, UKAEA, is reproduced in figure 1.36. The 

important parameters of component A are peak amplitude, action 

integral and time duration; of component B are maximum charge 

transfer and average amplitude; of component C are charge transfer 

and amplitude; and of component D are peak amplitude and action 

integral. 

The effects of lightning on an aircraft have been arranged into 

two groups. Group 1 effects cover metal skin puncture, hot spot 

formation, mechanical damage, magnetic forces, damage to composite 

structures, fuel ignition and damage to lightning arresters. 

Group 2 effects include induced voltages, voltage flashover, 

sparking and fuel ignition. For group 2 effects, the parameters 

of component D in the test waveform are changed to peak amplitude, 

peak initial rate of rise, and duration for which the rate of rise 

should exceed 25 kA per microsecond. 

It has been generally accepted that aircraft surfaces can be 

divided into three zones according to their lightning attachment 

and/or transfer characteristics. Zone I covers surfaces of the 

I 

.1 

aircraft for which there is a high probability of initial lightning 

attachment, examples are the nose, wing-tips and tail. Zone 2 



encompasses those areas into which a lightning channel has a high 

probability of being swept from a Zone I point of initial attachment, 

for example, the fuselage. Zone 3 includes all those areas not 

covered by Zones 1 and 2. All three zones are normally identified ý 

from the results of attachment points tests on model aircraft16v 
17,18 

1 , 4,2 High voltage test waveform 

In the laboratory, the lightning leader is often simulated by 

the long spark19,20. Long fronted waves (200/2000 microseconds) 

are used for conducting hardware attachment tests. It is 

recommended that the test object be earthed and that the test gap 

be not less than I metre 

The recommendation for attachment point testing using model 

aircraft is, however, different and is detailed in Appendix 6 of 

United Kingdom Atomic Energy Report No: CI2 -R 163. This 

recommendation was made following investigations into the breakdown 

performance of spark-gaps containing an isolated conducting body 
21 

. 

For flashover and puncture testing of dielectric hardware, the 

standard lightning impulse of 1.2/50 microseconds is recommended6. 

1.5 Aircraft protection 

1.5.1 General 

,l 

The severity of the lightning discharge has been discussed in 



relation to its parameters and the effects of such a discharge 

occurring to, or near to, an aircraft have been outlined. 

Protection systems and devices have been implemented to minimise 

the hazards resulting from a lightning discharge. 

The established protection criteria22 include 

a) safety of flight , 

b) reliability, 

and c) maintenance costs. 

These and other criteria should be considered individually for 

each component part of an aircraft at all stages of the design 

development cycle. However, particularly in commercial aircraft, 

j 

economics prevail and damage of a non-hazardous nature is sometimes 

accepted as being more economical than the provision of protection. 

This applies to areas which would have no effect on flight character- 

istics or a negligible effect on the aircraft operation and, if 

destroyed or damaged, will not allow penetration of lightning into 

the aircraft's interior. For example, damage to trailing-edge 

plastic fairings on large aircraft would hardly affect their 

22 
flight characteristics " 

Fuel system. One of the most important areas to be protected is 

the fuel system. Here the protection criterion adopted is that no 

sparking shall be observed when. currents or voltages having the 

relevant test waveforms are applied to an empty fuel tank. 

Electrical and a-vionic circuity j Protection against electrical 
--- --------- 



power disruption on board an aircraft and protection of the avionic 

circuitry are both provided by the use of devices, situated at 

the possible lightning entry points, such as lightning arresters, 

spark gaps, zener diodes, metallic oxide varisters, diodes, fuses 

or shorting stubs. 

However, difficulties in providing protection for advanced 

electronic systems are increasing for the following reasons: 

a) Greater vulnerability to lightning-induced voltages due to the 

greater input impedance and wider bandwidth of advanced 

digital semiconductor circuits. 

b) Greater exposure of electronic systems because of the 

increasing use of non-metallic skins. 

a) Critical dependence on electronic control systems due to 

increased automation within the aircraft. 

Radio interference suppression. Radio interference is caused 

by electrical discharges at non-metallic surfaces, by sparkover to 

the main airframe from electrically isolated external metallic 

conductors and by streamering at aircraft extremities. Suppression 

of the interference is effected by the use of static discharge 

devices22 for aircraft extremities and by the application of 

anti-static coatings on dielectric surfaces where high-frequency, 

long range communication is required. The sparkover of electrically 

isolated metallic conductors is prevented by ensuring that at least 

some conductance exists between the metallic component and the 

airframe. 



Structures. The basic protective approach for non-metallic 

structures is the use of metallic coatings, applied over the entire 

surface or in grid patterns. These coatings include metal foil, 

fine metal mesh, plasma flame sprayed metal and metallic paints. 

Fuel savings of up to 15% have been estimated as the potential for 

new aircraft designs taking full advantage of the use of light- 

weight composite materials23. Undoubtedly, this will add another 

dimension to the problems of protecting aircraft structures 
24. 

Continuous or grid-pattern coatings cannot, however, be used on 

radomes because they would excessively attenuate the on board- 

radar signals. Therefore, patterns of metallic conductors must 

be used which do not interfere with the operation of the radar 

system. 

1.5.2 Radome protection 

The radome is one of the most damage-prone components of the 

aircraft. It is constantly subject to damage from bird- and 

lightning-strikes, hail storms, moisture absorption and collision 

damage from handling-equipment on the ground25. 

In the area of lightning protection, the basic approach is the 

provision of external conductors which will provide the initial 

lightning attachment point and which may be required to conduct the 

Pull lightning discharge, with minimal damage, depending on the 

method used. 

If the radar equipment is situated within a radome which forms the 



nose of the aircraft then protection can be achieved by the use of 

a metallic spike protruding from the front of the radome and 

connected internally to the main airframe by one or more conductors 

capable of carrying the lightning discharge without damage. The 

pitot boom usually acts as the spike required. 

Other possible methods include: 

a) external metallic studs connected, 'through the radome wall, to 

an internal conductor which is connected to the main airframe; 

b) metallic strips, varying from thin foil to thick conductors, 

fixed externally on the surface of the radome and connected 

individually to the main airframe; 

and c) segmented strips fixed as in (b) above. 

Interaction between the shielding requirements and the necessity 

for minimal interference with the radar system determines the 

physical arrangement of these conductors. The basic criterion for 

the spacing between protection conductors on radomes is that 

_ surface flashover, rather than puncture of the radome wall, will 

always occur. 



2 REVIEW OF RADOME PROTECTION TECHNIQUES 

2.1 General 

11 

In addition to protecting the radar system from damage, the 

protection method is constrained by several additional requirements. 

These include minimum radar degradation, minimum drag, minimum risk 

of radome puncture, ease of manufacture and low susceptibility to 

moisture penetration. Unfortunately, none of the adopted methods 

can satisfy all of these requirements. 

The nose spike and metallic studs are essentially internally- 

earthed systems. Consequently, the conductors can be orientated so 

as to minimise radar degradation without aerodynamic concern. The 

nose spike method, however, has the disadvantage of higher risk of 

radome puncture, especially during a swept stroke. The risk of 

radome puncture is greatly reduced in the metallic studs method by 

the existence of external attachment points on the radome surface. 

This method, however, suffers from manufacturing complexity and the 

possibility of moisture penetration. Repairs would also be costly 

and complicated. 

The continuous and the segmented strips are externally-earthed systems. 

They do not have the disadvantages of internally-earthed systems but, 

depending on the method, do present aerodynamic, environmental and 

radar degradation problems. 

The foil strip is typically 0.5mm thick and 10mm wide26. Owing to 



its flatness, it has the best aerodynamic characteristics. The 

cross-section area is however not large enough to withstand a full 

lightning discharge. The strip is vapourised and forms an ionised 

channel which then carries the full discharge current. (A 

complete description, operation and physical arrangement, on the 

radome, of the strip can be found in Patent Number Re 251+17 which 

is reproduced as Appendix 2A). Therefore, it is sometimes called 

the vapourising strip. Radar degradation is quite considerable 

and transmission loss can be as high as 25ib27. Environmentally, 

the foil strip has disadvantages too. Cross cracking may occur due 

to radome wall vibration or rain erosion. When such a crack 

completely interupts the strip, protection is reduced and noise 

interference to communication systems may be introduced by static 

discharges across the crack. 

The thick conductor strip or permanent conductor strip is made of 

aluminium and has typical dimensions of 3mm thick and 10mm wide28. 

It is capable of withstanding a full lightning discharge and, 

hence, of multi-stroke protection. The larger dimensions result 

in less desirable drag characteristics than those of the foil strip. 

Radar degradation is no better than that of the foil strip. 

In most commercial aircraft, radar degradation caused by the 

continuous strips - foil or thick conductor - is acceptable and 

hence the wide use of either, dependent on the drag characteristics 

which can be tolerated. When radar degradation is not acceptable, 

segmented strips are used. These segmented strips are considered to 

be radar-transparent and to provide multi-stroke protection. 



(Description, operation and physical arrangement, on the radome, of 

the strips can be found' in Patent No: 3416027 which is reproduced 

as Appendix 2.2). Its drag characteristics are, however, not as 

good as those of the foil strip although better than those of the 

permanent strip. A review of recent investigations into the 

performance of the segmented strip is presented in the following 

sections. 

2.2 The segmented lightning diverter strip 

2.2.1 Physical construction 

The construction of the segmented strip is as shown in figure 2.1. 

It consists of a series of circular riveted segments, with 

diameter of 2.44mm, spaced 0.31 mm apart32. These segments are 

centrally located along the length of a fibreglass laminate with 

overall dimensions of approximately I mm thickness, 10mm width and' 

1.2m length. The segments are bridged on the reverse side by a 

layer of resistive material. Amason recommended (Appendix 2.2) that 

this resistive layer should have a minimum value of 260 k-ohms per 

metre. The sides cf the strip are coated with Neoprene for 

protection against wind and rain erosion. 

i 

2.2.2, Electromagnetic compatibility 

Tests have shown that the segmented strip is virtually radar- 

transparent 
28,33, Degradation of the antenna radiation pattern is 

negligible 
28 

and transmission loss is only about 2% 27 
when 



segmented strips are used as the protection conductors. In the 

following paragraphs, the virtual radar-transparent property of 

a segmented strip is highlighted by considering the problems which 

can be encountered through the use of continuous-conductor systems., 

Generally, the extent of antenna pattern degradation depends on the 

frequency of operation of the antenna system, on the orientation of 

the strips/conductors with respect to the antenna polarization, on 

the location of the antenna, and on the type and length of the 

protection strips/conductors28' 
33. 

When localizer antennae are installed on the forward aircraft bulk- 

head under the nose radome, continuous strips present a significant 

problem. The wavelength of the localizer beam is approximately 

2.8m and the continuous strips are approximately one-eighth to 

one-half wavelength. This could cause unacceptable pattern 

degradation because a grounded quarter-wavelength conductor or an 

ungrounded half-wavelength strip can radiate quite efficiently. 

Similar problems are also encountered by the use of glideslope 

antennae which operate at about one-third of the wavelength of the 

localizer antennae. In particular, a compromise in the length of 

the conductors/strips may be required when both the glideslope and 

the localizer antennae are installed within the same radome. ' 

The pattern degradation caused by the continuous conductors/strips 

at the weather-radar frequencies of 5.4 GHz and 9.375 GHz is due 

more to blockage and reflection than to radiation. The width 

rather than the length of the continuous conductors/strips is the 



factor and the objective is to keep the width as narrow as possible. 

In terms of radar attenuation during transmission, continuous 

conductors/strips can attenuate the signal by as much as 25% 270 

2.2.3 Current carrying capability 

The current carrying capability of a segmented strip has been a 

point of controversy among numerous investigators. Investigators in 

the U. S. A. 
27' 34' 35 

achieved satisfactory results whereas 

investigators in the U. K. 
29' 30' 31' 32 

obtained results which 

cast doubts on the multi-stroke-high-current carrying capability of 

a segmented strip. 

Amason et a127 performed high current tests, up to 160 kA peak 

current, using a 0.4m section of strip and high charge transfer 

tests, over 200 coulombs, on shorter sections, with satisfactory 

test results. Both the segmented strip and the end fitting were 

not damaged by the tests. 

Robb et a134 conducted similar high current tests by combining a 

1-MV high voltage impulse and a 200 kA peak current discharge and 

applying them to a 1-m length of strip. After two such applications, 

no apparent damage to the strip was observed. Swept stroke tests 

were also performed by combining 100 kA high current restrikes, 

initiated by a high rate of rise of 60 kA per microsecond, and a 

500- kV impulse component all superimposed on a 200-A continuing 

current. No damage, other than a slight burnishing of the metal 



segments, was observed. 

Plumer et a135 also reported satisfactory results with high current 

tests up to 200- kA peak and action integrals of 2x 106 Als. 

Different strips were tested and all tolerated two or more strokes. 

Testing of each strip was terminated after three or four discharges. 

It was also reported35 that segmented strips which had been 

installed on a Lockheed C-130 hurricane-hunter aircraft diverted a 

lightning stroke successfully with no damage resulting apart from 

a slight discolouration of the segments. 

High current tests conducted at Culham Lightning Studies Unit, 

UKAEA, produced results which were not as encouraging 
29' 30,31,329 

The current applied had two components which were designated as 

fast and slow. The fast component had a maximum peak value of 

200-kA whilst the slow component had a maximum time duration of 

one second and a maximum charge transfer of 500 coulombs. 

Instances when the segmented strips were destroyed, after being 

subjected to high current discharges, were reported29' 
30,31 

It should be noted that the several experimental arrangements used 

by the investigators in the U. S. A. were all basically different from 

that used by the investigators in the U. K. The former ensured that 

the segmented strip was ionized (evidenced by flashover) before the 

high current was applied. In the U. K. tests, the high current was 

applied without any deliberate pre-ionization although the 

arrangement ensured that the strips were tested in a relatively 

1 

force-free environment. Hence, any flashover resulting would be as 
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a consequence of current flow in the resistive layer. However, 

unless the mechanism of flashover of segmented strips under natural 

lightning conditions is established, it is debateable which was the 

more valid arrangement. 

2.2.4 High voltage tests 

High voltage tests are used to evaluate the efficacy, ie. the 

shielding effect or capture capability, of any particular 

lightning protection system. The objective of such tests is to 

determine an optimum protection system. This would use a minimum 

number of strips to capture lightning strikes, from all possible 

directions, and to prevent the lightning channel from puncturing the 

radome wall. Significant factors influencing the design of 

protection systems include the thickness and dielectric constants of 

the radome wall; the surface conductivity of the outer radome wall; 

and the form and position of the 'earthed' metallic equipment within 

the radome26' 
27' 28 

. It has been stated, however, that for any 

radome/radar configuration, more segmented strips would be required 

than if continuous strips were to be used28. This has been 

confirmed in tests performed at British Aerospace, Stevenage32. 

Their results also indicated that the strip was not effective in 

capturing strikes when it was attached on an anti-static surface 

having a resistance of 200 k -ohms per square. 

High voltage tests conducted by Plumer et a135 produced an 

interesting result. Irrespective of the rate of rise of voltage, 

an apparent constant time-lag to flashover of 0.7 microsecond was 



obtained for a strip of 1.2m length (figure 2.2). Their other result 

shows the relationship between flashover voltage, both polarities, 

and strip length (figure 2.3). They considered this relationship to 

be linear inspite of the large variations in flashover voltages 

obtained. 

2.3 Present study 

Apart from the results of Plumer et al mentioned in the preceding 

section, no other publications on the flashover characteristics or 

J 

the mechanism leading to a flashover of a segmented strip have been 

produced. Therefore, much has yet to be learned regarding the 

flashover characteristics and the flashover mechanism of segmented 

strips. The present study is, therefore, an attempt to satisfy this 

need. 

If the nose radome of an aircraft is in the immediate vicinity of 

a lightning leader, three consequences are possible, viz. the radome 

wall may be punctured; the radome surface may be flashed over, or 

the segmented strip may be flashed over. Therefore, flashover of 

the segmented strip must always occur for effective protection. If 

the flashover characteristics of a strip, and of a radome surface, 

and also the puncture voltage of a radome wall36 are as shown in 

figure 2.4, then effective protection will be achieved if the length 

of each segmented strip does not exceed the critical length shown. 

However, there is a shortage of detailed information regarding the 

relationship between flashover voltage and strip length. Hence, the 

immediate aim of the present study was to establish this relationship 
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and to confirm, or otherwise, the results of Plumer et al. In 

addition, the mechanism 'involved in the development of a flashover 

discharge on the segmented strip would be studied. 

1 

i 



2 

3 RBVIEW OF SURFACE FLASHOVER CHARACTERISTICS AND MECHANISMS 

3.1 General 

The physical construction of the segmented strip was described in 

section 2.2.1. In the event of a flashover, every intersegment gap 

between adjacent conducting segments is bridged by a spark channel. 

It is considered that these spark channels occur in air ( the gas 

medium in this case) and are adjacent to the surface of the dielectric 

substrate. Therefore, the flashover of a segmented strip is made 

up of a series of insulator-surface-flashovers between conducting 

segments which are spaced 0.3 mm apart. 

Insulator-surface-flashover between conductors, under different 

physical conditions, has been studied by various investigators and 

their results are reviewed in the following sections. Surface 

flashover in vacuum is included because it has been established 

that, under vacuum, the discharge develops in a region of desorbed 

gas. 

3.2 Surface flashover in vacuum 

Although insulator-surface-flashover between conductors in vacuum has 

been studied by numerous investigators, the mechanism of this form 

of flashover is still not well understood. 

In most of the mechanisms proposed, the phenomenon of secondary 

electron emission from the surface was considered to be operative. 
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Bruining37 gives a comprehensive treatment of this phenomenon 

which describes the emission of secondary electrons from a solid 

when primary electrons of sufficient kinetic energy impinge upon it. 

The secondary electron yield per primary impinging electron is normally 

plotted against the energy of the impinging electrons and the 

general farm of the resulting curve is as shown in figure 3.1. In 

general, the secondary electron yield from an insulator is much higher 

than that from a metal. 

Willis and Skinner38 measured the secondary electron yield of polymers, 

viz. P. T. F. E. (Teflon), Polystyrene (Styrafoil), P. B. T. (melinex 

and mylar) and Polyamide (Kapton), and found that the maximum yield 

ranged from 2 to 5 at a primary electron energy of about 200 eV. 

Sudarshan and Cross39 investigated the effect of coatings of 

chromium oxide, which have a maximum yield of less than unity, on 

the secondary electron yield from alumina spacers and found that the 

maximum yield of the aluminium spacer had been reduced from greater 

than six to less than unity. 

A mechanism of surface charging by secondary electron emission 

avalanche was proposed by Boersch et al40" In this mechanism, 

initiatory electrons, supplied by field emission at the triple 

junction of cathode, insulator and vacuum, are multiplied due to 

the secondary electron emission phenomenon. This leaves a small 

area of the surface of the insulator positively charged. Owing to 

this positive charge, the secondary electrons are attracted back 

towards the insulator surface thus producing more secondary electrons. 
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Henne, an avalanche results and a larger area of the insulator 

surface then becomes positively charged. 

studied by other investigators41' 42,13 

results. 

There is, however, no general agreement regarding a flashover 

mechanism '5' 46P 79 
The main controversy is about the 

1 

dependence of the flashover development upon the secondary electron 

emission avalanche. Nevertheless, most workers agree that field 

emission of electrons from the triple junction is the initial event 

in a flashover and that development of the discharge occurs in a 

region of gas desorbed from the surface of the insulator 
6. 

As initiatory electrons are assumed to be provided by field 

emission at the triple junction, field measurements at this 

junction have been undertaken by various investigators. In the study 

of Sudarshan et al43, the junction field was measured using an 

electronic microforce balance with static voltages applied between 

uniform field aluminium electrodes. The insulators were in the 

form of right circular cylinders, 1.27 cm diameter and 1.27 cm long, 

of uncoated, high density alumina or of high density alumina coated 

with cuprous oxide or chromium oxide. They found that the higher 

field enhancement existed at the cathode triple junction for both - 

uncoated alumina and alumina coated with cuprous oxide. Surprisingly, 

the higher field enhancement was at the anode triple junction for 

alumina coated with chromium oxide. They also found that, in all 

cases, if the mean applied field was increased from zero to about 

This mechanism was 

and supported by their 

8 kV/cm and then reduced again to zero, the junction field also fell 
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to zero without exhibiting hysteresis. However, if the mean 

applied field exceeded 8 kV/cm and was then reduced to zero, the 

junction field, in all oases, displayed hysteresis and did not 

fall to zero. This residual junction field took days to decay for; 

uncoated alumina and minutes for alumina coated with either cuprous 

or chromium oxide. 

Measurement of the field along a nylon insulator surface was made by 

Thompson and Lin48. The anode to cathode separation was 1 cm and 

the voltage waveform applied was a 10 ns pulse with rise and fall 

times of approximately 3 ns. The field was determined by measuring 

the Kerr effect in nitrobenzene liquid, which surrounded the hollow, 

- and evacuated, - interior of the nylon insulator, using a 

polarization analyzer and a ruby-laser. The results showed that 

there was higher field enhancement at the cathode triple junction. 

Similar results were obtained by Thompson et al 
9' 50 

using 

potassium-dihydrogen-phosphate (KDP) crystal as the insulating 

material. 

It has been found that the surface flashover voltage is governed 

by the insulator material, its dimensions and shape, the quality of 

contact at the triple junction, the presence of an external magnetic 

field and the duration of the applied voltage pulse. Watson 51 

studied the variation of the mean field at flashover with conical 

angle Of an insulating right circular Trustrum situated between two 

flat circular electrodes. The conical angle is defined as the angle 

between the dielectric surface and the normal to the electrode and 

11 

this angle is positive if Dc/ DA>1; negative if Dc/ DA <1 and 
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zero if De/DA =1 where Do is the diameter of the frustrum at the 

cathode and DA is the diameter of the frustrum at the anode. The 

insulating materials used were urethane-epoxy resin (Lexan) and 

types 7070 and 7740 Pyrex glass. 

ranged from -145 to 445 degrees. 

The conical angles considered 

Applying voltage pulses of 35 and 

75 ns duration, the minimum flashover strength was found to occur 

at angles between -10 and -15 degrees and maximum flashover 

strength was obtained for samples with conical angles of +45 degrees. 

Sudarshan et a139 achieved a 40% increase in withstand voltage for 

2/50 microsecond impulses; an 80l increase on mains frequency and 

a 170r increase for static voltages by the application of chromium 

oxide coatings on alumina spacers. On freshly prepared samples 

coated with chromium oxide, microdischarges were observed and it was 

thought that these were due to loosely bound particles of chromium 

oxide being removed from the surface. Also, after about a hundred 

flashovers, samples were found to show faint brown 'tree' patterns 

on the surface but the flashover strength was unchanged. 

Miller 
46, 

using voltage pulses of 16 microsecond duration, achieved 

a 6c increase in withstand voltage by quasi-metallizing the surface 

of alumina spacers using manganese and titanium in the ratio of 4: 3. 

Variation of flashover voltage with insulator length was 

investigated by Blatsios and Hackam52 testing ceramic alumina 

(98% pure) under static and alternating voltage conditions. The 

length was varied by using discs, -12 mm in diameter, of different 

thickness. In each case, the disc was sandwiched between two 25-mm 
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diameter electrodes. The flashover voltage increased almost 

linearly with increasing, insulator length tip to about 0.5 mm and 

then followed a power law, in which the index was less than unity, 
53 for greater lengths. Similar results were obtained by Avdienko 

on plexiglas using both microsecond and nanosecond pulses. 

The growth of surface flashover has been studied by Cross et a143' 

45) 54,55 
using time-resolved photography. In the most recent 

study45 on right cylindrical alumina spacers, 12.5 mm diameter and 

12.5 mm long, sandwiched between uniform field electrodes, the 

I camera used had a streak speed of 20 m4/ns. The first visible 

light emission propagated from the cathode to the anode at an 

approximately constant speed of 4 to 6 mo/ns. Upon the arrival of 

the wavefront at the anode, anode and cathode directed discharges 

were initiated from the electrodes and resulted in complete 

flashover after a further 0.15 ns. In addition, studies by 

Anderson56 have indicated a possible dependence of the velocity of 

propagation on the conical angle. 

To summarise, the flashover strength of a dielectric spacer, in 

vacuum, is dependent upon both the surface material and the form 

of the spacer. When this surface material, usually present in the 

form of a coating, has a secondary electron emission yield of less 

than unity, the flashover strength is increased considerably. It 

has also been found that the conical angle affects the flashover 

strength. Field measurements showed that, in general, field 

enhancement occurs at the cathode triple junction and this is also 

0 

supported by time-resolved photographs which show discharges 
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propagating from cathode to anode. 

3.3 Surface flashover in gases 

w 

The mechanism of surface flashover in gases is also not fully 

understood. Various mechanisms of spacer flashover in compressed 

gases have been proposed 
57.9 58 

. These include initiation by a 

microdischarge at an imperfect contact on a spacer-electrode 

interface; by a microdischarge at an imperfection on a spacer 

surface, or by a particle on or near a spacer surface. Such areas 

would act as high field sites and cause intense electron emission 

and ionization. The resulting surface charging of the dielectric 

spacer would then enhance the ionization process and leads to a 

flashover. In a recent investigation by Jaksts and Cross59 in 

nitrogen at atmospheric pressure, it was proposed that additional 

electron multiplication could result from photo-ionization of the 

dielectric surface. 

I 

Flashover characteristics in compressed gases57' 
58 

were found to be 

influenced by bad contact between a spacer and the electrodes; by 

spacer profile; by spacer permittivity and conductivity; by surface 

imperfections; by the surrounding gas; by the presence of dust on 

the dielectric or on the electrodes and by the presence of moisture ' 

in the gas60. 

Cookson61 investigated the effect of spacer profile on surface 

flashover using filtered SF 6 or unfiltered nitrogen as the surrounding 

gas. T1ie effect of dust particles on spacer flashover in SF6 was 
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also investigated. Impulses of 1/50 microsecond waveshape were 

applied and the gas pressure was 3.5 MN/m2 'and 1-5 MN/m2 for nitrogen 

and '6 respectively. It was found that surface flashover in 

filtered SF6 was not affected by spacer corrugations but was 

adversely affected by the presence of dust particles. However, in 

unfiltered nitrogen, spacer corrugations did affect the flashover 

process and could increase the flashover voltage. It was suggested 

that the different effect of spacer profile on surface flashover 

was due to space-charge effects. Space charge conditions in 

nitrogen hinder an advancing discharge streamer but, in SF6, space 

charge helps the flashover. 

The effect of dust particles on surface flashover was further 

investigated by Fleming62 using perspex spacers in SF6 at 1.47 

MN/m2 pressure. It was found that conducting particles reduced 

the flashover strength more than non-conducting particles. The 

highest reduction, obtained by using steel spheres of 125 - 211 

microns diameter was approximately 603 and 25% for positive and 

negative impulses respectively. The reduction was less for smaller 

particles and seemingly so for larger particles too. Also, reduction 

in flashover strength was greater when the particles were placed 

nearer the inner-electrode of the co-axial system used. 

Fleming 
63 

also investigated the effect of conducting particles, of 

125 - 211 microns diameter, on spacer flashover in SF6 at different 

pressures. For positive impulses, it was found that the particle 

contaminated flashover strength increased with increasing pressure 

over the range 0.46 to 1.47 MN/m 
2. 

However, the difference between 
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the clean and contaminated surface flashover voltages also increased 

over this pressure range. For negative impulses, the flashover 

strength also increased with increasing pressture but the reduction 

in flashover strength caused by the surface contamination was 

significant only at pressures above 0.77 MN/m2. The reduction in 

flashover strength at the lower pressures was investigated by 

Mansfield and Fleming 
64 

by considering surface charging oft he 

insulator for positive and negative impulses under dust-free 

condition. In this study, they found very little evidence of 

surface charge when the inner electrode was positive but large 

regions of negative charge on the spacer surface when the inner 

electrode was negative. From these results it was inferred that, 

in cases where dust particles are present on the spacer surface, 

these regions of negative charge could develop close to the dust 

particles and hence reduce their field enhancement effect. 

