
CM IDKRUma) AS 

HIGH imiTAca Dnn%:T-anaGM2 CAB%^ lEsm^ars 

A Thesis for the degree of 

MASm# OF I%110S(%%Y 

submitted, to the 

mTIVERSITY OP SOUTHAMPIOIf 

by 

P.K. AÎ ODRI 
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The values of the resistivity and its dependence on stress and temper-

ature are reported for tests on flat sheet samples of polyethylene, 

XLPE, EPR and polypropylene. It is found that the time required for 

steady state conditions to be obtained is so high as to make defined 

values of resistivity very difficult to obtain. 

However computer investigation of the practical significance of this, 

indicates that with a normal cyclic load on a D.C. cable the variation 

of resistivity with time does not have a marked effect. 

In order to obtain steady-state values of resistivity for polyethylene 

the use of additives up to 5^ by weight is considered. The additives 

considered are, carbon black, talc and mica and in all cases steady 

state conduction is reached within a few hours. 

Computer design studies are reported which determine steady state 

stress in the dielectric and transient stresses resulting from impulses 

and voltage reversal. The design of cables for Tnaxd-Ttnam power capacity 

is given. 
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CHAPTER om: 

1-1 GEWEHAL INTRODUCglOH 

The growth of the size of the transmitted power in the last few 

years has increased the complexity of the A.C. transmission systems. 

This increase has demanded a corresponding increase in the stability 

and reliability of the whole system. The conditions on which the D.C. 

system can be adopted are; 

a - The economic consideration corresponding to the long distance 

transmissions. 

b - The use of D.C. links or interconnection in the large A.C. 

systems is to provide the adequate reliability. 

c - Submarine D.C. links. 

The advantages of D.C. transmission system over the A.C. trans-

mission system from the insulation point of view are: 

1 - Breakdown stress of the insulation in D.C. transmission system 

is higher than that of the A.C. transmission system. 

2 - The absence of the charging current in a D.C. cable which 

obviously becomes of great importance for long cable links. 

3 - The D.C. transmission system is rather more economic than the 

A.C. transmission system. 

4 - The size of the partial discharges within the D.C. cable insu-

lation is less than that of the A.C. cable. 

5 - The dielectric losses of the D.C. cable is very small compared 

to that of the A.C. cable. 

The properties of oil-impregnated paper used with high-voltage D.C. 

cables are well known,'' So, it is useful to investigate the thermo-

plastics polyethylene and polypropylene as high-voltage extruded D.C. 



cable insulants, due to the fact that polyethylene cables could be 

economically competitive. They are most simpler to instal and for long 

underwater crossing do not have the restrictions of paper/oil cables. 

The thermal conductivity of polyethylene is higher than that of 

oil-impregnated paper. The electrical resistivity, which varies con-

siderably according to the temperature and electric stress, is the main 

factor effecting the stress distribution in D.C. cables. 

12 

In the GIGSE Heport 1958, there is a study of models having poly-

ethylene insulation extruded over a copper conductor. There are carbon 

paper tapes used as a screen on the conductor and on the sheath. As a 

result of these tests, it was concluded that the use of polyethylene as 

insulant for submarine high voltage D.C. cables (200 kV) is possible, 
20 

Hawley, Body and Mason in 1966 introduced a new manufacturing 

technique to avoid the partial discharge problem between the conductor 

and polyethylene insu].ant by tightly bonding the conductor, core screens 

and the polyethylene insulant. It was reported that polyethylene will 

be successful in the future as a high-voltage D.C. cable insulant. 

Oudin and Fallou made a special study on several cable models 

insulated with extruded polyethylene of different thicknesses with 

aluminium or copper conductors. The results obtained by their tests 

showed that all the insulated cables failed at their terminals inspite 

of different design methods of these terminals, after a test duration 

time ranging from 950 hours and 2100 hours at different loading temper-

atures. The results of these tests show that the temperature has a 

very important effect on the life of the polyethylene cables. Oudin and 

Pallou concluded that the use of extruded polyethylene in submarine 

cables is possible, but at the shallow depths there were problems due 

to lower compression. 
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The use of Ethylene-Propylene-Rubber (E?S) in high temperature 

cables is more convenient, due to its high working temperature, EPE is 

used in A.C. cables up to 60 kV. The results obtained by Davini, 

Oonsotini and Portinari^^ on the investigation of the EPR insulant show 

that, the EPR has a partial discharge (corona) resistance better than 

the polyethylene. EPR shows little crystallinity and its vulcanization 

are rubber-like.^^ It is well known that saturated rubbers exhibit a 

33 

very high resistant to deterioration and to cracking induced by ozone. 

Ihe disadvantages of EPE are that, it has a high thermal resistance and 

low impulse dielectric strength. 

High-voltage extruded D.C, cables can be divided into three main 

types according to the methods of installation which are: 

1 - Submarine cables. 
2 - Land cables. This sort of cable can be divided into two types: 

a - Naturally cooled cables directly buried in the soil using 

selected backfills. 

b - Internally cooled cables: These cables are used for heavy-

duty power transmission. 

The D.C. cables are subjected to sudden surges due to: 

a - polarity reversals, b - switching surges, c - malfunction of the 

converter, and d - lightning impulse surges. 

1-2 SCOPE OF THE PRESENT RESEARCH 

The purpose of this work is to study certain types of thermoplastic 

materials, as polyethylene, polypropylene, and cross-linked polyethylene 

and also the elastomer, EPR, as high-voltage ertruded D.C. cable 

insulants. Also to study the design of such C'?.fcleb. The procedure of 

the research is: 

t 



1 - To investigate the conduction mechanism of the ciirrent created 

in the specimen, due to the effect of applying a uniform direct electric 

field. The important case is the ability of the conduction current to 

reach steady-state in a short time (few hours) at temperatures less than 

50 °C. 

2 - To study the resistivity of the dielectric at different values 

of stress and temperature, since the resistivity of the dielectric 

varies with both temperature and stress. 

3 - To study the stress distribution in D.C. cables at steady-state 

voltage and at transient voltages by computer technique. 

4 - To study the effect of the environment on high-voltage B.C. 

cables, specially the effect of the environment on the heat dissipation 

from the cable, 

5 - To use the results from the experimental tests for the best 

design of high-voltage D.C. cable for each type of the tested materials. 

6 - Improvement of the insulation: The problem of the difficulty 

to get steady-stptc' current in the thermoplastic material is due to the 

existence of the traps between the crystalline amorphous boundaries, at 

which the space charge carriers are held. A very long time is needed to 

reach the steady-state i.e. the state at which the trapping rate is 

equal to the detrapping rate. The decrease of the resistivity cause a 

reduction of the time needed to reach the steady-state. This can be 

achieved by inserting a certain type of additives which has the ability 

to generate ions or electrons. The generated ions or electrons from the 

additives, by its activation energy, has the ability to penetrate the 

potential barriers of the traps. The generation of the ionic or elec-

tronic migration in the bulk of the dielectric produce the equilibrium 

between the Injected carriers and the emitted carriers. At the same time 
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"the decrease of tb.e resistivity of the dielectric cause a decrease in 

the intrinsic electric field. As a result of this, the size of the 

corona discharges within the micro voids decreases. 

7 - To discuss the conduction mechanism of the improved dielectric 

materials. A general review of theoretical and experimental studies of 

conduction in dielectric materials is presented in Chapter Two. 

Details of the test cell construction and measuring instruments as 

well as the method of coating the specimens are given in Chapter Three, 

The D.C. conduction current measurements and the resistivity-

investigation of the polyethyleneJ EPR and polypropylene, over a certain 

range of applied fields (4 kV/bm - 40 kT/mm) and at temperatures between, 

ambient and 80 °C, are introduced in Chapter Four. 

The D.C. conduction current measurements and the resistivity 

investigation of the cross-linked polyethylene, polyethylene with a few 

percent of additives, over a certain range of applied fields (6 kY/mm to 

30 k?/mm) and at temperatures between 40 °C and 80 °C, are described in 

Chapter Five. 

Discussion of the experimental results is carried out in Chapter 

Six. 

The computation of the steady-state and transient stress distribu-

tion in D.C. cable, the computation of the transient temperature rise, 

and the computation of over-load on the D.C. stress distribution are 

discussed in Chapter Seven. 

In Chapter Eight, the established design for the various dielectric 

materials, investigated in this work, are carried out. 



TWO 

RETIEW OF MODELS FOR OONDUCTION IIT D I E I I E C T R I C S 

2-1 INTRODUCTION 

The insulation resistance of a material placed between two elec-

trodes is defined as the ratio of the direct voltage applied to the 

total current flowing between the electrodes, it is composed of the 

'Volume resistance" and the "surface resistance". 

The volume resistance is the ratio of the direct voltage applied 

to that portion of the current passing through the volume of the 

specimen. The surface resistance is the ratio of the direct voltage 

applied to the current passing across the surface of the specimen. 

When the direct voltage is applied to a capacitor with solid dielectric, 

the current flowing varies in a complex manner with time. It falls 

from an instantaneous high value at a decaying rate to a constant lower 

value. 

This current is composed of three parts, the nonral charging 

current, the reversible absorption current and the leakage or conduction 

current. Resistivity can only be defined when steady—state current has 

been established. 

In order to understand the behaviour of dielectrics under direct 

voltage conditions (high voltage), it is necessary to review previous 

mechanisms which have been proposed to explain the conduction phenomena. 

2-2 TRANSIENT CONDUCTION IN DIELECTRICS AT HIGH FIE5DS [ > 10 k7/mn 1 

When a certain constant field is applied to any type of dielectric, 

the current response rises and then falls to at: ilibrium (steady—state 

condition). 



The transient current follows the following empirical formula. 
1 

igXt) = 0 V t' 
-n (2-1) 

where, "C" and "n" are constants and is the applied voltage. 

The fact that certain materials are considered as insulants is 

, 22 
due to: 

a - High metal-insulator contact work function. 

b - The existence of the traps in the insulator which attenuate 

the space-charge-limited current. 

The traps have been postulated by many workers. The postulated 

model depends on the fact that the thermoplastic polyethylene consists 

of two different conductivity regions (crystalline and amorphous). The 

potential barriers obtained at the boundaries between the high con-

ductivity crystalline regions and the low conductivity amorphous regions 

behaves as a trap in which the space charge carriers are held. 

High density 

crystalline 

Low density 

amorphous 

Low 

conductivity 

High conductivity 

(Figure 2-1) 

In addition to this a trap is existent in the lattice which contain 

impurities. The current follows these conditions, which are designated 

as trapping, detrapping and steady—state (equilibrium between trapping 

and detrapping of electron carriers). 

2 

In analysis of the transient conduction current at high fields, 

it was observed f̂liat the emission (detirappmg) rate of electrons from 

traps, is small compared to the trapping rate. 
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At a thermal equilibrium, the conditions of the conduction current 

can be discussed in two ways. 

a - As mentioned above, the initial detrapping rate may be 

negligible compared to charge trapping rate, but as the space charge of 

the free electrons builds up the injection current decreases reducing 

the trapping rate. 'The field at the leading edge of the trapped charge 

distribution increases causing an increase in the detrapping rate. Thus 

both effects act to make an equilibrium between trapping and detrapping 

rates. 

b - Poor injection-contact causes the initial field of electron 

injected into the insulator to be high enough to cause a significant 

detrapping immediately. It was found that the detrapping mechanism is 

2 22 
exponentially dependent on the field and temperature. 

The other mechanisms accounting for the time-dependent conduc-

tivity in insulating materials are;'' 

1 - The rotation of dipolar groups. 

2 - The surface charge build up at the interface between regions 

having different conductivities (interfacial polarization), which is 

either on microscopic scale (molecule) or on submicroscopic scale 

(atoms). 

3 - Ions of opposite sign build up at one or both electrodes. 

2-3 STEADY STATE OONPnOTIOK - TEMPERATURE DEPEEDEHOE 

The temperature dependence of steady state current in dielectrics 

is similar to that observed in semi-conductors, since the current density 

usually varies with temperature, according to the Arrhenius relation 

Log J = constant + (w/^) - - - (2-2) 

where "K" is BoltzE-von's constant, and "W" is the activation energy. 



Garton and rarkman"^ foimd. that the activation energy of conduction 

is increased greatly (up to 2.2 eV) by prolonged evacuation at 70 °C. 

In this case they found that the conductivity is sensitive to extremely 

small partial pressures of water vapour, and also the well-known temp-

erature-dependence of the crystalline/amorphous volumetric ratio, mhloh 

is slow enough at 70 °C. At 110 °G a very fast transition occurs forc-

ing the straight line of the Arrhenius to be concaved. 

2-4 STEADY STATE CONDUCTION, "OUBREMI-STRESS CHARACTERISTICS" 

2-4-1 Poole-Prenkel Theory^ 

The first formula discussing the relationship between the conduc-

tion current and the stress at high field was obtained by Poole (1916) 

1 
as 

Log J = constant +/g E - - - (2-3) 

where J - is the current density, 

^ - stress coefficient, 

E - is the stress. 

Poole-Prenkel in 1938 derived a formula which has been described as 

the current-voltage dependence arising from the field-dependent therm-

ionic emission from traps in the bulk of the insulator. The lowering of 

the thermionic work-function of the trapped electrons by the effect of 

the applied field is shown in (Figure 2-2). 

As the potential of the trapping is a constant potential "Coulomb 

potential", then the potential energy to the right of the trap in the 

presence of the applied field "E" is given by 

- e.X.E - - - - (2-4) e. 7(2) = - e.%.E -
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The condition of the maximum potential is 

J / X = ( ^ - — (2-5) 
0 t. • •C' 

the work-function is reduced by 

/><P= ( ^ - - - (2-6) 

The electrical conductivity is defined by Poole-Prenkel as follows: 

a - In the absence of electric field, the number of free electrons 

present in the conduction band due to thermal ionization from traps is 

proportional to EXP ( -4y2K@T) 

b - In the presence of the electric field, the electrical conduc-

tivity is proportional to, 

r -(4>-/>4>) "I 
IL 2K T -J 

(3-

or 

L 2K T i 

f { A ] 

(2-7) 

2-4-2 Schottky Emission (1914) 

Basically it is a thermionic emission from an electrode into the 

conduction band of the dielectric, with the image force taken into 

account. The appropriate potential barrier is shown in (Figure 2-3) 

Q 
and the equation of the emission current is 

r- (<p.cxp) 1 

J = A j- J 

then J = is f- e K^T - - - (2-8) 

where is the lowering of the barrier and 'A' is constant. 
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Equation (2-6) shows that a linear relationship could be obtained 

by drawing log of current density against the (field) 

Energy level of the trap 

(Figure 2-2) Potential-energy diagram illustrates the Poole-Prenkel effect. 

'<!>' is the work function in the absence of the field. is the reduc-

tion in the work function due to the applied field. 

(Figure 2-5) Potential-energy diagram illustrates Schottky effect with 

the image force taken into consideration. 
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Comparing equations (2-5) and (2-6) it seems that the temperature-

dependence of Poole-Prenkel conductivity differs by factor of two and 

this is due to the fact that equation (2-5) depends on the position of 

Fermi-level^^ which is considered to be midway between the trapping level 

and the bottom of the conduction band. 

2-4-3 Space-Charge limited Conduction 

When the cathode is heated sufficiently, a cloud of electrons 

appears on its surface. In the absence of the electric field it adhere 

closely to the metal surface due to image force. When the field is 

applied the electron carriers are pulled towards the anode, and a sig-

nificant transient current as well as a steady-state current occur. A 

space charge-limited current is observed when the injected carriers fill 

the shallow traps completely i.e., when the injected carrier density 

exceeds the intrinsic carrier density of the insulator. The space charge 

current depends on the mobility, free charge density, trap density and 

the field. (This can be expressed with the following relationship. 

J ol ^ (2-9) 
d^ 

7 
2-4-4 Parkman and Carton Theory of Conduction in Polyethylene 

Study of the conductivity of purified dry polyethylene in vacuum 

was carried out by Parkman and Garton. They found that it is necessary 

to reconsider Poole-Prenkel theory and other hypotheses which have been 

investigated formerly. 

They made a study on the variation of current with respect to field 

squared i.e., the space charge limited equation and they found that the 

experimental results differed from those expected theoretically. Also 

they found that Poole-Prenkel theory failed to cover a wide range of 

stresses. 
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The relationship of the conduction current with respect to the 

3/ 

applied field obtained from their calculation is (led: E ^), which is 

a combination of Poole-Frenkel and the space charge limited model. In 

this model, the electrons are injected from the cathode, and their 

distribution being determined only by the space-charge equation and the 

traps. The theory takes no account of the material micro-voids, since 

it is relative only to the electronic conduction in the pure material. 

2-5 HIGH PIECD IONIC CONPnOTIOR 

Much work has been done in the field—dependent ionic mobility and 

on the density of field dependent carrier which is dependent on the 

degree of dissociation of the divalent impurities and vacancies. All 

these results which have been mentioned in ^ and ® show that there is a 

great identity between the dissociation theory from the point of view of 

stress dependent with the Schottky or Poole-Prenkel processes. 
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ORAPTER THREE 

EXPERnmiTTAI, DETAILS 

3-1 POlYETHYIiENE 

The polyethylene produced by polymerisation of ethylene as shorn in 

(Figure 3-1) is a flexible polymer giving good electrical properties. 

3-1 -1 Low Density Polyethylene 

Low density polyethylene is produced under high pressure process 

glTing a polymer of basically single chain type and having short branches 

of few carbon atoms. The number-average molecular weights range is from 

20,000 to 50,000. 

Low density polyethylene is generally (50 - 60^) crystalline, the 

Ahaina in the crystalline region being "straight". The crystallites are 

platelets about 10 nm thick with the carbon chains being roughly perpen-

dicular to the planes of the platelets, while the molecules themselves 

are much longer than 1.0 nm. 

The crystal melting point Is usually (l10 - 115) °C; softening 

temperature is (80 - 100) °C and it is very sensitive to oxidization 

(with consequent increase in dielectric loss and general deterioration). 

The limit of maximum useful temperature is between 70 - 90 °C. 

According to these circumstances, polyethylene cables are often designed 

to run at (< 70 °C). Polyethylene, above 100 °C, becomes soluble in many 

organic solvents. It is very sensitive to sun-light and can not be used 

out of doors unless loaded with about 2.5^ of carbon black. For normal 

conditions it usually contains antioxidant. 
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j^^-2 Bleh Density Polyethylene 

High density polyethylene is 90% crystalline. It has been produced 

from ethylene by catalytic process. It is mechanically stable to a 

higher temperature (crystal melting point 130—135 C), It is stiffer 

and stronger than the low density polyethylene, and has a better low 

temperature brittleness. It has a number-average molecular weight of 

200,000. A mechanical properties comparison between the high density 

and low density polyethylene with another polymer is shown in Table 3-1. 

H H H H H H 
I I I I I I 

— — — C"^C — C# +• C " C 
I I I 1 I I 
H H H 

I 

H H H 

E 
1 

H H H H H 
1 1 

C — — 
1 
H 

1 
c 
1 
H 

1 
- c 

1 
H 

1 
- G -

1 
H 

1 
• C — 

1 
H 

i 
C. 
1 
H 

i 
and so on until the chain terminates 

(Figure 3-1) 
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3-2 TEST CEU. • 

The test cell is constructed from steel. The high-voltage electrode 

is introduced into the test cell through a P.T.P.E. busing which is 

profiled to minimize the effect of stress concentration at the test cell 

wall. The low voltage electrode incorporates a guard ring with SOyim 

thickness gap of insulator. The high voltage electrode is movable 

through an (o) ring and is pressed on the sample with a mechanical 

pressure of (80.87 gm/cm ) is obtainable by using a weight of 1051 gm 

with 537 gm weight of the electrode. 

The specimens used are of polyethylene of 125ytm thickness, with 

one side coated with evaporated aluminium (deposited). It is not easy 

to use a sample coated on two sides due to the effect of the very small 

insulation, 50/tm, between the guard ring and the low voltage electrode. 

An uncoated specimen was used for comparison with the coated one, 

additionally coating by colloidal graphite is also used. 

The tests are performed in the air. An electric heater is used 

surrounding the test cell. The temperature is controlled by using a 

thermal controlling device with accuracy of more like 1 2 °C. The temp-

erature is measured by a thermo-couple positioned in the guard ring 

inside the can of the test cell. 

3-3 CUHREHT tlBASUHEIvIEHTS 

Measurement of current is conducted by using a low range ammeter 

which is used over a current range 1.2 x 10 ^^A to 1,2 x 10 ^A, in twenty 

three ranges. 

The error percentage of internal meter differs from 1^. at ranges up 

to 4 X 10"®A, to 2^, at ranges up to 1.2 x 10"^^A. The error percentage 

of external meter which is connected to a chart recorder ranges from 0.25^, 

at ranges up to 4 x 10"^A, to 1^, at ranges up to 4 x 10 ^^A. 
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5-4 STABILITY AND OALIBRATIOH OP THE AMMETER 

It is very Important to use a very highly stable ammeter, which 

needs very high stable generators, because any fluctuations cause rela-

tively large capacitance currents which pass through the tested specimen. 

By measuring the current from D.C. battery source, for different periods 

of time through a standard resistor (tolerance + 0.1^), it was found 

that the percentage error is within the limits mentioned in Section (3-3) 

and Section (3-5)• 

3-5 HIGH VOLTAGE D.C. SUPPLY 

The high voltage D.C. supply used has a maximum output voltage 

(30 kV) with stability against ± 10^ mains change is 5 p.p.m., the output 

ripple is 2 parts approximately. The nominal drift after 45 minutes 

is 25 p.p.m. per 15 minutes, after one hour is 15 p.p.m. per 15 minutes 

and after a longer time is 5 p.p.m. per 15 minutes. 

3-6 EECORDIKG EQUIPMENT 

The potentiomatric recorder has a sensitivity of 0-5 mV; 0-10 mV, 

chart speed 10"/hour. For present purposes i.e., for periods of (24-48) 

hours and more, a time regulator is used which operates for four minutes 

every one hour. 

3-7 THE METHOD OF TEST 

The dielectric specimen which is coated from one side by evaporated 

aluminium at vacuum (2.0 x 10"^ Torr) is inserted between two plane 

electrodes, with rounded edges and guard rings according to the following 

diagram. 
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3 

H.V.D.C. 

SUPPLY. 

P. A )- (Figure 3-2) 

The high field is obtained by applying the direct voltage from the high 

voltage D.C, supply. 
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OEAPTER POUR 

RSSUITS 

4-1 RESULTS FOR POLYETHrLEKE 

4-1 -1 Conduction Current 

The measurements of the current show that, the period passing from 

the instant of voltage application until the current stop decaying takes 

a lomg tlma as ehoma in (Figures 1-5). At temperatures less th&a 50 °C 

the period needed to reach steady-state is very long ( > 1 0 days). 

The decaying percentage of the conduction current is decreased 

with time. The results obtained (Figure 1) show that the conduction 

current passing through the volume resistance at constant temperature 

increases with increase in the stress. At a certain applied field the 

Increase of the temperature increases the magnitude of the conduction 

current and at the same time decreases the period needed to reach the 

steady-state. 

By plotting the so-called activation plot of log current against 

the reciprocal of the absolute temperature at different applied fields, 

it was found that the plot is linear over the temperature range between 

50 °C - 80 °C and at low stresses in the range of (6-16 kV/mm). At 

higher stresses a deviation occurs at 80 °C for the samples of Maker B. 

The same effect was found with the same polyethylene of Maker B using 

the uncoated sample. The test was repeated again using polyethylene 

(Maker C) and the results obtained were different. This conflict is 

because that, the microcrystalline structures of the two specimens are 

different due to the two different manufacturing processes. 
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4-1-2 Transient Current 

4-1-2-1 Transient Current at First Applied Field 

The transient current obeyed the empirical equation 

r I^(t) = A.t~^ J , where A is a constant depending on the temperature 

and the stress and n is in the range of (o.27 - 0.7) for stresses 

between 10 kV/mm to 40 kV/mm. 

At a temperature of 40 °C the current decays over a long time which 

decreases in length as the test temperature is increased from 40 °G to 

80 °C. 

The measurements of conduction current for the fresh specimen show 

that the amplitude of the charging current is much higher than that of 

the specimen tested before. The period needed to reach steady-state for 

the fresh specimen conduction current is much longer than that of the 

specimen previously subjected to electric field. 

4-1-2-2 Discharging at Zero Field : [ Short Circuit with 

Earth] 

The discharging current for specimen previously stressed has a 

rapid initial falling, and then the decay becomes similar to that of the 

charging current. The discharging current at temperatures more than 

60 °G in a specimen previously stressed with more than 10 kV/mm changes 

its direction after some time i.e., the decaying current passes the 

zero limit into the polarity of the original (+) region. The following 

table shows the dependence of"the discharging current on both the 

temperature and the specimen previously stressed, after 20 minutes of 

short circuiting the specimen to earth. 
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Table (4-1) Discharging current after 20 minutes 

E (kV/mm) 
[previous stress] 

I , (A) 

at 60 C 

1 * (A) 

at 70 C 

1* a ) 

at 80 C 

10 

16 

—1 2 
-1.45x10 

- 0 . 2 0 6 7 x 1 0 " 1 2 

-12 
-0.85x10 
+0.82x10"12 

-1 2 
+0.8x10 
+2.82x10"12 

2 4 -0.25%10"12 — + 4 . 6 5 x 1 0 " l 2 

32 -0.36x10"^^ + 0 . 9 6 x 1 0 " ^ ^ +6.6x10"12 

The discharging current takes a long time to reach the zero level 

at high temperature (in isothermal condition), but it decreases rapidly 

with decreasing the temperature. , It was found for a specimen preriously 

stressed by 32 kV/mm at temperature of 80 °C and a period of 68 hours, 

that the discharging current was (6,3X10"''̂  A) and then as the temper-

ature decreased to 55 °C the discharging current decreased rapidly to 

(6X10"''̂  A) and when the temperature increased again the current 

returned to its value of (6x10~^^ A) after a few minutes. 

The following diagram shows the transient ciirrent in 'curve I' at 

first applied field (usually obtained with fresh samples), curve II 

shows the discharging current, (during short circuit time), curve III 

shows the transient current after short circuit. 

It was found that it is not easy to obtain the 'curve number I' 

with a sample previously stressed even if this sample was short circuited 

to earth for a long time (few days). 
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I 
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First applied field E = E, 1 

(Figure 4-1) 

zero 
applied 
field 
E = 0 

III 

^0 
time(Hr] 

After short circuit 
at the same field 

E = Ei 

50 
-3«-

4-1-3 Resistivity After Twenty Hours 

The resistivity of polyethylene varies as a function of both the 

temperature and the applied field. As shown in (Figure 8), the resis-

tivity of polyethylene at low temperatures is higher than that at high 

temperatures. As the conduction current continues decaying even after 

short circuit, the resistivity after short circuit (Figure 11a) differs, 

i.e. it becomes more than that at first applied field. 

The mechanical pressure vibration has no effect on the resistivity 

2 

in this work, since the mechanical pressure used is more than 50 gm/cm . 

Faraj''"' found that the effect of mechanical pressure vibration on the 

resistivity was very small at higher values of applied mechanical 
P 2 

pressure between 50 gm/cm to 250 gm/cm . Since at these pressures 

there is no vibration due to polyethylene deformation, while the effect 

was large at low mechanical pressure (0-20 gm/cm^), 

lawson^, at nigh field conduction, found that there is no effect 
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11 

for the thickness on oil-impregnated paper. Paraj , at low fields, 

found that the resistivity is unaffeoted by the thickness of the poly-

ethylene. 
4-1-4 Effect of temperature and Stress on ResistiYity 

Figures (8-11) give the variation of resistivity with applied 

field for different values of temperature. Figure (lOa) gives the 

variation of resistivity with the reciprocal of the absolute temperature 

and Figure (10) shows the variation with the temperature in (°G). 

llany references give formilae for the variation of resistivity 
12 

with stress and temperature. In the CI&EE 1958 , it was found that 

at a uniform field, the resistivity of the polyethylene is governed by 

the temperature and the gradient by a formula of the some form, i.e. 

P _ (4-1) 
/ " B y 

where - is the value of temperature coefficient appears to be 

practically independent of the applied voltage. = constant. 

The exponent Xwhich characterises the variwtlcn of the resistance 

versus voltage. 

0 - is the temperature in (°C). 

1 ̂  

Davey mentioned that the D.C. steady dielectric resistivity for 

impregnated paper and polyethylene varies with temperature and stress 

according to the following expression; 

/ = ^ e'" ® . (4-2) 

where / is the dielectric resistivity at temperature Q °C, and E is 

the stress in "(kV/cm). ^ - is the dielectric resistivity at a 

reference temperature e.g. 0 °C and low stress. oC - temperature 

coefficient of resistivity, k - stress coefficient of resistivity. 
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WilfcLns and Billings"'^ mentioned on the conductivity of dielectric 

of D.C. cable that is not constant, it is temperature and stress 

dependent according to the generally accepted empirical relationship. 

or = sr e dgpadv 

where oc and /3 are constants, T - is the temperature in °C, 

Nobo Ando and Takesh concluded that the resistivity of cable 

insulation is dependent on both temperature and stress and the depend-

ence is expressed by the following experimental equation. 

/ = X - - - ( 4 - 4 ) 

where T is in °G. 

Eoll^^ assumed that the resistivity of impregnated paper behaves 

according to the rule, 

f e'**® . (4_5) 

where 0 is in °0. 

17 

Occhini and laaschio , mentioned that the conductivity of oil-

impregnated paper varies as, 

a (T' = A e (- T + bB) 

where T is the absolute temperature. 

Chu^^ used the formula for resistivity in oil-impregnated paper 

which varies as, 

/ = X ^ - - - (4-7) 

It is found from. Figures (13-15) on Maker B samples that none of 

the previous theorlsz mentioned in Chapter Two give a linear relation-
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ship between the resistivity and stress, within a vd.de range of 

stresses (16 - 32 ky/mm). 

The results obtained in (Figures 8, 11) on other samples of a 

different maker (Makers A, and c) show that a linear relationship was 

observed at resistivity versus the applied stress (First Poole Formula).. 

The values of the resistivity/temperature coefficient and 

resistivity/stress coefficient (Q ) obtained on three different poly-

ethylene samples from different makers, show that, within a wide range 

of applied field and at a certain temperature, the resistivity/ 

temperature coefficient is slightly increased with the increase of the 

applied field on samples of Maker B. The results obtained on the 

samples from Maker A show that the resistivity/temperature coefficient 

is slightly decreased with the increase of the applied field. The same 

variation was obtained on the values of the resistivity/stress 

coefficient (S), The reason of the previous conflict is due to the 

fact that the values of the resistivity were obtained after twenty hours 

only, and at this time, the conduction current does not reach the 

steady-state. 

The following tables give the values of the resistivity/temperature 

coefficient (ô .), the resistivity/stress coefficient ( S ) , and the 

values of the corresponding reference resistivity ( ^ ). 

Table (4-2-a) Polyethylene, l.!aker B 125/tm thickness, after twenty hours 

CXI (l/°C) E (kV/mm) So (-<̂ - cm) 
(at 8 = 40 °C) 

0.0700 10 InGxIol? 

0,0700 16 S.OzlO^G 

0.0708 24 

0.0743 32 
-• Ill • nil. 
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Table (4-2-b) Polyethylene, Maker B 1 2 ^ m thickness, after twenty hours 

(cm/kV) 9 (°c) X cm) 
(at E = 0.0 kV/mm) 

0.0184 50 5.2210^7 

0.0179 60 3.1x10^7 

0.0164 70 l.lxiol? 

Table (4-3-a) Polyethylene, Maker A thickness, after twenty hours 

(><:(i/̂ c) E (kV/mm) f (il- cm) 
(at G = 40 O) 

0.0869 9.936 
17 

4.5x10'' 

0.0836 16.40 1.65x10^7 

0.0733 22.95 7.0X101G 

0.0708 29.50 5.3x10^6 

Table (4-3-b) Polyethylene, Maker A 305yUM thickness, after twenty hours 

^ (cm/kV) 

0.01096 
0.00274 

0.00314 

0.00560 

G ( ° o ) 

40 

50 

60 

80 

X {a. - cm) 
(at E = 0.0 kV/irm) 

1.3z10 

5.3x10 

3.5x10 

1.9x10 

18 

16 

16 

16 

The results on polyethylene Maker C (l25/*m thickness) show that 

the value of resistivity/stress coefficient i/9) is 0.003 cm/kV at-

1T 

80 °C temperature and the value of the reference resistivity is 4.5x10 

(i2 _ cm). 
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4-1-5 Effect of Kaaufacturing Process 

The results obtained on polyethylene of Maker A and that of 

llfedcer B, show that the values of the resistlTity/temperature coeffic-

ients (®^) of Maker A is slightly different than that of Maker B. 

While the values of the resistivity/stress coefficients and the refer-

ence resistivities have a noticeable difference between the values of 

Ifeker A and that of Maker B, the value of the resistivity/stress 

coefficient (/) ) of Maker C is nearly the same as that of Maker A. 

The reason for the above conflict is probably due to the different 

processing methods, which means that the manufacturing process has an 

important effect on the polyethylene resistivity. 

In:general the conduction mechanism of Llie three different Maker 

samples is the same i.e., conduction mechanism in the three samples 

face the same difficulty to obtain the steady-state current. 

4-2 RESULTS FOR ETHYLBI?S-PR0PYL5KE-RtrBBER (EPR) 

4-2-1 Introduction 

The results obtained from the measurements of conduction current 

in polyethylene show that it is not possible to get the steady-state 

current and it is difficult to define the resistivity of the poly-

ethylene. Due to the fact that the EPR is a high working-temperature 

insulant, it is of interest to investigate its B.C. resistivity. 

The use of EPR as insulant in high temperature cables seems to be 

more convenient due to the possibility of a defined resistivity at 

h i ^ tanperature. 

The mechanical properties of the EPR compared to (XLPE), mineral-

filled (XLPE) and butyle rubber are shown in Table (4-4). 
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4-2-2 Conduction Current 

4-2-2-1 EPE Conduction Current Measurements at Atmospheric 

Pressure [Contact Effect] 

As a result of the test carried out in this work, it was found 

that it is not possible to measure the conduction current at tempera-

tures less than 80 °0 for a specimen of thickness 460yim and 60 °G for 

a specimen of thickness 200/%%; since the conduction current goes to 

the other region of different polarity. This current needs a long time 

to go back to the region of original positive polarity. This mechanism 

does not occur in vacuum Torr) which means that the injected 

carriers from the cathode cause an electric field on the surface of the 

specimen due to its large thickness. This field ionizes the water 

molecules existing in the air between the cathode and the specimen's 

surface, at the same time this field causes a considerable number of the 

space charge carriers to go back to the cathode producing a negative 

current. 

The above phenomena is due to the low surface tension of the speci-

men when uncoated, because the effect of the very thin gap (50/<-m) 

between the cathode and the guard ring. 

Time (Hr.) 

(Figure 4-2) 
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4-2-2-2 EPR Conduction Current Measurements at Vacuum 

As shown in (Figures 14-21) when applying a certain field on a 

specimen of EPR at a low temperature (^70 °0) the conduction mechanism 

of the current can be divided into four regions. The region I is that 

at which the current rises at first for a few seconds. In region II 

the current decays for a few hours, while in region d the current 

increases again. In region U the current continues decaying until it 

reaches the steady state. The above mechanisms are mainly due to the 

production of the space charge carriers and the ions by the chemical 

imperfections in the impurity and the physical imperfections in the 

bulk of the material. The effect of the previous mechanism varies with 

the temperature and as the temperature increases the effect shown in 

regions EL, H I and U becomes quicker reducing the slope of the curves 

in regions III and lY causing the current to approach the steady-state. 

current 

(Figure 4-3) 50 time 

4-2-2-3 Short Circuit Current to Earth 
(Hr\) 

A study of the short circuit current gives an idea about the space 

charge motion in the specimen. Prom the test done in this work on the 

short circuit current, after a period of applying uniformly electric 

field at different temperatures, the existence of the ionic conduction 

is evident. Thin icnic conduction occurs due to the effect of the 



33 

temperature and. the previously applied electric stress. Prom the short 

circuit current at the atmospheric pressure, the current decreases 

from the negative region and passes to the positive region at temper-

atures (?• 80 °C) for 460/im thickness of specimen, and at (>60 °C) for 

185/im thickness of specimen, and after previously applied stresses 

(>10 kT/mm). It is well known that the ionic motion depends on the 

mobility and the density of the carriers which gives a clearer idea why 

the negative current varies quicker than the positive current. The 

current in the negative region is due to the stream of the negative 

ions which has a mobility higher than the mobility of the positive ions, 

A comparison between the discharging current at the atmospheric pressure 

and that at vacuum (^2.5x10 ^ Torr) illustrates the effect of water 

molecules existing in the air between the cathode and the low voltage 

(uncoated) side of the EPR specimen. 