More recently, the effects of larger size particles, consisting of 

aluminium or copper wire particles measuring 3 or 6 mm long by 

0.45 mm diameter or of aluminium or copper shavings of less than 

0.5 mm dimensions, on the flashover voltage of epoxy resin spacers 

J 

in SF6 have been studied by Voss65. He used a co-axial arrangement 

and measured flashover voltages over a range of pressure from 1.5 

to 5 bar by applying oscillating switching impulses. As in the 

results obtained by Fleming 
63 

, albeit under different experimental 

conditions, there was an increased reduction in flashover strength 

with increase in pressure. In contrast, however, the reduction, 

i 

when using negative polarity impulses, was larger. 
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Laghari et at66 studied the effect of different surrounding gas 

mixtures on the static flashover voltage of epoxy resin spacers, 

10 mm long by 10 mm diameter, situated in a uniform geometric 

field at a pressure of 5 atmospheres. The gas mixture consisted of 

SF6/air, SF/N21 SF6CO2 and SFVHe with percentages of SF6 in the 

mixtures ranging from 0 to 100/. In the absence of the spacer, the 

ranking of the mixture breakdown strengths in decreasing order 

was SF61N21 äF/air, SF6/CO2 and SF /He. The effect of the 

introduction of the spacer was to reduce the breakdown strength by 

as much as 30% but the relative ranking of the resulting breakdown 

strengths remained the same. However, the ranking of the amount of 

reduction or spacer efficiency, which was defined as the ratio of 

flashover voltage with spacer present to lie breakdown voltage of 

the gap alone, was in the reverse order. In other words, the 

highest reductions were obtained with the SF/N2 mixtures. The 

effect of placing a single aluminium particle of I mm diameter, on 

the spacer surface, midway between the electrodes was also investigated. 

This further reduced the flashover voltages with the maximum 

reduction occurring in the range 5- 10% of SF6 for each mixture. 

The effect of intense light falling on an insulator surface in air 

at atmospheric pressure was investigated by Bedrin et al 
67 

using 

static voltages. A Xenon flashlamp was used as the intense light - 

source and it was found that illumination of the dielectric surface 

reduced the flashover voltage by a factor of more than twenty. 

However, this effect did not occur for insulating materials which 

were not evaporated by the light or which exhibited weak evaporation. 
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In general, therefore, the effect of a spacer is to reduce the 

breakdown strength of an insulating gas in which the spacer is 

situated and this breakdown strength is further reduced in the 

presence of contaminating particles. The amount of reduction Rill 

depend on the insulating gas; the size and shape of the oontaminating 

particles; the material of the dielectric spacer and its profile 

and on the quality of the contact between the spacer and the 

electrodes. 

3.1+ Proposed flashover mechanism for a segmented diverter strip 

3.4.1 Voltage distribution along a segmented strip 

Figure 3.2 shows the electrical circuit representation of a 

segmented strip with the intersegment resistances in parallel with 

intersegment capacitances and the stray capacitance from each 

segment to earth. 

The intersegment resistances of a new strip are of the order of 

1+5 k ohms and the intersegment capacitances are less than 2 pF. 

Therefore, the time-constant of each parallel combination is less 

than 90 ns which is much shorter than that of the applied impulse. 

Hence, the intersegment capacitances have a negligible effect on 

the voltage distribution along a strip. 

When a strip bridges a uniform-field air gap, the high voltage 
83 

plane electrode acts effectively as a shielding electrode thus 

i 

producing a uniform field in the immediate neighbourhood of the strip. 
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This uniform field distribution along the strip is equivalent to the 

disappearance of stray ground fields associated with the stray 

ground capacitances shown in the figure. Therefore, when a strip 

is situated axially and bridges a uniform field air gap, the 

voltage distribution along the strip is governed only by the 

intersegment resistances. 

When a segmented strip bridges a non-uniform field air gap, i. e. 

I 

a rod/rod or a rod/plane air gap, the shielding electrode effect is 

non-existent and this requires the stray ground capacitances to be 

taken into account. In general, the voltage distribution along the 

strip will be non-linear83 and this non-linearity becomes more 

pronounced with increase in strip length. 

3.4.2 Mechanism of flashover 

Owing to the presence of the resistive layer, any charge in the gas 

will be subjected to both a magnetic field and an electric field. 

The force due to a magnetic field is given by the product of the 

charge on the particle and the cross-product of the velocity of 

motion and the flux density. If we consider the flux to be due to 

a current, I, flowing in the z-direction of a cylindrical 

co-ordinate system, the flux density is given by the relationship 

B fox 
where H= I/2-[Tr and H is acting in the A-direction, and r is the 

radial distance of the moving charge from the current carrying 

conductor. 
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For a strip 0.3-m long, the current flowing at voltages close to 

V50 , 100 kV would be about 600 mA. Then -taking r as 0.1 mm, the 

magnitude of the flux density would be of the order of 10- Wb/m2. 
3 

Taking the electron velocity to be 10 cu/sec, the maximum force on 

an electron due to the magnetic field would be of the order of 

10e Newtons, where e is the electron charge. 

As there are 110 intersegment gaps ma 0.3-m strip, the voltage 

across each intersegment gap would be about 900V which is equivalent 

to a mean field of 2.7 MV/m. The force on an electron due to this 

field is then 2.7 x 106 xe Newtons. 

Therefore, the effect of the magnetic field is negligible and charge 

transport can be considered to be due to the electric field. 

The following mechanism is suggested for flashover of a segmented 

strip. When the first intersegment gaps have developed to flashover, 

the voltage collapse across these gaps will cause overvoltages to be 

impressed across the remaining gaps. This will cause further gaps 

to flashover and this regenerative process will lead to the complete 

flashover after a very short time. Initiatory electrons may be 

provided by field emission at the triple-junction points or by 

microdischarges from imperfections on the segments. Also, the 

discharge may be modified by secondary electron emission due to 

photoionization of the dielectric surface 

For a strip situated in a gap having a uniform geometric field, the 

maximum withstand voltage will then be given approximately by 
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v0 = NV 

where V0 is the 0% -flashover voltage for the strip 

N is the total number of intersegment gaps 

VW is the maximum withstand voltage f cr one gap 

and the intersegment resistances are assumed to be equal. 

11 

The flashover voltage variation should therefore be proportional to 

the number of intersegment gaps and, since the number of gaps is 

proportional to the strip length, the- flashover voltage should be 

proportional to strip length. An approximately proportional 

relationship is shown by the results presented in section 6.2.1. 

For a strip situated in a gap having a non-uniform geometric field, 

the maximum withstand voltage should be different from that given 

above. Owing to the non-linear voltage distribution along the strip, 

discharges will be initiated at a lower applied voltage and will 

develop to give flashover of the strip following the flashover 

mechanism proposed. In addition, owing to the increased non-linear 

voltage distribution with increase in strip length, it is expected 

that the relationship between flashover voltage and strip length 

would not be proportional. The results presented in sections 

6.2.2 and 6.2.3. show a lower flashover voltage and a non-linear 

flashover voltage/strip length relationship. 
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APPARATUS AND MKASURING TECHNIQUES 

4.1 High voltage laboratory 

The high voltage laboratory measured 21 x 12 x 11 m. A built-in 

under floor electric heater provided a means of heating the 

laboratory and the air temperature was controlled by means of a 

thermostat. The walls and ceiling of -the laboratory were covered 

with electrically conducting acoustic tiles and these were connected 

to the low voltage end of the potential divider. The plan of the 

laboratory with the various installations is shown in figure 4.1. 

x+. 1.1 Impulse generator 

The circuit diagram of the Ferranti impulse generator is shown in 

figure 4.2. The generator was a high efficiency Marx-type having 

distributed wavefront and wavetail resistors and a total of 

9-stages. Each stage had a 0.08-microfarad storage capacitor rated 

at 175 kV d. c. thus providing a maximum stored energy of 11 kJ and 

a maximum nominal output voltage of 1.5 MV peak. 

The output of the generator was connected to the wavefront capacitor 

via a resistor. The wavefront capacitor consisted of seven similar 

capacitors connected in series, each of 0.01 microfarad and rated 

at 200 kV impulse. Two high voltage busbars branched from the top 

of the wavefront capacitor to the voltage divider and the test-gap. 

.1 

-1 

Firing of the generator was achieved by means of a trigatron spark 
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gap incorporated in the high voltage electrode in the first stage 

of the impulse generator. The trigatron spark-gap was triggered 

to breakdown by a 15 kV pulse from a trigger pulse generator. 

Breakdown of the trigatron spark-gap caused the breakdown of the 

remainder of the spark-gaps thus producing the desired impulse 

voltage. The generator recharged to a predetermined voltage 

automatically after each firing. 

Initially, the voltage to which the generator was charged was 

monitored using a microammeter connected in series with a 400-M ohms 

resistor across the first stage of the impulse generator. This 

method gave an accuracy of + 0.3%. Recently, the operation of the 

impulse generator was automated by incorporating a microprocessor 

system to work along-with the manual control panel. The charging 

voltage monitoring system was replaced with a voltage divider 

across the first stage of the impulse generator. The voltage 

divider had an upper arm of 400 M ohms and a lower arm of 2k ohms. 

The electrical signal from the divider was converted to an 

optical one and fed to the microprocessor system which could control 

the charging voltage with an accuracy of + 0.1%. 

Owing to the use of the image intensifier and converter camera, 

it was necessary to have the laboratory in complete darkness. This 

required the prevention of the light emitted from the impulse 

generator's interstage spark-gaps from illuminating the laboratory. 

This was effected by enclosing the complete generator with heavy 

black polythene curtains suspended from the roof. 
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4.1.2 Trigger-pulse generator 

The trigger-pulse generator was essentially a single stage impulse 

generator and the circuit diagram is shown in figure 4.3a. The 

blocking capacitor had a capacitance of 5000 pF. 

On closing switch S, the circuit could be approximated by the 

equivalent circuit shown (figure 4.3b). A negative 15 kV pulse 

would be developed between the trigger electrode and the 

hemisphere thus initiating breakdown of the trigatron spark-gap. 

Production of a positive 15 kV pulse to the trigger electrode of 

the trigatron spark-gap could be realised by interchanging the 

rectifier diodes. Cross-over shorting-links were available for 

this purpose. 

4.1.3 Voltage divider 

The voltage divider was a capacitive divider with a series 

damping resistor. The upper arm of the divider consisted of two 

65-pF capacitors connected in series and the lower arm consisted 

of twelve 0.05-microfarad capacitors connected in parallel. The 

signal from the lower arm was fed to an oscilloscope via a coaxial 

cable matched at the input end. The oscilloscope used was a 

Tektronix type 555 with a bandwidth of 30 MHz and it was situated 

inside a screened room. Additional screening of the coaxial cable 

was provided by means of a flexible corrugated steel tube which 

/ 

was earthed at the voltage divider. 
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4.1.4 Screened room 

The screened room was a Belling & Lee shielded enclosure with 

dimensions of 3.4 x 2.2 x 2.2 m high. It was situated on a 

raised platform 0.8 m high and earthed through the flexible 

corrugated tube mentioned in section 4.1.3. 

Power supply in the screened room was provided by an external 

generator through shielded cables and an r. f. interference filter, 

Belling & Lee type L1822. The generator was electrically 

isolated from the rest of the supplies in the laboratory. 

All measuring and recording systems which required electrical 

power for operation were situated inside the screened room. A 

porthole was cut in the wall of the screened room facing the 

test-gap for the purpose of recording using the image converter 

camera. 

Triggering of the impulse generator from inside the screened room 

was achieved through a pneumatically operated microswitch or by 

depressing a designated key on the keyboard of the microprocessor 

control system. 

4.2 Impulse waveshape and polarity 

Impulse voltages with positive polarity were used throughout the 

i 

experiments. 
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On firing the impulse generator, the circuit could be approximated 

by the equivalent circuit shown in figure 4.4 where Cl is the 

effective capacitance of the storage capacitors, C2 is the 

effective capacitance of the wavefront capacitor, RI is the sum of 

the distributed wavetail resistance and R2 is the sum of the 

distributed wavefront resistance plus the external resistance. The 

impulse waveshape would thus be governed by the values of C1 , C2, 

RI and R2. 

In practice, C1 and C2 were kept constant and the impulse waveshape 

was altered by changing the values of RI and/or R2, i. e. Rf and/or 

Rt - the distributed wavefront and wavetail resistors respectively. 

Rf and Rt had values of 28 ohms and 500 ohms respectively for a 

1.7/39 - microseconds lightning impulse and values auf 6.16 k ohms and 

50 k ohms respectively for a 300/2600 - microseconds switching 

impulse. Only the short-fronted 1.7/39 - microseconds impulse was 

used for the following reasons: 

aý it was recommended in the UKAEA Report6, Number CLM-R163, that 

lightning impulses should be used in the testing of radomes. 

Since the segmented strips are mounted on the surfaces of 

radomes, it is considered appropriate that lightning impulses be - 

used in tests on segmented strips; 

bý if the long-fronted impulse was used, the effective wavetail 

resistance would be of the same order of magnitude as the 

resistance of the segmented strip thus altering the waveshape, 

and 
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C) as shown in Appendix 14.1 , the action integral of a switching 

impulse up to the time-to-crest is about 5 times the action 

integral of a full lightning impulse. Since the strips are 

damaged by the applications of a full lightning impulse, 

damage to the strips will result before the crest-value is 

reached if switching impulses are used. 

4.3 Gap configuration and electrodes 

To establish the effect of the gap configuration on the flashover 

characteristics, plane-plane, rod-plane and rod-rod geometries 

were used. 

The gap geometry was defined with all the earth electrodes situated 

2m above ground. 

Raising the earth electrode had an additional advantage. Focusing 

of the optical system was made much easier because the camera and 

the gap were at about the same level above ground. 

4.3.1 The plane electrode 

I 

The earth-plane in both the rod-plane' and plane-plane configurations 

had a diameter of 1.83 m. It consisted of a 1.8-m diameter 

aluminium sheet as the plane with 
"a 0.3-m diameter cross-section 

toroid mounted on the periphery to reduce edge effects. The 

aluminium sheet was reinforced by a wooden cross-beam on the 

i 

underside. 
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A 27.5-mm diameter hole was bored at the centre of the electrode 

and fitted with an aluminium insert having 'a slot to accommodate 

the width and thickness of the segmented strip. This allowed the 

same strip to be used in the investigation of the variation of 

flashover voltage with segmented strip length. A leaf-spring 

was incorporated in the slot to ensure that the segmented strip 

was earthed. 

A wooden tripod was used to maintain the clearance of 2m above 

ground for the earth-plane. 

The high voltage electrode was an aluminium spinning having the same 

diameter as the earth plane electrode. A wooden cross-beam was 

also used to support this electrode so that it could be suspended 

from the high voltage busbar. 

Two holes of 1mm diameter were drilled in the centre of the high 

voltage electrode to allow the two ends of a nylon thread to pass 

through. The nylon thread was used to hold the upper end of the 

segmented strip in contact with the high voltage electrode or to 

maintain the upper end of the strip with a fixed gap clearance 

from the surface of the high voltage electrode. 

1.3.2 The rod-electrodes 

Each rod electrode consisted of a two-metre length of steel tube 

capped by a hemispherical ended brass rod. The tube and rod each 

had an outer diameter of 32 mm. 
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Each brass rod had a slot to accommodate the segmented strip with 

the excess space filled'by a brass insert which kept the part of 

the segmented strip inserted into the slot at the same potential as 

the electrode. A countersunk pinch-screw kept the segmented strip 

and the insert in position. The plan and elevation of the high 

voltage brass rod is shown in figure 4.5. 

The brass rod for the earth electrode -was slightly different from 

that shown in figure 1+. 5. The length was about 50 mm and the slot 

ran from end to end. This allowed the same segmented strip to be 

used in the investigation of the variation of flashover voltage with 

segmented strip length. 

4.4 The chopping gap system 

In most test systems, a parallel chopping gap is normally used to 

dump the stored energy from the impulse generator once it is 

detected that the total current through the test object has 

increased beyond a critical level. In the present case, dumping of 

the stored energy was only desired when flashover of the segmented 

strip was not likely to occur since this would probably result in 

the segmented strip being damaged. 

The basis of the chopping gap system is as shown in figure 4.6. 

It was basically a three-electrode gap where the middle electrode 

was biased to a static potential of Vdc and the upper electrode was 

effectively at ground potential before the application of the 

-1 

voltage impulse. The lower gap was set to withstand the bias 
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voltage. The capacitor, C3, across the lower gap maintained the 

static potential of the' middle electrode -when an impulse voltage 

was applied to the upper electrode. The upper gap was set to 

withstand the voltage given by VP - Vdc 
-, where VP . nVdc and n>1. 

When the lower gap was triggered to breakdown at or immediately 

after the peak of the impulse., the middle electrode was brought 

to ground potential and this effectively overvolted the upper 

gap by approximately (100/(n-1))%. Provided that the overvoltage 

exceeded the V100 of the upper gap, it would then break down and 

divert the stored energy of the impulse generator away from the 

test-gap. 

4 . 4.1 Design of the chopping gap system 

To make use of the existing facilities, n was chosen to be 9 

(it was later changed to 7 for reasons discussed in the following 

section) so that Vdc was equal to the stage voltage of the impulse 

generator. 

The chopping gap thus adopted is shown in figure 4.7. The 

capacitor, C3, had a value of 0.01 microfarad and was rated at 

200 kVdc. The 2-M ohms resistor prevented appreciable discharge of 

the capacitor, C3, after the impulse generator had been triggered. 

For the lower gap, a trigatron was the most obvious triggering 

device in view of the magnitude of the voltage across it. With 

n=9, the upper gap would be overvolted by a maximum of 12.5% 

which dictated the use of a uniform field gap to ensure that the 

overvoltage exceeded the V100 of the upper gap. The use of a pair 
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of Bruce profile electrodes or similar would be ideal in establishing 

the uniform field. However, the capacitance between such electrodes 

would be too large for the system and as a compromise two 1-m 

diameter sphere electrodes were used (see Appendix 4.2). 

4.4.2 Design of the trigger circuit 

Preliminary tests performed on the segmented strip indicated that 

flashover of the strip tended to occur on the wavefront or around 

the peak of the impulse voltage wave. Therefore, damage to the 

segmented strip would be prevented if the chopping gap could be 

triggered to breakdown at a predetermined time after the peak of 

the applied voltage impulse. Several trigger circuits were 

considered and tested and the results are given in the following 

sections. 

4.1.2.1 Trigger circuit I 

The circuit diagram of the trigger circuit is shown in figures 

). 8a and b. It was designed with the common earth-rail isolated 

from the earth of the impulse generator because the trigger 

circuit would be operating in a high voltage impulse environment. 

The input signal was coupled optically to a non-retriggerable 

monostable which, when triggered, produced a 3.6-V positive pulse 

having a pulse width of 10 microseconds. When the two transistors 

were turned-on, the charged 10-microfarads capacitor supplemented 

the conduction current of the transistors because the turn-on 

i 

current required for the silicon-controlled-rectifier was 50 mA. 
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The purpose of the 3-eleotrode sphere gap (figure )+. 8b) was to 

attempt to reduce the time jitter to breakdown of the trigatron 

by increasing the energy in the pulse applied to it 
686 

The circuitry was double-screened and placed in a large copper box. 

Dry-cell batteries were used for the low voltage supplies. The 

300-V supply was obtained from an inverter operating from 2x 1-5-V 

dry-cell batteries. The 10-kV supply was produced by a diode- 

capacitor-voltage-tripler from the 250-V mains supplying the 

impulse generator charging circuit. 

This circuit did not perform to expectation due to noise 

injection via the pulse transformer. In view of the difficulty 

of operating electronic circuits in a noisy environment, trigger 

circuit 2 was considered. 

4.4.2.2 Trigger circuit 2 

The principle involved is explained with reference to figure 4.9. 

Curve I represents the impulse voltage applied to trigger the 

impulse generator and curve 2 represents the impulse voltage 

applied to trigger the chopping gap. Both impulses start at the 

same time. If the minimum trigger voltage level required to 

operate each trigatron is as shown, the impulse generator will be 

triggered at time T1 and the chopping gap will be triggered at a 

later time of T2. Assuming negligible time jitter in the operation 

of the two trigatrons, then (T2 - TI) will represent the time-to-chop 

of the applied voltage impulse. 
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The trigger circuit is shown in figure 4.10. The top half of the 

circuit provided the trigger pulse for the trigatron in the impulse 

generator whilst the bottom half provided the trigger pulse for the 

trigatron in the chopping gap. By using the same static charging-, 

voltage and the same shorting contacts, S, any difference in the 

starting times of the two trigger voltage impulses was eliminated. 

Also, the trigatron in the chopping gap was identical to the trigatron 

in the impulse generator so that there was no difference in the 

trigger voltage levels. On closing switch, S. each half of the 

circuit can be represented by an equivalent circuit as in figure 4.3. 

Therefore, varying the resistance, R3 of figure 4.10, will vary the 

wavefront of the voltage impulse applied to the trigatron in the 

chopping gap and hence, the time-to-chop of the applied test 

voltage. 

Surprisingly, the performance of this trigger arrangement was not 

much better than that of trigger circuit I. Examination of the 

physical layout of the system showed that: 

a) for a positive impulse generator charging voltage, the 

trigatron in the impulse generator was anode-triggered whereas 

the trigatron in the chopping gap was cathode-triggered, and 

i 

b) the earth of the trigatron in the chopping gap was not brought 

directly to the earth of the charged capacitors of the impulse 

generator but via the earth of the wavefront capacitor which was 

situated about 2.5 m away. 

P 
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Several authors68,69,70have shown that the operating characteristics 

of anode-and cathode-triggered trigatrons are different. Therefore, 

it was decided to alter the physical layout so that a) both 

trigatrons were anode-triggered, and b) the trigatron in the 

chopping gap had the same 'earth' as the trigatron in the impulse 

generator. 

4.4.2.3 Trigger circuit 3 

In the preceding section, it was considered that both trigatrons 

should be anode triggered and that both should be earthed at the 

same point. The former requirement could be realised without much 

difficulty. As for the latter requirement, it should be satisfied 

by arranging the trigatrons to be as close as possible thus making 

the earth-connection as short as possible. 

Fortuitously, the construction of the impulse generator was such 

that only minor modifications were required to satisfy both these 

requirements. Figure 4.11 shows the construction of the first four 

stages of the 9-stage impulse generator. The storage capacitors 

are stacked one above another but electrically insulated from one 
r 

another by isolators of equal dimensions. To limit the height of 

the resultant vertical column, the complete impulse generator is - 

made up of two columns and the stages are identified as shown in 

figure 4.11. 

The two requirements were satisfied by making SG1 and SG3 the 

triggered gaps in the chopping circuit and in the modified impulse 
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generator respectively. The trigatron in SG1 was duplicated in SG3. 

Complete isolation of the third stage from the first and second, 

stages was achieved by removing the charging-resistor, Rc, between 

the second and third stage and by connecting the low voltage end of 
11 

the third stage to ground. The distributed wavetail resistor, Rt, 

across the first stage was replaced by a shorting-link and the rest 

of the distributed wavefront, Rf, and wavetail resistors across the 

first and second stage were removed. -The first stage was used as 

the static bias and the storage capacitor of the second stage served 

as an additional coupling capacitor between the trigger circuit 

and the trigatron. The complete circuit of the modified impulse 

generator and the trigger circuits f or the two trigatrons is shown 

in figure 4 . 12. 

In using the first and second stages for the chopping gap system, 

an additional advantage was realised. The length of the trigatron 

spark-gap in the chopping circuit was automatically adjusted in 

tandem with the length of the interstage spark-gaps of the impulse 

generator -a feature not readily available when the trigatron in 

the chopping circuit was remote from the impulse generator. The 

sacrifice was, of course, a reduction in the maximum impulse 

voltage to 7/9th of that previously available. 

The system was tested for different times-to-ohop of the applied test 

voltage and performed satisfactorily. For a fixed gap setting, the 

times-to-chop, as observed on an oscilloscope, were found to be 

consistent to within + 0.4 microsecond. The time-to-chop was 

finally set at 5 microseconds for future tests. 
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4.5 Probe for current measurement 

The pre-flashover current was recorded by means of a probe shown in 

figures l+. 13a and b. The measuring probe was isolated from the earth 

electrode to prevent measuring the displacement current of the gap. 

The clearance of approximately 1 mm between the brass insert and the 

earth electrode was essentially a protective spark-gap in parallel 

with the measuring resistor and operated when flashover occurred 

across the segmented strip. The measuring resistor consisted of 

six 100-ohms resistors in parallel and the sum of this value and R4 

was equal to the characteristic impedance of the coaxial cable. 

1+. 6 Optical systems 

4.6.1 Image converter camera 

Time resolved photographs were obtained using an Imacon converter 

camera model 790 manufactured by Hadland Photonics Ltd. The tube 

had a photocathode with S20 spectral response and an UV transmitting 

window. The light gain was 40 times per unit area for white light 

(50 times at 440 nm). The total gain was four times the above 

figures because the image size at the output was twice that of the 

photocathode which Ras, 9 mm high by 8 mm wide. The output image 

was displayed on a P11 medium persistence phosphor screen having a 

fibre optic output for direct contact recording on film. The mode 

of operation of the camera was set by the type of plug-in used. 

The two modes of operation used were: - framing and streak. 
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Framing, mode. In the framing mode, individual frames of a discharge 

were produced as shown in figure 4.14. The number of frames could 

be continuously varied from 8 to 16. The two plug-ins used had 

framing rates of 2x 106 frames per second and 2x 107 frames per 

second. These gave exposure times of 100 ns and 10 ns and time 

between frames of 400 ns and 40 ns respectively. The framing 

sequence was initiated by a single trigger pulse from a separate 

pulse generator. 

Streak mode. In the streak mode, the image at the output was swept 

from left to right at a speed determined by the streak speed. For 

the plug-in used, one of the four preset speeds of 1 ns, 2 ns, 5 ns 

and 10 ns per mm could be selected. The trigger pulse required also 

came from the separate pulse generator. 

4.6.2 Image intensifier unit 

The unit used was the image intensifier system type T2001 

manufactured by EMI Industrial Electronics Ltd. The 4-stage 

intensifier tube was air-cooled and had a typical gain of 106 at 

33 W. The input photocathode was of the bialkali type (SbNaX) 

which gives exceptionally low electron dark current -a typical 

maximum being 10 counts/cm2/s. The window of the tube was of 

sapphire which gave a response at wavelengths down to less than 

200 nm. The disadvantage of the sapphire window was to increase 

the electron dark current by a factor of two because of scintillations 

occurring in the window due to cosmic rays and natural radioactivity. 
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4.6.3 Pulse generator 

The trigger pulse generator was a type PG-75A manufactured by 

Lyons Instruments Ltd. Figure 4.15 shows the input/output 

connections to the generator. The cathode-ray-oscilloscope was 

triggered by the signal from the high voltage divider and the 

oscilloscope's gating pulse was used to trigger the trigger 

pulse generator. The output pulse from-the generator was delayed 

before being applied to the Imacon converter camera. The amount 

of delay could be varied and depended on the inherent delay in 

the triggering of the converter camera. A typical delay setting 

was approximately 0.5 microsecond. 

4.7 Additional analytical aids 

4.7.1 Philips scanning-electron-microscope 

A Philips scanning-electron-microscope, PSEM 500, equipped with a 

Links System 860 for spectroscopic detection and quantitative 

analysis of elements, was used for the observation of the surface 

of the strips and for analysing the elements present in the strips. 

14.7.2 Automatic recording microdensitometer 

Owing to the short development time of the discharge, it was 

difficult to interpret the streak photographs without bias. For 

this reason, a MK III CS double-beam automatic recording 

.1 

microdensitometer manufactured by Joyce, Loebl & Co.., Ltd. was used 
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to produce image-density/time curves. 

4.8 5C% flashover voltage, V O, and mean voltage at flashover 

4.8.1 50% flashover voltage, V50 

There are two generally accepted method of estimating the 5( 

flashover voltage. In the first method, voltage impulses having 

a constant prospective peak value, say Vest' are applied r times. 

If , as a result of these r applications, there are s flashovers 

then the probability of flashover at the level Vest is given by s/r. 