10 

f 
CO 
•H 

Temperature =100 °C 

^ • in vacuum 

•g 
<D 

3 

0 5 10 15 20 25 

(A) time (min,) 

10 1̂2 

8 ? 

II 

Temperature = 100 G 

in atmospheric pressure 

10 15 20 25 

(B) time (min.) 

Both A and B are previously stressed with 25 kV/mm 

(Figure 4-4) 

4-2-2-4 EPR Conduction Current after a Period of Short 

Circuit 

The results obtained in this work show that the conduction current 

mechanism at second applied field (after a period of short circuiting 
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the specimen to earth) has lower transient current amplitude than that 

of the conduction current mechanism at first applied field. This 

difference in the amplitude is much less than that of the polyethylene, 

which means that the EPE has less ability to store the electric charges 

than polyethylene. The above phenomena is shown in the following 

figure. 

10 -9 

I 
u 

10 

E = E 1 

II 

20 50 

E = 0 

III 

40 

E = E 1 

50 

Time (Hr,) 

I - At first applied field 

II - Discharging current 

III - After short circuit 
(Figure 4-5) 

4-2-2-5 Steady-State Current [long Time Test"] 

The study of the conduction current has been carried out at differ-

ent temperatures (25 - 100 °C) and at different stresses (lO kV/mm -

25 kV/mm). The results show that at temperatures between 25 °C and 

40 °C it is difficult to get a steady-state current within a time range 

of 70 hours, since at 25 °C and after 70 hours [̂iii vacuum ̂  2.5x10""̂  

Torr] the conduction current goes to opposite polarity region which 

needs a very long time [days or weeks] to go back to the original 



35 

positive-polarity region. At a temperature of 60 C and more, it is 

possible to get a steady-state current within a period of a few days 

12 in vacuum ^ 2.5z10"^ Torr J . In air it is possible to get steady-

state current within twenty hours at temperature of 80 °G for 4 6 0 m 

specimen, and at temperature of 60 °0 for 185y*i^ specimen. 

The results obtained with a specimen of 185 ykm thickness are much 

better from the steady-state point of view than that with a specimen of 

460 y*4,m. 

4-2-3 Resistivity Variation of EPR 

4_2-3-1 Resistivity/Stress Characteristics 

Prom the results shown in (Figures 23 end 24) it is obvious that 

the stress-resistivity coefficient (8) does not remain constant as the 

temperature is increased (Table 4-5-b). In general the resistivity 

variation with the applied field is linear which gives evidence that 

the following empirical formula is applicable for EPR insulator. 

In JT = k + - - - (4-8) 

where k is constant depending on the temperature. 

Table (4-5-a) EPR, 460ywm thickness, resistivity after twenty hours 

E (kV/mm) X ( JT-- cm) 
(at 8 = 40 Oo) 

0.14 10 7.2x10^8 

0.14 15 7.1x1o1G 

0.14 20 6.9%lo1G 
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Table (4-5-b) EPR, 460/Mm thickness, resistivity after twenty hours 

/3 (cm/k v) E)(°c) (•A- cm) 
(at E = 0.0 kV/mm) 

0.01 

0.0095 

0.00036 

60 

70 

80 

17 
8.5x10 ' 

1.5x10l7 
3.8x10^6 

(Table 4-5-b) shows that the resistivity/stress coefficient decreases 

as the temperature increases till a certain temperature is reached at 

which it becomes very small (temp. = 80 °C). After passing this 

temperature the resistivity/stress coefficient increases again. At 

temperature of 90 °C the resistivity/stress coefficient in air is the 

same as that in vacuum. 

As the conduction current used in the calculation of the resistivity 

was taken after twenty hours for all cases, the difference which appeared 

in the values of 3 is due to the fact that there is a time lag in 

reaching the steady-state at different temperatures. 

4-2-3-2 Resistivity/Temperature Variation 

Prom the results shown in Figure (25) the slope of resistivity/ 

temperature curve is very high and the resistivity decreases rapidly 

with the increase in temperature. 

Measurements in the atmospheric pressure gave nearly the same slope 

as that obtained in vacuum. 

In general the variation of the resistivity against the tempera-

ture is linear and follows the following expirical formula. 

In ̂  (4-9) 

where k̂  is constant depending on the applied field. 
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4-2-4 Effect of Thickness on Resistivity - EPR 

(Che results obtained show that the resistivity is related to the 

thickness of the EPR specimen. The relation is not linear since as the 

temperature increases the effect of thickness decreases as shown in 

(Table 4-7). 

The effect of thickness is very small at low fields at a certain 

temperature, while at h i ^ fields the effect is large as shown in 

(Table 4-6). 

Table (4-6) The applied temperature is 80 °C 

Applied field 

(kY/mm) 

Resistivity ( T _) 
(iT. - cm) ̂  

Specimen 185 y^m 

Resistivity ( L^.) 
( jn-- cm) 

Specimen 4 6 0 ^ m 

Ratio of 

-^460^ /l85 

18 

20 

25 

30 

1.3 ilO^* 

1.28 zlO^* 

1.136z1o14 

9.37 ilO^S 

1.42x10^^ 

2.87x10^® 

3.36x10^® 

3.57x10^^ 

110 

224 

296 

380 

Table (4-7) Th e applied field is 20 kV/mm 

Temperature 

(°c) 

Resistivity ( ̂  ^ 
(-A.-. cm) 

Specimen 185/«-m 

Resistivity ( / ) 
( - cm) 

Specimen 460yum 

Ratio of 

Aeo/fiss 

70 

80 

90 

1.75x10^^ 

9.3 zIO^* 
14 

9.6 xlO 

1.15x10^7 

2.82x10^^ 

1.4 xlO^G 

65.7 

30.3 

14.6 

The large ratio of ^ xgn/ /iss obtained in the above tables is due 460' yi85 

to the fact that steady-state has not been reached. 
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4-3 RESULTS FOB POI,YPROPY]LENE 

The polypropylene is a result of polymerizing the propylene 

[ CHg = GH - CH^ . Table (3-1) shows the mechanical properties of the 

polypropylene compared to the polyethylene. The problem encountered 

when using polypropylene in cables arises from its difficulty of 

adhering to the surface of the conductor, because it is so hard. This 

mechanical problem can be solved by special design of the semiconductor 

layer or by special extrusion technique during the manufacturing 

process, specially for large size conductor cables as the internally 

water-cooled cables. 

4-3-1 Conduction Current 

The results obtained in (Figures 26 - 30) show that the decaying 

rate of the conduction current at low applied field is very small com-

pared to the decaying rate at high applied field. Within the range of 

temperatures used in the test (40 °C - 80 °C), it is possible to con-

clude that the conduction current in polypropylene is more steady than 

the conduction current in the polyethylene. 

The mechanism of the conduction current, at first applied field, 

at short circuit period, and after reapplying the same field gives an 

evidence that there is much space charge held in the bulk of the poly-

propylene specimen. 
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10 

Current 

(A) 

lo 

0 10 20 30 40 50 

First applied field 
E = E, 

at short 
circuit 

Reapply the field 
E = E^ 

E = 0 

At temperatures ( ^ 6 0 °C) 1^ = 0. (Figure 4-6) 

4-3-2 Besistivity/Stress Variation 

At a certain temperature, it was found that the resistivity/stress 

variation follows the first Poole formula. Tiie different time consumed 

to reach the steady-state current result in a conflict with Poole theory 

specially at temperatures more than 50 °C in polypropylene. The values 

of the resistivity/stress coefficients (/?) are shown in Table (4-8-b). 

4-3-3 Resistivity/Temperature Variation 

The results obtained in Figure (32) show that the resistivity/ 

temperature curves are linear over all the values of the applied fields. 

The slopes of the curves decrease as the applied field increases. As a 

result of this the resistivity/temperature coefficient decreases. 
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Table (4-8-a) Polypropylene resistivity after twenty hours, specimen 

thickness 160/^m 

<v(i/°c) E (kV/mm) ^ ( ̂  - cm) 
(at 8 = 40 OC) 

0.12 

0.11 

0.073 

6.25 

16.75 

31.25 

17 
3.2 %10 ' 

2.17%1o17 

4.2 zIO^? 

Table (4-8-b) Polypropylene resistivity after twenty hours, specimen 

thickness 160/Um 

0(cm/k7) a (°c) fo (-H. _ cm) 
(at E = 0.0 kV/mm) 

0.00767 40 
1 7 

5.3x10 ' 

0.00720 50 2.3z1o17 

0.00630 60 I.OxlolG 

0.00220 80 4.5x10^5 

4-3-4 The Effect of Thickness on the Resistivity of the 

Polypropylene 

The results obtained (Figure 30) show that the effect of smaller 

thickness decreases the time consumed to reach the steady-state current. 

The results shown in Table (4-9) give the values of the polypropylene 

resistivity (after twenty hours) for different thicknesses. 

Table (4-9) 

Thickness (pn) Resistivity ( - ^ cm) 

160 1.87x10^5 

185 9.1 xlO^S 

255 1.21x1o1G 
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G&U'TER FIVE 

RESULTS FOR OROSS-IIKKED POLYETHYIEKS AMD POLYETBYLEME WITH ADDITIVES 

5-1 IFTROPNCTICN 

The results obtained from the previous work on the polyethylene 

show that; it is not possible to define the resistivity of the poly-

ethylene due to the difficulty obtained to get the steady-state current. 

Opinion in the present investigation is that, the reason of the above 

difficulty is due to the fact that the injected space charge carriers 

and the carriers from inside the bulk of the polyethylene needs a very 

long time "days" to achieve equilibrium, i.e. between the trapped 

carriers and the emitted carriers. 

The study on the tree-initiation associated with space charge form-

ation in polyethylene by leda and Nawata^^ shows that, the effect of the 

space charge accumulation has a great influence on the increase of the 

microscopic electric fields and then on the breakdown strengths of the 

plastic materials operating under direct fields. Tiie complete dissipa-

tion time of the trapped carriers obtained^^ on the polarity-reversal 

test above room temperature is quite long.^^ 

Opinions on the effects of certain types of additives in poly-

ethylene are as follows: first to reduce the electrical resistivity of 

the polyethylene, secondly, to obtain a steady-state current, while the 

third is that, the existence of the additive (which has higher conduc-

tivlty) in the matrix of the polyethylene has great effect to sweep-out 

the space charge accumulation held by the potential barriers. 

The resistivity of the cross-linked-polyethylene and the resistivity 

of the polyethylene with different types of addj.clvjs has been investl-

gated in this work. 
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5.2 CEOSS-IIHKED-POIYETHY&EHE 

5-2-1 Introduction. 

Cross-linking of the linear thermoplastics as polyethylene can be 

done either by I-rays or chemically, in order to produce a sort of 

thermosetting material which has good thermal properties. Cross-linked-

polyethylene is used for A.C. cables up to 110 kV with average designed 

stresses less than 5.9 kV/mm and a working temperature of (90 

Singh and Bruhin^? studied cross-linked polyethylene, their suggestion 

is that the mineral-filled cross-linked polyethylene is useful for 

27 

high voltage D.O. cables. Ihe results obtained by Singh and Bruhin 

are mainly dependant on the values of conductivity after a few minutes 

(10 minutes), while such materials as cross-linked polyethylene under 

D.O. field needs longer time for the conduction current to reach the 

steady-state. The decrease of the thermal resistivity of the cross-
27 

linked polyethylene, was achieved by using the mineral fillers. 

Investigation of the cross-linked polyethylene's resistivity at different 

temperatures J and at different stresses has been done experimentally in 

this work. The cross-linked polyethylene used in the present experi-

mental work was formed by, a chemical cross—Ixnicing of the polyethylene 

•with a few Dicumyl-Peroxide 
5-2-2 Experimental Results 

5-2-2-1 Conduction Current in XIPE 

The results obtained in this work show that, it is possible to get 

steady-state current at temperature 40 °C and at atmospheric pressure, 

specially at fields less than 10 kV/ism. The probability for obtaining 

steady-state current within.10 hours is decreased as the applied field 

increased. At field (E = 12.5 kV/km) and at (60 °c) steady-
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state current was obtained after twenty hours, while at fields (6,25 

kV/mm, 4.167 kV/mm) steady-state current was obtained within twenty hours, 

At stresses less than 10 kV/mm, the probability for obtaining steady-

state current is increased as the temperature increased. 

The application of high fields of more than 10 kV/mm, results 

many space charge carriers being injected and superimposed-with the 

carriers from the bulk, the accumulation needs a long time to be trapped 

and emitted in order to get the equilibrium between the injected and 

the emitted carriers. 

5-2-2-2 Resistivity/Temperature Variation 

The results obtained in (Figure 7) show that the resistivity is 

decreased as the temperature is increased in the same manner as poly-

ethylene, E?R and polypropylene which follows the well known empirical 

formula. 

log J' = k + cxl 8 (5-1) 

where k is constant depends on the applied field. 

The following table shows the values of the resistivity/temperature 

coefficients (o'-) at different applied stresses. 

Table (5-1-a) (XLPE) 240/tm thickness 

o^(i/°c) E (kV/mm) fo (-^ - cm) 
(at g = 4000) 

0.180 

0,180 

0.178? 

0.16? 

4.167 

6.25 

12.5 

20.854 

1.95zlo1G 

1.5 zIO^G 

1.5 zIO^G 

8.1 xlO^S 
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5-2-2-5 Resistivity/StresB Variation 

Ihe results obtained (Figure 6) show that the resistivity la 

decreased as the applied field is increased. The variation of (logjF) 

with (e) is quite linear for a wide range of fields (4.1 kV/nm - 33.3 

kV/nm). The resistivity/stress characteristics are following the first 

Poole formula as, 

log = k1 + E (5-2) 

where k1 is a constant depends on the temperature of the specimen. 

The following table shows that Q is decreased due to the increase 

of the temperature, 

Table (5-1-b) (XLPE) 240/tm thickness 

(cmA?) 6(°o) (-fl- cm) 
(at E = 0,0 kV/xom) 

0.004380 

0.001^5 

0.00275 

0.00178 

40 

50 

60 

80 

2.4 xlO^G 
1 5 

7.3 ziO 2 

2.85z10l5 

4.6 zIO^* 

5-2-2-4 Discharging Current [Short Circuit Current with 

Earth] 

The short circuit current to earth of the specimen after applying 

an electric field, decay with time and needs long time to reach zero 

(months). At high temperature and at previously positive high field 

the decaying current changes its sign from negative to positive. The 

mechanism of the snort circuit current depends on the quantity of the 

space charge carricrm and the previous period of the applied electric 

field. At high -cejuprrature, more than 60 °C, the positive current 
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obtained indicates the presence of positive ions in the specimen. 

I 

(A) 10^2 

10-^^ 

.1013 

-12 
10 

.10 
-11 

Previously stressed at E ^ 20 kV/mm 

E = 0 

10 min 
At temperature > 60 C 

min .% min AO mln,-

temperature <60 C Time (min) 

= 0 

Previously stressed at E ^20 kV/mm 
(short Circuit Current with Earth) 

(Figure 5-1) 

5-2-2-5 Conduction Current After Short Circuit 

The results obtained in this work show that the current at second 

applied field i.e., after short-circuit is approximately the same as 

that at the first applied field, which give evidence, that the cross-

linked-polyethylene has less ability to store space charge carriers . 

than polyethylene. This is because it is mostly amorphous material, 

For a fresh specimen the decaying current takes longer time than that 

of the old specimen (previously tested) with higher amplitude of the 

transient current. 

1 0 ' 

•P 
G 

I 
10 

E = E 
1 

20 30 
Short circu 
current 
E = 0 

:.t 
40 50 

Time (Hr,) 

E = E 
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(Figure 5-2) 
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5-2-2-6 Effect of Acetophenone 

During the processing of the cross-linked polyethylene a small 

quantity of volatile acetophenone was produced as a by-product, which 

increases the conductivity at the first applied field. The acetophenone 

is easily evaporated during the application of the electric field, even 

at low temperature. 

5-3 PC&YETHYIENE WITH ADDITIVES 

5-3-1 Introduction 

The conduction mechanism in the polymers at high electric fields 

can be described in the same manner as in semiconductors. The electronic 

conduction in semiconductors are generally described in terms of,either . 

the band theory, or by the hopping type. In the band theory the charge 

carriers are generated by displacing an electron from the valence band 

to the conduction band. While in the hopping type the situation is 

that, the charge carriers jump from one localized state (one) to another 

localized state (tro) at a distance (x), over an energy barrier (^W). 

42 
The jump probability P. is then given as 

J 

ĵ - [A¥ + 1/2(11 + W2) ] /kT j 

2 = 7.?(%),er (5-3) 

where V is the phonon frequency, 

P(x) is the tunnelling factor, 

W1 and W2 are the energies of polarization around localized-state 

one and two. 

The exlste&OA of the impurities in the polymer matrix increases the 

hopping probability, as- it increases the number of the localized sites. 

The study cf ulii; conduction mechanism of the carbon filled polymers 

done by Porster^^ ch<.ma that, the carbon filled polymers do not conduct 
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by any single classical conduction mechanism. A reasonable postulation, 

l8 that the band conduction as well as conduction by hopping and 

possible ion diffusion o c c u r s . c o n c e n t r a t i o n of the additives, 

the degree of dispersion as well as the thermal and mechanical history 

of the sample and the manufacturing process, all have an effect on the 

conduction mechanism. 

The study of polyethylene immersed in hexane for several hours prior 

to measurements done by Hugues^^ shows that the small concentration of 

the residual ionic species is responsible for the electrical transport. 

The assumed ionic mechanism by Hugues^^ is that, the ionic migration is 

usually envisaged as an activated diffusion process, in which an ion 

jumps from one position to another each time overcoming an energy barrier. 

In the previous model, the electrical conductivity is envisaged to be 

thermally activated, 

5-4 SEEOIMEB MAFDPAOTNRE 

The general processing method of polyethylene specimen including 

certain types of additives has the following procedures: 

1 - Polyethylene pellets about 3.5 mm in diameter can be introduced into 

a mill at temperature 150 °C, 

2 - After fusion of the polyethylene to a homogeneous mass, the additive 

particles should be added slowly and blended into the polymer. 

3 - A total milling time of about (30 - 40) minutes is necessary to 

obtain a uniform mixture of the two components. 

4 - The test samples can be obtained by pressing the milled sheets for 

(30 - 40) minutes at about 75 °C temperature, and at about 800 psi pres-

sure, pressed sheet thickness of (o,3 - 1) mm is expected. 

5 - The temperature of the fusion and that of the pressing must be 

adopted to obtain o flexible sheet and to avoid the cracking. 
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5-5 POLYETHYLENE WITH CARBON BLACK COMPOSITE 

5-5-1 Introduction 

The electrical behaviour of carbon-filled polymers have been 

investigated by several workers at different percentage of carbon-

black in the p o l y m e r . T h e general well-loiomn idea is that, 

the existence of the high percentage, more than 10^, of carbon particle 

dispersion in the matrix of the polymer can substantially decrease the 

resistivity of the various polymers.The percentage 10^ is the 

critical percent, and above this percentage a sharp decrease of the 

polymer's resistivity is obtained. The above combination was considered 

as a semi-conducting material, which is used as a shield extruding 

semiconducting layers in the high voltage power cables. 

At low percentage, less than 10^, a very small attention has been 

given. The results obtained by Hugues^^ on jfo carbon in polyethylene 

at low fields, less than 1 kV/mm, show that, the existence of jfo carbon 

dispersed in polyethylene give no noticeable decrease of the poly-

2 

ethylene resistivity. The results obtained by Porster at low percent-

ages show that the low percent carbon-black increases the resistivity 

of the polyethylene at low fields. 

The idea of using and 5^) carbon-black in polyethylene is that, 

the dispersion of the carbon-black in the polyethylene matrix can 

increase the ability to sweep out the space charge carriers which are 

held by the potential barriers at the interfaces between the crystalline 

and the amorphous regions of the polyethylene. The electrical resistiv-

ity of the polyethylene with two different percentages of carbon {yfo and 

5/to) have been investigated at different temperatures and at different 

high stresses. The conduction current was measured at very long time 

and at different conditions. 
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5-5-2 Method of Manufacturing 

The manufacturing process of 3^ and 5^ carbon-black in polyethylene 

has been done by two stages. The first stage was done by Cabot Carbon 

Ltd. with a master-batch consisting of 30^ of carbon-black in the poly-

ethylene. The second stage was done at Pirelli General Cable Works 

Ltd., in which the percentage of carbon-black was reduced to 3̂ 1 and 5^ 

by a two-roll mill machine. Later on the batch was compressed under 

high temperature [ * 175 °CQand high pressure [c= 800 psi^in the form 

of sheets. 

5-5-3 Results 

5-5-3-1 Conduction Current 

The results obtained (Figures 8 - 11) show that the current was 

settled down to steady-state at a period of time within (20 hours) at 

yfo carbon in polyethylene and within (10 hours) at 5^ carbon black in 

the polyethylene. Furthermore the amplitude of the transient current 

above the steady-state is less than that for the unfilled polyethylene. 

Hence the injected carriers which are trapped in the unfilled poly-

ethylene are more numerous than that of polyethylene + carbon-black, 

since the effect of the carbon-black is to sweep out most of the space 

charge carriers. 

At a certain applied field, increase of the temperature reduces 

the period needed to reach the steady-state. 

5-5-3-2 Resistivity/Stress and Temperature Variation 

The results obtained (Figures 16 - 1?) shoa^ that the resistlTlty 

of the polyethylene + carbon-black at low fields and at a certain 

temperature is higher than that of the unfilled pulyetlTylene. At high 

fields (with a certain temperature) the resistlTj.ty of the polyethylene 
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+ carbon black is lower than that of the unfilled polyethylene. The 

reasons of the above results are as follows: First the resistivity of 

the unfilled polyethylene is not a real resistivity since the conduo-

tion current at low temperatures and at low fields was not at steady-

state even after more than 10 days. As the carbon black is sweeping 

out most of the space charge carriers, the period of the transient 

current is reduced, while with the unfilled polyethylene the space 

charge carriers trapped cause a high amplitude of the transient current. 

The second probable reason is that, the existence of the carbon black 

particles in the matrix of the polyethylene during the manufacturing 

process interrupt the crystallization in the polyethylene, which 

decreases the percentage of the crystalline part and increases the 

amorphous part which has a higher resistivity than the crystalline part. 

At a certain temperature, the resistivity-stress variation is 

applicable to the first Poole formula as in equation (5-2). At a certain 

field, the resistivity varies with the temperature by the empirical 

formula of equation ($-1). 

As in Table (5-2-a) and Table (5-2-b), the effect of the carbon 

black increases the values of both the resistivity-stress coefficient 

(3) and the resistivity-temperature coefficient. The increase of the 

slope of resistivity against temperature means that the activation 

energy of the composite is increased. 

5_5-3_.3 Conduction Current After Short Circuit 

The results obtained in (Figures 7 - 1 1 ) show that the conduction 

current after a period of few hours short circuiting the specimen to 

earth has the same mechanism as that at first applied field with little 

decrease in the f̂ .plitude of the transient current. 
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Table (5-2-a) Resistivity after twenty hours 

Composite 
Specimen 
thickness 

(/tm) 
(X.(l/°0) E (kV/mn) 

jp (-^ - cm) 
(at G = 40 oc) 

unfilled PE 

PE + 3/̂  O.B. 

PE + 5^ O.B. 

305 . 

372 

286 

0.0869 

0.0886 

0.0940 

10.0 

10.75 

10.5 

1 7 
4,3zlO ' 

17 
1.25Z10 ' 

17 
1.75z10 ' 

Table (5-2-b) Resistivity after twenty hours 

Composite 
Specimen 
thickness 

(/km) 
(cm/ky) 8 (°G) 

jo ( — cm) 
(at E = 0.0 kV/mm) 

unfilled PE 

PE + 3# O.B. 

PE + 5# O.B. 

305 

372 

286 

0.00274 

0.003436 

0,0064 

50 

50 

50 

5.3:dO^G 

8.2]dolG 
17 

1.35x10 ' 
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5-6 COMPOSITE OP PGLTETHTLEHE AND MIKERAL PII&ER5 

5-6-1 Introduction 

She effect of the inorganic-filler particles in the polyethylene 

matrix have been i n v e s t i g a t e d . T h e results on the conductivity 

obtained show that there is no noticeable increase of the conductivity 

at percentages less than a critical value. The results obtained*^ 

show that the critical percentage depends on the size of the dispersion 

particle through the polyethylene matrix. The corona initiation and 

breakdown characteristics of mica-filled polyethylene plaques show that 
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the composite molding has greatly improved breakdown characteristics. 

At high fields the effect of the fillers on the resistivity and con-

duction current mechanism is not clear yet. The reason for using some 

inorganic fillers as tale and mica in different percentages is to 

decrease the polyethylene resistivity and at the same time decrease the 

initial transient current in order to get the steady-state parameters 

of the composite. 

The conduction current and the resistivity at different temper-

atures and stresses of the composite (polyethylene + yfo and 5^ talc) has 

been investigated. Also the conduction current and the resistivity at 

different temperatures and at different stresses of the polyethylene 

plus 5^ mica composite. 

5-6-2 Results for Polyethylene Plus Talc Composite 

5-.5_2-1 Conduction Current 

The results obtained with 3^ talc in polyethylene (Figures 12 - 13) 

show that the conduction current settled down to steady-state at a 

period of time within twenty hours at different 'temperatures and at 

different stresses. 
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The results obtained (Figures 14 - 15) on polyethylene plus 5^ 

talc composite show that the conduction current was settled down to 

steady-state after a period of time within ten hours. 

The results on the fresh samples show that the amplitude of the 

initial transient current is higher than that of the same sample which 

is previously tested under a D.C. electric field. There are two 

invisaged reasons of the above conflict. The first is the existence 

of some by-product ions which increase the amplitude of the transient 

current until it is swept out by the conduction mechanism. The second 

is that, the traps of the potential barriers are empty, so that the 

injected carriers and the carriers from inside the bulk of the poly-

ethylene are held in the deep traps and when the sample is short-

circuited to earth, the carriers of the shallow traps discharge, while 

those at the deep traps need a very long time to be swept out. 

The existence of the talc in the matrix of the polyethylene 

increase the probability of conduction by hopping, which overcomes the 

potential barriers of the traps and leads to an equilibrium between the 

injected and the emitted carriers i.e., the steady-state current is 

obtained. 

5-6-2-2 Resistivity/Temperature and Stress Variation 

The resistivity of the (polyethylene plus talc) composite is less 

than that of the unfilled polyethylene as shown in (Figures 16 - I?). 

The results shown in Table (5-3-a) give evidence that the existence of 

the talc particles in the polyethylene matrix has a noticeable effect 

on the values of the resistivity/temperature coefficient (oi) but very 

small effect on resistivity/stress coefficient (<9), Prom the above 

results one can oe.y tliat the existence of the talc particles in the 

polyethylene mati-iv has rto noticeable effect on the energy of activation. 
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The results obtained (Figure 16) show that the resistivity/stress vari-

ation is exactly applicable to the first Poole formula as in equation 

(5-2). 

Table (5-3-a) Resistivity after twenty hours 

Composite 
Specimen 
thickness 

(/lua) 
OD(L/0C) E (kV/mm) 

|o ( c m ) 
(at 0 = 40 C) 

unfilled PE 

PE + 3^ talc 

PE + 5^ talc 

305 

438 

444 

0.0869 

0.0840 

0.0880 

10.0 

10.3 

10.2 

4.3z1o17 

6.9z1o1G 

5.0110^^ 

Table (5-3-b) Resistivity after twenty hours 

Composite 
Specimen 
thickness 

(/4n) 
B (cm/kV) (3 (°o) 

X ( -^- cm) 
(at E = 0.0 kV/mm) 

jinfilled PE 

PE + 3/̂  talc 

PE + 5^ talc 

305 

438 

444 

0.00274 

0.00260 

0.00286 

50 

50 

50 

5.3x10'G 

3.6do1G 

3.0z10lG 

5-6-2-3 Current After Short Circuit 

The measurements of the conduction current after a period of a few 

hours short circuiting the sample to earth shows that the transient 

current has the same amplitude as the transient current of the first 

applied field. The exceptional transient current is only obtained at 

the fresh samples, which has amplitude of transient current greater than 

that of the previously tested. 
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5_^_3 Results of Polyethylene plus m c a Composite 

5_6-3-1 Conduction Current 

The results obtalaed (Figures 18 - 19) on the composite of poly-

ethylene with 5^^mica show that it is possible to obtain steady-state 

current within a period of time much less than that of the unfilled 

polyethylene. The mechanism of the conduction current is the same as 

that of the (polyethylene talc) composite. The measurements show 

that the conduction current settles down to steady—state within twenty 

hours. 

5_6-.3-2 Steady-State Resistivity 

The results obtained in (Figures 16 - 17) show that the resistivity 

varies with the temperature and the applied field in the same manner as 

the composite of the polyethylene plus talc with no effect on the value 

of the resistivity. The values of the resistivity/temperature coeffic-

ient (oi), the resistivity/stress coefficient (/$), and the values of 

the corresponding reference resistivity (^ ) are shown in the following 

tables. 

Table (5-4-a) Resistivity after twenty hours 

Composite 
Specimen 
thickness 
i/A-m) 

o<.(l/°c) E (kV/mm) 
gm) 

(at 0 = 40 c) 

unfilled PE 

PE + 5^ mica 

305 

500 

0.0869 

0.0708 

10.0 

10.0 

4.3x10^7 

1.2x10^® 
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Table (5-4-b) Resistivity after twenty hours 

Composite 
Specimen 
thickness 

C/tm) 
iS (cm/kV) (3(°c) 

^ cm) 
(at E = 0.0 kV/mm) 

unfilled PE 305 0.00274 50 5.3x10^6 
1 A 

1.2%10 PE + 5^ mica 500 0.0088 50 

5.3x10^6 
1 A 

1.2%10 

5-6-4 Effect of the Additives on the Mechanical Properties of 

the Composite 

The tensile strength of the polyethylene is increased by using 

carbon in proportion up to (10^) by w e i g h t . A t high percentages 

(>10^) the tensile strength of the composite decrease rapidly. Gener-

ally the effect of the additives increases the stiffness of the polymers 

but the effect of small percentages up to 5^ is small. 
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considering that the li^tnlng arresters have an ignition voltage 7 ^ 

and as the working voltage of the D.C. cable is 7^ the D.C. cable 

could experience a voltage srannation from -7^ ̂  to or a reversal 

The transients caused by the mal-function and the switching surges 

can be limited by the lightning arresters in the system as the arrester 
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voltage level is sufficiently low. As the necessary criteria for 

selecting the insulation levels in the D.C. cable depends on the sub-

jected transient stresses based on ^ and the computation of the 

transient stresses due to the previous sudden effects will be more 

important in order to choose the right lightning arrester voltage level. 

As the D.C. operating voltage of the cable stay on, the initial 

condition of the surge is considered to be zero and the solution of the 

rising potentials became as: 

1 

X = . j cp(t) . p(t) dt (7-26) 
0 

where t^ is the period of the surge. 

As the surge switched off in a period of t^, the equation of the 

falling potentials is: 

X = 4>(0) . . Iq - - - (7-27) 

where represents the node potentials of the disappeared surge. 

Ihe above transient solution was done by a computer program and 

the results obtained are shown, in (Figure 7-10). 

The results shown in Figures (7-6 to 7-1O) are for polyethylene 

submarine cable which has the following dimensions: 

r = 1.42 (cm) is the conductor radius 

E = 4.22 (cm) is the sheath radius 
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CHAPTER EIGHT 

DESIGIT OP EXTRUDED HIGH VOI,TAGE P.O. CABLES 

8-1 INTHODUOTIOIT 

The calculation of the stress distribution in the D.C. cable 

Insulant as shown in Chapter Seven depends on the resistivity of the 

insulant. The experimental results show that it is difficult to define 

the right resistivity of the polyethylene. 

The use of polyethylene as high voltage D.C. cable insulant with 

mATimum conductor stress more than 10 kV/mm is not possible, due to 

the effect of the high Intrinsic electric field obtained by the space 

charge accumulation which needs a very long relaxation time to vanish 

and this decreases the dielectric strength of the polyethylene. This 

effect is worse at polarity reversal, at switching surges and at 

33 

impulse lightning surges. For oil-impregnated paper lawson found 

that the effect of polarity reversal is to increase the probability of 

breakdown due to the formation and growth of vapour bubbles in the butt 

gap spaces adjacent to the electrode and not due to the macroscopic 

polarization under direct voltage conditions. 

The results obtained by Oudin and Palloû "' (1965) on many cable 

samples using polyethylene as insulant show that the average design 

B.C. stress for samples of proposed submarine cables using polyethylene 

is about 3.5 kV/mm. For land cables the average design stress would be 

less than that of submarine cables due to the fact that the dielectric 

strength underwater is improved by the compressive force. 

As the dielectric strength and the impulse withstand level of the 

EPR are relatively lew, the design average A.C, stress of the EPR 

cables is about 4.0 kV/mm. 
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To date there is no complete International Reoommendations for the 

insulation test of the D.O. cables. The reoozmendation of CIGEE Study 

Committee ITo, 2 (presented in Electra No. 24, October 1972) was used in 

testing the high—voltage D.C. cable of the Oross-SKagerrak Sea between 

37 
Denmark and Norway, each cable samples include two flexible joints. 

The following procedure of the insulation test are useful in the 

37 
high voltage D.G. cable design. 

1 - Thirty days thermal cycles (8 hours on full load and 16 hours on 

no load) with the maximum, working conductor temperature pins 5 °C. The 

procedure of the thirty days thermal cycles are: 

a - First ten days thermal cycles are at voltage (2 V^^g), at 

positive polarity. 

b - Second ten days thermal cycles at voltage (2 at negative 

polarity. 

c - Third ten days thermal cycles at voltage (l.5 Va,c) ̂ i^h 

polarity reversal every four hours (reversal time must not 

exceed two minutes). 

2 - Hot impulse test at voltage (3 x V^^g) of positive polarity and at 

voltage (3 x c^ negative polarity. 

37 

It was found from the tests done on the Oross-Skagerrak D.C. cable 

that; the parts near the joints In the cable are the most effected by 

the recommended CIGRE test procedure. 

8-2 UMTTS OP HIGH VOGTAGE D.C. CABIE INSUIATICM DESIGE 

The main criteria for dimensioning the D.O. cable are: 

1 - The stress at the conductor with no load. 

®rO = r lJ(H/r) ^ ® (^-1) 
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where E^Q is the stress at the conductor with no load. 

T is the working D.C. voltage. 

r;B. are the conductor and sheath radius. 

E is the working stress of the dielectric, which is limited 

by the dielectric strength of the insulant. 

2 - The stress at the sheath with full-load is: 

& ^ B 
(8-2) 

can be found from the following equation. 

in % + g . % = in + 2 . Ef + ( m ( F ' 

3 - The stress at the conductor at nominal load is: 

EF' = 2 EPO - EP E' (8-5) 

where E is the steady-state stress at the conductor with a loaded 

cable. Since E* only appears temporarily, it has a 

hzgher value than E. 

The stress factor which represents the ratio between the no load 

stress at the conductor and the full load stress at the sheath is: 

4 - Basic Impulse Insulation Level; 

The contribution D.C. voltage (k) is equal, 

^ *B.D - VR 
k = 

and = Eg^a . r . In (a/r) 

where Eg ^ ia the effective breakdown stress 

Vr is the reversal breakdown voltage 

(8-4) 
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V - is the working D.C. voltage 

and S,r are the sheath and conductor radius 

k depends on the temperature different across the 

insulation and on the type of insulation usually-

used (k ̂  1), 

The basic criteria for the selection of the insulation level for a 

47 
D.C. cable is: 

^BiL ^ ^ + k • V ) - - - (8-5) 

where M - is the margin factor 

- is the lightning, arrester protection level 

V - i s the working D.C. voltage 

k - is the D.C. voltage contribution factor, 

5 - The maximum temperature at the conductor: 

The temperature at the conductor is limited by the maximum stress 

at the sheath. This maximum stress on the sheath is a result of the 

temperature drop in the insulation. 

8-3 DESIGN PROCEDURE OF NATUEAELY COOLED EPR D.C. LAND CABLE 

1 ~ The maximum stress on the conductor can be defined according to the 

design stress limits mentioned in (Section 8-2). The impulse dielectric 

strength of the EPE cable is considered ( ^ 8 0 kV/mm), 

2 - The maximum conductor temperature is limited by the maximum, stress 

on the sheath and the maximum sheath temperature. For naturally cooled 

cables the sheath temperature must be not more than 50 °C. 

3 - The working voltage of the cable is defined by the basic insulation 

level of the cable and the lightning arrester protection level. 