In this way, by changing the applied voltage levels, a range of 

probability between 0 and 1 can be obtained. The results are then 

plotted on probability paper and a best straight line drawn through 

the points. The values of V50 and its 95% confidence levels can 

then be estimated 
71 '. 72' 73. 

However, this method requires many 

voltage applications and is not suitable f or the present study due 

to the tendency of the segmented strip to be damaged. 

The other method requires many fewer voltage applications to be 

made and is known as the 'Up & Down' method 
74. A likely value of 

V50 is chosen and a voltage impulse having this amplitude is then 

applied. If a flashover occurs, the next applied voltage will be 

reduced by LV. If a withstand results, the next applied voltage 

will be increased by LV. This decision-making process is also 

applied for the remainder of the voltage applications. A detail 

description of the method and the formulae used to compute the V50 

,l 

and its 95% confidence levels are given in Appendix ) . 3. 
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In the 'Up & Down' method, the applied voltage levels should 

oscillate about the actual V50 level. Hence, this oscillatory 

characteristic should be achieved in any tests on the segmented 

strips for any mathematical computation arising therefrom to be 

valid. This oscillatory characteristic is exhibited when a length 

of segmented strip has been conditioned and is termed the stable-phase 

in section 6.1. 

4.8.2 Mean voltage at flashover 

If, for each application of an impulse voltage which is at a level 

giving 50% probability of flashover, the voltage at the instant of 

flashover is then recorded then the mean voltage at flashover is 

-given by the arithmetic mean of these values. 
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5 PRELIMINARY INVESTIGATION ON THE SEGMENTED STRIP 

5.1 Physical properties 

5.1.1 Construction and material composition 

The strip is made up of a series of conducting segments which are 

11 

joined by a resistive layer. These were fabricated on a dielectric 

substrate and the physical dimensions are as shown in figure 2.1. 

That the segments are made of nickel-plated copper was confirmed by 

X-ray analysis, figure 5.1. The resistive layer is formed from 

carbonised-resin and the dielectric substrate is a fibreglass 

laminate. For rain erosion prevention, the side surfaces are 

coated with neoprene or a polycarbonate layer. X-ray analysis of the 

dielectric medium revealed a significant proportion, 881, of titanium 

(figure 5.2). This could be present as Ti02 which is used commercially 

both as a filler and a white pigment75 and the strip is actually 

glossy white. Carbon, hydrogen and oxygen were not detected 

because the lightest element which could be confidently detected was 

magnesium. 

5.1.2 I_rsegment capacitance 

Attempts were made to measure the intersegment capacitance using a 

Wayne-Kerr bridge. However, due to the low conductance presented by 

the resistive layer, the best estimate was approximately 2pF. A 

simple check using the equation, C =A E0E. /d, for the capacitance 

of two parallel plates gave the intersegment capacitance as 1.5 PF 
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assuming A=1 mm x 10 mm, Er=5, d=0.3 mm and Co = 8.854 x 

10-12 F/m. Therefore, it is likely that the intersegment 

capacitance is not greater than 2pF. 

5.1.3 Intersegment resistanoe 

The intersegment resistances were measured using a low direct- 

voltage source. Measurements were undertaken using two unused 

segmented strips of 1.2-m length and the results are presented in 

figures 5.3a and 5.3b and in figures 5.4. a and 5.4b. 

The values of intersegment resistance for one strip ranged from 15 

k ohms to 330 k ohms with a majority, 11+5 out of 442, laying 

between 30+ and 40 k ohms (figure 5.3b). The values far the other 

ranged from 21+ k ohms to 185 k ohms with a majority, 124 out of 442, 

also laying between 30+ and 40 k ohms (figure 5.4b). Except for 

the extreme values the distributions of intersegment resistances 

in the two strips are similar, albeit non-uniform. 

Also, a discrepancy was noted between the measured resistance of 

a 1.2-m length of strip and the sum of the individual intersegment 

resistances. The corresponding values for one strip were 14.58 M 

ohms and 19.75 M ohms and for the other strip were 15.6 M ohms and 

21 . 15 M ohms. As the resistive layer was basically brushed on, this 

discrepancy could be due to the contact resistance between the 

resistive layer and each conducting segment. The brushed-on method 

of producing t he resistive layer may also be the cause for t he 

tendency of higher values of intersegment resistance to be 

.1 

p 



J 

1 

concentrated on one half of the strip (figures 5.3a and 5.4a). 

With reference to the proposed flashover mechanism (section 3-4). 

it would be possible to predict the point of initiation of 

flashover if the intersegment resistances remained constant thus 
11 

maintaining the spat io-relationship. However, owing to the possible 

existence of contact resistance, the intersegment resistances may 

change. These possibilities are investigated in the next section. 

5.2 Change in intersegment resistances with repeated applications 

of voltage impulse (Full wave) 

5.2.1 Using voltage impulses at levels below V0 

The experimental arrangement was as shown in figure 5.5. The 

length of segmented strip used was 0.1L+m. Before' commencement of 

the test, the intersegment resistances were measured. A voltage of 

91.8 kV prospective peak was then applied to the strip without 

causing a flashover. The intersegment resistances were measured 

again and the values were found to have been reduced. The 

second impulse applied had a higher voltage of 97.6 kV prospective 

peak and a flashover resulted. The intersegment resistances were 

again measured with evidence of further reduction in value. The 

third, fourth and fifth impulse applied had values of 91 .8 kV 

prospective peak and the intersegment resistances were measured 

after each application of the voltage impulse. 

The spatial plot of the intersegment resistances in log-linear 



scale is shown in figure 5.6a and in linear-linear scale in figure 

5.6b. As high-lighted in figure 5.6b, the, intersegment resistances 

were reduced considerably after the application of only one voltage 

impulse and after five applications of the voltage impulse, the non- 

uniformity of the intersegment resistances was greatly improved. 

At this stage, the ratio between successive intersegment resistances 

was still as high as 3: 1 (figure 5.6c). Figure 5.6d shows histograms 

of the intersegment resistances, each, corresponding 'to one set of 

the results shown in figure 5.6b. After only 5 applications of the 

voltage impulse, all intersegment resistances had been reduced to 

less than or equal to 24+ k ohms with a majority between 10+ and 

12 k ohms. 

5.2.2 Using voltage impulses at levels above V100 

A new 0.14-m length of strip was used and the procedure and 

experimental arrangement were as in section 5.2.1. The voltage 

impulse applied had a 120.5-kV prospective peak value and the 

intersegment resistances were measured before the test; after the 

eleventh application of the voltage impulse and after the twenty- 

second application of the voltage impulse. 

The results are shown in figures 5.7a to d which, like those of 

figures 5.6a to d, revealed a tendency for the intersegment 

resistances to be reduced with repeated applications of a voltage 

impulse. In this investigation, all intersegment resistances 

were reduced to less than or equal to 12 k ohms with a majority 

between 4+ and 6k ohms. 
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5.2.3 Using voltage impulses at levels between Vo and V100 

The experimental arrangement was as shown in figure 5.5 and a new 

0.3-m length of strip was used. In thin test, the impulse applies 

had a prospective peak of 200.9 kV which was estimated to lie 

between V0 and V100 for this length of strip. The estimate made was 

based on the results of section 5.2.1. 

Before commencement of the test, the intersegment resistances and the 

strip-resistance were measured. As expected, there was a discrepancy 

between these two values with the sum of the individual intersegment 

resistances being greater than the strip resistance. Impulses were 

then applied to the strip which caused a sequence of flashovers 

and non-flashovers. The test was terminated when 100jß flashover 

was obtained between the 45th and the 62nd impulse application. 

strip resistance was again measured and found to be 0.65 M ohms 

compared with an initial value of 0.96 M ohms. 

The 

It was observed that on the rear of the segmented strip (i. e. the 

side on which the resistive layer was situated) the dielectric 

coating had been removed and the resistive layer exposed. Apparently, 

this damage was the cause of the 100 flashovers. Flashover was 

evident due to the presence of burn-marks in the immediate vicinity 

of the damaged area (figures 5.9 and 5.10). 

0 

As a result of the flashovers across the front surface there were 

'carbon' deposits between segments as shown in figure 5.8. Removal 

of these deposits increased the strip-resistance from 0.65 M ohms 



to 0.675 M ohms, i. e. by about 4%. 

were again measured. 

The intersegment resistances 

Table 5.1 shows the results of the measurements taken and the 

observations made. As expected, the values of the intersegment 

resistances were reduced from an average value of 18 k ohms to an 

average value of 6k ohms. The results appear to confirm the 

possibility that high contact resistances exist between each segment 

and the resistive layer. Before the application of impulses to the 

strip, the sum of the individual intersegment resistances was 

approximately 2M ohms and the strip resistance was 0.96 M ohms. 

After the application of impulses, the difference between these 

resistances was negligible with the sum being 0.678 M ohms and the 

strip-resistance 0.675 M ohms. In addition, it appeared that the 

flow of current through the resistive layer improved the conductivity 

of the layer too. This was shown by the reduction of the strip- 

resistance from 0.96 M ohms to 0.675 M ohms. Also, it appeared that 

the intersegme nt resistances of damaged areas were relatively higher 

than those of undamaged areas. These higher values probably result 

from some inevitable removal of material comprising the resistive 

layer. 

The reduction in intersegment resistances appeared to result from 

the better electrical contact achieved between each segment and the 

resistive layer after a flow of current through it. The contact 

resistance falls with every application of a voltage impulse and 

finally became negligible when the intersegment resistances 

stabilised at values between 4 and 6k ohms. As discussed in 

i 

f 



section 3.4, flashover voltage of a segmented strip is dependent upon 

the intersegment resistances. Therefore, it would be necessary to 

resistance-stabilise a segmented strip by repeated applications of 

a voltage impulse before any test was made. 

Apparently, damage occurring on the rear of a segne nt ed strip 

reduced the withstand voltage. Investigations on the cause of 

damage and on methods to prevent the occurrence of damage are 

reported in the following sections. 

5.3 Rate of deterioration of segmented strip with repeated 

impulse applications (Full wave) 

5.3.1 With voltages less than the flashover value 

The experimental arrangement is shown in figure 5.5. A partially 

damaged 546-mm long segmented strip was used. This, however, was 

of no consequence as the aim of the test was to establish whether 

more intersegment surfaces at the rear would be damaged by the 

application of impulse voltages at less than the flashover value. 

The voltage level applied was 160 kV peak and the frequency of 

application was one impulse every 50 seconds. After the application 

of 70 impulses, flashover occurred on every subsequent impulse. 

The level of the applied voltage was then reduced to 150 kV peak 

for the remainder of the test which was terminated after about 2 

hours. Observation of the strip revealed that an additional 119 

intersegment surfaces had been damaged. These results are tabulated 

- 

in Table 5.2. 



5.3.2 With voltages higher than the flashover value 

The experimental arrangement is shown in figure 5.5. For the reason 

mentioned in the preceding section, a partially damaged 0.14-m long 

segmented strip was used. The voltage level of the impulse applied 

was 160 kV which was about 1 .5 times the V50 flashover value. The 

frequency of impulse application was one every 40 seconds and the 

duration of the test was about two and three-quarter hours. At the 

end of the test, no additional damage to the intersegment surfaces 

on the rear of the strip was evident. The results are tabulated in 

Table 5.3. 

It appeared that no damage to the resistive track occurred if the 

applied voltage was such as to produce flashover of the strip. 

Damage only occurred if the strip withstood a voltage in excess of 

a critical value. 

5.3.3 With voltages between V0 and V100 

The experimental arrangement is shown in figure 5.5. A new 0.3-m 

length of segmented strip was used. An estimate of the 50jß 

flashover-voltage level was obtained by performing the 'Up & Down'74 

test on the strip for a total of 18 impulses. The estimate of V50 

resulting from this test was 192.2 kV and no damage to the interseg- 

ment surface at the rear was observed. For subsequent application 

of impulse-voltages, the voltage level was fixed at 192.2 kV and 

the rear surface of the strip was inspected for damage after every 

fifth flashover. The test was terminated when it became clear that 



flashover would result on each application of the impulse-voltage. 

Table 5.1+ is a tabulation of the results obtained. It shows that 

the applied voltage level of 192.2 kV was higher than the 5 level 

and was close to the 1001 level after the application of the 62nd 

impulse. At this point, 11 intersegment surfaces were damaged out 

of the total of 111 and 'burn' marks were to be seen in the vicinity 

of 3 of them. With the application of the next 22 impulses, 9 

additional intersegment surfaces were damaged and 'burn' marks 

appeared on another 13 intersegme nt gaps. There was an apparent 

correlation between reduction in the withstand level of the strip 

and damage to the intersegment surfaces at the rear. 

Figure 5.11 shows the complete rear view of the segmented strip. 

Scanning-electron-microscope photographs of the damaged area are 

shown in figure 5.12. Evidence of arcing between the segments at a 

damaged intersegment surface was revealed by metal erosion on the 

segments and also by the formation of a channel between the segments 

probably due to vapourisation of the carbonised-resin. 

Scanning-electron-microscope photographs of the front of a segmented 

strip are shown in figures 5.13 and 5.11+. The former figure shows 

the surface structure of the segments and the surface between them 

on a new length of segmented strip and the latter figure shows 

corresponding regions on a strip which has been flashed over. As 

a result of the flashover, melting was evident although confined to 

the section of the segments nearest to the intersegment gap. The 

i 

dielectric surface between the segments contained particles which 



appeared to have come from the segments. The 'carbon' deposits were 

situated around the intersegment gaps on the dielectric surface as 

well as on the segments. X-ray analysis of the deposits (figure 

5.15) on the dielectric surface produced results which were not 

much different from those of a dielectric surface of a new segmented 

strip (figure 5.2). This showed that the deposit contained mainly 

elements which are below magnesium in the periodic table. However, 

quantitative analysis of the same region showed the presence of 

0.7 - 1.4% of nickel. The corresponding value for a new segmented 

strip was 0%. Quantitative analysis of the intersegmnt surface 

outside the area of the deposit also showed the presence of nickel 

in the same order of magnitude. Tentative results from an Auger 

analysis76 gave the composition of the dielectric as 95% carbon; 

2.5% oxygen; 1.9% titanium and 0.6% sulphur, and the compsition 

of the conducting segment as 79.1% carbon; 10.7% oxygen; 5% 

titanium; 1+. 1% nickel and 1.1% sulphur. It should be noted that 

the samples used in the X-ray and Auger analyses were not the same 

although both were taken from used strips. From the X-ray results 

it can be concluded that, very probably, a small amount of nickel 

had been eroded from the segments and deposited on the intersegment 

surfaces. 

Figure 5.16 shows the location of the 'carbon' deposit on the strip 

surface. Although a high percentage of carbon was detected in the 

deposit outside the segments, it was not possible to conclude the 

presence of carbon in the deposit because the dielectric surface 

was carbon based. However, the detection of a high percentage of 

i 

carbon in the deposit on the segments did indicate that the deposit 



was indeed carbon because the segments were made of nickel-plated 

copper. 

Integrated photographs of the light emission from the discharges on 

the strip were taken both 'face-on' and 'side-on'. Only two 

intersegment gaps were observed for reasons of spatial resolution 

and the rear surface of one of the gaps had been damaged. This was 

arranged in order to investigate whether flashover was still 

occurring on the front of the intersegment gap while there was 

damage at the rear. The results are shown in figures 5.17 and 5.18. 

Flashover only occurred across the front when the rear surface was 

not damaged and only occurred across the rear when the rear surface 

was damaged. The latter observation was interesting in view of the 

fact that the separation between the square segments at the rear is 

5 times that between the corresponding circular segments at the front. 

The implication here is that segments having high stress points, e. g. 

corners of a square, have a higher probability of initiating a 

flashover. Hence, a reduction in the withstand voltage, of a 

segmented strip is expected when the strip is damaged and these 

high stress points are no longer covered by the insulating layer. 

The light emission due to the flashover at the rear appeared to be 

more active than that of the front. In general, the discharge was 

a single channel between the segments. However, in one case there 

seemed to be two discharge channels which were parallel and displaced 

from the axis of the intersegment gap. 

5.4 Behaviour of segmented strips when mounted on a dielectric 

In practice, the segmented strip is normally mounted on a radome 
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surface. This condition was simulated in the laboratory by mounting 

the segmented strip on 'transparent perspex or by applying, a thick 

layer of adhesive to the back of the strip. This simulation was 

undertaken to determine whether damage to the strip could be prevented. 

The experimental arrangement is shown in figure 5.5. Four new 

lengths of segmented strip, each 0.14m long, were used and were 

prepared in the following manner. 

a) The first segmented strip was stuck on to a piece of clear 

perspex, using two component quick drying adhesive, and the 

circular conducting segments were left exposed. 

b) The second was prepared in a similar manner but using the 

recommended two component epoxy adhesive provided by the 

Royal Aircraft Establishment, Farnborough, U. K. 

c) The third was coated on the back with aI mm thick layer of 

two component quick drying araldite adhesive. 

d) The fourth was prepared in a similar manner as the third but 

using the recommended two component epoxy adhesive. 

An 'Up & Down' test was performed on each of the strips and the 

test was terminated for each when it became apparent that further 

applications of impulse voltages would cause 1001% flashover. The 

results of the tests are shown in figures 5.19 to 5.22. At the end 

of the tests, the condition of the segmented strips was as follows. 

a) The first strip had separated from the perspex except for about 

30 mm at the earthed end. It was evident that the araldite was 

not suitable for bonding to the segmented strip because the 

araldite remained on the perspex surface over most of the 



separated section and left no traces of araldite on the surface 

of the segmented strip. In addition, 22 of the 51 intersegment 

surfaces had been damaged by the application of 24 impulses. 

J 

b) The second strip also separated from the perspex except for a 

10 mm portion at the high voltage end. The insulation layer 

which was detached from the rear surface of the segmented strip 

remained glued on to the epoxy adhesive which was still intact 

on the Perspex surface. This observation indicated that the 

epoxy adhesive had formed a good bond between the perspex and 

segmented strip surfaces. Altogether, 42 of the 51 intersegment 

gaps were damaged after the application of 35 impulses. 

c) The extent of damage to the third and fourth strips were similar 

to that of the first and second respectively. 

The results indicated that neither mounting the segmented strip on 

an insulating surface nor coating the rear of the strip with a thick 

layer of insulating adhesive prevented the occurrence of damage to 

the back of the segmented strip but indeed appeared to increase the 

rate at which damage occurred. 

5.5 Attempts to obtain a stable strip-flashover characteristic 

The results so far indicated that the withstand voltage of a 

segmented strip would be reduced as a result of damage to the 

intersegment surfaces at the rear. This would undoubtedly alter 

i 

the flashover characteristics of the strip and this was not desired. 



Two approaches to this problem were: - 

a) to maintain the withstand voltage of the strip by some means, 

even though it was damaged, and 

b) to prevent it being damaged at all. I 

5.5 Al 'Repair' of segmented strip 

The first option was attempted by applying a layer of silicon 

grease on to the damaged area. It was considered that the silicon 

grease layer should restore the dielectric strength of the damaged 

area thus preventing discharging at this point on the strip and hence 

maintaining the flashover strength. The term 'repair' is used to 

identify such an attempt. 

Using the experimental arrangement shown in figure 5.5, and a new 

0.14-m length of segmented strip, an 'Up & Down' test was performed 

with the magnitude of the first voltage applied being 91 W. The 

strip was examined for any possible damage after each time that it 

withstood the applied impulse voltage. If damage had occurred, the 

damaged area was 'repaired' before continuation of the test. 

It was noted that arcing across the damaged area was prevented by 

the 'repair' but that the flashover strength was not maintained as 

shown by the results in figure 5.23. After having withstood 11 

impulses, the first damage was observed as shown by point 'a' in the 

figure. That this damage reduced the withstand level of the strip 

is evident from the six successive flashovers following the initial 

damage. At the reduced withstand level, more damage occurred 



(point 'b') and reduced the withstand level further. 

were observed at points '' c' to 'i'. 

More damage 

Air-holes were also visible in the silicon grease layer. The 

presence of these air-holes indicated the escape of gas or gases 

due to intense heating at the damaged areas. It appears that although 

the silicon grease did prevent flashovers across damaged areas, the 

silicon grease is not capable of maintaining the withstand level 

and hence the flashover characteristic of a strip. After 60 

applications of the voltage impulse, the withstand level had 

decreased by about 20I. The other possibility is that the silicon 

grease is effective in preventing flashovers across damaged areas 

and the reduction in withstand level is due to some other factors, 

e. g. conditioning characteristic of section 6.1. 

5.5.2 Application of chopped impulses 

In section 5.3.2, it was shown that no damage to the strip resulted 

when the applied impulse caused a flashover. This could be made 

use of to prevent strip damage during testing. From voltage records 

obtained during an 'Up & Down' test on a segmented strip, the 

maximum time-lag to flashover was determined to be about 3 

microseconds. Time-lag is as defined in figure 5.21 . Therefore, 

if the applied impulse was chopped at a time of, say, 5 microseconds, 
I 

the probability of damage to the strip would be much reduced. 

Table 5.5 shows the effect of chopping time on the action-integral 

of impulses. For chopped impulses having a time to chop77 of 5 

i 

microseconds, the energy deposited per metre into the resistive 



layer would be only 10% of that deposited by a full impulse. 

The chopping gap system used was described in section 4.4. The 

'Up & Down' test was performed on a new 0.5-m length of strip 

bridging a rod/plane gap. The strip was examined for damage after 

every fifth impulse and the test was terminated after a total of 

66 impulses had been applied. 

observed throughout the test. 

No visible damage to the strip was 

In view of the results obtained, a parallel chopping gap system was 

preferred to the silicon-grease 'repair' technique. 

5.6 Summary of results and discussion 

The intersegment resistances of a new length of segmented strip 

varied over a wide range of values. This large variation of 

intersegment resistance was apparently caused by high contact 

resistance between each conducting segment and the resistive layer. 

The contact resistance could be greatly reduced with any of the 

procedures described in section 5.2 and such resistance-stabilisation 

would be desirable if it was assumed that the flashover characteristics 

of the segmented strip was dependent upon the intersegment resistances. 

The result of the stabilisation was to reduce the intersegment 

resistances to about 5k ohms. 

The probability of damage occurring to the intersegment surfaces at 

the rear was greatly increased when the strip withstood the voltage 

applied. The consequence of such damage was to reduce the withstand 
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voltage level of a segmented strip thus altering the flashover 

characteristics. Mount'ing the strip on to a dielectric did not 

prevent damage occurring to the strip nor did the prevention of 

arcing across damaged areas between segments appear to maintain 

the withstand voltage level. The application of chopped impulses 

did prevent damage to the strip and this technique was used in all 

further experiments. 

In addition, there was no difference in the flashover results 

obtained with the strip unmounted or mounted on a perspex sheet 

and hence, all future experiments were conducted with unmounted 

strip. 
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6 EXPERIMENTAL RESULTS AND DISCUSSION 

6.1 Conditioning characteristics 

It was shown in the previous chapter that repeated applications of 

an impulse voltage considerably reduced the intersegment resistance. 

It was also noted that a segmented strip would need to be 

resistance-stabilised by repeated application of an impulse voltage 

if the flashover voltage was affected by the values of the 

intersegment resistances. 

In order to examine the effect of repeated voltage application on 

the strip flashover voltage, a 0.3-m length of segmented strip was 

tested using the experimental arrangement shown in figure 6.1. This 

Was the only arrangement used in the tests described in this 

section. The voltage chopping system was set to give a time-to-chop 

of approximately 5 microseconds. An 'Up & Down' test was performed 

on the strip, starting with an applied voltage of 111.5 kV and using 

changes in the level of the applied voltage of 2.2 W. The test was 

terminated when both the withstand and flashover voltage levels 

reached constant values. The procedure was repeated for new strips, 

having lengths of 0.5 m and 0.75 m, but with changes in the level of 

the applied voltage of 4.5 kV and initial applied voltages of 

182.9 kV and 379.1 kV respectively. 

The results obtained are shown in figure 6.2. Conventionally, in 

the presentation of 'Up & Down' test results, flashovers were 

indicated by crosses and non-flashovers or withstands by noughts. 



However, owing to the number of impulses applied for each test, it 

was considered appropriate to present the results as straight lines 

joining all the applied voltage levels sequentially. Whether a 

flashover or a withstand occurred at any point on the curve can then 

be determined from the sign of the slope of the line from that point 

to the next point. The results show that repeated flashovers tended 

to reduce the flashover strengths of the strips. The reduction in 

flashover strength was however a gradual process, comprising a 

series of diminishing withstand and flashover voltage levels, and a 

relatively stabilised condition was considered to have been 

achieved when this process ended. At this point, the strip is 

considered to be conditioned. Earlier results have shown that 

a segmented strip would be resistance-stabilised after about 50 

impulse applications. Therefore, the reduction in flashover 

strength is unlikely to be due to the intersegment resistances but 

to other causes. 

In general, the results could be represented by the curve shown in 

figure 6.3. Two distinct regions can be distinguished, viz. the 

conditioning-phase and the stable-or conditioned-phase. The stable- 

phase covers the region where the response was fairly consistent 

while the region before it is the conditioning-phase. For the 

purpose of investigating the variation of flashover voltage with 

strip length, it was therefore reasonable to obtain flashover data 

from the stable phases. 

6.2 Mean voltage at flashover and time-lag characteristics 



6.2.1 For a strip bridging plane/plane electrodes 

The experimental arrangement is shown in figure 6.1. The 1.01-m 

segmented strip used had already had 0.75 m of its length conditioned 

in the tests described in the previous section. The earthed-end 

was solidly connected and the upper-end was in touch-contact with 

the high voltage electrode. The chopping gap system was set to 

give a time-to-chop of 5 microseconds. The 'Up & Down' procedure 

was then performed on the strip until the stable phase had been 

attained. Further impulses were applied to obtain data for 

calculation of the mean voltage at flashover and its 95% confidence 

level using the standard statistical treatment for random data 

having a t-distribution 
78. 

For flashovers occurring on the wavetail, 

the flashover voltage was considered to be equal to the peak value77" 

For flashovers occurring on the wavef rout , the flashover voltage was 

given by the voltage at the instant of voltage collapse. This 

voltage was determined by using the time at flashover, t, in the 

expression Vi =1 . 08U (exp (-0.0211 t), - exp (-1 
. )+528t)) which 

represented the applied impulse voltage (U =I for unity peak 

voltage and t is in microseconds). The error on the computed 

voltage is a maximum of +1.5% over the range of breakdown times 

measured. The time-lags to flashover were determined from the 

voltage oscillograms. The procedure was repeated for segmented 

strip lengths of 0.75 m, 0.5m and 0.3 m and the values of the mean 

voltage at flashover and the time-lags to flashover are shown in 

figures 6.4 and 6.5 and Table 6.1. The 50% flashover voltages and 

their 95% confidence levels were calculated using the equations as 

given by Dixon and Mood 
74 

and an illustration of this technique is 



given in Appendix 1+"3. 

Figure 6.4 is a graph showing the relationship between flashover 

voltage and strip length. The straight line through the origin is 

is a least-square fit to the results and gives the mean field at 

flashover as 380 kV/m. 

There was scatter in the time-lags to flashover at each strip 

length considered. The scatter was largest at the shortest length 

and smallest at the longest length. The minimum time-lag to flash- 

over was 0.8 microsecond at 1 . 01 m and 1 .2 microseconds for the other 

three lengths tested. 

Table 6.2 shows the comparison of experimental results and 

reference values for different strip lengths. The reference value 

at the various strip lengths is given by the product of the 

flashover voltage of a 0.3-mm uniform field air-gap and the total 

number of 0.3-mm intersegment gaps. The flashover voltage of 

the uniform field air-gap was computed using the expression 

ys = 24.41 d+6.53 Vý7T where V8 is in kV, d is in cm and A 

is the air density-correction factor. The expression81 is for a 

uniform field and valid for gap lengths between 0.01 and 20 cm 

under static or alternating voltage stress. Impulse breakdown data" 

by Aked79 for 0% breakdown with 1/50-microseconds waves were within 

1.5% of the formula over the range I to 5 cm. Therefore, the 

computed voltage is the withstand voltage for lightning impulses. 

The maximum flashover values (column 5, Table 6.2) were obtained 

from the conditioning results of section 6.1. The experimental 
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results were smoothed using a least-square fit and comparisons are 

made between the smoothed values and the computed values. 