Por EPR high voltage D.C. cable the mazimum stress on t&e conductor 
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that can be used is 10 kV/km). The conductor temperature that can 

be used is in the limits of 50 °C to 60 °0 for the naturally cooled 

direct buried EPR D.G. cables. 

4 - The current rating: The rated current is defined by the cross-

sectional area of the conductor and the maximum transmitted power. The 

effect of the cyclic rating factor (l.13 I rated current), the copper 

losses, the conductor temperature, the thermal resistance of the insula-

tion and the thermal resistance of the surrounding soil are defined 

the maximum transmitted power of the EPR D.G. cable. 

5 - The insulation thickness: The thickness of insulation can be adopted 

by taking into account the thermal resistance of the insulant, the maxi-

mum stress on the conductor and the maximum thickness which can be 

extruded (for extruded cables the recommended maximum thickness is about 

2.6 cm). 

6 - The thermal resistance of the insulant: As the thermal resistivity 

Of the EER is relatively high (610 -^cm),^ the thicker insulation give 

a high thermal resistance of the insulant. A series calculation can be 

done to compromise between the designed average stress and the thermal 

resistance of the insulant. 

7 - The soil thermal resistance: The external thermal resistance in two 

cable system can be found by the image method as: 

The temperature rise in cable A due to the losses q, in cable B is: 

LA ( ) (8-6) 

2TT a 

where g is the effective thermal resistivity of the soil. 
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(Figure 8-a) 

The temperature rise in cable A due to the losses q in cable A is: 

<1 G, 

0 Z T T 

In ( 2h/&) ( 8 - 7 ) 

The total external thermal resistance is 

S I + 9 2 
G-e 

•a-e = 

[ °=/W ] 

21T 

In ( — ) + In ( 
R 

+ A^ ^ (8-8) 

Table (8-1) shows the relation between the thermal resistance and 

the spacing between the two cables. The effective thermal resistivity 
- °C 

of the backfill and the soil is used as g = 120 — cm ] and the depth 

(h = 100 cm). 

Table (8-1) R = 4 cm, h = 100 cm 

a (cm) Ggoil ( ) 

5 1 4 5 . 5 5 

1 0 1 3 2 . 3 3 

2 0 1 1 9 . 1 6 

3 0 1 1 1 . 5 4 

4 0 1 0 6 . 7 5 

5 0 1 0 2 . 1 5 j 
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8 - The electrical resistivity of the dielectric: The electrical resis-

tiTity which varies with the temperature and the stress is the main 

factor affecting the stress distribution in the D.C. cable. Prom the 

experimental work on EPR it was obtained that: 

a - The temperature coefficient of the EPR 0.14 ( l / ° c ) 

b - The stress coefficient of the EPR = 0.01 (cm/kv) 

r 17 . 0 
= 8.5x10 at 60 C 

9 - The technical problems: 

a - The field produced by the stranded copper conductor can be 

reduced 20^ by using , semiconductor tapes, at the same time it Is 

improving the contact with the cable insulant. 

b - Some of the troubles in the D.C. cables are due to the corona 

discharges at the outer surface of the insulation, since at the loaded 

cables the mazimum stresses are on the sheath. It is very important to 

design a method of coating the outer surface of the insulation with a 

semiconductor layer sticking hard and improving the contact. 

c - The mechanical and chemical protection jacket. The mechanical 

properties of the EPE insulation (Table 4-4) shows that the EPE needs a 

mechanical protection and at the same time a chemical protection is 

necessary. 

Within the limits of the design, a study of the variation of the 

mATiTmim power with the rated voltage, conductor cross sectional area, 

dielectric thickness and the soil thermal resistivity are shown in 

(Figure 8-1 to Figure 8-4). 

8-3-1 Specification of EPR Cable 

Prom the graphs of the maximum power variation, a more realistic 

single D.O. EPE cable can be designed with the following specification; 
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1 - The rated voltage is ± 100 kV. 

2 - The mATriTmm transient conductor stress is 10 kV/mm. 

2 
5 - The cross sectional area is 10 cm . 

4 - The conductor radius is 1.784 cm. 

5 - The semiconducting layer on the conductor and on the sneath is 

0.02 cm. 

6 - The outer sheath radius of the dielectric is 3.14 cm. 

7 - The maximum transient stress on no load, at the sheath is 5.7 kV/mm, 

and at the conductor is 9.9 kV/m. 
Oq 

8 - The dielectric thermal resistance is 53.816 (—) using the thermal 

OQ 
resistivity of EPS 610 (-^ cm). 

9 - The soil thermal resistance is 136.57 {-—) using the thermal resis-

tivity of the soil 120 ( — cm), 

10 - The temperature drop in the dielectric is 8.48 C, 

11 - The conductor temperature is 50 °C. 

12 - The soil ambient temperature is 20 °0. 

13 - The conductor losses is 0.15757 (w/cm). 

14 - The maximum conductor current is 1000A. 

15 - The maximum power is 200 Ivff/. 

16 — The stress on the conductor at full load is = 6.07 kV/mm. 

17 ~ The stress on the sheath at full load is = 8.7 IV/mm. 

DESIGN PEOCEDURS OP POIYETHYI^ SUmiAEIEE HIGH VOLTAGE P.O. OABIJS 

The use of polyethylene as insulant for the submarine cable is more 

convenient than the oil impregnated paper, since at great depth the 

compreesion force on the cable increase the dielectric strength of the 

insulation. The nuiin procedure of the design of the polyethylene cable 

under water is: 
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1 - The maxiimm stress on the'conductor can be defined according to the 

limits of the D.O, cable design mentioned in (Section 8-2). 

2 - In submarine cable, the maximum temperature is limited by the maxi-

mum current carrying capacity and the maximum stress on the sheath. 

3 - The working voltage of the cable is defined by the basic insulation 

level of the cable and the lightning arrester protection level. 

4 - The current rating: The conductor current is defined by the maximum 

current carrying capacity of the cable and by the stress factor (D). 

5 - The insulation thickness is used within the limits of the maximum 

stress on the conductor and the maximum thickness which can be extruded. 

6 - The effect of the dielectric thermal resistance and the thermal 

resistance of the surrounding mud is much less than that of the land 

cables. The thermal resistivity of the surrounding mud used as 30 (^pcm). 

(The thermal resistivity of the polyethylene used as 330 (-^ cm),̂ ĵ 1.3x10(jL.Ck,), 

7 - The electrical resistivity of the polyethylene which varies consider-

ably with the applied electric field and the temperature. The values of 

the resistivity/temperature coefficient and the resistivity/stress 

coefficient can be used as = 0.07 (l/^o), = 0.003 (cm/kV). 

8 - The technical problems: The technical problems need special design 

procedure for the submarine cable which are; 

a - Chemical protection is used to prevent the penetration of the 

sea water through the polyethylene insulant. 

b - Mechanical protection. The design of the armour winding must 

be out of the British Standard, due to the effect.of water compression 

force and the water tide. 

8-4-1 Specification of a Submarine P.O. Cable 

The following specification gives an example of the possible poly-

ethylene submarine cable which can be designed: 



600.0 

I 
p, 
G 

8 % 500.0 

400.0 

500.0 

200.0 

100.0 L 

3.0 

Polyethylene submarine cable 

mai. conductor stress = 10.0 kV/cm 

maz. conductor temperature = 45°( 

5.0 Z.O 9,0 1$.0 13.0 IZ.O 
A (cn^) conductor cross-seoiional area 

(Figure 8-5) Plot of mazirua power Srdinct conductor 
cross-sectional area 



600.0 

i 
E, 

500.0 

400.0 

300.0 

200.0 

100.0 

Polyethylene submarine cable 

max. conductor stress = 1 0 kT/ka 

nax. conductor tenpeirature = 45 °C 

50.0 100.0 1 50.0^^ 200.0 
Voltage (kT) 

(Figure n o t of rr,%i m m power against applied voltage 



600,0 

A « 1 2 , 0 cmf 

i 
p, 

a 500.0 

400.0 

300,0 

200.0 

A = 1 0 . 0 cm 

A = 8 , 0 cm 

50 kV 

20 kV 

2 

A = 6 . 0 cm 

= 4,0 cm 
180 kV 

60 kV 

Polyethylene submariae cable 

Max, conductor stress = 10.0 kV/mm 

Kai. conductor tenperature = 45 °C 

(Pigure 6^7) Plot of power against dielectric thickness 

1 0 0 . 0 . i , I , I , I , I , I , 

1 . 0 2 . 0 3 . 0 4 . 0 5 . 0 6 . 0 

dielectric thickness (cm) 



100 

2 
The cross sectional area = 10 cm . 

The Eiâxinuini xio load stress on the conductor is 10 kY/nun. 

The insulation thickness is 2.35 cm. 

The rated B.C. working voltage is ± 150 kV. 

The mATI m m power is 455 MW. 

The conductor current is 1520A. 

The maximuiQ stress on the sheath at full-load is 7»7 kV/nmi. 

The stress on the conductor at full-load is 4«87 kV/̂ mn. 

8-4-2 Investigation of Polyethylene with Additive as High Voltage 

P.O. Cable Insulant 

The design study of extruded D.C. cables using polyethylene with 

few percent of additive is possible after defining the dielectric strenguh 

and the thermal resistivity of the camposite. The effect of the 

additives is expected to decrease the thermal resistivity of the poly-

ethylene which probably decrease the thermal gradient in the dielectric. 

8-5 DESIGN OF XLPE CABLE AlO PGLYPROPYLSI-IB GABLE 

Design of XIjPE cable and polypropylene cable can be done after 

defining the dielectric strength and the thermal resistivity of the 

dielectric. 

8 - 6 DE8IGM ?ROCEDUBE OF POLYETHYIEKE CABLE (iBTERMALLY WATER COOIEP) 

8-6-1 Heat Distribution 

The heat distribution through the water(a%u%K;l and the cable 

insulation can be represented as shown: 

Q AX = SGDX + Q^DX - - - (S-S) 

[ Tc - Ta ] = Gi Sg (8-l0) 
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COPPER 

loss A q 

dielectric S soil 

water 

Q 
i w 

(Figure 8~b) 

[ - 9 3 ' <^2%, 

q dx = C W d9 

(8-11) 

(8-12) 

and 
Tc - 6 

%r 
= C W M . 

dx 

dS 
TO = G? 0 W ^ (8-13) 

Prom equation (S-IO) 

Ic - Ta 

^1 

q - q ^ = q - c w D 8 

dx 

Tc = (q - 0 W ^ ) + Ta ( 8 - 1 4 ) 

From equation (8-13) and equation ( 8 - 1 4 ) 

« - I f + ® G^Q - 0 W 
D 6 

DX 
+ Ta 
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O W (&, + G 2 ) 
A E 

0 ^ G"-! Q. -K TS-} — 0 (8-15) 

where q is the copper losses (W/cm) 

q is the heat through the Insulant and soil (w/om) 

q is the heat dissipated in the water (?̂ /cm) 
w 

Tc is the temperature at the conductor (°C) 

0 is the heat capacity of the coolant. For water 

C = 4.2 (j/cm? . °0) 

W = V.A. (cm^/sec.) water flow 

G is the thermal resistance between the conductor 

and the coolant center axis 

(^C/w) is the thermal resistance of the insulation and 

the surrounding soil 

" ^dielectric ^ ^soil 

Ta is the ambient temperature of the ground. 

Suppose that 

0 W (G, + Gg) = A 

G^q + 'fa B 

are constant 

D 8 

dx 
A ^ " + ( Q •" B) — 0 

J- G - B 
D 6 J- dx 

A In ( 8 - B) X + E 

AT Z . 0 Q RRQ. 

A In ( - B) K 
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A In ( - B) = - X + A In ( 8; - B) 

In ( 9 - B ) = ~ J- + In ( ~ b) 

-x/. 
( 0 — B ) = 8 ( 0 ) " ~ B ) 

0 - ^ = e (8-16) 
8 F - B 

Q; - (°o) is the input temperature of the coolant 

8 - (°0) is the temperature of the coolant at distance 

(x) from the input point. 

8-6-2 Specification of the Designed Cable 

Design of internally water cooled cable for a maximum power of 

0.9 GW: 

The water channel diameter used is (5.0 cm) in order/to transmit a 

high electric power of 9 GW. 

34 

The pipe wall thickness used is 0.2 cm. 

The conductor radius is designed as 4.0 cm. 

The outer sheath radius is 5.80 cm. 

Semiconducting layer on the conductor and on the sheath are of 0.02 cm 
thickness. 

2 

The copper area is 27.5 cm . 

The insulation thickness is 1.80 cm. 

The rated D.C. working voltage is ±150 kV. 

The maximum stress on the conductor (no load) is 10,0 kV/mm. 

The maximum conductor current is 3000A. 

The maximum power is 0.9 GW. 
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).6.3 The Dielectric and the Surrounding Soil Thermal Resistance 

The dielectric thermal resistance is: 

= 19.43 ( ~ cm) 

The soil thermal resistance is 

'soil 
3 

21T 
In ( ̂  ) + In ( 

4H2 + 

A^ 

- ) 

SOLJL 
95.15 ( 

GD + GGOII 

G-̂  = 114.60 ( C/Y^ ) 

8-6-4 The Thermal Resistance of the Water (G^) 

In order to find the heat dissipated in the q^ter channel, it is 

necessary to find the thermal resistance of the coolant: 

as 

h 
(8-17) 

where h is the heat transfer coefficient of the coolant 

('f/cm^~°G) 

A is the cross-sectional area of the coolant (cmf) 

To find the heat transfer coefficient the following empirical 

28 
formula can be used: 
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(8-18) 

where h - heat transfer coefficient (w/af-°0) 

d ~ mean hydraulic diameter (m) 

K - thermal conductivity of the coolant m) 

f - density of the coolant (kg/m^) 

0 - specific heat of the coolant (water) = 4.2 (j/s^ °0) 

viscosity of the coolant (for water 0.544x10 ^ 

(kg/m-sec.) ) 

7 - velocity of the coolant (m/sec.). 

To find the T e l o c i t y the following empirical formula can be used. 

IR * A-P I 11 
' = 0.092 . L . 

inhere - the pressure of the coolant at the input (M/b^^ 

d - mean hydraulic diameter (m) 

- riscosity of the coolant (kg/sec. m) 

P - density (kg/m^) of the coolant 

V - velocity of the coolant (m/sec,) 

L - distance between the cable section (m). 

Suppose that: 

= 30 atmosphere = 30x1x10^ (u/m^) 

JF* = 988 (KG/B^) 

ry = 0.544x10""^ (kg/m sec.) 

L = 5.6 km 

d = 0.05 meter 

(8-19) 
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Prom equation (8-I9) the velocity is: 

T = 1.8 (M/sec.) 

The flow (m^/sec.) is 

W = 7.A 

1.8 % (2.5)2^ % X 10"* 

W = 3.5343 X 10' 

W = 3.5343 X 10' 

(m^/seo) 

(cm^/sec) 

To find the heat transfer coefficient use K = 0.643 (v//m °C) thermal 

conductivity of the water. 

Prom equation (8-18) the heat transfer coefficient is: 

h = 0.7277 ( 
w ) 

cm^ °C -J 

^2 - h . A 

I— 

GG = 0.07 ( °O/N ) 

Prom equations (8-9) to (8-13) and as the input temperature of the 

water is 30 °C, the ambient ground temperature considered is 20 °C, the 

temperature rise and the heat distribution are shown in (Table 8-2), 

the distance between the cooling stations considered is 5.6 (km). 
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Node 
Water 

temperature 

(°o) 

Heat in 
the water 

q* (%/cm) 

Heat in the 
dielectric 
+ soil 

Sg (W/cm) 

Conductor 
temperature 

Tc (°0) 

Distance 

(km) 

1 30 0.42996 0.0805 30.033 0 

2 35 0.38934 0.12067 35.-314 1.811 

3 40 0.349707 0.1608 40.03086 3.82 

4 44 0.31766 0.193 44.022 5.6 

5 45 0.3096 0.2009 45.0286 6.07 

6 50 0.26945 0.24105 50.027 8.637 

7 52,387 0.25066 0.25984 52.368 10.0 

8 55 0.22933 0.2812 55,026 11,62 

9 60 0.1892 0.322 60.0243 15.2 

10 65 0.149 0.36146 65.023 19.6 

11 70 0.10906 0.40144 70.0076 25.4 

12 75 0.06894 0.442 75.005 33.85 

13 80 0.02883 0.482 80.002 49.97 

Table (8-2) shows that the distance between each cooling station 

which has a mAYin.nm temperature (50 °c) is (l = 8.6 km). 

Table (8-3) gives the heat distribution as the distance between 

each cooling station is considered 6 (km). 
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Node 
Water 

temperature 

8 (°c) 

Heat In 
the water 

(%/om) 

neat in (soil 
+ dielectric) 

(W/cm) 

Conductor 
temperature 

To (°0) 

Distance 
in (km) 

(L) 

1 30 0.429983 0.8052 30.03 0 

2 35 0.3899 0.12064 35.028 1.811 

3 40 0.34975 0.16075 40.025 3.82 

4 44.85 0.31083 0.19967 44.87 6.0 

5 45 0.30963 0.20087 45.0224 6.072 

6 50 0.269505 0.240895 50.0083 8.64 

The D.C. stress distribution of this cable is different from one 

position to the other, Table (8-4) gives the stress at different positions 

in each section of the cable. 

Table ( 8 - 4 ) 

Node 
Stress on 

the conductor 

(kT/tm) 

Stress on 
the sheath 

(kV/ma) 

Average 
stress 

(kV/bm) 

Losses in 
Insulant 
+ soil 

(w/cn) 

Distance 
in kilometer 

L (km) 

1 9.57 8.0 8.785 0.08056 0 

2 9.17 8.3 8.74 0.12065 1.811 

3 8.82 8.305 8.585 0.16075 3.82 

4 8.5 8.31 8.405 0.1997 6 
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8-7 DESIGIT 0? D.O. C/31ES A3 COM'LC'IuR AREA 

(The follovriiig cables are designed at mmLlrmi conductor area, 

maximum insulation thickness wliich can be extruded: 

A Polyethylene ILand Cable 

The specification of this cable are: 

1 «, The rated voltage is + 100 kV. 

2 The cross-sectional area of the conductor is 25 cm . 

3 „ The i^ulation thickness is 2.6 cm. 

4 — The sheath radius is 5.44 cm. 

5 - • The maximum stress on the conductor at no load is 5.4 kV/W, 

6 „ The dielectric thermal resistance ia 14 (. 
/ \ 

soil thermal resistance is 160 V-

C> ). 

7 - The 

dielectric thermal resistance ia 14 (. 