The comparisons show that the reference values bore constant 

ratios to both sets of least-square approximated values. The values 

of the mean voltage at flashover were about 56% of the reference 

values and the maximum flashover values were about 191% above the 

reference values. Therefore, it is considered that the flashover 

voltage of a new length of segmented strip is given by the product 

of the breakdown of a 0.3-mm sphere/sphere air-gap and the number 

of intersegment gaps. However, this relationship would have to be 

investigated in further studies using arrangements having one 

intersegment gap; two intersegment gaps; three intersegment gaps and 

so on. Thus, the flashover voltages for one, two, three, .......... 

gaps in series could be compared. 

In chapter 3, it was reported that the flashover strength of an air 

gap is always higher than when the same, gap is bridged by a 

dielectric surface. This effect was only apparent on a conditioned 

segmented strip and not on a new strip. This may be explained with 

reference to figure 6.6 which shows the profile of an intersegment 

gap in a new strip and the assumed profile of an intersegment gap 

in a conditioned strip. The recessed dielectric surface between theme 

segments in a conditioned strip may result from vapourisation of 

the dielectric material during a flashover. A typical field line 

between the segments is shown dotted in each of the profile. 

Therefore, for a given breakdown strength, the flashover voltage of 

a new strip should be higher than that cf a conditioned strip. In 



addition, the effect of the dielectric surface on the flashover 

strength of a new strip may also be negligible. Table 6.2 shows 

that the effect of the dielectric surface was to reduce the 

flashover strength to about 60% of the reference value. It is 

assumed here that the one major factor for the reduction in 

flashover strength is the presence of the dielectric surface between 

the segments. Future studies using strips where the variables, like 

segment protrusion; surface roughness; dielectric constant and 

intersegment resistance; for example, are under control might 

identify other possible factors. 

The corollary is that the maximum flashover strength of a segmented 

strip should be used in the determination of the critical length 

(see chapter 2) which is the maximum length ci' strip that can be 

used and at the same time prevent puncture of the radome wall or 

flashover of the radome surface. Owing to non-availability of the 

relevant data, numerical determination of the critical length is 

not yet possible. 

6.2.2 For a strip bridging rodrplane electrodes 

The experimental arrangement was as shown in figure 6.7 and the 

segmented strip used was the same one as that described in section 

6.2.1. The chopping gap system was set at a time-to-chop of about 

5 microseconds. 

The ends of the strip were solidly connected to the high voltage and 

earthed electrodes respectively - arrangement 1. With the effective 



strip length set at 0.3m, the 'Up & Down' procedure was performed 

on the strip and oscillograms of each applied impulse voltage were 

obtained. The mean voltage at flashover and its 95% confidence 

levels were determined as in section 6.2.1. 

The procedure was repeated for effective strip lengths of 0.5m, 0.75m 

and 1.01 m. 

Mean voltages at flashover and time-lags to flashover were also 

determined for these lengths of segmented strip, using the same 

procedure but in an arrangement in which there was a 2-mm gap 

between the upper end of the segmented strip and the surface of the 

rod electrode - arrangement 2. 

The results obtained are shown in figures 6.8 and 6.9. The results 

pertaining to arrangement 2 have been plotted with the vertical axis 

shifted 2 mm to the right of the vertical axis for arrangement 1. 

This is to provide clarity and ease of comparison. 

Apart from the fact that at a strip length of 0.75m where the mean 

voltage at flashover for arrangement 2 was about 25% higher than that 

for arrangement 1, there was no other significant difference in the 

levels of the mean voltage at flashover between the two arrangements 

for the lengths of segmented strip considered. Inspite or the 

anomalous behaviour, it is still apparent that the relationship 

between strip length and mean voltage at flashover is not linear. 

This non-linearity may be attributed to the divergent geometric 

field of the rod/plane gap (c. f. results for plane/plane gap, 
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figure 6.4). 

There was scatter in the time-lags to flashover, for each strip 

length, and the magnitude of the scatter varied from one length to' 

another. At the shortest length of 0.3m, the scatter in the time- 

lags to flashover was much larger than that at 1.01 m. However, the 

minimum time-lag to flashover measured for each strip length lay 

between 0.8 and 1.2 microseconds. 

In the investigation of Plumer and Hoots35, the experimental 

arrangement was basically a point/plane configuration with the 

laboratory floor acting as the plane. The segmented strip used was 

1.22m long and was mounted on a fibreglass panel, 1.22m square. 

The lower end of the strip was attached to an earthed-bar along the 

bottom edge of the panel and the-high voltage point was a few 

centimetres from the upper end of the strip. With the strip length 

kept constant, voltages ranging from about 700 kV peak to greater 

than 1600 kV peak were applied. The results obtained are shown in 

figure 2.2. A fairly constant time-lag to flashover of 0.7 

microsecond was obtained for the segmented strip while the time-lag 

to flashover of an equal length of air gap, without the presence of 

the strip, varied as shown, far the same range of applied voltages. 

This latter is typical of an air gap stressed at different overvoltages. 

The apparent contradiction between Plumer and Hoots' observed time- 

lags to flashover and those of the author is, however, only 

superficial. The time-lags to flashover presented by the author 

were observed as a result of the application of voltages each of 
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which had a probability of 0.5 of causing a flashover. In addition, 

the mean voltage at flashover obtained by the author was about 104 

kV for a1 . 01 m length of strip. The minimum voltage applied by 

Plumer and Hoots was about 700 kV peak which is at least six times, 

greater than the expected V50 value for a length of 1.22m. In 

short, the time-lags to flashover obtained by Plumer and Hoots were 

measured under experimental conditions different from the author's. 

They obtained an approximately constant time-lag to flashover of 

0.7 microsecond under overvoltage conditions. In comparison, the 

range of time-lags observed by the author for a strip length of 

1 . 01 m was from 0.8 to 1.0 microsecond for arrangement 2. Therefore, 

it is probable that the scatter would be negligible under overvoltage 

conditions thus making the measured time-lags to flashover an 

approximate constant of 0.8 microsecond. 

6.2.3 For a strip bridging rod/rod electrodes 

The experimental arrangement was as shown in figure 6.10 and the tests 

were carried out on the same segmented strip as was used in the 

previous measurements described in sections 6.2.1 and 6.2.2. The 

special electrodes used were described in section 4.3.2 and the 

earthed electrode allowed for the effective length cf the strip to 

be altered by having a section of the strip (shown dotted in 

figure 6.10) situated within it. To reduce the effect of the 

laboratory floor on the geometric field, the tip of the earth 

electrode was set 2m above floor-level. The parallel chopping gap 

system was again set at a time-to-chop of about 5 microseconds. 
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The upper end of the strip was kept at a distance of about 2uun from 

the tip of the high-voltage electrode, i. e. the strip partially 

bridged the rod/rod gap - arrangement 3. With- the effective 

length of the strip set at 0.3m, the 'Up & Down' procedure was 

performed on the strip and oscillograms of each applied impulse 

voltage were made. The mean voltage at flashover and its 95% 

confidence levels were determined as before. 

The procedure was repeated for effective strip lengths of 0.5m, 0.75m 

and 1 . 01m respectively and also at 0.3m, 0.5m, 0.75m and 1 . 01m for 

the experimental arrangement having the upper end of the strip 

solidly connected to the high voltage rod electrode - arrangement 4. 

The results obtained are shown in figures 6.11 and 6.12. 

The mean voltage at flashover measured for each strip length did 

not differ very much between the two arrangements except at 0.5m, 

where the mean voltage at flashover for arrangement 3 was 

significantly lower than that for arrangement 1+. Nevertheless, it 

is apparent that the relationship between the flashover voltage and 

strip length was again non-linear. As in section 6.2.2, this 

non-linearity is probably due to the non-uniform geometric field. 

Scatter in the time-lags to flashover was apparent for each strip 

length and as in the previous results, the scatter varied from one 

length to another. The scatter in the time-lags was again largest 

at the shortest strip length of 0.3m. The scatter also tended to 

reduce with increasing strip length for both arrangements except 

i 

for arrangement 3 with a strip length of 0.5m. This result had a 
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negligible scatter and had the lowest time-lag to flashover - 0.7 

microsecond. Minimum time-lag to flashover for the other results 

ranged from 1.0 to 1.6 microseconds. 

I 

Table 6.3 summarises the results obtained for strips in a non- 

uniform geometric field. 

The flashover voltage results are not ' in agreement with the conclusions 

of Plumer and Hoots35 who claimed an approximately linear relationship 

between flashover voltage and strip length. The experimental 

arrangement used by them is shown in figure 6.13. The strip lengths 

tested were 0.87m, 1.07m and 1.75m and different strips were used 

for each length tested. Their assumption was that different strips 

would possess similar flashover characteristics. For each strip 

length tested, the magnitude of the applied voltage was kept constant 

at about 700 kV peak. The result is reproduced in figure 2.3. It 

is the author's view that the relationship between the flashover 

voltage and strip length should not be determined by the application 

of constant magnitude voltages for different strip lengths. By 

applying a constant magnitude voltage, the shortest length tested 

Would be subjected to the highest rate of rise of electric field 

and vice versa. Instead, the probability of flashover, resulting 

from the application of a voltage across any length of strip tested, 

should be approximately equal, preferably having the value of 0.5. 

Also, Plumer and Hoots presented results obtained from the 

applications of both positive and negative impulses in the same 

figure. This is unsatisfactory and does not give a true picture of 

the flashover voltage/strip length relationship for a segmented strip. 
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Another point which might have caused a change in the test-conditions 

is that the test voltage was taken from the second bottom stage of 

a 14-section voltage divider. In doing so, the source impedance 

would be high and if this was of the same order as that of the 

strip resistance, the applied waveform and voltage magnitude would 

be different from those expected. 

With the effective strip length at 1.01m, the author has investigated 

the possibility of a constant time-lag to flashover under overvoltage 

conditions. Voltages having prospective peaks of up to three times 

the V50 value were applied and the time-lags to flashover remained 

relatively constant at 0.6 microsecond (figure 6.11+). This 

confirmed the suggestion made in the last paragraph of section 6.2.2. 

6.2.4 Comparison of strip flashover voltages with breakdown 

voltages of air gaps 

As no breakdown voltage data for a rod/rod configuration similar to 

that used by the author were available, these data were obtained 

experimentally. 

The experimental arrangement is shown in figure 6.15 with the two 

rod electrodes situated on the same axis. The gap length was 

altered by raising or lowering the high voltage electrode. The 

parallel chopping gap system was in-circuit but made ineffective by 

having a large sphere/sphere gap. 

The 'Up & Down' procedure was performed for each of the four gap 
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lengths considered (0.3m, 0.5m, 0.75m and 1 -01m) and oscillograms 

of each applied voltage' impulse were obtained. Since every 

breakdown occurred with a time-lag which corresponded to a point 

on the wavetail of the applied impulse, the breakdown voltage is 

considered to be the peak value of the applied impulse as 

recommended by IEC 60 77. 
Hence, the 50f flashover voltage was 

calculated as described in Appendix 4.3. The results are shown in 

figures 6.16 and 6.17. The straight line through the origin in 

figure 6.16 is the least-square fit to the experimental data and 

gives a mean field at V50 of 630 kV/m. 

For the rod/plane air gap, Paris and Cortina80 obtained a mean field 

at V50 of 540 kV/m which is in agreement with results of earlier 

investigators 
81. 

This value of 540 ky/m was used to compute the 

breakdown voltages required in the comparison. 

Owing to the limited output voltage of the impulse generator, the 

breakdown voltages of a uniform field air gap at different gap 

lengths were calculated using the expression for static and alter- 

nating voltage stress82. The computed and measured results for all 

three electrode configurations are given in Table 6.1+. 

Figure 6.18 shows a graphical comparison between the flashover 

voltage characteristics of a segmented strip and the breakdown 

voltage characteristics of air gaps for the three electrode 

configurations. Two observations are immediately apparent. 

Irrespective of the electrode configuration, the mean field at 

flashover of a conditioned segmented strip is always lower than the 
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mean field at V50 of an air gap of equal length. In other words, the 

introduction of a segmented strip into an air gap reduces the 

breakdown voltage considerably. Assuming a linear flashover voltage/ 

strip length relationship for a strip bridging a uniform field gap, 

the reduction in breakdown voltage is approximately 84%o. As the 

plane electrodes used had an effective diameter of 1.83m, a uniform 

field at the central region of these electrodes will exist as long 

as the gap length is not greater than the radii of the electrodes. 

Therefore, at the gap length of 1 . 01 m, a non-uniform field situation 

arises and results in an actual breakdown voltage which will be less 

than the estimated value. Hence, the reduction in breakdown voltage 

due to the introduction of a strip at this length would be less than 

84%. When a strip bridges a rod/rod gap, the reduction is about 50% 

at a strip length of 0.3m and about 82% at a strip length of 1.01 m. 

The corresponding values are 55% and 80% when a strip bridges a roch/ 

plane gap. Owing to the saturation effect, which causes the 

proportional increase in flashover voltage to be considerably less 

than the corresponding increase in strip length for non-uniform 

geometric fields, the reduction in breakdown voltage could be as 

high as 90% at a strip length of 2m. The saturation effect can be 

seen from the results of all the tests which are shown in figure 

6.19. It is also evident that the flashover voltage is related to 

the geometric field in which a strip is situated. For positive 

impulses, the breakdown voltage of a plane/plane gap is greater than 

that for a rod/rod gap which in turn exceeds that of a rod/plane 

gap80. This relative order is maintained even when the gaps are 

bridged by segmented strips. 
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The other observation, and perhaps the more important, is the 

magnitude of the flashdver voltages required by an unconditioned 

strip in a uniform geometric field. These flashover values are 

about 30f of the breakdown values of uniform field air gaps and 

this figure is rather surprising in view of the fact that about 90o 

of the gap is bridged by the conducting segments in the strip. 

Notwithstanding this, the ratio of the flashover values of an 

unconditioned strip in a rod/rod or rod/plane gap to the breakdown 

values of the air gap may not be as low as 301% due to the possibly 

less significant effect of the strip in gaps-having non-uniform 

geometric fields. This possibility should be examined in future 

studies for the following reason. If the lightning leader is 

assumed to be equivalent to a rod electrode and the field 

distribution non-uniform, then this would imply that a newly 

installed segmented diverter strip protection system might be 

ineffective. The alternative implication is that only conditioned 

segmented strips should be used because of their lower flashover 

voltage. The lower flashover voltage of a conditioned strip also 

implies that such a strip would have a better capture capability 

than a new strip. This was shown by tests undertaken at British 

Aerospace 
32 (formerly British Aircraft Corporation), Stevenage. 

In the tests, a discharge was initiated from a high voltage electrode 

situated above and mid Way between two segmented strips, one of 

which was new. The results showed a definite bias towards the used 

strip in terms of the number of discharges captured. 
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6.3 Time-resolved photographic study of the propagation of the 

intersegment flashovers 

The experimental arrangement was as shown in figure 6.1 and the 

effective length of the segmented strip was set at 0.3m. The strip 

was the same one that had been used for the tests described in 

the previous section and the parallel chopping gap system was set 

for a time-to-chop of about 5 microseconds. 

A 105-mm lens was used to focus the entire length of the strip on 

to the photo-cathode of an image converter camera. The triggering 

of the converter camera is described in section 4.6.3. Owing to the 

wide scatter in the time-lags to flashover when the applied impulse 

was at the V50 level, there were synchronisation difficulties. 

These difficulties were reduced by applying impulses which were 

greater than the V100 level thus producing an almost constant 

time-lag to flashover of about I microsecond. With the camera 

operated at a framing speed of 2x 106 frames per second, the results 

obtained indicated that a better time resolution was required. 

However, 'results obtained with the camera operated at the highest 

framing speed of 2x 107 frames per second showed similar results. 

As the time between frames is 50 ns, when the camera is operated at 

this highest framing speed, the total intersegment flashover 

propagation time was less than 50 ns. The camera was then operated 

in the streak-mode to give better time resolution. Results obtained 

with streak speeds of IOns/mm and 5ns/mm still showed inadequate 

resolution. Owing to the synchronisation difficulties when the 

camera was operated at streak speeds of ins/mm and 2ns/mm, only 
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three useful results were obtained and these are shown in figures 

6.20 to 6.22. Although 'the spatial resolution is insufficient to 

resolve the individual intersegment gaps, it is still evident that 

the wave of intersegment flashovers did not propagate from anode to, 

cathode or vice versa. The records also show that flashovers were 

initiated in different gaps along the strip and that in approximately 

IOns all the intersegment gaps had flashed over. At the instant of 

discharge initiation, discharge free sections are seen to punctuate 

the whole strip and such sections were as long as 30mm. To 

investigate the possibility that some of the faint discharges had 

not been recorded on the film, the output of the converter camera 

was intensified by an image intensifier which was operated with a 

nominal gain of 106. The results obtained however were similar to 

those obtained when using the converter camera alone. 

Better spatial resolution was achieved by focusing only on a few 

intersegment gaps, using a combination of two lenses. The two 

lenses used had focal lengths of 508mm and 105mm with the former 

nearer the segmented strip. Examples of framing records obtained 

at a framing speed of 2x 107 frames per second are shown in figures 

6.23 to 6.26. Owing to the high propagation speed of the wave of 

intersegment flashovers, most of the records obtained were similar 

to that shown in figure 6.23. Nevertheless, figures 6.24 to 6.26 

indicate that there was no dominant direction of propagation, i. e. 

anode to cathode or vice versa. 

Streak records obtained at a speed of Ins/mm showed better time 

-1 

resolution. Figure 6.27 shows the streak record of discharges which 
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occurred in three intersegment gaps. The discharge associated with 

each intersegment gap is identified either -as discharge A, B or C 

with discharge A nearest the earth-electrode. Considerable 

synchronisation difficulties were experienced during these 
J 

measurements but sixty five synchronised records were obtained. As 

a considerable number of the time delays in discharge initiation 

among the three gaps were less than I ns (which corresponds to I mm 

on the record), a double-beam, automatic recording microdensitometer 

was used to analyse all the records in order to prevent the 

possibility of human bias in the analysis. To cater for the 

possibility that the strip might not be physically perpendicular 

to the line of streak or that the discharges might not lie on a line 

perpendicular to the line of streak, integrated photographs of the 

discharges and still photographs of the short section of strip 

containing the three intersegment gaps were taken at intervals 

throughout the tests. These records were also analysed, using the 

microdensitometer, and the results used to establish the range of 

uncertainty in the time estimations for the purpose of determining 

the sequence of discharge initiation. 

As each image of the discharge on the streak records was about 1.5mm 

wide, the window of the analyser probe was adjusted to give a slit of 

0.05 mm width by 2mm length. The slit length of 2mm allowed the 

start of the image on the records to be determined accurately and, 

as shown in figure 6.28, also allowed a smooth trace to be 

produced. Figure 6.28 shows the microdensitometer analysis of the 

record shown in figure 6.27. The reference density (that of 

unexposed film and shown by the relatively straight horizontal trace 
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in the figure) is the same for the three discharges but has been 

shifted vertically in the figure. The instant of discharge 

initiation in any one record is shown by the start of a permanent 

deviation of the trace from the reference level. As indicated on 
the figure, the discharge sequence is determined as B --I- C, A. 

The symbol is used to denote instances when the time difference 

between the two discharges lies within the range of uncertainty. 

Hence, either discharge B or C could have occurred first but 

discharge A definitely occurred last. 

A tabulation of the analysis of the 65 recordings is shown in 

I 

Table 6.5. In the determination of the discharge sequence, only a 

discharge which has a time separation, from each of the other two 

discharges, lying outside the range of uncertainty can have its 

position in the sequence identified. Brackets down the left of the 

table encompass rows of results which were obtained from consecutive 

frames of the negative. Examination of the bracketed results shows 

that the discharge sequence may change from one flashover to the 

next (brackets I and 3). This change agrees well with the 

proposition that the voltage distribution along the segmented strip 

is dependent upon the intersegment resistance (as shown in figures 

5.6a and 5.7a, the intersegment resistance changes with applied 

impulses and it is probable that the status of neighbouring 

intersegment resistances may be interchanged, i. e. the higher 

intersegment resistance become the lower). More examples of this 

change in discharge sequence become evident if the range of 

i 

uncertainty for the time separations among discharges is ignored. 
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The results, displayed in the form of a histogram in figure 6.29, 

show that there was no predominant sequence of discharges and this 

substantiates earlier streak and framing records (figures 6.20 to 

6.26). Although the discharge sequence of only three intersegment 

gaps was determined, it is still evident that there was no 

dominant tendency for the wave of intersegment flashovers to 

propagate from the anode electrode to the cathode electrode or 

vice versa. 

Figure 6.30 shows microdensitometer analyses of three consecutive 

integrated photographs of the 3 intersegment flashover discharges. 

Only one core of discharge, indicated by one trough, is identifiable 

in discharges A and B but two (shown arrowed in the figures) are 

identifiable in discharge C. In figure 6.30b, the two cores 

produce almost equal brightness and, if enlarged optically, would 

produce a photograph similar to that of figure 5.17b. This 

condition of equal brightness was not maintained as shown in the 

next frame (figure 6.30c) where the core on the right dominated in 

intensity. The double-core phenomenon may be due to two pairs of 

highly stressed points which were subjected to erosion during each 

discharge. Hence, the cyclic tendency in dominance of one over the 

other as shown in figures 6.31a and 6.31b from later frames. 

However, it is unlikely that the two cores of discharge would be - 

occurring simultaneously. 

6.4 Current measurement 

The experimental arrangement is shown in figure 4.13a. The current 
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probe, the construction and characteristics of which are fully 

described in section 4.5, was connected in series with the segmented 

strip at the low voltage end. The segmented strip used was the one 

described in section 6.3 but out to 0.3m length to accommodate the, 

current probe. The parallel chopping gap system was set at a time- 

to-chop of about 5 microseconds. 

Initial measurements of the current flowing through the resistive 

track of the segmented strip produced results similar to that shown 

in figure 6.32. The waveform of the current flow in the resistive 

track is as expected except for the presence of superimposed 

oscillations. These oscillations were damped by inserting a 

resistor between the output of the impulse generator and the high 

voltage electrode. Various resistances were used and the damped 

waveform for each is shown in figures 6.33a to 6.33f. Approximately 

critical damping was obtained for resistances between 0.4 and 1.5 k 

ohms. The value chosen for the remainder of the test was 400 ohms. 

The 'Up & Down' procedure was then performed and oscillograms of 

the total current, i. e. the sum of the ohmic component due to the 

resistive layer and the gap-discharge component due to discharges in 

the intersegment gaps, were obtained. Figure 6.34 is an oscillogram 

of the total current with no apparent discharge development., i. e. the' 

ohmic current only. From the 'Up & Dcmn' test records, oscillograms 

showing the current growth to flashover were chosen for impulses 

having the same prospective peak values and are shown in figures 

6.35 to 6.39. Each of these records was compared with the 

corresponding record (figure 6.34. ) showing only ohmic current, to 
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determine the gap discharge development time. Where the waveform 

of the total current first deviates from the waveform of the ohmic 

current determines the instant of discharge initiation. The instant 

of flashover is determined by the point on the record where there .s 

a step change in current magnitude with the final value lying beyond 

the limit of the oscillogram. The gap discharge development time is 

then given by the time from the instant of discharge initiation to 

the instant of flashover. The oscillogram shown in figure 6.40 

resulted from an applied voltage of 106 kV and, for the purpose of 

determination of the gap discharge development time, the ohmic 

current which would flow at this applied voltage was estimated by 

extrapolating the waveform of figure 6.34. 

The gap discharge development times ranged from less than 0.1 

microsecond to about 2 microseconds. However, the majority (75%) 

are less than, or equal to 1.0 microsecond with slightly less than 

50% being less than, or equal to, 0.5 microsecond (figure 6.41). 

The single case of a 3-microsecond development time is exceptional. 

This may be due to an increased withstand capability for, as noted 

in figure 6.40,, the applied voltage was 106 kV and this was the 

maximum level applied during the test. Subsequent development times 

were all less than 1.0 microsecond except for two out of nine, which 

were greater than 1.0 microsecond but less than 2.0 microseconds. 

Figure 6.42 to 6.44 show some of the cases where isolated intersegment 

discharges might have occurred. Flashover did not occur and each 

voltage impulse was chopped by the operation of the parallel 

chopping gap system. However, deviations from the ohmic current 
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waveform (figure 6.34) are obvious and thus imply that the gap 

discharge current did not develop to flashover. It is not probable 

that a possible flashover had been suppressed as a result of the 

operation of the parallel chopping gap system because most of the 

flashovers tended to occur on the wavefront of the applied impulse, 

even when the parallel chopping gap was not present, as was the 

situation in some of the early measurements (see section 5.5.2). 

In the analyses of the current records, it has been assumed that the 

values of the intersegment resistances are time-invariant. However, 

perhaps due to the heating effect (see section 5.5.1 ), the values 

may change with time during the period of the applied impulse. If 

this change is significant, then meaningful current measurements 

could only be made when the intersegmerit resistances are under 

control. 

6.5 Summary of results and discussion 

The conditioning characteristic of a new length of segmented strip, 

subsequent to resistance stabilisation, shows that there are two 

distinct regions, viz. the conditioning phase and the stable phase 

(figure 6.3). Therefore, to obtain consistent and reproducible 

results, flashover characteristics of a segmented strip should be 

obtained from a conditioned strip. 

The variation of flashover voltage with strip length for a segmented 

strip bridging a uniform field gap is approximately linear (figure 

6.4). The linear relationship gives a mean field at flashover of 
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about 380 kV/m. However, the relationship when a segmented strip 

bridged a rod/plane or 'a rod/rod gap was non-linear (figure 6.19). 

The non-linearity is probably due to the effect of the non-uniform 

geometric field between the high voltage and earth electrodes. This 

effect could be investigated by making time-resolved studies of the 

light emission from the discharges on a strip situated in a non- 

uniform geometric field. Unfortunately, the demand on the converter 

camera from other researchers, both in the department and in a co- 

operating institution, was so great that there was only an 

opportunity for studying the discharges in uniform-field air gaps. 

The flashover voltage of a new length of segmented strip is given 

approximately by the product of the breakdown voltage of a 0.3-mm 

sphere sphere air gap and the number of intersegment gaps (Table 

6.2). This flashover strength is approximately double that of a 

conditioned strip. 

When an air gap is bridged by a segmented strip, its effect is to 

reduce the breakdown voltage. The amount of reduction is dependent 

upon the geometric field of the air gap and also upon whether the 

strip is conditioned or otherwise. In the context of lightning 

protection, a conditioned strip should be able to perform effectively 

because the amount of reduction is at least 50%. The performance of' 

an unconditioned strip or a new strip is however doubtful, 

particularly in a non-uniform geometric field. 

There is scatter in the time-lags to flashover for each length 

considered and the scatter is reduced with increase in strip length 
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(figures 6.5,6.9 and 6.12). The tendency is apparent in the results 

obtained for the three electrode configurations considered. It is 

not clear why the scatter is reduced with increase in strip length. 

Nevertheless, it is unlikely that the geometric field is a factor 

because similar characteristics were observed for strips bridging 

all three electrode configurations. 

High speed photographs of the luminous discharge show that the wave 

of intersegment flashovers did not propagate from the anode electrode 

to the cathode electrode or vice versa. Instead, discharges were 

initiated from different points along the strip and discharge-free 

sections, which punctuated the entire length of the strip at the 

instant of discharge initiation, could be as long as 30mm. In 

addition, there was no predominant sequence of intersegmerit flashover. 

The absence of a predominant sequence further supports the proposal 

that the voltage distribution along a segmented strip is dependent 

upon the intersegment resistances which tend to change with each 

applied impulse and the change is such that the relative status of 

neighbouring intersegment resistances may be interchanged, i. e. a 

higher intersegment resistance may become the lower one when compared 

to its neighbour. Further studies using strips where the intersegment 

resistance can be kept constant could be used to test this proposition. 

The development times from discharge initiation to strip flashover - 

determined from measurements of the total current - range from less 

than 0.1 microsecond to about 2.0 microseconds with the majority 

less than, or equal to, 1.0 microsecond. The current records obtained 

also show a probable occurrence of isolated int ersegment discharges 
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which were initiated but did not lead to flashover of the strip. 

As light emission was nbt detected by the naked eye under these 

circumstances, confirmation of such occurrences would require the 

current measurements to be complemented by simultaneous 

photomultiplier measurements and such measurements should be 

undertaken in any future study. 



7 PERFORMANCE OF THE DAYTON-GRANGER STRIP 

7.1 

Gel 

Investigation was also undertaken on the most recent device 

introduced for lightning protection. This diverter strip is made 

by the Dayton-Granger division of Dayton System International Inc. 

and will be referred to as the Dayton-Granger strip. The Dayton- 

Granger strip appeared to be a more viable proposition in the 

context of current carrying capability due to the absence of an 

embedded resistive layer. Its electromagnetic compatibility should 

be better than that of the segmented strip due to the high 

resistivity. However, the experience of other investigators of the 

characteristics of segmented and continuous strips suggests that 

the high resistivity of the Dayton-Granger strip may reduce its 

capture capability. The ranking of each form of strip, based on 

the number required for the protection of any particular radome, 

Would be, in order of increasing numbers: - continuous, segmented 

and Dayton-Granger strips. Its rain-erosion capability also 

appeared to leave much to be desired due to the powdery form of the 

strip coating. These observations require, of course, to be 

subjected to experimental verification. To the knowledge of the 

author, no publications of any kind on the Dayton-Granger strip 

have appeared and it is the aim of the author to compare the 

flashover characteristics of the Dayton-Granger and the segmented 

strip. 



7.2 Physical properties 

The physical appearance of the Dayton-Granger strip is not unlike 

that of any other foil tape. Figure 7.1 shows a photograph of af 

section of a strip. The physical dimensions are approximately 

0.1 mm thick and 13mm wide. It is grey in colour and has a powdery 

coating on one side. As shown by the scanning-electron-microscope 

photographs in figures 7.2 to 7.4, the coating consists of particles 

of various shapes and sizes ranging from less than 10 micrometre 

to about 100 micrometre. The particles are randomly distributed 

on the surface, with no fixed orientation. X-ray analysis of the 

surface revealed that the coating contained mainly aluminium. This 

aluminium is present in the form of alumina but the oxygen was not 

detected by the X-ray analysis. This is not surprising since the 

system uses the energy dispersive method of detection. In using 

this method, the detectability for light elements is so poor that 

the smallest atomic number element which can be confidently 

detected is magnesium. 

The static resistance of a 0.3-m length of the strip was measured, 

using a Myria-megohmmeter, and found to be approximately 8x 1010 

ohms. 

7.3 Flashover voltage and time-lag characteristics 

7.3.1 Characteristics of unmounted strip 

A 1.01-m, length of strip was arranged to bridge a pair of uniform 
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field electrodes and was secured as described in section 4.3.1. In 

view of the absence of an embedded resistive layer in the Dayton- 

Granger strip, the chopping gap system was not used as such but was 

kept in the circuit for all the tests conducted with the Dayton- 

Granger strip. A slightly modified 'Up & Down' test was then 

undertaken. 

Normally, an 'Up & Down' test commences with the application of a 

voltage level estimated to be the 50o value. Since there was no 

indication, from any source, of what this level could be, the 

initial voltage level applied was 80.3 kV which was considered to 

be far below the flashover value. The change in voltage level 

applied was + 4.5 kV depending on whether the preceding impulse 

caused a flashover or not. This change was increased to +9 kV 

when the voltage applied was in excess of 334.8 W. The results 

of this test are shown in figure 7.5 and Table 7.1. Owing to the 

number of impulses applied, the results are presented as before with 

all the points being joined together by straight lines. The 

occurrence or non-occurrence of a flashover at any point is implied 

by the negative or positive slope of the line joining that point 

to the next point. The entire test was performed in three sessions 

on different days and at different times of the day. For 

succeeding sessions, the first voltage level applied was dependent ' 

upon whether flashover or withstand had resulted from the final 

impulse applied in the previous session - it was assumed that 

changes in the ambient air conditions would have a negligible 

effect on the results. 
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As expected, no flashover resulted from the application of the 

first impulse. In fact, the strip withstood all subsequent voltage 

applications until the 58th impulse, which corresponded to an 

applied voltage having a peak of 334.8 W. This first flashover 

occurred with a time-lag to flashover of 1 .5 microseconds. 

Following this there was a series of flashovers and the next 

voltage withstand did not occur until the 118th impulse when the 

voltage level had been reduced to 67 W. The time-lags to 

flashover in this series ranged from 0.5 microsecond to 17 

microseconds and the distribution was such that the shorter times 

occurred at the higher voltage levels. After the 118th impulse, 

there followed a series of alternate flashovers and non-flashovers 

before the start of a general gradual increase and then a subsequent 

steep increase in flashover strength. The time-lags to flashover 

in this part of the test sequence ranged from 0.8 to 30 microseconds 

with a similar distribution to that described above. The test was 

terminated after a total of 314 impulses when the flashover, voltage 

had increased to 670 kV which was the maximum output from the 

modified impulse generator. 

Preliminary tests, using a Megger-insulation-tester, on the Dayton- 

Granger strip by the Culham Lightning Studies Unit had indicated a 

positive effect of surface disturbance of the Dayton-Granger strip 

on the strip resistance. Similar tests undertaken by the author 

produced results which were in agreement with those obtained by 

the Culham Lightning Studies Unit. The output from a 500-V 

Megger-insulation-tester was applied across the surface of the 

strip and the separation between the contacts was about 1mm. As 
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shown by figure 7.6, the resistance of the strip was initially 

greater than 107 ohms but dropped to a very low value at a certain 

applied voltage as the voltage was increased - indicated in the 

figure by solid lines with single arrows which show the path 

followed. Subsequent to this happening, the resistance remained 

very low for further tests - indicated by solid lines with double 

arrows. However, if the surface of the strip between the contacts 

was then disturbed by rubbing with a piece of paper before applying 

the voltage again, the strip reverted to exhibiting a high 

resistance again and the characteristic path was repeated. After 

disturbing the surface, the resistance was not as high as the 

initial value and the fall in resistance occurred at a lower 

voltage - indicated by the dashed lines. 

After the 'Up & Down' tests it was observed that the strip had a 

wavy profile and it was considered that this wavy profile might 

have affected the flashover characteristics. The strip was 

therefore mounted on a tube to maintain its flat profile. This 

also prevented movement of the strip during flashover which could 

conceivably have affected its performance. 

7.3.2 Characteristics of strip mounted on SRBP tube (1.01m) 

The strip was mounted on a tube made of synthetic resin bonded paper 

(SRBP) using double-sided adhesive tape. The length of the SRBP 

tube was equal to the effective length of the Dayton-Granger strip, 

i. e. 1 . 01 m. The actual length of the strip was a few millimetres 

longer so that the end could be held between the tube and the 
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electrodes thus eliminating the possibility of the strip peeling 

off. Before mounting the strip, the flashover strength of the SRBP 

tube was tested by applying the maximum voltage (670 kV) across 

the tube which withstood all ten impulses applied. Hence, any 

flashovers occurring subsequent to the mounting of the strip would 

be due to the strip. 

The experimental arrangement was as shown in figure 7.7. with the 

tube kept vertical by resting the high voltage electrode lightly 

on the end of the tube. The procedure described in section 7.3.1 

was then repeated but with a lower initial voltage of 67 W. The 

results obtained are shown in Table 7.2 and figure 7.8. These do 

not differ significantly from those of section 7.3.1. 

The first flashover occurred at the 13th impulse with an applied 

voltage magnitude of 120.5 kV and the corresponding time-lag to 

flashover was 2 microseconds. The minimum flashover voltage was 

equal to that of the previous test and this minimum level was 

maintained for more impulses than in the previous test before the 

flashover strength of the strip started to increase significantly. 

As in the previous section, the test was terminated when the 

applied voltage reached the maximum of 670 W. This occurred after 

387 impulses. 

The outstanding difference between the two sets of results was the 

phenomenon of arrested flashover observed in the second. The term 

arrested flashover is used to describe the situation where faint 

discharges, evident by light emission, occur along the strip but 
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without being accompanied by any detectable fall or collapse of the 

applied impulse voltage. This phenomenon was not observed in the 

first test and this could have been due to the relatively poor 

electrical contact between the strip and the high voltage electrode. 

Arrested flashover commenced immediately after the minimum flashover 

voltage was attained and was considered as a "withstand" for the 

purpose of the 'Up & Down' test. When the arrested-flashovers 

ceased the flashover strength of the strip began to increase 

significantly. 

As in the previous results, the time-lags to flashover ranged 

widely - from 0.8 to 31 microseconds - with, the shorter time-lags 

occurring at the higher voltage levels. The static resistance of 

the strip was measured after the test and was found to have fallen 

to 1.5 x 10 
11 

ohms from an initial value of "infinity" as indicated 

by the meter (i. e. >> 2x 1011 ohms, the maximum scale indication on 

the meter). 

The experimental procedure was then repeated using a new 1.01-m length 

of Dayton-Granger strip for two reasons, viz (a) to ascertain that 

the arrested flashover phenomenon was reproducible, and (b) to study 

the form of the arrested flashover. The results are shown in Table 

7.3 and figure 7.9. Not all results between the start of arrested 

flashovers and their cessation were obtained by an 'Up & Dawn' 

procedure. At some stage, the procedure was modified so that 

integrated and time-resolved photographic studies could be 

undertaken and this procedure will be described in section 7.4. 

Apart from this and the value of the initial flashover voltage, the 
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results were similar to those of the previous tests. The minimum 

flashover voltage was relatively constant at approximately 71.4 kV 

and the range of time-lags to flashover was from approximately I to 

40 microseconds. 
I 

7.3.3 Characteristics of strip mounted on SRBP tube (0.3m) 

The procedure of section 7.3.2 was repeated for a new length of strip 

measuring 0.3m. The results were as shown in Table 7.4 and figure 

7.10 with the first flashover occurring at 50.1+ kV after 95 impulses. 

The minimum flashover voltage was 22.3 kV which corresponds to a 

mean stress of 74o3 kV/m which agrees well with the value of 70.7 

kV/m for a1 . 01-m length of strip. Time - lags to flashover were 

of the same order of magnitude as those for the 1 . 01-m strips. The 

strip resistance, measured after the test, was 2x 109 ohms giving 

a reduction of 97.1+ from its original value of 7.8 x 1010 ohms. 

A summary of the results is given in Table 7.5. The table should 

be read in the following manner: - Corresponding to each horizontal 

and vertical heading there is a rectangular region with four rows. 

This rectangular region, as defined at the bottom of the table, 

contains the results of all the strips tested and in the order 

indicated. To facilitate ease of reference and-comparison, the 

results in each rectangular region are presented along the main 

diagonal from top-left to bottom-right. Hence, results for any one 

strip could be read by looking up or down a vertical line in each 

headed column and horizontally along the relevant row. 
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The flashover characteristics or, more appropriately, the conditioning 

characteristics of the Dayton-Granger strip can thus be generalised 

as shown in figure 7.11. The response can be divided into three 

distinct regions, viz the conditioning phase; the plateau or stable, 

phase; and the deteriorating phase. The conditioning phase covers 

the response from the first impulse applied up to the point when 

arrested flashover commenced, i. e. it is conditioned to the point 

when further impulse applications produce an approximately normal 

distribution of flashover probability. The dashed-line represents 

the form that the response would take if the first applied impulse 

was high enough to cause a flashover. The stable or plateau phase 

is self-explanatory and covers the region from the start of arrested- 

flashovers to their cessation. The remaining region is the 

deteriorating phase and is so defined because of the loss of its 

desired flashover performance as evidenced by the rapid increase in 

flashover voltage. 

Figure 7.12 shows a comparison of the flashover characteristics of 

the segmented strip and the Dayton-Granger strip to a base of strip 

length. Prospective peak values are shown for the maximum flashover 

voltages and the values of the other voltages are either peak values 

or actual voltages at flashover depending on the magnitude of the 

time-lag to flashover77. The results show that the mean voltage at 

flashover of a segmented strip is at least four times the minimum 

flashover voltage of a Dayt on-Granger strip of equal length. A 

similar ratio was evident when the maximum flashover voltage levels 

of both strips were compared. Therefore, it would appear that the 

Dayton-Granger strip is a more desirable protection device based on 
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the longer critical length (see section 2.3) that it would have. 

The critical length is defined as that length of strip for which 

puncture of the radome-wall, or flashover of the radome surface, 

has the same probability as flashover of the strip. 

In all the tests, faint brown regions were observed along the 

surface of the strip after the flashovers. Examination of the 

surface structure using a scanning-electron-microscope did not, 

in general, reveal any significant differences from that of an 

I 

unused strip. Figures 7.13 to 7.15 show photographs of three areas 

which did however appear to show some differences. These were the 

only three areas and amounted to less than 0.1% of a total scanned 

area of 1cm2. The difference noted is the existence of more holes 

in the particles on the surface. X-ray analysis of this sample 

produced a result identical to that of a new strip which had a 

peak for aluminium (figure 7.16). Tentative results from an Auger76 

analysis indicated that the surface contained a high percentage of 

carbon which might have been vapourised from the substrate of the 

strip. Therefore, the discolouration of the strip surface could 

be due to the presence of this carbon. 

7.4 Integrated and time-resolved photographic studies 

i 

Integrated and time-resolved photographic studies were made of both 

arrested flashovers and complete flashovers on a Dayton-Granger strip 

conditioned as described in section 7.3.2. 

Integrated photographs of the alternate complete-and arrested-flash- 
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ov©rs were obtained as a result of applying changes of +4.5 kV at 

the plateau phase of the flashover characteristic. Two cameras were 

used, one loaded with a high speed film and the other with high 

contrast recording film which effectively has a much lower ASA 

number. The camera loaded with the high speed film was used to 

record only the arrested flashovers while the other was used to 

record both complete-and arrested-flashovers. Photographs were 

taken of the entire length of the strip using different lens 

apertures. 

I 

The photographs, taken at full aperture, using the high speed film 

showed that discharges were occurring along the entire length of 

the strip even under arrested flashover conditions. However, these 

records were overexposed thus giving poor image resolution due to 

fogging. At the smaller apertures, better resolution was achieved 

and then the discharges appeared to be discontinuous, as shown in 

figure 7.17, apparently having non-luminous sections. The 

discontinuous images of the arrested-flashover discharges were also 

visible on the slow-speed film (figure 7.18). It is evident from 

the form of the flashover, arrested or complete, that the discharges 

were occurring along the strip surface and were tortuous over their 

entire length. 

A large aperture, 508-mm lens was used on the camera loaded with 

the high speed film to achieve better spatial resolution thus 

allowing the faint discharges at the apparently 'non-luminous' 

sections to be studied. Arrested flashover records, covering 

i 

250mm of the strip, are shown in figures 7.19a to 7.19e. The 
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results showed that the faint discharges at the 'non-luminous' 

sections consisted of multiple discharge paths which were only 

faintly luminous because of the reduced current in each channel. 

The discharge paths followed by the arrested flashovers were 

different from each other and their tortuous nature was confirmed. 

It should be noted that the arrested-flashover records were 

obtained while performing an 'Up & Down' test procedure and 

therefore alternated with complete flashovers. 

To investigate the effect of a preceding flashover on an arrested- 

flashover and vice versa, every discharge was optically recorded 

using high contrast recording film and a 300-mm lens viewing 

285mm of the strip. The results are shown in figure 7.20 where 

the time sequence is from left to right. These records were taken 

with alternate occurrence of flashovers and arrested-flashovers 

and were achieved through changes in applied voltage of +4.5 W. 

Reduction of the voltage changes to +1.1 kV (1.5 ) still produced 

the desired alternating occurrences. The results show that the 

discharge path of an arrested flashover immediately following the 

occurrence of a flashover is unlikely to be identical to that of 

the flashover whereas the discharge path of a flashover following 

the occurrence of an arrested falshover is much more likely to be 

similar to that of the preceding discharge. For example, discharges 

a and b in figure 7.20 show the similar paths followed by an 

arrested-flashover and the subsequent flashover; discharges c and d 

in the same figure show the dissimilar paths followed by a flashover 

and its subsequent arrested-flashover. 
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The effect of having a few arrested flashovers preceding a 

flashover was also investigated and the results are shown in 

figure 7.21. The tendency for the discharge path of a flashover 

to follow that of the preceding arrested-flashover was still 

evident, although not in all cases. The records also indicate that 

the discharge paths followed by successive arrested-flashovers 

might or might not be similar. Note the dissimilar forms in 

discharges e, f, g and the similar forms in discharges h, i, j. 

A plausible explanation of the mechanism involved may be briefly 

described as follows. If an electric field is applied across the 

strip then the effect of the various micro-protrusions o inherent 

in the construction of the strip, is to cause localised field 

enhancement. Discharges would then be initiated from these 

dominant high field points but these might fail to develop to 

flashover if the applied field was not high enough, i. e. an 

arrested-flashover would occur. The occurrence of multiple 

discharge paths is evidence of discharge initiation at many points 

on the strip surface. If the micro-protrusions were relatively 

unaffected by the low current in the arrested-flashover then 

re-application of the electric field would result in a similar 

pattern of discharge initiation and hence a similar discharge path, 

particularly if the voltage had been increased so that full 

flashover resulted. The high current resulting from a flashover 

appeared to affect the dominant high field points in such a way 
that they tend to be superseded by other protrusions which, for a 

subsequent voltage application, will then produce discharges which 

will result in a discharge path dissimilar to that of the preceding 
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flashover. Depending on the current magnitudes in repeated arrested- 

flashovers there may result changes ýn the discharge paths. The 

consequence of the flashovers is that eventually, for the 

particular value of the applied stress, all the active high field - 

points would be removed and hence there would be a resulting 

increase of flashover strength. 

Time resolved photographs of a flashover discharge were obtained, 

but because of synchronisation difficulties, as discussed in 

section 6.3, only two synchronised records were obtained and 

these are shown in figures 7.22 and 7.23. Owing to the size of the 

photocathode, only a 75-mm section of the strip was photographed. 

Figure 7.22 shows a record taken at 2x 106 frames per second with 

a time between frames of 500 ns and an exposure duration per frame 

of 100 ns. Figure 7.23 shows a record at 2x 107 frames per second 

With a time between frames of 50 ns and an exposure duration per 

frame of 10 ns. The luminous discharge development time can be 

estimated to lie between 200 and 5 00 ns for the section of strip 

considered. The records show that almost simultaneous discharges 

were initiated, at different sections along the strip surface, and 

developed to flashover. The inference is that discharges were 

not initiated at the anode and propagated to the cathode or vice 

versa. 

7.5 Summary of results and discussion 

In performing the 'Up & Down' procedure on a length of Dayton- 

i 

Granger strip, the resulting characteristic response to the impulses 
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applied may be catergorised into three distinct regions, viz the 

conditioning phase; the plateau phase and the deteriorating phase 

(figure 7.11. If application of the first impulse produces a 

flashover, the dashed-line response will apply. The conditioning ' 

phase covers from the first applied impulse to the commencement 

of arrested-flashovers. As implied in the terminology used, the 

strip would be conditioned during this phase to produce subsequent 

responses where the probability of flashover could be considered to 

be approximately normally distributed. Arrested-flashover is a term 

used to describe discharges - evidenced by light emission - along 

sections of the strip but not accompanied by, or followed by, a 

detectable fall or collapse in the applied impulse voltage. The 

arrested-flashover is thus equivalent to a withstand in the context 

of the 'Up & Down' test. The plateau phase covers the region from 

the start of arrested-flashovers to where they ceased. The 

remaining region is the deteriorating phase which shows a sharp 

increase in flashover strength, i. e. the strip had deteriorated 

from its desired flashover performance in the plateau phase. 

The variation of flashover voltage with strip length can be 

approximated to by a straight line through the origin. The f lash- 

over voltage for the Dayton-Granger strip was less than one-quarter 

of that of an equal length of segmented strip (figure 7.12). 

Consequently, the critical length, which is defined as the minimum 

length for which puncture of the radome-wall or flashover of the 

radome surface rather than flashover of the strip is more likely, 

would be longer and hence the Dayton-Granger strip should be the 

better device for lightning protection of aircraft radomes. 



113 

Integrated photographic studies of arrested-flashover and complete 

flashovers indicated that: - 

a) the discharge paths were tortuous, 

b) initiation of discharges appeared to occur 

simultaneously at different points on the strip. Hence the 

discharges did not initiate at one end and propagate to the other, 

c) parallel discharges may occur along the same section of strip 

under arrested flashover conditions, 

d) the discharge path of a flashover tended to follow that of the 

J 

preceding arrested-flashover but the converse was not apparent, 

and finally 

e) the discharge paths could be different in a succession of 

arrested-flashovers. 

A plausible explanation on the likely mechanism involved may be 

summarised as follows. Application of a uniform field stress will 

result in local field enhancement at the various micro-protrusions 

inherent in the construction of the strip. Discharges then initiate 

from the dominant high field points but may not develop to flashover, 

i. e. an arrested-flashover occurs. If the dominant micro-protrusions 

are relatively unaffected by the low current in the arrested- 

flashover then re-application of the electric stress will result in 

a similar pattern of discharge initiation and hence a similar 

discharge path particularly if the voltage had been increased so 

that flashover results. The high currents resulting from flashover 

appear to affect the dominant high field points in such a way that 

they tend to be superseded by other protrusions which, for a 

subsequent voltage application, will then produce discharges having 
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paths dissiu: ilar to that of the preceding flashover. Depending 

on the current magnitudes in repeated arrested-flashovers, changes 

in the discharge paths may result. The consequence of the flashovers 

is that eventually, for the particular value of applied stress, all 

the active high field points would be made inactive and hence there 

is a resulting increase in flashover strength which, perhaps, is 

improved by the presence of a carbon layer on the surface as 

indicated by an Auger analysis. 
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8 CONCLUSIONS AND RECOMMENDATIONS FOR FURTII STUDIES 

8.1 Segmented strip - Conclusions 

The present investigation has revealed much about the segmented 

strip and its flashover characteristics. It has been found that 

the intersegment capacitance is not more than 2pF and that the 

intersegment resistance of a new length of segmented strip has an 

average value of approximately 45 k ohms. The intersegmerrt 

resistances tend to fall in value with each application of impulse 

voltage and it is possible for the status of neighbouring 

intersegment resistances to be interchanged, i. e. the intersegment 

resistance which was the higher can become the lower. Nevertheless, 

the general trend is for the intersegment resistances to fall to a 

i 

lower value of about 5k ohms. The change in intersegment resistance 

is still evident regardless of whether the applied impulse voltage 

is withstood or not. 

Owing to the limited energy dissipation capacity of the resistive 

layer of the segmented strip, it is highly probable that, if the 

strip withstands an applied impulse, at a level close to V50, it 

will be damaged, i. e. layers of material on the mounting-surface 

and between conducting segments will be dislodged. Existence of 

such damage will provide preferential flashover paths and thus 

alter the flashover characteristics. In the present work, damage 

to the segmented strip was prevented by applying impulses which 

were chopped after a time-lag of about 5 microseconds which is 

longer than the time-lag to flashover of any length of segmented 



116 

strip. 

A linear relationship has been found to exist between the flashover 

voltage and strip length when a segmented strip is situated in a, 

gap having a geometric uniform field. The results reflect the 

approximately uniform distribution of intersegment resistances in 

a resistance-stabilised strip where it is assumed that the 

flashover voltage would be proportional to the number of inter- 

segment gaps, and hence strip length, if each intersegment 

resistance is approximately equal in value. The mean field at 

flashover, however, differs between unconditioned and conditioned 

strips. For strips which are not conditioned but which have been 

resistance-stabilised, the value is 750 kV/m but for conditioned 

strips, the value is 380 kV/me The former value, being considerably 

higher than the latter, implies that only conditioned strips should 

be used in the protection of radomes against lightning because of 

the increased value of the critical length. 

For a conditioned strip situated in a gap having a non-uniform 

geometric field, the relationship between flashover voltage and 

strip length is non-linear. This non-linearity, due probably to 

the non-uniform geometric field, does not pose any problem in the 

context of radome protection because the maximum voltage at 

flashover is at most 50% of that of an unbridged air gap. However, 

the reduction in flashover voltage, from that of an unbridged gap, 

for a resistance-stabilised strip in a non-uniform geometric field 

is not yet known and should be investigated in future studies. If 

-1 

the electric field ahead of a lightning leader is considered to be 



117 

non-uniform, then the results of such an investigation would 

reveal the efficacy or otherwise of such strips as lightning 

protection devices. The effects of the non-uniformity of the 

geometric field could be further investigated by making time- 

resolved studies of the discharge development on segmented strips 

situated between electrodes giving a wide range of geometric field 

factors (defined as the ratio of maximum to mean field). 

Generally, time-lags to flashover were found to be less than the 

time-to-crest, 3 microseconds, of the applied lightning impulse. 

Such short time-lags are, without doubt, desirable in any protective 

device. In particular, the time-lag to flashover approaches a 

constant value of about 0.6 microsecond when the strip is overvolted 

which is most likely under natural lightning conditions. 

The results of time-resolved photographic studies of the light 

emission resulting from flashovers were consistent with the 

proposed mechanism of flashover. The discharge does not propagate 

from the anode-electrode to the cathode-electrode nor vice versa 

but discharges are initiated at a number of different intersegment 

gaps. Two or more of these discharges may be initiated 'simultaneously', 

i. e. within the limit of tine-resolution which was achieved in the 

present measurements, viz. +0.5 ns. There is also no pre-dominant 

sequence of intersegment flashovers and this is expected due to the 

tendency of the intersegment resistances to change with each applied 

impulse. 

Comparison of the total current, which comprises the ohmic current 
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due to the resistive layer of the strip and the intersegment gap 

discharge current, with the ohmic current enables the strip 

flashover time to be determined. The vast majority of these times 

lay within 2 microseconds with the majority falling within I 

microsecond for a strip length of 0.3m in a uniform field. The 

phenomenon of isolated intersegment discharges may occur when a 

strip withstands an applied impulse. This phenomenon should be 

further investigated by making simultaneous photomultiplier and 

total current measurements. 

Although much has been learned from the present investigation, the 

mechanism leading to a flashover of the strip is still not fully 

understood. Many variables, associated with the strip itself or 

the environment, may affect the flashover performance. Hence, 

further studies are required as recommended below. 

8.2 Further work on segmented strips 

8.2.1 Negative impulse measurements 

Positive lightning impulses were used throughout the present 

investigation. In view of the fact that a majority of lightning 

impulses are of negative polarity, it is desirable that the 

performance of the strip under negative impulses be studied. 

Unfortunately, the impulse voltage chopping system developed does 

not function as required under negative impulse conditions due to, 

perhaps, the fact that the trigatrons then changes to being cathode 

triggered. Therefore, either an alternative chopping system must 
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be designed or a major alteration of the impulse generator must be 

undertaken in order to maintain anode-triggering of the trigatrons. 

8.2.2 Measurement of intersegment resistances using a potential 

bridge 

It is considered that high contact resistance exists between each 

segment and the resistive layer. 

justified by the present results. 

This view is satisfactorily 

However, the existence of such 

high contact resistances can be further investigated by measuring 

the intersegment resistances using a potential bridge which will 

allow the effect of the contact resistances to be eliminated. 

8.2.3 Measurements in a non-uniform geometric field 

If the field ahead of an approaching lightning leader is considered 

to be non-uniform, then a radome protection system consisting of 

conditioned segmented strips could be expected to perform 

satisfactorily. This is because the flashover voltage of a 

conditioned segmented strip, situated in a non-uniform geometric 

field, is much lower than the breakdown voltage of the bridged 

air-gap alone. However, it is likely that only new strips will be 

used in any protection system and therefore it -is necessary to 

investigate the flashover characteristic of a new strip situated in 

a non-uniform geometric field in future studies. In addition, the 

apparent effect of a non-uniform geometric field on the flashover 

characteristics of a strip should be further investigated by 

undertaking time-resolved photographic studies under these conditions. 
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8.2.4 Measurements with strips under different field conditions 

In a practical situation where an aircraft is flying under a 

thundercloud and in the vicinity of an approaching lightning leader, 

each segmented strip comprising the protection system will be 

operating under different field conditions. These conditions 

depend upon the relative positional orientation of each strip to 

the thundercloud and the lightning leader. In other words, the 

static field due to a thundercloud and the time varying field due 

to a lightning leader would both be different for all the strips on 

a radome surface. Future studies should therefore investigate the 

effect of an impulse field, superimposed on a static ambient field, 

on the performance of a strip and also on how the performance is 

affected by different strip orientation, relative to these applied 

fields. 