/ \ 
soil thermal resistance is 160 V-

8 — The conductor temperature is 45 °0. 

9 — The mazimm stress on sheath at full-load is 5.25 kV/tm. 

10 The maximum power is 315 MVA. 

B - E?R Î ind Cable: 

Specification of this cable are: 

1 - The rated voltage is + 100 kV. 

2 - The cross-sectional area of the conductor is 25 cm" 

3 - The insulation thickness is 2.6 cm. 

4 - The sheath radius is 5.44 cm. 

5 - The maximum stress on the conductor is 5.4 kV/km. 
°0 

6 - The dielectric thermal resistance is 63.1 ( "^ )» 

7 - The surrounding soil thermal resistance is 159.5 ( 

8 - The conductor temperature is 60 °C. 

9 - The stress on the sheath at full load is 6.0 kV/W. 

10 - The maxjjmum power is 360 t'lVA. 
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A - ?OI,YEIHYI#rB 

1 — It is not possible to define the steady state resistivity of the 

polyethylene due to the difficulty obtained in getting steady-state 

current. The steady-state current was not obtained in polyethylene at 

temperatures less than 50 °0 and at different stresses (8 kV/mm -

40 kV/mm). At temperature 70 °C and under stress 32 kV/cm, steady-

state current was not obtained after 170 hours. 

2 - At a certain temperature, the conduction current mechanism under 

applied field depends on the previous history of the polyethylene 

specimen. 

3 - The value of the polyethylene resistivity after a period of short 

circuiting the specimen is slightly different to that at first applied 

field (just before short circuiting the specimen to earth). This 

difference depends on the period of the short circuit. 

^ _ D̂he resistivity cf polyethylene varies witn stress according to the 

first Poole Theory. The plot of resistivity against stress is linear 

over the stress range from 10 kV/min. to 32 kV/mm. The resistivity/ 

temperature characteristics is linear over a wide range of temperature 

(40 °0 - 80 ^C). The empirical formula which give the relation between 

the resistivity/stress and resistivity/temperature in polyethylene is 

over the probably working range. 

F P -SB 
= /L E . E 

where is the reference resistivity. 

5 - The manufacturina process has a great effect on the conduction 
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mechanism in the polyethylene specimen, which reflects the difference 

in the physical structure of the polyethylene specimen. 

6 - The values of the resistivity/stress coefficient (/3), resistivity/ 

temperature coefficient (06) and the reference resistivity (^) for the 

stress and temperature range likely in a B.C. cable are: 

C ^ = 0.087 (L/*0) 

/3 = 0.003 (cm/kV) 

f at 40 °C = 1.3x10^8 (jHL- cm) 
0 

B - ETHYIENE-PRGPYLENE-RUBBER (EPR) 

1 — At temperatures less than 50 C, it is difficult to get steady—stave 

current within a few days. 

2 " The time consumed to reach steady-state is decreased with the 

decrease of the specimen thickness. 

3 — At temperature TO and at stresses less than 3^ kZ/irmij steady-

state current was obtained within ten hours. 

certaiB tt-mperature, the conduction current mechamsni under 

applied field is rarely effected by the previous history of the EPR 

specimen. 

5 - The resistivity of the EPR varies with the stress and with the 

temperature by the same empirical formula of the polyethylene (within a 

certain range of temperature and stress). 

6 - The values of the resistivity/stress coefficient (/9), the resistivity/ 

temperature coefficient (az) and the reference resistivity (j^ ) for the 

stress and temperature range likely in a D.C. cable are: 

OC = 0.14 (1/°C) 

/3 - 0.01 (cm/xcY) 

) at 40 °C = 8.%xio'^ (jTL- cm) 
-'o 
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C - POLYPROPY&EHE 

1 - With a temperature range of (40 °C - 50 °c)and at applied fields 

(6.25 kV/mm - 19 kV/mm), steady-state current was obtalaed within twenty 

hours. 

2 - At a certain temperature, the conduction mechanism under applied 

field depends on the previous history of the polypropylene specimen. 

3 - The resistivity of the polypropylene varies with the stress and with 

the temperature according to a formula similar to that for polyethylene 

and EPE (within a certain range of temperature and stress). 

4 - The resistivity of the polypropylene specimen Increases with Increase 

in the specimen thickness. 

5 - With a wide range of stress (6.25 kV/mm - 31.25 kV/mm), the 

resistivity/temperature coefficient (06) Is decreased with the increase 

of the applied field. At a certain applied field and with a wide range 

of temperature (40 °C - 80 °C;), the Increase of the temperature causes a 

decrease in the value of the resistivity/stress coefficient (/3). This 

wide range of temperature and stress is not found in the high-voltage 

D.C. cable. (The above changes In'-oL'and '/3'are also found in polyethy-

lene and EPS. 

6 - (The values of the resistivity/stress coefficient ( <3), the resistivity/ 

temperature coefficient («<.) and the reference resistivity ( ) for the 

stress and temperature range likely in a D.C. cable are; 

= 0.11 (I/°O) 

= 0.0076 (cmAV) 

fat 40 °0 = 5.3x10^^ (Jl.- cm) 
0 

D - CROSS-I,NNCED POIIYETMNLERS (XIFS) 

1 - At 40 the steady-state current was obtained \?lthln twenty hours 

specially at values of applied field less than 10 kV/mm. 
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2 - At a certain temperature, the time consumed for the current to reach 

ateady-state is increased as the applied field is increased. At a 

certain applied field, the time consumed to reach the steady-state is 

decreased as the temperature is increased. 

3 - The resistivity of XCPE varies with the stress and with the tempera-

ture by a formula of the type found for polyethylene, EPR and polypropy-

lene, 

4 - At a wide range of stress and at a certain temperature, the 

resistivity/temperature coefficient is decreased as the applied 

field is increased. At a certain applied field, the resistivity/stress 

coefficient (#) is increased as the temperature is increased. 

5 - The values of the resistivity/stress coefficient (/)), the resis-

tivity/bemp. coefficient (oC) and the reference resistivity ) for 

the stress and temperature range likely in a D.O. cable are: 

od = 0.18 (1/°C) 

^ = 0.0032 (cmAv) 

f at 40 °C = 2.4x10^^ ( cm) 

E - POlYEIHYIiEME WITH A lOW EERCEIiTAGE OP ADDITIVES 

1 - Carbon black content of 3^ and 5^ in polyethylene has no effect on 

the resistivity of the polyethylene. 

2 - Steady-state current can be obtained within twenty hours for compo-

site of polyethylene with (3-5^) of carbon black. 

3 - Talc of content 3^ and 5^ in polyethylene gives a smaller resistivity 

than that of unfilled polyethylene. 

4 - Steady-state current can be obtained within twenty hours for the 

composite of polyetlia^lene with 5^ talc and within thirty hours for the 

composite of po]yeT%'iene \7ith 3^ talc. 
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5 - Mica content of in polyethylene gives a small increase of the 

composite resistivity. 

6 - Steady-state current can be obtained within twenty hours for the 

composite of polyethylene with 5^ mica. 

7 - The following table shows the values of the resistivity/temperature, 

resistivity/stress on the reference resistivity of the polyethylene with 

additives. 

Composite (cmAv) f* at 50 °C 

/o ( — cm) 

Unfilled ?.E 

PE + 3^ O.B 

PE + 5^ O.B 

PE + 3^ talc 

PE + 5^ talc 

PE + 5̂ : mica 

0.0869 

0.0886 

0.0940 

0.0840 

0.0880 

0.0708 

0.00274 

0.00344 

0.00640 

0.00260 

0.00286 

0.0088 

5.3 xlO^G 

8.2 xlO^^ 
17 

1.35x10 ' 

3.6: xlO^G 

3.0 xlO^^ 

1.2 xlO^G 

p - DESIGN STUDIES 

1 — The dielectric loss of a D.C. cable is very small and can normally 

be ignored. The dielectric loss is still very small after decreasing 

the dielectric resistivity to about 10^^ (_P— cm). 

2 — By assuming that the polyethylene resistivity increase with bime, a 

computer program shows that the stresses created by the cyclic loading 

can be ignored in the design procedure of the D.O. cable. 

3 - The use of externally cooled high voltage extruded D.O. cables is not 

convenient due to the high D.C. electric stress obtained by the thermal 

gradient at the sheath on full-load. 

4 — For high voltage D.C. land cables of extruded insulation (which xias 
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relatively low average stress), the largest capacity is obtained with 

internally water cooling. 

5 - The use of a relatively high working temperature insulant such as 

EPR, TTiPF, (conductor temperature more than 60 °C) is limited by the 

high stress at the sheath on full-load, 

G - SMERAI, 

The nature of the conduction mechanism and the possible theoretical 

models have been discussed in Chapters 2, 4, 5 and 6, Prom the practical 

point of view it has been seen that although it is preferable to quote a 

steady-state value of the resistivity for a D.C. cable with a normal 

cyclic load, the contained use in resistivity with time is not a major 

design problem. However the very slow change in resistivity with time 

has a marked effect on the transient performance e.g., impulse lightning 

surges, switching surges and polarity reversal. Also the effect of the 

space charge accumulation effectively reduces the breakdown strength of 

the dielectric. 

To overcome these problems the use of additives has been investi-

gated and it has been shown that the insertion of small amounts of 

either carbon black, talc or mica to the polyethylene decreases the time 

consumed to reach the steady-state and hence are beneficial. However 

the long term effects of these additives require further investigation 

along with the resultant mechanical and thermal properties. 

Investigation into the maximum capacity of a polyethylene extruded 

cable indicate the following; (assuming of 100 kV/mm on impulse 

and 80 kT/mm on D.O.) 

Land cable, P - 306 W A , V = 100 kV. 
max 

land internally cojlsd cable with length 6 km between the cooling 

stations, = SOD IIVA, V = 150 kV. 
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Submarine cable, P = 580 KVA, V = 180 kV. 
' max 

It is not anticipated that a voltage higher than 200 kV will be used 

for extruded plastic cables without increase in the value of average 

designed stress. Up to date the values quoted above are conservative. 

Investigation into the maximum capacity of EPE extruded cable 

indicate the following; (assuming ^ of 80 kV/mm on impulse and 

50 kV/mm on B.C.) 

land cable, P^^^ = 400 MVA, V = 100 kV. 

EPa is commonly used as A.O. cable insulant. 

The polyethylene material is more economic than that of EPR. The 

above appraisal is purely technical and obviously the ultimate require-

ment for the use of extruded plastic cables is economic, furthermore, 

considerable advantages exist because of the absence of an impregnant 

such as gas or oil. 
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APPENDIX 

1 - Program ITo. 1 

Input data; 

71 - Working D.C. voltage (kV) 

E - Radius of the conductor (cm) 

R1 - Radius of the sheath (cm) 

A1 - R e s i s t i v i t y / t e m p e r a t u r e c o e f f i c i e n t (l/^C) 

B1 - R e s i s t i v i t y / s t r e s s c o e f f i c i e n t (cm/kv) 
°0 

G - Thermal resistivity ( cm) 

Q - Conductor losses (w/cm) 

Subroutine DOIABP for numerical integration 

Subroutine E01AAF for Aitken interpolation. 



Program No. 1 

I/P O = 1/ / N/AFCTIKL/F N ': T / & T O'T' XI / 1 E *< IV I. = IK J 
LIST (IP) 
P I' 0 H « !<i ( A S V1 ) 
{ W111 IACFTU 
01 TRT'T FALPL 
C'''?ACTI>ITA 
CE-INPSS I^TPREA A^P LOCIFAL 
, r F A c E 

i''i) 
V, A S T H P F A1. C 
OTNCTSINV $X6),V'X'(),CNS),G1(6),S1(4) 
EXT&K^AL S ' 
C 'V " f '1/ f '•• r'k/Y,Al,n1/u/H,y 
K t- A n ( ̂  / 1 3 ) ' 1 / » / B 1 * A 1 / rt 1 / p 
j T f f 6 / 1 ) " 1 / / B1 / A 1 /;j 1 / f; 

It) fl!«"AT(lH /AfVt.S) 
< 1) = 1 S, T) 
?> 1*4,6 

?0 S''<I ) = St:(I~1 )+5.U 
J U k r- A f ' < S, 1 i) (1 

-»1TP (6,1(1)1 
15 f " ? A T ( ft f 1 U . S ) 

C FL!. H VLL FOR TFLC'T SU 
I) '• tl 1 = 1 # t 
V « S 'i ( I ) 
C'Ll. M' 1 f I' * ( P , w 1 , K , 1 , F- % , A & , N , V /U ) 
V ' ( t ) 3 V 

fA,6S) S<'(I),Vt (t) 
ItV C'''FI'.UF 

Cfl L F:'1 AAF (VU,sn,f ,6,1 ) 
Va C{1S) 
CAI.L NL'LAMF(A,F1,S,1.E-4,F'6,N,V,L)) 
*̂ !Tf(6,4S) V,Y 

45 F'W-'OTDH ,^F1U.4) 
STO" 
fc» •> 

N •, F: T T I.' S(X) 
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P ! ••> O .•* 1 
f = ;i1 • V + ." l:-'' V Y) + (A1 1-1 .(i)«ALOij f */K) 
SI (1 )sir ,f, 
!><' SI 1 

55 Si{T)=S1(r-1>+5.0 
C f. 5, I = 1 , f, 

A5 V.R t Tf f 6,VS) 61 ( 1 ) ,s1 ( I ) , F 
C UL 
S=C(1S) 
w P I T K 6 , ? •>) S 

75 F̂ X'-ATdH 
WKT"PN 
E'T-
f I fJ t K M 

11 A A F ((J 1 , S1 , C / '.) / 1 , 5 , R) 

{D/̂ TA 
1 5(1.N 
0.36 

EK'O 

1 .7«A 1.13S r.n«6V <T.(U)3 iS<:,0 
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2 - Program No. 2 

Input data 

SD - B.C. stress on the conductor (kV/cm) 

R - Radius of the conductor (cm) 

At - Resistivity/temperature coefficient (l/°C) 
s 

B1 - Resistivity/stress coefficient (cm/fcV) 

G - Thermal resistivity ( — cm ) 

71 - D.G. working voltage 

D - Reference resistivity of the dielectric ( - cm) . 

TR - is the temperature (°G) 

Q1 - Conductor losses (w/cm) 

RTH - Total thermal resistance of the dielectric and the soil 



Program No. 2 

IFXR/^VLF/A^'OI';T/PO»T/ST.7UOU/T.1AO/L = 7FIVN/PH = 1// 

LIS?(LP) 
f r, k »'< (A 5 V1 ) 
LI.YIIL !5 = C'I; 
OI'TPIIT ASL.MN 
c f i' 'J A f T BAT* 
CFWPDFSS FNTEKES AT'O T QLLCAI. 

2 

1 (1 'J > . , . 
MP Ai- (5/1 ij> / '•/"I ""ii 
r, r. 1 o , ri - 1 H 

T (1 ) = 5' ,'* 
II', loll » 3 / , 1 0 
IJ (1 > ® N , 1 !> 7 B 
qy(1)»U.U 
U ( ̂  ) =0 (I -1 ) +0 ( (' -1 ) +I'.U5 
1̂  1 H = 1 9ti, 4 
R&(» )S3T,4*^(N)+2LI." 

10 FFV(>-AT(R. FLLI.S) 
I Tl- (f; /1 •>) A1 / '5/Vl / ' t ® < •• > 

>1 ( ) ) A F. / , /. % 7 (! 
!;'• 11 

11 SL(T)SS1(L-1)+1TI 
C f l ' - " ' ' s i 

PI ,^,1<,15')?A36 

11, F,- A' A T (1 H /'JFL'T.S) 

SF(T)=(P1(1)+SU)/? 
c f i r - " T1 f O x c A C CO 

c F lr ,^ >1 f"''' EACH <;i 

w1 (1 

1)) 



c flN-i '• M ?0S FACh T"1 
1 (I ) sr- *ri » ((SA a )! >» t <>'1 ( I (A1 f U +•• 1 *S1 (!) ) 

C flfiD T-? fOP RACM !")1 
(/'••I N )=(','• 
; / (I) = Tr (f')-(o (' ) * ((MM ( i ) + (1-1) ) / 2) ) Air f Al Of: ( XI (I) / I) ) / 

c F I I-n ' i t - m T ^ 

C F; T'" TJ F.-TA G/SCM 
0?C1)»C.O 

?O C'N TI U K 
ST 1 = ̂ , 1 N 

50 W PIT K ^,17;V(R)/S1(N 
17 Ki/"AT(1M ,?F20.t.) 

WIMTK (6, ML) 
6U I///////V///////) 

51 /Od (15/11 (I)/C1(l) 
25 FPF /.T {1 N / 5 F?0,1 N) 

W C I T t ( 6 , A 7 ) 
67 Fry' ivT {/////////////;/) 

r.:^ «/ 1 = 2,11 
57 '.t'ITt (ri/iv) VI (t)/SI (I) 
JV F ' I* - /I T (1 H /?F2U,8) 

c I T t - ( 4 , 6 A ) 
68 F^R' TC//////////////////) 

OR AT 1=^,1 N 
41 v.-ITi-(6,55 J"3(! >/VI (!) ,Tt)1 (I)/J'.l { n 
35 f(w-AT(1n /••if??.6) 

1 Ti- (6/0')) 
49 f r )-i.r (/////// t ///////) 

[>(• 71 
71 jt.ITL('./'.S)'>2(I)/V1 (J)/T3{i)/S1 (I) 
/,5 Fk'' A T (1 H //. F3J.4) 

t) 1 5 f) I != 2 /1 y 
Ul(n=1/(̂ *(Evp(&1,(M(?)-T*(K))))''(̂ XP(-< 1*51(1)))) 

130 . = fTEM/1S('),'>1 ( X ) , ' i ? A l ) 

15'- prw, AT (1 H /̂ E ,5) 
LUO R'-.TI'JUE 

STOP 
6'I> 
F t f. r " 

(PATA 
4U,7 

£FNR> 
1 .SO'. N . U N.M 6IN.(' lun,n 
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3 - Program No. 3 

Input data 

SPED 

DBSFL 

Current 

Resistance 

m 

DTI 

NIT 

SETT 

E 

N1 

GTH 

SPH 

M S T 

GTE1 

8PH1 

DN8T1 

R 

DD 

H 

R1 

THETA 

S p e c i f i c h e a t of the copper ( J / g ^ ° 0 ) 

D e n s i t y of t h e copper ( gm/cm^ ) 

Conductor current (A) 

i s t h e r e s i s t a n c e of t h e copper ( /L ) 

Time interval for the iteration of t h e dielectric (second) 

Time interval for t h e iteration of t h e soil (second) 

Number of iteration 

Number of print out iteration 

Number of nodes in the dielectric 

Number of nodes la the soil 

Thermal r e s i s t i v i t y of the d i e l e c t r i c ( cm ) 

S p e c i f i c h e a t of the d i e l e c t r i c ( J / g ^ ° c ) 

D e n s i t y of t h e d i e l e c t r i c ( gm/co^ ) 

Thermal r e s i s t i v i t y of t h e s o i l ( ) 

S p e c i f i c h e a t of the s o i l ( J/gQ ) 

D e n s i t y o f the s o i l (gm/cm^) 

Radius o f the conductor (cm) 

is the space between the two cables (cm) 

i s t h e depth of the c a b l e (cm) 

i s t h e r a d i u s of the s h e a t h 

is the a n g l e between the x—axis o f the first cable and 

the d i a g o n a l between t h e x - a z i s and image of the second 

cable. 