8.2.5 Photomultiplier measurement s 

The current records which have been obtained to date indicate that 

isolated intersegment discharges may be occurring. This should be 

further investigated by complementing the current measurements with 

photomultiplier measurements. 

8.3 Future studies using model strips 

8.3.1 Proposed design for a model strip 

In the present study, only commercially available segmented diverter 
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strips were used. The use of such strips meant that the strip 

parameters could not be- varied and thus the dependence of the 

flashover characteristics on these could not be investigated. These 

parameters include, for example, segment size and shape; segment 

material and surface finish; intersegment resistance; intersegment 

gap length; material and surface finish of the dielectric; the 

ratio of segment size to intersegment gap and the height of the 

segments above the surface of the dielectric substrate. It is 

proposed that a model be used in future work in order that all of 

these factors may be varied. The investigation of the effect of 

the various factors on the performance of model strips will enable 

a better understanding of the mechanism leading to segmented strip 

flashover to be achieved. 

Figure 8.1 shows the proposed design of one such model strip. 

Basically, it consists of two dielectric sections, front and rear, 

and two conducting ends to allow electrical contact to be made with 

the high voltage and earth electrodes. The front section would 

contain the conducting segments and in the rear section there would 

be a channel to contain a liquid, say salt solution, which would 

serve as a resistive layer. The effect of size, shape, material, 

surface finish of the segments; of intersegment gap length; of the 

ratio of segment size to intersegment gap and of the height of 

segments above the surface of the dielectric substrate could thus 

be investigated by having a series of different front sections 

containing the various segment arrangements to be tested. The 

material used for making the dielectric sections could also be 

-1 

varied to investigate its effect on flashover performance. The 



122 

effect of strip resistances could be studied by changing the 

resistivity of the salt' solution and the effect of the relative 

magnitude of the intersegment resistances could also be studied by 

having different liquids, say oil and salt solution, in different 

sections of the channel. If necessary, provision could be made on 

the model for automatic or remote replacement of the liquid in the 

channel so that any effect due to appreciable heating of the liquid 

resulting from a prolonged test session could be eliminated. 

However, automatic or remote replacement might not be possible if 

the resistive layer is composed of several sections containing 

different liquids. 

In all the different model arrangements resulting from the various 

front sections, it is expected that the intersegment capacitances 

will be larger than those of the commercially available strip. 

However, these larger values are of no consequence provided that 

the discharge-time-constant of each parallel combination of 

intersegment resistance and capacitance is much lower than the 

wavefront times of the impulses applied. 

8.3.2 Measurements using switching impulses 

Owing to the magnitude of the action integral associated with - 

switching impulses, even if chopped at the peak, (see section 4.2 

the tests in the present investigation were undertaken using only 

chopped lightning impulses. On model strips designed to give 

increased energy dissipation, it would be possible to investigate 

the effect of variation of the impulse voltage waveshape. From the 
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results of such investigation the effect of impulse waveforms on 

the performance of segn nted strips might be inferred. 

8.3.3 Measurements with model strips having fixed numbers of 

intersegment gaps per unit length 

If the relative magnitudes of the intesegment resistances are 

fixed, this would enable the correlation between the discharge 

sequence and intersegment resistance to be determined with 

confidence. Control of the intersegment resistances would also 

allow the dependence, if any, of the flashover characteristics 

upon the absolute value of intersegment resistance to be 

investigated. 

Investigations on spacer flashover in compressed gases by other 

researchers have shown the dependence of flashover upon spacer 

material and profile and have thus contributed to more efficient 

spacer design. Similarly, model strip tests in which the effects 

of dielectric material and its surface finish on flashover 

characteristics could possibly lead to the design of more 

efficient diverters. 

It was observed, during the present investigation, that after the 

rear intersegment surface had been damaged, probably by excessive 

heating of the resistive layer, flashover occurred across this 

damaged surface rather than across the undamaged front surface. 

This occurred despite the fact that the rear intersegment gap, between 

1.25-mm square cross-section conductors, is five times that of 
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the gap between the 2.44-mm diameter circular segments on the front 

surface. Therefore, it-would be valuable to investigate the effect 

of size, shape, material composition and surface finish of the 

segments and of the ratio of segment size to intersegment spacing 

on the flashover characteristics. The possibility of having the 

resistive layer form the front surface also might be considered. 

The effect of the amount of protrusion of the segments above the 

dielectric surface on the flashover characteristics is an 

interesting aspect to investigate. The results from such an 

investigation might confirm the proposition that the lower flashover 

voltage of a conditioned strip, compared to that of an unconditioned 

but resistance-stabilised strip, is due to surface erosion of the 

dielectric between the segments thus increasing the segment 

protrusion. 

Researchers have Found that the presence of contaminating particles 

on spacer surfaces in compressed gases adversely affected the 

flashover characteristics of the spacer. In the present study, 

post-flashover carbon deposits on the strips was observed but 

whether the presence of these deposits significantly affected the 

flashover characteristics is not known and should be investigated 

using model strips. 

It was found that there was a significant scatter in the time-lags 

to flashover of a segmented strip and that this scatter was reduced 

with increase in strip length. The reason for this is not yet clear 

and it is considered that the results of the studies recommended 
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above would help to explain this tendency. 

8.3.4 Measurements with models having different numbers of 

intersegment saps per unit length 

Present results are in agreement with the proposal that the 

flashover strength of a segmented strip, situated axially in a 

uniform field air gap, is equivalent to the sum of the individual 

I 

flashover strengths of the intersegment gaps. This proposal could 

be further investigated by using model strips where the flashover 

strength of one, two, three or more series - connected intersegment 

gaps could be measured. 

It has been estimated that about 90; 0 of the strip length is 

bridged by the conducting segments in the type of strip studied to 

date. It would be useful to measure the effect on the flashover 

strength, of a fixed length model strip, of varying the number of 

segments on the strip arranging that in every case the segments 

bridged 90f of the strip length. The cross-section of the segments 

could be varied from super-elliptical, for the single segment case, 

to circular, corresponding to the commercially available strip. 

The effects of bridging an increasing portion of a given strip 

length by conducting segments could also be studied-by having 

different numbers of similarly sized and shaped segments uniformly 

-1 

spaced along a fixed length model strip. 
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8.4 Dayton-Granger strip 

The characteristic response of a Dayton-Granger strip when subjected 

to voltage impulses can be categorised into three distinct regions,, 

viz. the conditioning phase, the plateau phase and the deteriorating 

phase. In the plateau phase, the phenomenon of arrested flashover 

occurs. Optical studies have shown that this phenomenon is 

accompanied by light emission from short sections of the surface of 

the strip but there is no collapse of the applied voltage. Optical 

studies have also revealed that: 

a) the discharge paths are tortuous, 

b) initiation of discharges appear to occur simultaneously at 

different sections of a strip, i. e. it is not initiated at one 

end of a strip and then propagates to the other, 

cý parallel discharges may occur along sections of the strip under 

arrested flashover conditions, and 

d) the discharge path may vary in a succession of arrested 

flashovers but the discharge path of a flashover tends to 

follow that of the preceding arrested flashover. 

I 

The relationship between flashover voltage and strip length is 

approximately linear and the mean field at flashover is less than 

one quarter, of that of a segmented strip. The lower field at 

flashover results in a longer critical length which implies that 

the Dayton-Granger strip should be the better device. This 

advantage is,, however, offset by the much longer time-lags to 

i 

flashover of the Dayton-Granger strip in the plateau phase. 
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Although in the present study, the Dayton-Granger strip was only 

briefly examined, the results obtained were extremely interesting 

and also encouraging in the context of lightning protection. Its 

ability to withstand hundreds of impulses without any apparent 

damage, as evidenced by the scanning-electron-microscope photographs, 

warrants further investigation. This strip also has the advantage 

that during the plateau phase, in which, for a considerable number 

of applied impulses, the flashover strength remains low, 

approximately 71 kV/m or about 201% of the flashover strength of a 

conditioned segmented strip. 

The existence of the plateau phase of low, and approximately 

constant, flashover strength appears to indicate that the Dayton- 

Granger strip might be capable of multi-stroke protection. The 

assumption here is that the flashover strength of the strip would 

not be affected by the passage of a high current discharge. An 

investigation of the validity of this assumption could form part 

of a future comprehensive study of the electrical characteristics 

of the Dayton-Granger strip. 

In this study, the effects of impulse waveshape and polarity on the 

flashover characteristics should be investigated along with those 

resulting from variation of field distribution and strip orientation 

because, in the present investigation, the flashover characteristics 

were studied only with the strips situated axially in a uniform 

field gap. 

Further time-resolved photographic studies, complemented by current 
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measurements, especially under the arrested-flashover condition, 

could be included. 

Dielectric surface charging has been found to occur in situations I 

where a spacer bridges two electrodes in vacuum or in compressed 

gases. It is therefore not unreasonable to consider that surface 

charging of the Dayton-Granger strip might also exist in air at 

atmospheric pressure. The magnitude of this charge and its effect 

on the flashover characteristics is not yet known and should be 

investigated in the future. In view of the fact that air is not a 

pure gas, which complicates the matter further, an initial step 

could be the study of such strips in a pure gas, such as nitrogen. 

This study could be easily undertaken in the future because two 

of the research projects presently being undertaken in the 

Department are concerned with dielectric surface charging and 

flashover in compressed gases. 

Results from the above recommended studies should provide a better 

understanding of the performance of Dayton-Granger strips. In 

the final analysis, perhaps the ultimate protection strip could 

result from a marriage of the desirable properties from both the 

segmented - and the Dayton-Granger - strips. 
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Table 5.1 

Variation of intersegmen't resistance with repeated applications 
of impulses between V0 and V100 voltage levels. 

Intersegment 
resistance 
before test, 

k ohms 

Intersegment 
resistance 
after test, 

k ohms 

Condition of strip surface 
of the strip at the point 
to the intersegment. 

at the rear 
corresponding 

30 4 
18 5.2 
18 9.5 damaged plus evidence of flashover 
16 6 
16 6.8 
16.5 10 
16 9 
16 9 
50 7.2 
25 4.6 

140 4.8 

16.5 4.5 
16.5 5.8 
17 5.2 
17 5.9 
18 6.1 
18 6.5 damaged plus evidence of flashover 
17.5 7.9 damaged plus evidence of flashover 
17.5 6.2 damaged plus evidence of flashover 
17 5.3 
16 5.9 
16.5 5.8 
16.5 5.8 
17 5 
19 5 
16 5.6 
16 5.2 
16 4.4 
16 5.9 
16 5.9 
16 6.1 
16.5 6 
16 5.8 
16.5 5.4 
16 4.8 
16 5.7 
18.5 9.7 damaged plus evidence of flashover 

17 6.8 
16 7 damaged but no evidence of flashover 

15.5 10.5 damaged plus evidence of flashover 

17 6.3 
16 5.7 
15 4.4 
16 5.7 
15,5 5.6 
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Table 5.1 (continued) 

16 6 
17 5.2 
16 5.7 
16 5.8 
16.5 6.8 
16 5.2 
15.5 4.6 
16 4.8 
16 4.3 
15.5 5 
16 5.3 
16 6 
16 6.6 
16 5.8 
16 5 
15.5 4.9 
16 4 
16 5.4 
16.5 4.9 
17 5.8 
17 5 
17 5.8 
17 8.2 damaged plus evidence of flashover 
17 5.7 
16 5 
16.5 8.3 damaged plus evidence of flashover 
17.5 7.7 damaged plus evidence of flashover 
16.5 5 
17 5 
16 5.2 
17 5.6 
18.5 9.5 damaged plus evidence of flashover 
17 6 damaged but no evidence of flashover 

17 6.2 
16 9 damaged plus evidence of flashover. 

16.5 6.6 
17 8 
16 5.8 
17 8.5 damaged but no evidence of flashover 

16 6 
15.5 5.2 
16.5 6.6 
17 7.8 
17 6.2 
16 6.2 
17 6.2 
17 6.4 
17 6.6 
17 5.6 
17 6.2 
16.5 6.6 
17.5 10 damaged plus evidence of flashover 

i 
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Table 5.1 (continued) 

16 6.6 
15.5 5.7 
15.5 5.9 
15 5.3 
15 5.4 
16 5.2 
15.5 4.3 
17 5 
16 4.9 
16 5.9 
16 4.5 
17 8 damaged but no evidence of flashover 

15.5 5 
15.5 5.2 

sum of individual intersegment resistance before test =2M ohms 
strip-resistance before test = 0.96 M ohms 
strip-resistance after test = 0.65 M ohms 

strip-resistance after test and after removal of 
'carbon' deposit between segments on front surface = 0.675 M ohms 
sum of individual intersegment resistances after 
test and after removal of 'carbon' deposit = 0.678 M ohms 
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Table 5.2 

Effect of applied impulses at less than the flashover level 

Number of damaged intersegment surfaces 
before commencement of test 

49 out of 204 
II 

Magnitude of impulse voltage 

Frequency of impulse application 

Duration of test 

Number of impulses applied 

Number of damaged intersegment surfaces 
after test 

160 kV , 150 kV 

once every 50 seconds 

2 hours 

144 

168 

* 160 kV was applied for the first hour. 
After the 70th impulse application, flashover occurred for every 
subsequent impulse applied and the voltage level was reduced 
to 150 W. 

Inference: Damage occurred at an additional 119 intersegment 
surfaces. 
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Table 5.3 

Effect of applied impulses at voltages higher than the 
V100 flashover value. 

Number of damaged intersegment surfaces 
before test 

Magnitude of impulse voltage 

Frequency of impulse application 

Duration of test 

Number of impulses applied 

Number of damaged intersegment surfaces 
after test 

19 out of 51 

160 kV (^-1.5V50) 

once every 40 seconds 

2.75 hours 

248 

19 

Inference: No additional damage to the intersegment surfaces 
was evident. 

i 

I 
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Table 5.1ý 

Rate of deterioration of a segmented strip. 

Total 
number of 
flashovers 

B 

Total 
number 
of shots 
applied, S 

% flashover 

(B/S)x10Oj 

AB 
-XI OC% dS 

Observations 

, 

10 18 56 No visible damage 
15 28 54 50 No visible damage 
20 35 57 71 4 nearly equally spaced 'swellings' 

were seen on the intersegment 
surfaces at lower half of strip. 

25 44 57 56 White insulating layer removed from 
intersegment surface at middle of 
strip but no 'burn marks' (did not 
occur at swelling points observed 
at shot 35)- 

30 54 56 50 (a)' burn marks' appear at point 
where white insulating layer was 
removed from shot 44, thus 
indicating arcing. 
(b)White insulating layer removed 
from largest of the 4 swellings. 

35 62 56 63 (a)T? Jhite insulating layer removed 
from 9 more intersegmentsurfaces. 
(b)2 additional arcing points 
observed. 

40 68 59 83 (a)White insulating layer removed 
from I more intersegment surface. 
(b)4+ additional arcing points 
observed. 

45 74. 61 83 (a)V hite insulating layer removed 
from 5 more intersegment surfaces. 
(b)3 additional arcing points 
observed. 

50 79 63 100 (a)White insulating layer removed 
from 1 more intersegment surface. 
(b)3 additional arcing points 
observed. 

55 84 65 100 (a)White insulating layer removed 
from 2 more intersegment surfaces. 
(b)3 additional arcing points 
observed. 

Total number of intersegment surfaces 
Total number of intersegment surfaces 
Total number of intersegment surfaces 
Total number of intersegment surfaces 

removal and 'burn marks' = 11+ 

= 111 
with insulation removed = 20 
with 'burn marks' = 16 
with both insulation 
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Table 5.5 
t 

Action integral for a lightning impulse. 

1004 corresponds to the complete impulse, ' 

i. e. when there was no chopping. 

Time-lag to chop 
us 

Action integral 

2 3.9 

5 11.6 

10 23 

20 4-1.7 

50 75 

-1 
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Table 6.1 

Flashover voltage and time-lag results for 
a strip bridging a uniform field gap. 

Strip length 50Iu flashover Mean voltage at Time-lags to 
voltage and flashover and flashover, 

m 95ia confidence 95/"o confidence }Is 
levels, kV levels, kV 

118.3 107.5 
0.3 1.2 to 2.0 

113.2 to 123.3 103.9 to 111 .1 

190.6 171.3 
0.5 1.2 to 1.9 

178. tß to 202.7 166.3 to 176.2 

353.8 315.0 
0.75 1.2 to 1.6 

338.9 to 368.7 305.0 to 325.0 

J 
479.0 370.2 

1.01 0.8 to 1.0 
456.6 to 501.3 350.5 to 390.0 
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Table 6.4 

Breakdown voltages of air-gaps. 

Gap length Breakdown voltages, kV 

uº Rod/rod gap Rod/plane gap Uniform field gap 

0.3 
95% 

211 
C. L. -209 & 213 

162 760 

0.5 95% 
333 

C. L. =331 & 336 270 1251 

0-75 95% C. 
L. 

= 474 &x+80 405 1882 

1-01 
95% 

620 
C. L. X18 & 622 545 2522 

C. L. = Confidence levels 
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3 

Table 6.5 

Table of time-de1py among discharges A, B and C. 

TAB TAC Discharge sequence 
Ist 2nd 3rd 

0.55 0 B 
0.1 0.1 
0 0 

-0.9 -0.3 B 
0.2 -0.6 C 
0.8 0.1 B 

-0.1 -0.6 C 
0.3 -0.1 
1.0 0.5 B 
0 0 
1.0 0.2 B 
0 0.5 
0 -1.0 C 
0.3 0 
0.5 0.2 
1.2 0.3 B 

-2.0 -2.0 A 
0.7 0 B 
1.0 0.5 B 
0 1.3 C 

-0.8 0.1 B 
0.5 0 B 
0.2 0 

-0.4 -1-5 C B A 
1.0 1.0 A 

-2.1 -3.4 C B A 
-0.4 0.2 B 

0 1.0 C 
-2.0 -3.0 C B A 

0 0 
-0.7 -0.1 B 

2.3 2.5 A 

-7.0 4.5 B A C 
0 0.1 

-0.5 -0.5 A 
0.4 0.1 

-1.2 -0.9 A 
0.5 0.2 
0.6 1.0 A B C 
0 -1.0 C 
6.5 6.5' A 

-5.9 -5.9 A 
-6.9 -6.5 B C A 
-1 .4 -4.0 C B A 

-6.2 -3.7 B C A 

-8.1 -7.9 A 

-5.0 -0.5 B C A 

J 

-1 
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Table 6.5 (continued) 

-9.0 -7.5 B C A 

-7.0 -5.1 B C A 
-3.5 -1.0 B C A 
1.8 5.8 A B C 
00 
0 0.5 
2. lß 1.3 A C B 
1.2 0.9 A 

-1.5 -0.8 B C A 
-1.8 0 B 

2.3 2.3 A 
-1.0 2.5 B A C 

-0.9 2.2 B A C 
0 0.1 

-1.0 -0.9 A 
0.8 0.1 B 

-2.5 -2.8 A 
2.5 3.0 A B C 

i 

1J TAB - Time delay in ps between discharge initiation in gaps A and B 

with A as reference. 

2) TAC - Time delay in }is between discharge initiation in gaps A and C 

with A as reference. 

3) When the time-delay between two discharges falls within the range 
of uncertainty, the discharge sequence for the discharges in 

question are not determined. 
Range of uncertainty for TAB is -0.25 to 0.1+3 das, 

for TAC is -0.31 to 0.5 us 

and for TBC is -0.35 to 0.33 us where TBC is the 

time delay in- jis between discharge 
initiation in gaps B and C with B as 
reference. 

4) Bracketed rows indicate results from consecutive frames of the 

negative. 

-1 
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Table 7.1 

Results for 1-01-m Dayton-Granger strip with strip 
not mounted on SRBP tube. 

Stage of test Voltage applied Range of time Total number of 
attained at stage lags observed impulses 

considered, kV from preceding applied 
stage to stage 
considered, ps 

Start 80.3 Not I 
Applicable 

Ist flashover 334.8 1.5 58 

Minimum 71.4 0.5 to 17 117 
flashover 

End 670 0.8 to 30 311- 



Table 7.2 

Results for Ist 1-01-m Dayton-Granger strip - strip 
mounted on SRBP tube. 

Stage of test Voltage applied Range of time Total number of 
attained at stage lags observed impulses 

considered, kV from preceding applied 
stage to stage 
considered, }is 

Start 67 Not 1 
Applicable 

Ist flashover 120.5 2 13 

Minimum 71.1+ 2 to 18 24 
flashover 

Ist arrested 67 Not 25 
flashover Applicable 

Last 
arrested 80.3 11 to 31 163 
flashover 

End 670 0.8 to 14 387 

i 
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Table 7.3 

Results for 2nd 1 . 01-m Dayton-Granger strip - strip 
mounted on SRBP tube. 

Stage 
. of test Voltage applied Range of time Total number of 

attained at stage lags observed impulses 
considered, kV from preceding applied 

stage to stage 
considered, }us 

Start 67 Not I 
Applicable 

1st flashover 200.9 2 51 

Minimum 71.4 1-3 to 29 80 
flashover 

1st arrested 67 Not 81 
flashover Applicable 

Last 
arrested 70.3 12 to 42 232 
flashover 

End 670 1 to 14 465 
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Table 7.4 

Results for 0.3-m Dayton-Granger strip - strip 
mounted on SRBP tube. 

Stage of test Voltage applied Range of time Total number of 
attained at stage lags observed impulses 

considered, kV from preceding applied 
stage to stage 
considered, bus 

Start 19.1 Not I 
Applicable 

1st flashover 50.4 3.5 95 

Ist arrested 21-7 Not 140 
flashover Applicable 

Last 

arrested 23.6 7 to 37 346 
flashover 

End 191 1 to 15 872 
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a 

Table 7.5 

Summary of flashover results for Dayton-Granger strip. 

Stage of test Mean stress at Range of time Total number of 
attained stage lags observed impulses 

considered from preceding applied 
kV/m stage to stage 

considered, is 

79.5 Not applicable 1 

Start 66.3 NA 1 
66.3 NA 

63.7 NA 

331.5 1.5 58 
119.3 2 13 

1st flashover . 198.9 2 51 
168 3.5 95 

70.7 0.5-17 117 
Minimum 70.7 2-18 24 

flashover 70.7 1.3-29 80 

74.3 2.2-26 139 

Not observed NA NA 
Ist arrested 66.3 NA 25 

flashover 66.3 NA 81 
72.3 NA 140 

Not observed NA NA 

Last 79.5 11-31 163 
arrested 69.6 12-42 232 

flashover 78.7 7-37 346 

663.4 0.8-30 314 
663.4 0.8-14 387 

End 663.4 1-14 465 
636.7 1-15 872 

LEGEND 

Results of strip I 

Results of strip 2 

Results of strip 3 

Results of strip 4 

- 1.01-m length. Strip not mounted on SRBP tube. 

- 1.01-m length. Strip mounted on SRBP tube. 

- 1.01-m length. Strip mounted on SRBP tube. 

- 0.3-m length. Strip mounted on SRBP tube. 
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kA 

60 

40 

20 

curve 1 0.5 1 1.5 2 ms 

curve 2 2 12 22 ms 

Fig. 1.1 Typical current waveform for positive-flash 
to ground (based on reference 6). 

initial return 
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100 1 restrikes 
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tf 

45nr 

10 
intermediate 
components 

I 

I 1Ac'1 1111ent 
ontinuing 

11 

10 60 110 410 470 530 700 
Time, ms (not to scale 

Fig. 1.2 Severe negative-flash current waveform 
(based on reference 6) 
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current 

component A(initial stroke) 

component B(intermediate current) 

component C 
(continuing current) 

i 

IE _I c5 ms 0.25 tot s 

J 

component D 
(restrike) 

time 

component A: peak amplitude 200 kA + 10o 

action integral 2X 10T A2s + 10f 
time duration 4500 Ps 

component B: maximum charge transfer I OC 

average amplitude 2 kA + 10% 

component C: charge transfer 2000 + 20% 

amplitude 200-800 A 

component D: peak amplitude 100 kA + 10ý 

action integral 0.25 X 106 A2 s + 10ý 

peak amplitude 100 kA + 10% 

peak initial rate of 
rise of current 100 kA/ps + 10% 

time for which di, /dt 

should exceed 25 kA/ps 0.5 us + 10IP 

Group I 

effects 

Group 2 

effects 

Fig. 1.3 Idealised current test waveform6. 
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; istive material 

insulating layer 

Fig. 2.1 Segmented diverter strip. 

kV 

1600- 

1400' 
, 

1000 kV/us 

1200 
iý'o breakdown without 

I, diverter 
1000 

!ý,. -- ---- f applied voltage 
800 ý/ º;. ' waveforms 

1f 
600 

breakdown with segmented diverter 

200 1ýt/ 
p 

ý 

1 

12345678 us 

Fig. 2.2 Breakdown voltage vs. time to breakdown across 1.2m 

radome wall with and without segmented diverter35. 
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kV 

300 

200 

100 

strip length, m 

range 
)th 

J 

Fig. 2.3 Segmented strip flashover voltage vs. strip length 

at 200 kV/jis rate of voltage rise35. 

voltage 
flashover 

characteristic 
of radome 

ý--critical 
length--ý 

<---, flashover 
characteristic of 
segmented strip. 

-puncture 
voltage 

of radome 

length 

Fig. 2.4 Determination of the maximum strip length 

permissible 
36. 
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yield curve. 
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Fig. 3.2 Equivalent circuit of segmented strip. 
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2xO. 25u 5000p 
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1.32M 
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(a) 
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0.125}i 

(b) 

trigatron 

Fig. 4.3 (a) - Actual circuit 
(b) - Equivalent circuit after switch S is 

closed. 
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Fig. 4.4 Equivalent circuit of impulse generator. 
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ALL DIMENSIONS IN MILLIMETRES 
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Fig. 4.5 Plan and elevation of brass rod electrode. 
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Fig. 4.8b Trigger circuit 1 (continued) 
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Fig. 4.9 Principle of delayed triggering for trigatron 
in chopping gap. 
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Fig. 4.13a Current measuring probe. 
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Fig. 4.14 Framing sequence. 
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Fig. 4.15 Trigger arrangement for time-resolved photography. 
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Fig. 5.6b Change of intersegment resistance with 
applications of impulse voltages at a 
level below V0. 
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Magnification 1+0X 

Magnification 160X 

Magnification 160X 

Fig. 5.12 Scanning electron microscope photographs 
of a damaged intersegment surface 
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Fig- 5.13 Scanning electron microscope. photographs of front 

surface of a new segmented strip. 

a) photograph of intersegment surface shown with 

100-micron markers 
b) photograph of conducting segment shown with 

100-micron markers 

Fig. 5.14 Scanning electron microscope photographs of front 

surface of a used segmented strip. 

a) photograph of intersegment surface shown with 
100-micron markers 

b) photograph of left portion of (a) and shown with 

10-micron markers 

c) photograph of right portion of (a) and shown with 

10-micron markers 
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Fig. 5.16 Location of 'carbon' deposit on strip surface. 
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(a) 

hrrow shows gap where rear surface was damaged 

Fig. 5.17 a) Front view of strip showing flashover between 
two segments 

b) Front view of strip showing flashover between 
the same segments as in (a) but having 2 cores 
in the discharge 

gap where rear 
4 surface was 

damaged 

Fig. 5.18a Side view of a strip with intersegment discharges 
on both surfaces. 
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Shaded area shows optical form of the discharge 

Fig. 5.18b Sketch corresponding to fig. 5.18a. - 
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strip stuck on to perspex with araldite. 
Full impulse voltage waves applied 
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epoxy adhesive. 
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Fig. 5.21 'Up & Down' test results for segmented strip 
coated on the rear surface with araldite adhesive. 
Full impulse voltage waves applied 
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Fig. 5.22 'Up & Down' test results for segmented strip 
coated on the rear surface with epoxy adhesive. 
Full impulse voltage waves applied 
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Note: Damaged gaps were repaired immediately before 
continuing test. 

Observations at 
(a) Orange spark 
(b) Orange spark 
(c) Orange spark 
(d) White spark 
(e) Orange spark 
(f) Orange spark 
(g) Orange spark 
(h) Orange spark 
(i ) Orange spark 

and 1 intersegment gap was damaged. 

and 2 additional gaps were damaged. 

and 3 additional gaps were damaged. 

and I additional gap was damaged. 

and 2 additional gaps were damaged. 

and 1 additional gap was damaged. 

and 1 additional gap was damaged. 

and 5 additional gaps were damaged. 

and 3 additional gaps were damaged. 

j 

Fig. 5.23 'Up & Down' test results for segmented strip 
when damaged intersegment gaps were 'repaired' 
immediately with silicon grease. 
Full impulse voltage waves applied 
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Fig. 5.24 Definition of time-lag to flashover. 
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Fig. 6.1 Experimental arrangement for tests on 
a strip situated in a uniform field 
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Fig. 6.7 Experimental arrangement for a strip 
bridging a rod/plane gap. 
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Arrangement 1- p- Strip completely bridged rod/plane 
electrodes. 

Arrangement 2-0- Strip partially bridged rod/plane 
electrodes, i. e. with 2-mm gap 
between strip and rod 
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Fig. 6.13 Experimental arrangement used by Plumer 
& Hoots for obtaining flashover voltage/ 
strip length relationship. 
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Fig. 6.18 Comparison of flashover/breakdown characteristics. 
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Fig. 6.20 Streak record at I ns/mm 

10 ns 

Fig. 6.21 Streak record at 2 ns/mm 
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Fig. 6.22 Streak record at 2 ns/mm 
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Fig. 6.23 Framing record of 4 gaps (typical) 
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anode 

Fig. 6.24 Framing record at 2X 107 frames/second 
showing anode to cathode direction of 
discharge propagation 

cathode 

anode 

Fig. 6.25 Framing record at 2X 107 frames/second 

showing cathode to anode direction of 
discharge propagation 
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Fig. 6.26 Framing record at 2X 107 frames/second 
showing neither anode to cathode direction of 
discharge propagation nor vice versa 

Discharge k 

Discharge B 

Discharge C 

Fig. 6.27 Streak record of 3 gaps at 1 ns/mm 
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For all waveforms, vertical scale = 220 mA/division 

horizontal scale =I us/division 

Fig. 6.32 Current waveform with superimposed oscillations. 

Fig. 6.33a Damped current waveform with 28 ohms damping resistor. 

Fig. 6.33b Damped current waveform with 130 ohms damping resistor. 

Fig. 6.33c Damped current waveform with 400 ohms damping resistor. 

Fig. 6.33d Damped current waveform with Ik ohms damping resistor. 

Fig. 6.33e Damped current waveform with 1.5 k ohms damping 
resistor. 

Fig. 6.33f Damped current waveform with 4k ohms damping resistor. 

i 
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Fig. 6.32 

Fig. 6.33a 

Fig. 6.33b 

Fig. 6.33c 

Fig. 6.33d 

Fig. 6.33e 

Fig. 6.33f 



229 

voltage impulse being chopped 

Fig. 6.34 Resistive layer current waveform (no discharge 
development) 
Lpplied voltage = 96 kV peak 
Vertical scale = 220 mA/division 
Horizontal scale= 1 us/division 

Fig. 6.35 Total current 
waveform with gap 
current discharge 
development time 

< 0.1 Jas 

Fig. 6.36 Total current waveform 
with gap current 
discharge development 
time- 0.8 is 
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Fig. 6.37 Total current waveform 
with gap current 
discharge development 
time 4-. 1,1 us 

Fig. 6.39 Total current waveform 
with gap current 
discharge development 
time -^- 1.9 us 

Fig. 6.38 Total current 
waveform with gap 
current discharge 
development time 

-! ý 1.2 us 

Fig. 6.40 Total current 
waveform with gap 
current discharge 
development time 

'=. - 3 us 
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k1l current waveforms show the occurrence of isolated 
intersegment discharges. 
Vertical scale = 220 mk/division 
Horizontal scale =I }is/division 

Fig. 6.1+2 
Applied voltage=90 kV 

Fig. 6.43 
Applied voltage=94 kV 

Fig. 6.44 
bpplied voltage- --102 kV 
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Fig. 7.1 
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Photograph of Dayton- 
Granger strip, 0.1 mm 
thick X 13 mm wide 

w 

Fig. 7.3 SEM photograph of 
unused strip shown 
with 10-micron markers 

Fig. 7.2 SEM photograph of 
unused strip shown 
with 10-micron markers 

Fig. 7.4 SEM photograph of 
unused strip shown 
with 10-micron markers 
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resist an 
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0 )lt age 

Fig. 7.6 Resistance of a strip as measured by a 
Megger-insulation-tester. 
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Fig. 7.7 Experimental arrangement for 'Up & Down' test 

on Dayton-Granger strip. 
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For flashover occurring on application of the first 
impulse, dashed line response applies. 
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Fig. 7.11 Generalised conditioning characteristics 
for a Dayton--Granger strip. 
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Fig. 7.13 SEM photograph of used strip shown with 10-micron markers 
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!f., 

I 

4ý 

Fig. 7.14 SEM photograph of used strip shown with 10-micron markers 
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Fig. 7.15 SEI photograph of used strip shown with 10-micron markers 
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Fig. 7.17 Photograph of 
strip length 
film 

T 
1.01 

1 

Fig. 7.18 Photograph of arrested-flashover and 
flashover for strip length of 1.01 
using high contrast recording film 

1.01 m 

arrested-flashover for 
of 1 . 01 m, using high speed 

m 
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75 mm 

Fig. 7.22 Time-resolved photograph of discharge 

at 2x 106 frames per second 
Exposure duration/frame = 100 ns 

ý75 
mm 

Fig. 7.23 Time-resolved photograph of discharge 

at 2x 107 frames per second 

Exposure duration/frame = 10 ns 
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Fig. 8.1 Proposed design of a model segmented strip. 
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(continued) 

United States Patent dice Re. 25,417 
Reissued July 16,1963 

I 
25,417 

LIGHTNX G ARRESTOR FOR RADOMES 
Mfsrron P. Amason, Reseda, Calif., assignor to Douglas 

Aircraft Company, Inc., Santa 'Monica, Calif. 
Original No. 2,982,494, dated May 2,1961, Ser. No. 6 819,764, June 11,1959. Application for reissue May 

22,1962, Ser. No. 197,200 
6 Claims. (Cl. 244-1) 

Matter enclosed in heavy brackets [] appears in the 
original patent but forms no part of this reissue specifi- 
cation; matter printed In italics indicates the additions 
made by reissue. 

This invention relates to lightning protection systems 
and more particularly to a lightning protection system for 
use on goner ai purpose radomes or plastic sections on 
airplanes. 

Approximately 37% of the lightning strikes on an air- 
plane while in flight are on the nose section. Generally 
mounted in the nose section of an airplane is the radar 
and other directional equipment. To protect this equip- 
ment from damage it is generally enclosed within a 
molded plastic enclosure called a radome. The preferred 
material for the construction of "a radome consists of 
laminations of a glass fiber and resin combination. The 
use of laminations of glass fiber and resin has been found 
desirable because of their high strength properties and 
their relatively low interference with the electrical opera- 
tion of the enclosed equipment. 

When a (lighting] lightning stroke step leader nears 
an aircraft, an intense electric field is set up and streamers 
produced by this field leave the aircraft from high gradient 
points to meet the step leader. High gradient points in 
the nose region occur along the edges of the radar antenna 
and mounting structure. Streamers may initiate from 
these edges inside the radome, puncture the radome at 
several places, and connect with the main stroke. While 
the streamers produce only pinholes, the main stroke to 
which they connect may pass down the streamer and 
through the radome, and cause extensive damage. 

Since the radome's dielectric strength is not great 
enough to withstand puncture, and if puncture occurs, 
the radome may be seriously damaged, it is necessary 
to provide the radome with a protective system. _ A wide variety of lightning protection problems are 
presented by the different types of radomes and radars 
in use. Radars utilize many different modes of trans- 
mission, frequencies and types of antennas. Radomes 
have many different types of wall construction, shapes, 
sizes and external coatings. These make the development 
of a universal protection system for all radomes difficult. 
For this reason, the radome protection problem should 
be approached according to the type of radome such as, 
Type I-General purpose microwave, Type II-Direc- 
tional guidance, Type Ill-Broad-band, Type IV-Low 
reflection and Type V-Low frequency. This invention 
is concerned generally with lightning protection for 
type I, general purpose radomes used with search and 
weather type radars which have no severe requirements 
on directional accuracy or low reflections. 

Lightning protection systems, which have been de- 
veloped for aircraft plastic sections, in general may be 
classified as stroke guiding systems, exposed grounded 
metal buttons, stroke diverting rods, graded resistance, 
and external conductors. The stroke guiding system is 
used on canopy type enclosures. It utilizes the dielectric 
strength of materials such as the acrylics to withstand 
puncture for a brief interval until an external surface 
flashover occurs to lower the potential across the dielectric. 
The physical and electrical characteristics of the acrylics 
prevent their use in radome construction. Also, since the 
basic radome construction has a relatively low dielectric 
strength this method will not work. Exposed grounded 
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metal buttons, although successful where the ground lead is not installed parallel to the inside surface of low dielec- tric materials, are not practical for this application since the moving antenna would interfere with a non-parallel lead. Although the stroke diverting rod system has proven to be very successful on other extremities of the aircraft such as wing and tail tips, it is not applicable to the 
nose of the aircraft. Graded resistance systems at present 
require further development in the fields of increased 
resistance to rain erosion and radar transmission loss. 
The external conductor system is made up of a network 
of external conductors which form a shielding cage over 
the nose area and reduce the tendency for streamer for- 
mation from points inside the radome. The cage also 
provides points from which external streamers may in- 
itiate as well as intercepting any main strokes in the 
vicinity of the radcme. Thus, the external conductor 
type of lightning protection system proves to be the most 
advantageous for use on the radome since it obviates the 
difficulties encountered in the above mentioned systems. 

The external conductor type of electricity discharge 
system is old in the art. It has been used for many years 
to dissipate the electrostatic or precipitation static electri- 
cal charges accumulated from rain, mist, and snow on 
the aircraft external surface or the electrostatic charge 
developed by the friction of the air on the surfaces of 
the airplane. These charges interfere with the operation 
of the radio apparatus, ignite combustible gas escaping 
from the motor feed system or potentially could set the 
airplane on fire. 

One such electrostatic discharge system uses long lead 
wires extending in parallelism along the axis of the air- 
plane in contact with the external surface. There are 
short collecting terminals branching off from the lead 
wires and disposed parallel to each other. Another sys- 
tem uses spaced longitudinally arranged conducting layers 
secured to the exterior of a plastic loop antenna shell. 
These layers are aligned parallel to the aerodynamic cur- 
rents around the shell when in flight. Substantially the 
entire surface of the shell is covered with the conducting 
layers providing only enough open regions to minimize 
eddy current losses resulting from the covering of the 
enclosure. By arranging the layers in a streamline con- 
figuration the wind currents which pass about the. shell 
during flight always exert a pressure on the layers in a 
manner assisting to press them firmly in their position on 
the shell, rather than in any other direction to dislodge 
them. Because of this aerodynamic assist, the layers are 
simply pasted on the surface, without great concern as 
to the permanency of the binding action of the adhesive. 
A further method employs two sets of parallel conduc- 
tors which are set in grooves in the surface to substantially 
enclose . the conductors. Each conductor is open at one 
end with its other end connected to ground, providing a 
Faraday method of shielding that permits the electro- 
magnetic waves of a radio direction finder to penetrate 
therethrough but substantially stopping electrostatic pen- 
etration. The strips are pasted or directly plated on the 

surface and are electrically connected by an interconnect- 
ing strip which extends across all the longitudinal strips 
for connecting the layers to 

. ground potential. 
From the above mentioned systems, it is noted that 

external conductors on the surface of an aircraft have 
been used exclusively to dissipate electrostatic charges. 
These conductors have been arranged to substantially 
cover the surface, and their configurations have been 

designed to provide a continuous path to ground from 

any point on the system; thereby connecting large groups 

or all of the conductor path to one ground potential cori- 

nector. The system configurations generally follow and 

conform to the motion of the aerodynamic air currents 

which flow over the aircraft surfaces. These systems 
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either mount the conductors above the surface, loosely 4 
tion and yet not be seriousl d d bond the conductor to the surface, plate -the conductor y amage whe: intercepted by the main stroke of lightnin H on the surface, or imbed the conductor in grooves in the g. owever, it has been found that, by the use of the present in' i surface. 

As will be 
. 
discussed more fully in subsequent para- 

ent on, a novel configuration and use of a conventional basic material has produc d 
graphs a lightning arresting system which substantially b e a novel and completely unexpected result. In its presently preferred f 
covers a general purpose radome interferes so radically orm the invention consists of a network of external cond t with radar transmission that the utility of the radar is uc or paths which form a shield cage over the radome surface The cond ct completely destroyed. Therefore, a system must be used . u or paths are metal foil strips adhesivel laced on the that provides the maximum protection to the radome for 10 yp radome surface according to a specific design to provide the least electrical interference with the radar transmis- the maximum protection to the radome for the least sion. Further to provide this condition, each individual electrical interference with the equipment contained segment of the system must be independently grounded, within the radome. Each strip is complete within itself so that a strike to the system will not destroy the whole because it is individually grounded at one end to the air- system or a major portion of it. By grounding each seg- 15 plane fuselage. 
ment of the system individually, a charge of lightning is Other advantages of the invention will hereinafter be- 
conducted directly to a conductor of relatively larger size come more fully apparent from the following description 
and there it is dissipated without damaging other portions -of the annexed drawing, which illustrates a preferred em- of the system. To reduce the aerodynamic drag the bodiment, and wherein: layers must be small, and cannot be mounted above the 20 FIG. 1 is a fragmentary perspective view of an air- surface. Yet they cannot be imbedded within the surface. craft type radome and a portion of an airplane fuselage 
It has been found impractical to imbed large conductor illustrating a typical installation of this invention; 
bars in radome surfaces because of the necessity to con- FIG. 2 is a front elevational view of an aircraft type 
tour the surface. While small " conductors could be im- radome illustrating a typical installation of this inven- 

- bedded, the damage caused to the surrounding radome 25 tion; and 
area when they are contacted by the main stroke of FIG. 3 is a portion of the cross sectional view taken 
lightning makes such an installation impractical. As dis- at 3-3 in FIG. 2 showing the grounding connection of 
cussed above, large conductors cannot be mounted above the conductor paths. 
the surface, nor can large or small conductors be im- Referring now to FIGS. 1 and 2, the lightning protec- bedded in the surface. The system must be made from 30 tion system includes a plurality of conductor paths 10 
flat, small conductors which are mounted directly on the which are arranged in a cage ccnfiguration to give the 
radome surface. These conductors must be mounted in maximum lightning protection with the least hindrance 
such a fashion as to withstand aerodynamic forces, yet to the antenna system contained within the radome. The 
must be able to be readily disassociated from the surface conductor paths 10 are metal foil strips, adhesively 
when contacted by the main stroke of lightning so that 35 bonded on the surface of the radome either by pressing 
the adjacent radome surface will not become damaged. directly onto the surface suitable metallic tape with a high 

The necessity for protecting Fiberglas housings de- temperature resistive, pressure sensitive backing or by 
pends upon the necessity of protecting the enclosed equip- first placing a high temperature resistive, pressure sensi- 
ment. In many cases the equipment may require little tive adhesive on the surface and pressing the foil strips 
electrical protection as it may be essentially grounded to 40 into the adhesive. Either method produces the desired 
the aircraft skin with adequate conductor sizes as, for mounting of the foil strips, but it has been found more 
example, radar antennas. Therefore, as discussed previ- desirable to use the adhesive backed metallic tape. For 
ously,. the primary reason for the installation of a lightn- each of installation, the tape need only be pressed onto 
ing arrestor on a laminated Fiberglas radome is not for the surface of the desired location, thereby eliminating 
protection of the equipment contained within but for the 45 the difficulties of first applying the adhesive to the sur- 

. protection of the radome itself. While external conduc- face and then pressing on the foil strips. 
tor systems have been used before for protection, their In the presently preferred embodiment of the invention 
use has been limited to a protection system which is not an aluminum alloy tape, approximately 4, ä of an inch 

compatible with the requirements of a jet aircraft. The wide, is used. This tape has a hi temperature resistive, 
present invention resides in the use of a novel type of 50 pressure sensitive adhesive backing and has a thickness 
external conductor arranged in a novel configuration to of approximately . 003 of an inch. It is commercially 
achieve a novel and unexpected result.. known as "Scotch 425. " i ne invention, is not specifically 

The external conductor system for lightning protection limited to foil strips `/ä of an inch wide. It would still 
for a general purpose radome has been used before. This be within the scope of the invention to use foil strips that 

system incorporates the use of a conducting bar attached 55 varied from '/s inch to several inches in with. However, 

to the surface to be protected. It has been found through for ease of application, and least radar obscuration a foil 

experimentation and extensive field use that external con- strip 3/a of an inch wide has proven to be the most effec- 
ductors having a cross section of 20,000 circular mils 

onductor that would not be we i th i i 
tive. 

As described above, in the presently preferred embodi. - ze c re mum s em n 
seriously damaged when intercepted by the main stroke 60 ment of the invention an aluminum alloy tape is utilized 

As mentioned above, a conductor of this of lightning as the conductor path. It is to be understood that the in- 
. 

size would not be compatible for use on a general pur- 
h 

vention is not specifically limited thereto, any metallic 
e or metal foil strip of like size and dimension can be ta at, if pose radome of the type used on jet airplanes in t p 

it were installed on the external surface of the radome, utilized as well. 
The conductor paths 10 are arranged on the surface in it would cause excessive aerodynamic drag. On the other 

if a large conductor were installed flush with the hand 
65 

afore and aft direction so that no point on the radome 
, 

outside skin of the radome it would introduce major com- surface is farther distant than 18 inches from the nearest 
conductor path 10 or the metallic airplane fuselage 14. 

plications to the radome design. Because of the fore- 
From the standpoint of efficient operation of the radar 

going, it was necessary to conceive and develop a system 
it is desirable that no more than fifty percent of the 

using the minimum size conductor that would protect the 70 
dome surface be covered with the conductor paths. 

radome from [dammalte] damage if the aircraft inter- ra 
Said paths 10 extend forward of the rademe base 12 to 

cepted a main stroke in the vicinity of the radome. 
oint 16 just aft of the radome rain erosion boot 18. 

Previously, a conductor of 20,000 circular mils was 
the mini- b 

ap 
Referring now to FIG. 3, to provide a means of ground- 

e considered by persons skilled in this art to 
mum size conductor that would give the desired protec- 75 ing each conductor path 10 near the base of the radome 
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12 they are connected under the head 20 of an adjacent 
radome attaching flange bolt 17. The radome attach- 
ing flange 19 makes contact through the mounting hinge 
and radome latches (not shown) with the airplane fuse- 
lage, thus providing a ground path for the lightning ar- 
restor system. Since each conductor path 10 is indi- 
vidually grounded, the main stroke of lightning intercept- 
ing one of these paths will be conducted to ground by 
that path and in no way will it affect any other portion 
of the system. 

Since the exact configuration of the conductor path 
cage will depend upon the contour of the specific radome 
to which 

. 
it is applied, and the nature of the antennas 

carried within the radome, for sake of clarity in this 
description a typical installation will be described. 

Referring to FIG. 2, revolving within the radome is 
a radar antenna, and in some instances located beneath 
the radar antenna is the glide [scope] slope antenna. 
For the best results it has been found that three glide 
[scope] slope antenna protective conductor paths 24,26, 
28, should be placed on the lower portion of the radome 
surface. To minimize the distortion of the glide [scope] 
slope antenna pattern conductor paths 26,28 are placed 
fore and aft of the radome along the axis of symmetry 
of each-of the dual air scoops 30,32 respectively. The 
third conductor path 24 is mounted centrally between 
paths 26,28, thus forming a cage configuration so that 
all points on the radome surface adjacent the glide 
[scope] slope antenna are less than 18 inches from the 
nearest conductor path or the airplane fuselage. 

To protect the surface of the radome above the radar 
antenna three radar protective conductor paths 21,22, 
23 are placed on the upper radome surface. To produce 
minimum cbscuration of the radar transmission a con- 
ductor path 21 is mounted fore and aft of the upper sur- 
face of the radome along the vertical plane of symmetry 
of the radome. Conductor paths 22,23 are mounted 
radially adjacent path 21 and are arranged to produce a 
configuration so that no point between said paths is 
farther distant than 18 inches from the nearest path 
or the airplane fuselage. 

To provide a protective system which provides during 
operation of the system the least destruction or consump- 
tion of its components each glide [scope] slope antenna 
protective conductor path and each radar protective con- 
ductor path respectively is grounded at its aft point on 
the radome surface to an adjacent radome attaching 
flange bolt 17. The radome attaching flange makes 
contact through the mounting hinge and radome 
latches with the airplane fuselage. This individual 
grounding of each path to the radome attaching flange 
provides for each strip a relatively large conductor 
path through which the lightning charge is dissipated, 
thereby preventing the lightning charge from damaging 

. other segments of the system. 
After installation of the conductor paths the surface of 

the radome is covered with a catalyzed epoxy paint, or 
a' paint of a similar type. This protective coating of 
paint is applied chiefly as a means of protecting the 

radome surface from rain erosion. 
When the main stroke of the lightning strikes a portion 

of the conductor path, the conductor path at the point 
of contact and a portion of the path between the point 
of contact and the fuselage is disintegrated much like an 
overloaded fuse. This disintegration causes no damage 
to the radome surface and simply necessitates an installa- 

tion of a new section of conductor. Since each conduc- 
tor path is connected separately to ground with no inter- 

connection between the individual conductor paths, only 
that conductor which has been contacted by the lightning 

will be destroyed. This means that only that conductor 
will have to be placed since the others, have not been 

affected. 
The disintegration property of this lightning arrestor 

system is considered by experts in the lightning arrestor 

field to be a novel and complle6 tel unexpected result. As 
discussed above, bars of 20,000 circular [mills] mils and larger have been mounted on the surface of a radome to provide lightning protection. Because of the size of 5 these bars and the excessive aerodynamic drag developed by them at high speeds they have proven incompatible 
with the needs of a high speed jet aircraft. The above 
mentioned bars are the minimum size that will not dis- integrate upon contact with the main stroke of lightning. 

10 Therefore, as the conductor size is reduced there is the 
problem of distintegration to consider. To use this prcp- 
erty of disintegration to advantage in the above described 
presently preferred embodiment of the lightning arrestor 
system the adhesive backed metallic tape is adhesively 

15 secured to the radome with a light bond and then is 
covered with a thin coating of catalyzed epoxy paint The bonding of the tape to the radome surface and the 
thin coating of paint prevent excessive aerodynamic drag 
developed by the tape, but is such that when the tape 

20 is contacted by the main stroke of lightning the tape 
along the point of contact will be exploded from in con- 
tact with the radome, providing an ionized trail of metal- 
lic ions. It is this ionization trail that conducts the sub- 
sequent long discharge of the main stroke of lightning 

25 over the 'radome surface. 
The explosion of the tape ionizes the metallic portion 

thereof but does not appreciably disturb the adhesive 
bonding material. The explosive ionization of the metal- 
lic portion of the tape dissipates a portion of the energy 

30 of the lightning charge through the development of the 
beat necessary to produce the ionization. After the ex- 
plosive ionization, the adhesive bonding raterial remains 
in contact with the radome surface and provides an addi- 
tional protective coating of insulation against the long 

35 discharge of the lightning. Had the tape been embedded 
in the radome surface or permanently bonded thereto, 
the tape would not have been able to explode from in 

contact with the surface and the contact of the main 
stroke of lightning would have caused excessive damage 

40 to the radome area surrounding the tape at the point of 
contact. For this reason a weaker, but yet effective bond 
is provided which enables the tape to pull loose from the 
radome surface under the explosive action of the light- 

ning strike but permits the adhesive bonding material to 
45 remain in contact with the surface and provide the in- 

sulation blanket 
To provide an adhesive bonding agent that displays the 

necessary resistance to the explosive-heat reaction result- 
ing from the explosion of the metallic portion of the tape 

50 a pressure sensitive adhesive of the high temperature re- 

sistive type is utilized as the bonding agent. As described 

above, there are available commercially, adhesive backed 

metallic -tapes which contain adhesive backing of the de- 

sired type to produce this novel, unique lightning ar- 

55 resting system. 
The preceding description has been limited to use of 

the invention to protect aircraft radomes. It is, desired 

to point out, however, that the invention should not be 

limited to this application, since it has applicability as 

60 a protection system for all types of vehicles that move 

through the air as well as all kinds of housings and 

enclosures. 
Although the now preferred embodiment and methods 

. of the present invention have been illustrated and de- 

65 scribed it is to be understood that the invention need 

not be limited thereto for it is ý np we e 
tood tappended 

claims. 
I claim: 

70 1. In combination with a plastic [aircraft] section of 

an aircraft fuselage, a lightning arrestor, comprising: at 

least one conductor path of lightning ionizable material 

adhesively fastened to the plastic aircraft section exterior 

providing maximum lightning protection for the minimum 

75 electrical interference; each path being adapted to have 
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a portion thereof completely transmuted by a lightning 
strike thereto into an ion trail outwardly disposed from 
said plastic section to conduct away from said section the 
energy of said lightning strike; at least one grounding 
means adapted to ground said conductor paths individually 
to the aircraft fuselage. 

2. In combination with a plastic [aircraft] section of a 
metallic aircraft, a lightning arrestor comprising: a plural- 
ity of conductor paths adhesively attached to the external 
surface of the section in a fore and aft direction and at 
intervals with no point on said section further distant than 
eighteen inches from an adjacent conductor path or a 
metallic part of the aircraft [airplane fuselage], said paths 
covering no more than fifty percent of the surface area of 
said section, each path being adapted to have a portion 
thereof completely transmuted by a lightning strike thereto 
into an ion trail outwardly disposed from said section to 
conduct away from said section the energy of said light- 
ning strike; and means connected to each of said conduc- 
tor paths for grounding each strip individually to the air- 
craft [fuselage]. 

3. In combination with a plastic [aircraft] section of a 
metallic aircraft fuselage, such as a radome section, a 
lightning arrestor comprising: a plurality of strips of ad- 
hesive backed metallic tape placed on the external surface 
of the section in a fore and aft direction and at intervals 
with no point of said section further distant than eighteen 
inches from an adjacent strip of said tape or metallic 
part of the [airplane] fuselage, said strips covering no 
more than fifty percent of the radome surface, each strip 
being adapted to have a portion thereof completely trans- 
muted by a lightning strike thereto into an ion trail out- 
wardly disposed from the external surface of said section 
to conduct away therefrom the energy of said lightning 
strike; and, means connected to each of said strips of 
tape for grounding each strip individually to the aircraft 
fuselage. 

4. In combination with a plastic [aircraft] section of a 
metallic aircraft, a lightning arrestor comprising: a plural- 
ity of strips of adhesive material having a high heat resist- 
ance laterally spaced from each other and longitudinally 
arranged on the surface of said section; and a strip of 
lightning ionizable material mounted on each of said strips 
of adhesive material and adapted to be completely explod- 

25,417 

ably disassociated therefrom8by a lightning strike to form 
an ion trail outwardly disposed from the surface of said section for conducting away from said section the energy of said lightning strike; each of said strips of ionizable 

5 material being individually grounded to a metallic portion of the aircraft. 
5. A lightning arrestor in combination with a plastic (aircraft] radome of an aircraft (enclosing], said radome being adapted to enclose a plurality of metallic members, 

10 comprising: a plurality of strips of adhesive backed metal- lic tape placed on the external surface of said radome [adjacent to the edge surfaces of said metallic members] in a fore and aft direction thereby defining a cage, said 
cage covering no more than fifty percent of the radome 

15 surface, each strip being adapted to have a portion thereof 
completely transmuted by a lightning strike thereto into 
an ion trail outwardly disposed from said radome; and 
means connected to each of said strips to ground each 
strip individually to the aircraft [fuselage]; whereby said 

20 cage prevents high field concentration from forming on 
said metallic members when said aircraft flies between 
oppositely charged cloud masses so that a lightning stroke 
nearing the radome surface will ionize a portion of one of 
said strips into an ion trail for conducting away from the 

25 radome the energy of said lightning strike. 
6. In combination with a plastic [aircraft] section of an 

aircraft, a lightning arrestor, comprising: ionizable means 
associated with the exterior surface of said section and 
adapted to have a portion of said ionizable means com- 

30 pletely transmuted by a lightning strike thereto into an 
ion trail adjacent to the exterior surface of said section 
to conduct away therefrom the energy of said lightning 
strike; and means associated with said ionizable means for 
grounding it to the aircraft (fuselage]. 