Program No. 3 

£CXf/S91 H/i''0î kt/PO«T/bT>'Oiif'O/ f#9iUi/U = 9('tO<')/Pl! = a// 
I I S t (I. H > 
t) F r. M 4 (.' (A S 91 ) 

IACO 
Ol.'Tf UT 6»l Pf) 

C'̂ lDACT D 4 T a 
CHF'PWESS T^T6R,G» A,\N LOGICAL 
tsace i 
R'-'ii 
PASTKO CARLFS 
ti <; K-f. A (95 / •! <") ,c (9) ,T (0) ,r A C) / G C<J) / TS (9) / CA"{9) / 

1 (, F IFF I /KI-. (?U) 

?O?I 
srMl so,59 
i> S T L H 7 . r 
QIU;CEYT = IR'IM,N 
RL S!STAF.CFS1 .56P-7 
•y o rff s: T 5;Ta'-CR» f Ci'i<B6>~T ) 
0T»1on.!1 
FITLAIR-O.O 
STTSLHO 
^ r T T = 1 u 
N = 4 
N 1 
« F A !• ( •; / ? t ; ) 0 T H , s t-- H / 0 •-• p T , T 1 / S P H 1 , 0 /J r, T 1 

?.U F'.x' f. T(1h /f>M J.i) 

IS 
.4^: r f (h,(-?}0 

A<! FOS-^FTDC , F1 N , A ) 
^ a w -1 

.<(1)31 .?(Nl 

n " ? - \ J = 2,u 
21 P ( J )-R ( J-1 J+0. <,IS445FT66? 

7 Is J z ̂  
T H( ( J -1 ) » (C. T H / (J ,1 > * >i L 0 r. C >7 {.1) / R { J -1 ) ) 
rf T „ ( J 4-1 ) a ((. T M / p J ) » /• i .J ( ; (.1 4 1 ) / « (J ) ) 
C/'''(J)=»N*(((-:(J))*»^-FAFJ"1))**-?)*S''H*IJKST 
!U J +1 ) 3 r, T / ( J T ̂  < J +1 ) « C A p ( J 5) 
C U ) = 1 - { 4 (U-1 ) +'" ( J +1) ) 

?S C'"NTPJUF 
Df 19 J = 2»,«i 

19 « I f ( 6 , 2;!) I' ( J > ' I! T H (.(-1 ) , P T !< ( J +1 ) , c '''' ( J > / A < J - 1 ) , n ( J +1 ) / C (,1 ) 
?4 f"S"AT(1,) //fU,6) 

n :•> a 1 O , tj 

H3lf'i .u 
2a (1 )n5,140.137 

T!-CT̂ a1 ,5^0''4 
FSR̂  S.-I K = ̂ ,M 

5U K1(I)1(K.I)+J,N 
An M <B1 ,fj 1 

51 ;'f'(v) = S0KT(<rf1<k-)*SIf. <T̂ f. TA))**2f(f)!?-(K'<K'}*cn3(Tf'ET«>))«*/;> 
!•)(' SJ K = 1,Nl 

53 f. i"' (t; = ('• t in / (̂  j ) * (a t ra> (c ? * m - p 1 ( k: )) / 'n < k)) + a l c (j ((s q f t ('i»™ * * ? + ̂  0 * • 2) » 
INW^-N/CKIX-O))) 
oC SS < = <:,u1-1 
c T ii 1 (i; "> 1 ) »t, f, {tr»1 ) - < K ) 
(. T < 1 {"̂  +1 > * r. c, (k') - f, f; ( ̂  • 1 ) 



5 5 

6 7 

66 
1 7 

60 

30 

70 

1 11 
1 11 
11 

u 

R 

?z? 
?V 
4 6 
YJ 

P5 

OU 
" 6 

0 
1 1 S 

« 

'+N.IX,6I+(T(;)))/C*P(1) 

1 1 9 

1 1 4 

?b') 

13N 

134 

1 SS 

^1 

7 7 

C'V C«") »'F"I TI * ((P 1 { ) ) **<F~ (IN (<-1) J *«.?) 
A1 (>- -1) = r T1 / (f r ̂  1 (K -1) »c A f 1 (K)) 
1 (• 1 ; = li T W ( f t i- 1 { k 1 ) a f rt < <) ) 

C1(K)A1-(F1FK-1)+11(K+1)) 
C'T.TLFJUP 
nn 17 K=2,Nl-1 
> •» 1T r (6,6 7) 

t T u / / / n 
WUITKF 

,?F1'J,4) 
T? f m <K) ,«Tr-1 (K4-1 ) /.3TH1 fK-1) / C API (<) (K-l > / 'II (K*1 5 / S 1 <X) 

pO-f' ATdw , 7 F 1 6 . 6 ) 
n 0 I " ; J = 1 / 
G <J)AN.O 

0" 7I K=1,NL 
T1 (L^)=0.0 
lTail,n 
1=1.0 
I T O I T < - 1 

J«I*1 
(J(^)AI»RR*(I 
C" 12 J = 2/f' 
T ̂  C J ) » A ( J -1 ) A T ( J -1 ) + < { J • 1 1 » T ( J 11 J + C C J ) * T { J )+0 < J.) 
7 A { 1 ) a T A < 2 ) 
I f {Ta (•0-1i.i).'-)Ji/77/r7 
P" R/2 K») 
A r M -1) 51' (' +1) 
c ( Il - ( A f s-1 > + A 1 (K -1 1 ) 
T' (' J ( '.-̂1 ) *T (\-1 )»;. (N) *T (».)+(, (F.) 
t)A V = 
T F .<) A R A ( J ) 
T1 ( i ; = T A (M ) 
I,N );H 1-'1 
T':(K!'>A1(i.'-1)*T1<iv--1J+h1<i' + 1)»T1(K + 1)+Cl(K)*Tl<l') 
T = { 1 ) ' 7 <; { ? ) 

NR '' RL- % 3 1 / 1 
T1 (! - T s (w; 
It :. r T - J) »V * 11 • 
•/.PT-R(E,11'L)MLT 

( 7H / F r F W /rb/'»4M ITfRATIOW/TMH tA:j|.F. N .I c T E P ̂  T" •< g r A P F / 
/ ) 

A •<-T = T; C • ~ ; 
- ? I T f: ( <' / 1 1 V 1 * :> 
F C » " ; T C 1 X , F 1 C; . 4 / > 

F r ̂  f ( ! ̂  f ) Y , P ̂ , 1,, , / ) 

F'U' A FDH 
I. R>' T F F , T5 'I) FJ T T 

T (714 Aff-H /T!>/44il 1 T F P A T I n .s S , T ,i F POtL T F," p p IJ fl Ti i ij P , ̂  n F } 
,/) 

.K: FT :6,I 54)T';(KI-I) 
R̂ 'IR-ATD-T /I^3N,5) 
W? ; T K 6 / 1 , T S ( IF ),'/ 3 1 ,, 1 _ 1 ) 
FAJI'ATDI /4X,G;U.Y,/) 
W»RTF(A,M) 

I F { • • I T T - I T ) 0 # 0 , 1 1 1 

SF'II' 

FI-JTSM 
£R>ATA 

61 N, N 
£FNI) 

. X 1,2UN 1^0.0 1 .'• 



4 - Program Uo. 4 

Input data 

T - Time in hours 

DI1; DT2 - Time periods during the daily thermal cycle (hours) 

W, H - Factors of the resistivity/temperature coefficient decaying 

with time 

A&PHO - Resistivity/temperature coefficient at the first hour (1/̂ *0) 

In subroutine KAILOVER and subroutine NASSIM the dimensions are: 

VI - D.C. working voltage (kV) 

R - Radius of the conductor (cm) 

R1 - Radius of the sheath (cm) 

B1 - Resistivity/stress coefficient (cm/kv) 

G - Thermal resistivity ( •— cm ) 

Q - Conductor losses (w/cm) 



Program No. 

( rXP / <91 Y/A''OliK I / FUNT/STsvc'Xj / TBI 5un/L* ),]'iO/Pk = 2// 
p S O C k A K f A S Y l ) 

I ' j p H T b c C P O 

OUTPUT 6AIPR) 
C f ^ - i r > A C r D A T A 

C ' " ' P f < P S S I N T E G E R L O G I C A L 

TKACE 
E^O 
M A S T E P C A R I. P S 

t i l ^ S l f i N T ( 9 f i ) f A L t ' W C U ) , k ( 9 U ) , A L P H 1 ( "Hi ) / A L P I ' ? ( 9 f , ) , iv 1 ( 9 1 ) ( Q Q ) 

C " 1̂  '•• f ; 'J / A n n K / Y , a * , t( 1 , li / » , Q 

c M «• c. > .7 & V n R / p j n « , 1 ^ , f; / u ^ fi 1 
RR^/'CK'/RYRN/M 
T ( ? ) = 2 & . 0 

n T1B e , 0 
D T < i » 1 < , , 0 

J r t e ' 1 , 7 5 

A L P V ' l > = U . 1 5 

ON 11 FAS,F,A 
T I'M ) « T ( M . 1 ) + 2 4 , 0 

W<'OSWL)/{T(^«) )**H 
A l P C ! " ) = / . t P M U / ( T ( > • ' ) ) 

W 1 ( ' ) = . ( " ) / ( D T 1 )-» * H 
w->(') = «(•:)/{ 0 T ̂  K 
A I . M 1̂  1 ( ) s 1 I. P H M ) / ( D T 1 ) * * >i 1 ( M ) 

1 6 A l ( " ) a H ^ ' h f " I ) / { a T < ) « » W ? t 

A A B < t P H 1 ( M ) 

CLL K'ATLCVER 
pNâ l. Ph2 (") 
CALL MASSFK R 

11 CF'̂ JTLV'GP 
STOP 

SI'-̂ RCI'T ; ".E MALLFVE* 
JR-J SN(6),V1(4),C(1S),(,1(A),S1(6) 

feVTftf'JAl. S 

/ I- «'.(>«/Y/AA/m,tj/S,3 
CR.">0'-J/F S'-R/M 
y l > 1 0 0 , 0 
« M , <I ? 
Hi«4.?2 
rt^*r,ii5 
GS5̂ (;,0 
us.1,1 07 
TFMTTFA/RINN'UW/PL/AA/SI/F. 

10 F'';V-'«T(1M FFFLN.I) 
S'D JSIFI.O 
N'-' ?U I*?,6 

zo S' a>»s''(T-1)tin 
W IT E («, 10)" 

c fr.Mi) vo ffiR tAcM so 
D f i I'll ! = 1 / f t 

Y»sf)(n 
C A L I R u l A m f ( R / X 1 , S / 1 . E - , 4 , 6 6 , \ , V / 0 ) 

V l i < I ) = V 

CF NTN.'UF 
C A L I C U l A ' F ( V 0 / S 0 , f / i ^ / 1 5 / 5 / V / 1 ) 

V « C ( 1 5 ) 

W « l T t < 6 / 1 3 i j ) M 

I j n FRVT'AT(7H A'TER DAY'^^THE S T R R < ^ ,,.J THC C 0''C TOI? EJ'JAI TO 
1 I / / > 



CHI. NULAPKW.YL/RFL.C-S/AT/'J/V/'L) 
WRITT(6,4S) V,Y 
WK'ITt (6/60) 

All F̂ 'C-ATf/////) 
A5 FHY^AT(LH /?,FL0.4) 

H (• T-t IH M 
6 N ,1 

FI"ICNO«- SCO 
il I r r, •; I p M s 1 C ' • ) / fi 1 ( A > , C ( 1 "*) 
C 0 'J / A -10 N / y , A S / I'l 1 / 0 / R / il 

F3 4L*Y-**L'^(XY)*(AA*RI*R,/P;-I.0)»«I_0I3(X/I;) 
si (1 >=3">,0 
Of: 55 1 = 2,6 

5S S 1 ( I ) = > ' > 1 ( I - 1 ) + 1 0 
OC 6 5 I » 1 / 6 

65 (-1 (T)UAI«SI (N+AINOFSL <!)) 
CAlI FU1AAF <0L/?1/C/6/15/5,f ) 
S«CM5) 

« 

E K T 
SU,)U(, UTLNE NASSIM 
orir'-sin-i si(̂ )A'0('f>)/C(i'=)/Gl(«)/S1<6) 
EVTP^NAI SS 
C '•• 1 r 'J / r. r.ri t» / p , H n , i< ^ / 6 / U / 'J 1 
CRRN/(*,NW/M 
VLAKIO.O 
U » 1 . 4 ? 

?2 , 
H ? A N , (11 S 

W«ITS(6/IN)V1/J,RL/N«/I?>/F 
10 F'M'ATLLH /*F1V,3) 

$"(1 ) =3̂ ,̂,) 
0 ' " . ? i i 1 = ( , 6 

?u i-'(t J 3sn( T-1)+ 10 
W"tTt(6/10)Tl 

"C Ft̂ .̂  Vii fOR EACH ,S ) 
0'̂  (.(' I»1,6 
PA'IFUI) 
C'LL NOLA'5F{U,T)1,SS/1,E-.'5/64/^/V/OJ 
V (R;=V 

AO CNTJMJF 
C^LL FCLAAF (V0,SI^^C/A,1 I,5,VI ) 
r'«c('5; 
CALL NOL . E-S/T-I/M/V/O) 

TTT (6,1 3I,)M 
1 3 0 f OI , - ' -ayc/h A F T 5 t; , !b,45M OAYS/THl? SfSSS O'i f wc DL'CTOI POUAL T O 

1 I , / ) 

.»tTf(6/4S) V/P 

.3 ITK(6,6N) 
f U t 0 R /. T (//////////// ) 
45 FF-^-'ATDH /2F10.4) 

» F TI' ft N 
£'.A 
Fl'fiCTIOW SS(X) 

Si(f.),r,1(6),C(15) 
C'•i c fj / p n (< / p , H • , R i : , F / u / a 1 
C 0 f! w / c M r. (J / m 
PIO'..2A:5IR 
f 0 +« l_riG (P) + (!3 51 * ' 2 l * 6 / p t - 1 , f ' ) » A L 0 f . (¥ / ( ! ) 
Si(i)=3S.n 
ON SS 

55 S1<T)xS1t t -1)<- lO 
01' «•!) IC1»6 

6 5 0L < T ) = &?*« 1 { N + H ""• < <.1( I ) ) 
C -MJ T̂<JL AAF (I;1 / LL 5/5 ,F) 
SS#(('5) 
KF Tn»-N 
F r, 
F I 'J T < M • 

£FNP 
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5 - Program No. 5 

Input data 

V - D.C. worklrig voltage (kV) 

R; El; - Conductor and sheath radius (cm) 

W - Factor of the resistivity/temperature coefficient decaying 

with time 
i 

B - Resistivity/stress coefficient (cm/kV) 

EP - Dielectric constant 

A - Reference resistivity/temperature coefficient (l/^0) 

M - Number of time division during the first polarity reversal 

1 - Number of series reversal of the polarity 

RESO - Reference resistivity ( A . - cm) 

Q - Conductor losses (w/cm) 

G - Thermal resistivity of the dielectric ( i^om ) 

IMO - Temperature at the conductor (^O) 

T - Time (hours) 

SDO - B.C. stress cable Insulation (kV/cm) 

X - is distance at any point in the insulation (cm) 

8R - is the transient stress due to the polarity reversal (kV/cm) 



Program No. 5 

(PXP/S91 Z/*"(.UWL/F0L:T/ST»1D2U'-L/TMP0/L = INR)N/CST»19(HJM/PR»1 // 
LIST(LP) 

B*C90 
(U'TPUT AcLPO 
CFMPRESS INTEGER ASN LOGICAL 
1 R A C E i 
f. n I) 

**STFB CALIFS 
OI*r\SlrK T(?9,1C5/A(?(;,ir,),TM{105,V<10),SAC10)/S^Cnn),RPS(20,1(), 

11 N), T1J (2 CI, 1 , 111), <; K (̂  1, 10,1 N) 

1U FO«"AT(LH /7F10,5) 

PO FR>»V4T<LM /I'FI'J.5) 
R'.»8 
L»20 
»FS''»1 ,CE + 18 
0=0.197 
G»i3l).0 
TVC®I4,RI6(I 
EN = P,,'̂ 5FC»I2 
T(1,1)=F'.S 
T(1,-):6.N 
s r - c d ) = ? 9 , 3 7 9 1 
sr>c(<;)»5ft,,;'5 . 