35 1 
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RADOME LIGHTNING PROTECTION MEANS 
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to 'McDonnell Douglas Corporation, Santa NIor: ica, 5 
Calif., a corporation of `Maryland 

Filed Mar. 10,1967, Ser. No. 622,141 
12 Claims. (Cl. 315-36) 

ABSTRACT OF THE DISCLOSURE 10 

A number of lightning protection strip assemblies are 
installed in a selected configuration on a radome for pro- 
tection thereof from lightning strokes. Each strip assembly 
includes a series of spaced metallic segments connected 
by appropriate resistance material- The metallic segments 
have a maximum dimension less than approximately 1/s 
of a wave length of the highest operating frequency of the 
antennas located within or adjacent to the radome, and 
the connecting material has a strip resistance above ap- 
proximately 80,000 ohms per foot. Such strip assemblies 
produce a radar transparent, radome lightning protection 
system which can withstand repeated lightning strikes 
thereon. 

Background of the invention 
Our present invention pertains to the field of lightning 

protection systems and more particularly to lightning pro- 
tection means for radomes and the like. 

A previously devised lightning protection system which 
is widely used on aircraft radomes comprises a series of 
continuous, metallic foil strips adhesively fastened to the 
exterior surface of a radome and grounded at the ends 
near the base of the rador! ie: When a foil strip is first 
contacted by a main stroke of lightning, the strip will 
disintegrate along the path of contact, and will be ex- 
ploded away from the radome to provide an ionized 
trail over the radome surface. It is this ionization trail 
which conducts the subsequent, relatively long discharge 
of the main stroke of lightning over the surface of the 
radome. Such a lightning protection system is shown, de- 
scribed and claimed in the reissue Patent No. Re. 25,417 
of Myron P. Amason, reissued on July 16,1963, and 
entitled, Lightning Arrestor for Radomes. 

The continuous, metallic foil strips used in the light- 
ning- protection system described above re-radiate when 
inserted in the field of a radar antenna, causing an in- 
crease in side lobe level of the antenna radiation pattern, 
a loss in radar range and significant pattern distortion. 
Although this degradation in antenna pattern is within 
acceptable limits for many antennas, it is desirable to pro- 
vide a radome lightning protection system of very low 
degradation effect and which is acceptable for use with 
any antenna. 

Further, while the lightning protection system utilizing 
the continuous metallic foil strips provide adequate light- 
ning protection for rademes against a single stroke of 
lightning thereon, it is obviously unsuitable where re- 
peated stroke protection is required without having to 
replace after each stroke the strips vaporized by lightning. 
Accordingly, it is also desirable to provide a lightning 
protection system which is always capable of sustaining 
and transferring the energy of repeated strikes of lightning 
thereon. 

Summary of the invention 

1.5 

20 

2 

2 
of these strip assemblies are used to protect a radorne by installing the strip assemblies on the radome in an appro- priate configuration. The installed strip assemb: ies are radar transparent and can withstand repeated strikes of lightning.. thereon while giving proper and-" 4equate pro- tection of the radonle on which the strip assemblies are mounted. This is accomplished by providing strip assem- blies having metallic or conductive segments of a maxi- mum dimension which is less than approximately Va of a wave length of the highest operating frequency of the antenna, or antennas, housed within the radom:, and by providing material having a strip resistance above approximately 80,00 ohms per foot connecting the metal- lic segments in each strip assembly. The spaced metallic segments can, of course, be larger 
than 'iä of a wavelength of the highest operating antenna frequency but this would cause a commensurately higher 
degree of antenna pattern degradation. Similarly, con- 
necting materials with resistances less than 80,000 ohms 
per foot of strip length can be used for certain applica- 
tions. However, the lower resistances may cause the trans- 
ferred lightning discharge energy to remain almost entire- ly in the resistance material and result in an explosion 
which destroys the strip assembly. Too low a resistance 
will, of course, also short or connect the metallic seg- 
ments together and form a substantially continuous con- 
ductive strip which re-radiates in the antenna field to 
produce the subsequent, undesirable, antenna radiation 
pattern distortion. 

30 Brief description of the drawing 

C. J 

40 

45 

50 

55 

GO 

65 

Briefly, and in general terms, our invention broadly 
comprises a lightning protection strip assembly which in- 70 
cludes a series of spaced metallic or conductive segments 
connected by appropriate resistance material. A number 

Our invention will be more fully understood, and other 
advantages and features of the invention will become ap- 
parent from the following detailed description of certain 
preferred embodiments of the invention. The detailed de- 
scription is to be taken in conjunction with the accom- 
panying drawing, in which: 

FIGURE 1 is a perspective view of an aircraft nose 
radome having lightning protection strip assemblies in 
accordance with this invention installed thereon; 

FIGURE 2 is a fragmentary perspective view of a first 
illustrative embodiment of the invention; 

FIGURE 3 is a fragmentary perspective view of a sec- 
ond illustrative embodiment thereof; 

FIGURE 4 is another fragmentary perspective view of 
a third illustrative embodiment thereof; and 

FIGURE 5 is another fragmentary perspective view 
of a fourth illustrative embodiment thereof. 

Detailed description of the preferred embodiments 
FIGURE 1 shows a radome 10 which forms, for ex- 

ample, the forward part of the nose of an airplane (not 
shown). Lightning protection means according to our 
invention and including strip assemblies 12a and 12b are 
installed on the radome 10 in an arrangement or configura- 
tion as illustrated in FIGURE 1. The strip assemblies 12a 
and 12b are preferably bonded to the outer surface of 
the radome 10 longitudinally thereon and are spaced cir- 
cumferentially about it. The strip assemblies can, of 
course, be structurally bolted to the radome 10. However, 

such attachments should be limited to a minimum of 
places on the radome 10 since the drill holes required 
to accommodate the attachments must be carefully and 
completely sealed after installation. The longer strip as- 
semblies 12a terminate at their forward ends approxi- 
mately on the periphery of a circle 14. The shorter strip 
assemblies 125 terminate at their forward ends approxi- 
mately on the peripheries of respective circles, such as 

circle 16, which each pass through the forward ends of 
a corresponding shorter strip assembly 12b and its two 

adjacent longer strip assemblies 12a. The arrangement 
or configuration of strip assemblies 12a and 12b on the 
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radome 10 is generally designed to provide full protectio ' n for a nose radome of an airplane with minimum drag 
craft s environment. It is desirable for the resistance mate- rial to hav 

or resistance to air and rain flow thereover. e an electrical resistance or lineal resistivity above approxi m ' T. he aft ends of the strip assemblies 12a and 12b are _ ý ohms per foot of lenth ndý000 
in ord t i 

y st 
grounded at the base of the randome 10 to aircraft struc- 3 

er o nitiate a e stablish an extternal ionization chan l turc by connecting straps 18 or any other suitable cennec- 
ne or , path adjacent to a strip assembly during a lightnin t ike 

lion means such as hinges, shear pins, or attach bolts A 
gs r . As mentioned previously, lower resist- . radome area within a radius of, for example approxi- 

ances may result in an explosion or vaporization of the i , mately 9 or 10 inches from any point on one of the 
res stance material and thus destroy the strip assembly. If the resistance material has to l resistively conductive strip assemblies 12a or 12b will be 10 

o ow a resistance, re-radia- tion occurs when the stri asse bl i l adequately protected from a stroke of lightning since the p m y s ocated in the field f 
stroke will be drawn to the point on the conductive stri 

o an antenna and causes undesirable distortion of the p 
assembly rather than through the radome to a point on 

antenna radiation pattern. 
The size and shape of the metalli the antenna thus causing physical damage to the radome c segments in a strip assembly are physically limited essentiall b and antenna. Accordingly, the radius of the circle 14 

should not be greater than approximately 9 or 10 i h 
l;, 

y y the type of material used, and primarily limited by its permissible nc es in order that the radome area within the circle 14 will be 
electrical size in terms of wave length. For radar trans- 
parent, radome lightnin rotecti i adequately protected. Similarly, the radius of the circle 

gp on str p assemblies, the maximum dimension of the nnetallic segments should be 16 should not exceed approximately 9 or 10 inches for the less than approximately 1% wave length at the highest same reason. Other arrangements or configurations of 
resistively conductive strip assemblies similar to stri 

20 antenna operating frequency. The spacing between the 
t lli p 

assemblies 12a and 12b can, of course, be provided on 
me a c segments should be great enough to prevent 
sparking during maximum p-static (precipiation-static) radomes of various shapes and sizes. charging rates and close enough together to establish FIGURE 2 shows one illustrative embodiment of the 

lightning protection means according to this invention. A 25 
ionization or arcing between segments during lightning 
strikes Such s aci i f lightning protection strip assembly 20 includes a gen- . p ng s. o course, also a function of the 
resistance material used to connect the metallic segments erally rectangular strip 22, and a series of metallic seg- as discussed above. 

ments in the form of conductive buttons 24 affixed thereto Where long lightning protection strip assemblies are and connected by resistance material 26. The strip 22 has required, it is desirable to have various sections of the 
rounded upper corners 22a and 22b, and a central lower 30 strip assemblies fabricated using respective resistance ma- channel 22c which extends the length of the strip 22. The terials of different resistances. The section of the lightning 
channel 22c in this example has a rectangular cross sec- protection strip assembly ' arthest from ground should, in 
tion which is open along the lower face 22d of the strip most cases, have the righest resistance. The purpose of 22. The buttons 24 can be rivets, for example, which are . this is to develop a reasonably high voltage across a rela- 
centrally riveted to the strip 22 such that the heads 24a 3.5 tively small outer section rather than over the total length 
are secured against the upper face 22e and spaced uni- of the strip assembly and thus aid in the initiation of an formly along the length of the strip 22. The lower ends external ionization channel or path in which arcing takes 
24b of the rivets or buttons 24 are compressively de- place during a lightning strike. formed within channel 22c to fasten the rivets 24 to the A lightning protection strip assembly 20 which can be 
strip 22. The resistance material 26 is formed by brushing 40 used with antennas operating at or below approximately 
the material in liquid condition over the lower ends 24b 10 gHz. (10 gigahertz or 10 kilomegacycles per second) 
of the rivets 24 to cover and connect the lower ends 24b can have the strip 22 fabricated from Fiberglas laminate 
fully in the channel 22c. The number of coats applied material, the conductive buttons 24 can be MS20470A3 
determines the resistance of the material 26. The upper rivets, the resistance material 26 can be formed of type 
side surfaces 22f and 22g along the strip 22 are preferably 15 R-15SD resistive coating which is available from Electro 
coated with neoprene to provide rain erosion protection Science Company of Philadelphia, Pennsylvania, and the 
therefor where required. side surfaces 22f and 22g can be coated with MIL-C- 

The resistance material 26 assists in the initiation and 7439, Class 1, neoprene. Labeled illustrative dimensions 
establishment of an ionization channel or path adjacent to indicated in FIGURE 2 includes D1=0.750, D2=0.100, 
the strip assembly 20 during a lightning strike when the 

'10 
D3=0.0; 0, D4=0.200 and D5=0.208 (typical) inch. 

strip assembly 20 is installed on a radome. The resistance It should be clearly understood, of course, that the par- 
material 26 also helps prevent corona discharge and ticular types of materials and specific dimensions listed 
sparking between the metallic segments or conductive above are provided for illustrative purposes on! y. and are 
buttons 24 during electrostatic and tribolectric charging not intended to limit the scope of our invention in any 
(transfer of charge by particle impingement) of the 

. 55 manner. This is also true for any of the various types of 
spaced metallic segments. This, of course, prevents the materials and specific dimensions subsequently given. 
invention from generating radio frequency noise which The resistance material 26 covering and connecting the 
interferes with communication systems aboard the air- lower ends 24b of the rivets or buttons 24 has a selected 
craft mounting the radome. In order to accomplish the strip resistance or lineal resistivity which is normally con- 
foregoing functions, the resistance material 26 must have 60 stant in ohms per foot of strip length. However, the re- 
a sufficiently high strip resistance but obviously not so sistance material 26 can be made to vary in resistance 
high as to approach that of an insulating material which along the length of the strip 22. For example, the resistance 
would effectively separate electrically the metallic seg- of the material can be progressively reduced with distance 

ments or conductive buttons 24. from the forward end of one of the strip assemblies 12a 
The resistance material 26 is selected from appropriate 65 and 12b ih FIGURE 1 towards the aft end at the base of 

materials by considering (1) the basic environmental 
oharacteristics of the material, (2) the electrical resist- 

the radome 10. This progressive reduction in resistance 
or resistivity with distance from the forward end of a strip 

ance or resistivity of the material. (3) the shape, size and assembly cain be varied in a continuous manner or in dis- 

spacing of the metallic segments used and (4) the overall crete increments. The electrical protection strip assemblies 
length of the lightning protection strip assemblies. 70 12a and 12b are preferably made variable in resistance 

resistivity With distance where the lengths of the strip In connection with the environmental characteristics of or 
mblies are relatively long; e. g., approximately 8 or 9 

the resistance material, the selected material must, of asse 
course, perform satisfactorily where applicable in regards 

i 
feet and over. 

simpler and more economical to fabri- 
of course It is n to its structural, thermal, electrical and weathering (ra 

i i 
, , 

cate the strip assemblies 12a and 12b with resistance ma- 
r- ng a durability, for example) properties in an operat 75 
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which varies in resistance in discrete increments 

; the: than in a continuous manner. In fact, separate 
strips such as strip 22 having resistance material 26 of 
co^. stant resistance can be used to form a strip assembly 
by v electrically connecting contiguous ends of adjacent 
strips together. In a strip assembly which is, for example, 
12 feet long, three major sections each 4 feet long and hav- 
inz resistance material 26 of respectively constant resist- 
ances can be used. The resistances of the sections prefer- 
ably differ progressively in powers of 10. Thus, the for- 

ward section of the exemplary strip assembly can have a 
resistance material 26 having a strip resistance of 8 meg- 
ohms per foot, that of the intermediate section can have 

a resistance of 800 kilohms per foot and that of the aft 
section can have a resistance of 80,000 ohms per foot. 

FIGURE 3 shows another embodiment of this inven- 
tion. A lightning protection strip assembly 28 includes a 
lover base strip 30, a thin layer 32 of non-conductive neo- 
p; ent thereon, followed by a resistively conductive layer 
34 of neoprene, which embeds therein a series of spaced 
metallic wire segments 38, then by another resistively con- 
ductive layer 36 of neoprene and finally by a top cover 
layer 40 of non-conductive neoprene. Small gaps 42 are 
produced between the wire segments 33 during the process 
of fabricating the strip assembly 28. The base strip 30 
can be, in certain instances, part of a radome itself. 

The strip assembly 23 is illustratively fabricated by uti- 
lizing a Fiberglas laminate base strip 30 of appropriate 
length and applying thereon a layer 32 of Class 1 neoprene 
followed by a layer 34 of Class 2 neoprene. While this 
layer 34 is still tacky, copper wire segments 38 approxi- 
matel". 3/s wave length long are pressed into the tacky 
layer 34 end to end central?, down the length of the strip 
30. Another layer 36 of Class 2 neoprene is then applied 
over the layer 34 and the embedded wire segments 38. A 
top cover layer 40 of Class I neoprene is then applied 
over the layer 36. The ends of the wire segments 38 are 
separated by small gaps 42 so that the segments 38 are 
only connected by the resistively conductive layers 34 
and 36. 

A radome transparent, lightning protection strip as- 
sembly 28 which- is -suitable for use with antennas oper- 
ating at or below approximately 10 gHz. can be fabri- 
cated, for example, with Fiberglass laminate 1A x 3/4 
inch stock for the base strip 30, Class 1 neoprene 0.010 
inch thick for the layers 32 and 40, Class 2 neoprene 0.010 
inch thick for the layers 34 and 36, and No. 26 copper 
wire for metallic segments 38 which are . 0.150 inch long 
with gaps 42 of approximately 0.020 inch therebetween. 

FIGURE 4 illustrates another embodiment of a strip 
assembly 44 which includes a base strip 46 having a chan- 
nel 46a with inwardly beveled sides 46b to accommodate 
and retain metallic plate segments 48 that are spaced from 

each other by separating resistance material 50. The chan- 
nel 46a is open and extends centrally along the upper face 
of the base strip 46. The plate segments 48 have beveled 
sides which complement the beveled sides 46b of the chan- 
nel 46a. The beveled sides of the channel 46a and of the 
plate segments 48 are inclined inwardly toward the center 
of the strip 46 at angles of, for example, 60 degrees from 
verticaL 

As in the previous examples, a radome transparent, light- 

ning protection strip assembly 44 which is suitable for use 
with antennas operating at or below approximately 10 

gHz. can be fabricated, for example, with Fiberglas lami- 

nate material for the base strip 46,0.032 inch thickness 
sheet aluminum for the plate segments 48 and type R-14 

resistive coating for the resistance material 50. Labeled 
illustrative dimensions indicated in FIGURE 4 include 
D6=0.750, D7=0.100, D8=0.060, D9=0.250, D10= 
0.150 and D11=0.020 (typical) inch. 

FIGURE 5 shows another exemplary embodiment of a 

strip assembly 52 which includes base strip 54, metallic 
sprayed segments 56 and protective coatings 58 provided 
between the sprayed segments 56 and, if desired, on the 

258 

sides of the base strip 54 
6 

. The base strip 54, in this cx- ample, is a generally rectangular cross section strip of suitable length and made of appropriate resistance ma- terial. The sprayed segments 56 are obtained by provid- ing a layer of spray metal less than approximately 0.003 inch thick on the base strip 54 on longitudinally spaced 
rectangular areas on the upper surface thereof. 

The base strip 54 is illustratively a type 2 resistance strip manufactured and sold by International Resistance Corn- 
pany of Philadelphia, Pennsylvania. The sprayed segments 10 56 can be formed from type E-Kote 40 spray metal which is available from Epoxy Products, Inc. of Irvington, NJ. The coatings 58 can be Class 1 neoprene, for example, ap- plied on the upper surface of the base strip 54 between 

1the sprayed segments 56 to provide rain erosion protec- tion for such areas where desired. These coatings 58 can be approximately 0.010 inch thick. 
A satisfactory radome transparent, lightning protection 

strip assembly 52 which is suitable for use with antennas 
20 operating at or below approximately 10 gHz. can have 

dimensions as labeled in FIGURE 5 wherein D12=0.250, 
D13=0.027, D14=0.150 and D15=0.020 (typical) inch. 
As is the case with the other lightning protection strip 
assemblies, the strip assembly 52 is preferably bonded onto 

95' a radome surface in an appropriate configuration, rather 
than being structurally bolted thereto. 

Although our lightning protection means is intended to 
be used primarily on aircraft radomes, it can be obviously 
adapted for use on ground radomes, shipboard radomes, 

30 and other structures. The strip assemblies can also be 
curved or otherwise shaped or molded, and it is to be un- 
derstood that the particular embodiments of our invention 
described above and shown in the drawing are merely Ii- 
lustrative of, and not restrictive on, the broad invention 

35 and that various changes in design, structure and arrange- 
ment may be made without departing from the spirit and 
scope of the appended claims. 

We claim: 
1. Lightning protection means comprising: 

40 a series of spaced conductive segments having at least 
a portion of each of said segments located closely 
to a potential lightning producing environment; and 

resistance material connecting said segments in series, 
the spacing of said segments and the resistance of said 

45 material being selected to prevent corona discharge 
and sparking between said segments during any elec- 
trostatic and triboelectric charging thereof and to 
initiate and establish ionization between said seg- 
ments during one and more lightning strikes thereon, 

50 whereby generation of radio frequency noise through 
any electrostatic and tdiboelectric charging - is pre- 
vented and travel in and damage to said material by 

a main, high current, portion of each lightning strike 
are prevented, respectively. 

55 2. The invention as defined in claim 1 wherein said seg- 
ments have a maximum dimension less than approxi- 
mately ', "s of a wave length of the highest operating fre- 

quency of an associated antenna, and said resistance ma- 
terial has a resistance above approximately 80,000 ohms 

60 per foot and below approximately 800 megohms per foot 

of length in a direction generally along said segments 
connected resistively in series. 

3. The invention as defined in claim 1 wherein said seg- 
ments include metallic buttons. 

65 4. T :e invention as defined in claim 1 wherein said seg- 
ments include lengths of metallic wire. 

5. The invention as defined in claim 1 wherein said seg- 
ments include metallic plates. 

70 6. The invention as defined in claim 1 wherein said seg- 

ments include spray metal portions. 
7. Lightning protection means comprising: 

a series of spaced conductive segments; and 

resistance material connecting said segments in series, 

095 said resistance material being variable in resistance 
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with distance in a direction generally along said seg- 
ments connected resistively in series. 

8. Lightning protection means comprising- 
a nonconductive strip having a lower channel extend- 

ing along the length thereof; 
a series of spaced conductive segments, said segments 

having a maximum dimension less than approximate- 
ly Ve of a wave length of the highest operating fre- 
quency of an associated antenna and including metal- 
lic buttons affixed to an upper surface of said strip 
with lower ends of said buttons positioned within said 
channel; and 

resistance material connecting said segments in series, 
said resistance material having a resistance above 
approximately 80,000 ohms per foot and located in 
said channel covering and connecting the lower ends 
of said buttons. 

9. The invention as defined in claim 7 wherein the re- 
sistance of said resistance material varies continuously 
with distance in a direction generally along said segments 
connected resistively in series. 

. 10. The invention as defined in claim 7 wherein the re- 
sistance of said resistance material varies in discrete in- 
crements with distance in a direction generally along said 
segments connected resistively in series. 

11. The invention as defined in claim 1 wherein said 
segments have a maximum dimension less than approxi- 
mately Mi of a wave length of the highest operating. fre- 

quency of an associated antenna, and said resistance ma- 
terial has a resistance above approximately 40,000 ohms 
per foot and below approximately 500 megohms per foot 

of length in a direction generally along said segments con- 
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8 
nected resistively in series whereby a small amount of distortion could be produced in the radiation pattern of 
said associated antenna. 

12. The invention as defined in claim 1 further compris- 
5 ing a radome structure for housing said associated an- 

tennas and including a plurality of said lightning protec- 
tion means thereon, said segments each having a selected 
maximum dimension and spacing therebetween to prevent 
said segments from re-radiating effectively at the operat- 

10 ing frequencies of said associated antennas, and said re- 
sistance material having a selected resistance above ap- 
proximately 10,000 ohms per foot and below approxi- 
mately 500 megohms per foot to provide radio frequency 
isolation between said segments and produce arcing across 

15 the spacings between said segments during the initial 
phases of each lightning strike to create an ionized path 
adjacent thereto for the main, high current, portion of the 
lightning strike to follow. 
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4ppendix lß. 1 

Action integral of a double exponential wave 

An applied impulse voltage, v, is given by 

-at -bt v =V k( e -e ) where a=1/Td ; b=1/Tr ; Vk = constant 

Td = time constant of decaying exponential 
Tr = time constant of rising exponential 

and a<< b 

With no flashover, current through the segmented strip is proportional 
to the voltage impressed - neglecting intersegment capacitance and 
capacitance to ground. 

Therefore t -at -bt ) I oC Vk (e -e 

and the action integral= 
f 

I2 dt 

& y2 (e-2at-2e-(a+b 
)t+e-2bt) 

dz 
k 

V2 e 
2at 

+ 2e-(a+b)t - e-2bt k 
-2a a+b 2b 

OC V2 2e-(a+b 
)t 

- e-2at - e-2bt +-2+1 ka+b 2b 2a TZ 2b 

V2 2e-(a+b)t - e-2at - e-2bt + a-b 
2 

ka+b2 
a- 2 ab a+b 

For a unit magnitude 1/50-ps current wave, 

Vk = 1.036 

a =0.0146 x10 

b =2.56 x106 
then the action integral for the full impulse current 

Vk (a_b) 2 

a+b 2 ab 

. 36.13 x10 
6 Als 

For a unit magnitude 2502500-}zs current wave, 

Vk =1 . 1035 

a=0.0314x104 

b=0.016 x 106 
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Appendix 4.1 (continued) 

The action integral up to the crest of the wave is obtained by 

substituting t= 250 us into the equation. 

Thus, the action integral = 173 x 10-6 Als 

This value is about 5 times the action integral of a full lightning 

impulse. Since the applications of full lightning impulses result in 

damage to a segmented strip, then the applications of switching 

impulses will inevitably result in damage to the strip even if 

flashover were to occur before the time-to-crest in a series of 

tests at the V50 level. 
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A endfix 4.2 

V= nv p dc 

bias c 
Vdc 

C 
B 

U. U1 u -'- Ct 

trigger pulse 

Let the capacitance of the upper gap be C9 in pF. 

Total capacitance of lower gap 4'-0.01 uF because capacitance of 
triggered gap, Ct, <« 0.01 uF. 

Under impulse conditions, the maximum instantaneous voltage across 
the lower gap 

C 
ý. ... ý 

C+ 10000 vp +V dc 

CP, nV dc 
+V Cg+10000 dc 

Therefore, maximum increaser nC V 
g dc 

C+ 10000 
g 

maximum percentage increase 100nC 

C +10000 
9 

I 

For a plane electrode gap, C9A AEo 
. i-- 

700 PF for a gap of I cm and 

d 

an electrode of 1m diameter. 

Using a breakdown stress of 30 kV/cm and a minimum applied voltage of 

90 kV, the maximum value of C9 -'-'' 230 pF F. 
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Appendix ). 2 (continued) 

Therefore, if n=9 or 7', 

maximum percentage increase ^--2V or 16ýý respectively. 

As the actual value of Cg would be higher, the percentage overvoltage 

would be greater than 20 or 16 respectively. This would definitely' 

cause a self-breakdown of the lower gap. As the capacitance of a 

sphere gap 
83, 

using 1-m diameter spheres and having a 3-cm gap, is 

at least 5 times smaller, the maximum percentage increase would be 

reduced considerably. For example, taking the capacitance of a 3-cm 

sphere gap as 40 pF, the maximum percentage increase for n=9 or 7 

is 3.6 or 2.8 respectively. 
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Appendix 4,3 

applied voltage 

In the calculation of the 50% flashover voltage, V50, normal 

distribution of the results is assumed. 
Flashovers are denoted by crosses and withstands by noughts. 
Only the number of flashovers or the number of withstands are used 
depending on which is the smaller total. 

Let N denote the smaller total and let no, n,, n2, .... 0 nk 

denote the frequencies at each level for this less frequent event 

where n0 corresponds to the lowest level and nk the highest level 

on which the event occurs. 

The estimate of the mean and standard deviation are made using the 

moments 
k 

A=in. 
zwo 1 

and B= i2n 
,zoi 

The mean is then given by 

V 50 =yo +j 
[AN 

+ 0.5 

I 

where yo is the applied voltage at the lowest level on which the 

less frequent event occurs, 

cl is the step-change in applied voltage and the plus sign is 

used when the analysis is based on the withstands, 

and the standard deviation, s, by 

impulse number 
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Appendix 4.3 (continued) 

i. 62 J NB - 
2A 

2+0.029 

N 

and is fairly accurate when NB - A2 
2>0.3 N 

To obtain the confidence intervals, C. I., 

C. I. =V50+zsm 

where z=1.96 for a 95% confidence interval 

and s= standard deviation of the mean m 

=G s1l -N 

where G is a correction factor based on cl/s 

and given graphically in Dixon and Mood 
74. 

I 