SNC(4)R4U.51 
F 5 1 « 5 *08 
X<1 )BI? 
ON 11 L=G,4 

11 X{I)»X C1-1)*0.933 
0 " 12 !s1,b 

12 SA ( T ) ^ V / X n ) ( C l / R ) 
A(1,))«/0 
T"<1> =TFC 
00 16 
VBl 

13 T(«>J)ET(W/(J-1))+U,5 
16 A ( N/V') 0/{ T ( ) ) **W 

14 N»I,L 
J "'T 

14 A ( ) =Au/( r ( (̂ -1 ) , J ) ) **U 
NN 17 

17 T:'{N=TF C-C0*G/PJ)*AI.()(I{X(L)/9) 
"0 11;.') \ = 1,1. 
J * 
MO 1 F< 1 = 1,4 
R r S f I , J , I ) o !J E S 0 / ( P y P < A ( •. V J ) ( T V, f I ) ) ) » E X P ( n * s 0 r { n ) ) 

18 TI'<'/J/N=IF''*WES(M,J,T >• EC/3 600 
lOfi COgTJ'jUF 

0̂ ' 15 0 J»1 
Nil 
0 0 2t4 1*1/4 

78 TIL (̂  / J , I ) = FNWRT;S (•', J , I J *|;0/3I50U 
ISO CNNTI'LUR 

ON ?I-0 I»1,4 
NFI IV J»1, M 

1 



LY SI-'C = , J ) / TL' C , J , I) ) ) - (F* ( S''C F I ) / FXI' ( T C-!''I ) / T" 

I ('.,J,I)))-SDC(I)) 
O'L ?(; ('"i/l 
j m "4 

II /1) / T u (N / J /1))) - ••; (t 'J- •")' J' I)) 
2U0 C"'ITINUF 

i> o XI N »1 / L 
J »M 

^ F F 0 •- A T < I S » 5 X , 4 E 7 U . S , / ) 
W^ITF (6/60) 

f-0 F'>N^«T (//////////) 
CO 13 J = 1,K 
\«1 

M, f'i4 ATda, 5X ,4k;L . >//) 
i I T fc < fr / 61 > 

61 F".<('AT{/////////) 
6'< ?1 1 = 1,6 J 

21 WC ITT (6/^?) F N'SF C-F/J * F ) OT CN,J >/•N»1/T) 
22 PF'R'' AT ( IS, 5X ,2F;0.5,/) 

W 0 I T j: ( A , * ? ) 
62 FNW' CT (//////////) 

OR. 2V J«1,Y 
N " 1 

23 FFW^ATCIB, "IX ,2F?U.>,/) 
STOP 
£ ' . ! ) 

f I N I S M 
£r.ATA 

1 0 0 , n 6 . 2 2 r . n o o f . o i s 2 . 3 o . v » 

£EW» 
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6 - Programs No. 6, Ho. 7 and No. 8 

Input data 

a - Program Ho. 6 

M - lumber of nodes in the cable insulation 

Vq - D.C. working voltage (kV) 

X - Radius of the conductor (cm) 

X - is the radius o:̂  the rings at node points in the insulation 

(cm) 

R - is the dielectric resistance per node (-^) 

D - is the capacitance per node (p/cm) 

^10* ^20* " arethe D.C. node voltages before the reverse of 

the polarity 

Subroutine P02AGF used to find the solution of the matrlz 'A' 

E - is the number of time intervals during the polarity reversal 

T - is the time in seconds 

DI - is the time interval (second) 

b - Program CTo, 7 

This program has the same dimensions as that in program Bo. 6. 

VD - is the impulse voltage (kV) 

c - Program Fo. 8 

This program has the same dimensions as that in program Ho, 6. 

Subroutine P01AAF was used to find the inverse of matrix 'H' 

Polyethylene Makers A ahd B are kindly supported by Pirelli General 

Work Ltd. 

Polyethylene Maker 0 is kindly supported by the Central Electricity 

Generating Board. 



Program No. 6 

£FXE/551VJ/A''TOIIRT/FOAT/CST = ̂ 20F^U/ST = ?I;OI.IN/T = 80/U = 100(VPHA1// 
LIST<LP) 
Pfitjf- P am < WS91 ) 
IkPt'T 5 = C»0 
OURT^UT 6«LP0 
COiP/CT DAT* 
CCMPPPSK fNTEGt-C «"?) LOfilCAl 
T»ACf- 2 
E'-'O 
M*STEW CARLFS 
D I ir,\ A (3,3) ,ri ,Y (5) ,0(3) ) / PI <̂ ) ,(IP (5/3? .uT <T, J> , INT < 
1 3 5 /11 ̂  C/ 4) / u ( a , 4 ) / V T 1 < -) lO / V T ? ((Hi 5 , V f 3 ( ̂,U ) / T ( ̂  0 ) , A T ( 3 / 5) / !' C 5 , 3 ) / A n 
1 T ( 5/3) / / / AA (3/3) / SSIOK^O) ,SS1 ̂  (6̂ ) / SSI / SSI (Al.ll / SŜ OI CS 
1 U) / ';S/1 (60) C R ) / ';S -'3 (( N) F SS / ( DH) / SS3''1 (HT) (,< ), ,S ) V (6N) / 
1 SS 5 7 (̂ 0) / SS3 Ĉ 'J) / VT<'1 f 6'') / VT,;;' (̂ vD / VT? 5 (6") / SSI 1 (̂ U V < m (6u) , Af 1 2 
1 ('-05 / « II 3 (̂ 'O / A I (̂ u) / I/V <6'i) ,A U3 (''̂O) / A 131 (611) , A 13? ('>0 ) / A I 33 (6n 
i>/VTii(<iri )/VTi<;(/S('),vm(^0)/';li('i0)/<;i^(6 0)/':i3(^ It )/S(;i(Ar, )/<:<??{« 
1 0) / '/ 3 ( / 0) / ;; 51 (f-O) / < ;? (/.(,) ,:; 5'̂  (6U) / SI (6'U ,Ŝ  Ĉ U) , ̂3 <6") , VT ? 1 ( Ail) / V 
1 TT ̂  (6 fl) / VT T 3 ( A j) , VST 1 ( 6'U .vs T? ( 6 J) / VS T3 ( 6" ) 1 1 (f-O ) 41 ̂  (/)("') ,H'n 3 
1 (I" U ) / M k ? 1 (fcfi) / n̂'<î  (C-'.j) ,rtM̂ 5 (6C.) /hti j1 (Alt) / t.h'V (6(') /hH.)3 (ihu) 1 (0') 
1 ) / (60) / -TUSI (hOj / £l (-SO) ,Z<; (60) / Z3 ( Au) /74f 6'1) / VPCftll) 
K«3 
VN,100.(1 
xr.i,Ui 
XI"?.12 
x?a?.?2 
X3,3.S^ 

RLA?,1FC+14 
Ol:»?. 1 V3S-12' 
R?A1 .PFTA3FC-TU 

2 
0^a1,75F4-U 
D5«S,77F-1I( 
K''»1 , S E +1 4 
C<.A=7,NI5E-1 2 
V1 I.I» » 7 !>, 0 
V ? 0 = "'»u, 0 
V.I'JA-YS.O 

20 or3((̂ /fL'3) + ('i,!*D/. )+(r'3*D6)) 
W 1 " ( f (1 / P 1) 
W2Z((PD*(:)1*P?)/(NI*P2)).(((A2*R.3) + (,Y/',R4))/R?)) 
•« 3 s ( ('• D / R ? ) + ('' ? * 0 3 / " .5) - ( ̂  •• * (li ̂  + P 3 ) / ( K 2 * 3 ))) 
WTB((D^*F>3*(RI + II4)/(K3»I?4))-(({R'I*')5)F(T-<:*IJ/0)/B3)) 

21 G1 = ((((R^)**2)*(D3 + R<*))"(RRT*(D1+O2))) 
L'A ('/1 )=W1 /CI 
U((?/?)=W?/G1 
U'(?/3) = WI/';I 

22 0M3,L!^((T^1+D?)*UAT2/1)/[)?) + C1/(L?1*P2))) 
L'A{'I,I') = {((NI+L£)«TA(<',;)/[;^)+((IJL+S^)/(02*H1*R2))) 
UT(^F3) = (((NI+O7)*LA(/'/I)) + (I/R?))/D,; 
UAC'/''.) = ((('1+F'2)»LIA((/4))/D2 

2 j l,A (',/1 ) 5(r3*uA ( 3/1 ) / ( n3*u/.)) 
UA (i / ;•)•- { r,j*uA C </?) / {'13 + ft<; ) ) 
U'. (4/3)-((R3*HA{3/J))-(1/<"3))/(ri3 + a'') 

24 UA(/'/4) = ((0 3*l!A(3,&))-((X̂ *R4)/(R3*W4)))/(n3 + ri4) 
A (1 /I )=,'A (̂ /2) 
A D /?) S-GA (?/3) 
A (1 /3)=iiA(2,4) 
A(2,1)=*uA{3/7) 
A{2/<F)E-U\(3,3) 



11 
10 

12 
1 5 

61 

1 5 

1 4 

A3 

50 

91 

«T / J) = * IJ' < V/(.) 
A (3,1 

A(4,3)SUA(4,4) 
A A ( ?, 1 ) r-ilA (2/1 > 
AA(%,1>e-UA(i/1) 
AA (/.,1 )='.IIA(4,1 ) 
AT <1,1)s-A(1 /1 ) 
ATCtfZ)*.6(2,1) 
A1(1,3)=-A(1,1) 
AT(?,1;=.1(1,2) 
AT{?,2)S-A(?,2) 
AT A (3, 2) 
AT(^,1)«-A(1,3) 
AT (J,2)=-A(2,3) 
Al (3/i)=-A(3,3) 
on 10 1=1,3 
w « I T f. ('̂  r 1 1 ) ( A T ( I , J ) , J = 1 , 3 ) 
FPW^AT(1k ,5E20.3,/) 
CO.TINUE 
I F A J L = 0 
IV*1 
CALL P02AnF(AT,IV,M,HR,WI,U9,IV,UI,IV,IhT,IFATL) 
WRITE(6,60) 
frJ^AT(/////) 
of 1/ 1*1,3 
wfclTI. («,1?)»R(1),«I(I) 
pnw"AT(lH ,?E3U,5,/) 
W7ITR(6,61) 
MR' AT (////////> 
p( U 1=1,3 
WPlTf:(6,15){lif(I,J),0I(I,J),J*1,3) 
f 0 9 ̂  A T(1M ,^£70.3,/) 
CC-JTIWUF 
t.0IT£{6,63) 
Fr.<-'AT{//////'//) 
f 1 » f (I.IR (1 ,1 ) / nq (1 ,3); - (ttsj f 2,1 ) / UR (?,3))) 
F.̂ B<(UK(1,H)/H»o,3)>-(iin(2,2)/L'»(i,j))) 
F?* ( (>'in/iiK (1 ,3) > -(»'/;<!/lip (2,3) ) ) 
M,(:,kf2'1)/i'H(2,3))-("R(3,1)/IP(3,3))) 
F ;> 3 I !M ( 2 » 2 ) / I' 3 < 2 , 3 ) ) " (I' h ( 3 , 2 ) / U R ( j , 3 ; > ) 
F'--< J VVO/.'K(2,3) )-(V jn/ot)(3,3))) 
Y/:(.F^*F^)-(L'3*FS))/({F2*F4)-(F1*F5)) 

) J/F? 
fcic« ( vl (-(f'A + uo (1 ,1 ) )-(U-«»llR (1 ,2) ) ) / Ufl (1 ,3) 
< B 1 (̂  
T(1 )>»12,0 
DO 5i; N = 2 ,K 
T ('i! £T ('-1 )+1 ?,0 
cr, 01 f.= Ĉ  + l) ,50 
T(N)»T(»-1)+0.1 
0T»12r,.O 
Wf'B?*V'u/5T 
H(1,1)SHA^U?(1,1) 
H(1,2>«PA*iJi'(1,?) 
W (1 , i ) •» f A » U s ( 1 / 3 ) 
H{2,1)''-1<40R(2,1) 
H(2,2)»F<E*U'»(2,2) 
H(2/i)=fi?*Uf (2,3) 
H(3,1) C*OB(3,1) 
"(3,2) a r C*uc(3,2) 
H ( J , 2 ) Bf» C*l-i<(3,3) 
A > T (1 , 1 ) »((H(3,2)*H(3, 3) )» (M (2, 5)*W(3/ 21 ) 
AH T <1, 2) *~({H(2,1)*^(5 , 5) ) -(H(2 / i ) » " ( 3 ,1 )) 
A>'T ( 1 3) !« ( ("(2,1 ) *M ( 3, 2) )-{.Ull, ^)*H(3, 15 ) 
A»'T'2, 1 ) «. - ( ( H ( 1 , 2 ) « 1' ( 5 , 5) > - ( M (1 ,3) "t' ( i ,2 )) 
A T < <• , 2> 3 5 >-(t^d. 3) * ,t ( 3 , 1 ) ) 



AK(1,1)=A>'T(1»1) 
A M {1 / 2 ) = A W T (2 f 1 ) 
A M(1/<)= A W T(3,1) 
A M ? / 1) = A H 1 ( 1 , i? ) 
AH(?/?)«AWT(2f2) 
A»'(?,'!)=AKT(3^2) 
AM(,*,1 )=atJT(1 /3) 
AW(3,?)=A"T(2,j) 
A I' ( ̂  A M T f 3 / 3 ) , , . 

VCIaO.O ' 
V('2«0.0 
vnj»n,o 
on 77 (J»1/5r! 

AN?(») = AW(1,?)/(PHL*FXO(«R(<'5*TOJ)>) 
A1 1 3 ( 'O = CI ,3 > / <Pt-I X." { t R ( i) *T(>0 > ) 

A W 7 ( s ) « A H c ? , S > / ( p i. I • f X t K ( 3 ) * T < >-•) ) ) 
A I 51 (tJ) 3^1 > / < JiP (i'H <1 ) *T (V) > ) 
At5?(f')afl'-(3,?>/(PrI*FXP<l-'K(2)*T<N)>> 
4 r 37 ('O BiM (3/3) / (WH I *f XP (t P f 3) *T ((J) ) ) 

1 t (•,) = (>i (1 , 1 ) * A I 1 3 ( + 'i (1 <• <!) * " I ? 3 ("• 1 + *' ( 1 / •'' * A I < ' ('O 
10? 1 (' ) c ( " ( 7 , 1 ) -»,) 11 1 C ) * ( ? / % ) * ' 1 / 1 ( * I ((! f 3 ) * A t 31 ("') 

H v ; ( ' v ) = (1' ( ; , 1 ) » A r 1 2 (' ) > t 2 / (! > * '• J ? < ' •' ' J > * ^ ̂  

103 H>-'31 ('J) = ( P ( ; , 1 )*AI11 ('')+M{5»?5*AI?1 (-v) 4 ( W3) *AI51 <'•') 
WH37(\L)5(I'I(3/1 ) * F ! 1 ? ("') *H(3F2)*'^L2G(^;)+M(3,3)^AI37(',) 
w k. { ? ( ' v ) = ( u C< , 1 ) * A ! 1 3 ( " ' ) » M ( 3 / (!) * f' 1 3 3 ( \ ) * H ( 5 f 3 ) * A I 3 3 ( H ) : 
VTII 1 (F )T\FU?*RHL2(N) ̂VU3*T^HL 5(N)) 

" T 1 3 t M) 3 < u t, 1 * w ri' 1 C f ) + V 0 ? » H 3 <i f N) • V .13'»M H 3 3 f ) ) 
7 7 C ^ M T I f . u E 

pA V-I >J = 1/« 
VP (' ; ^*T <;j) )-v'> 

^51 1 (>.•) = H (1 ,1) <rA A / I ) *';S1(J1 < W) 
s S 1 ? ( 'I > B ^ ( 1 , <i ) * A A o / 1 ) * 3 j 1 r 1 < ) 

S 1 3 ('I) = M / 3 > * A A ( 4 / 1 > * S S1 tj 1 ('.') 
SSI(K)»RYIL(N)+<SI/F')+':SI3(»') 

1 / {?))»*('>*( (PX" CPI. (2) »T (li) ) ) - 1 ) ) ) 
S<;1((^,1)*»A(/,1)*<S?U1(N) 
SK^-^('0 = >I(<^/2)*A4<I/1)(RSS2T.1<M) 

SS2F\)»FS?1(N)+<S?2('.)+SS?3(N) 

1/C»P(3)>«*4:)*((P)(C<RI^(3)*T(>)>)-1))> 
SS31(FJ) = TO/1)*»A(^/1)«SS30L(«) 
SS3?(^)'=''(3'i:)*'*A!3,1)«SS30l<M) 
SS33(',)=H(3.3)*AA(4^1)*3S3BL(W) 
SS3(i)=^s<1(N)*SS3«!('. )+SS33(N) 
V T ̂  1 (»;) = ( < S 1 < .) * A M 1 (>,) + y (f- ) "A 11 2 ('.) + S S 3 (,' ) * A II 3 (N ) ) 

V'R<!J('T) = <!:.SL((J)*AT3L{'.J*S?.2<K)*AI32;-!+R>!>3(IO*AL3^<^>> 
VT 1 < •. ) =VT n f N) +v T^1 < ̂ ) 
W T 2 {pv ) a T 1 <• < N ) + V' T ? •? ( ̂  ) 



VTJ<N)BVT13<N)+"T23CN) 
9U C-NTPJUF 

AMI 

( K ) ="VI' ( 5 , 1 1 » VU 

17 F 0 R ' i T ( 1 H f 6 C 1 ̂  j , / ) 

or ion 'i»f'<*i5/5c ^ ,, 
s 1 5 (F.) = K 1 / 5) * B11 J " J * {I- F { " » < 1 F ('O ) - X P (̂: M C1 ) « T (< ) ) ) / ;R> (1) 

) = ̂ ( 5:(<;)*T<'•))-••• XP(^S<'^)*T<'")))/•? "I?) 

S I' 5 {FO = ̂  ^ ^ :51 < ^ ^ ̂  ^ ^ ^ ^ ^ ^ ̂ ' 
s M O . ) s : K 5 , 1 ) *n;J l 1 C'' ( i ) *T n ( i ) ••T ( > ) > ) / 5) 

S7̂ f \ 3 MZICO-ttPX p (RR(̂ )*ir. 
S, ? I ('O = V- ('<»?)*£• TJ I 1 F '•> * { E X»'( R «{I )• T ('.'))- F- X 3 >*•••( )')/«' C ̂  ' 
SI (»') = SII R,\)+«:L?(")+!IL3(N) 
S ?(')= S i' 1 f ••>+'=''?<'' 5 • 2 i < N ) 
s;"!fM) = s3i ('•) + si?(V) + srs(N) 
VTtI ('-)=A T 11 ('0*5,1 C- J+A n ?('.') *SaC^)+A 11 SCO *S?(M) 
VTT?OJ)CAI<?1 ( \') * S 1 (•J)+AT̂ '('-')*S?'C'-'>+AÎ 3{> )*S3(^) 

V < T 1 (fi > = • ( V T T 1 ('-) * V T 11 ( N) ) 

V r. T ,'< < H > = + (V T T 5 ('J) •v T1 2 < ) ) 
lut) CO'jTI>jUF 

Dfi ?(. 1 kml FK 
Zl <>.) = < VP ('-I -VT1 (<))/(Xl-^U) 
ZL'(F. > = <"T1 (FO-\'T200)/<VA-XL) 
Z .<(>) = ( V T H n'T 3 <',))/(< 3 - X 2 ) 
Z 6 (K ) =VTJ (;0 /<X4-X3) 

2C1 CF'^TPJUF 
GO ?!:? ".RK + I ,SL) 
Z1 (K)a(V U-VlT1 (^))/(X1"XU) 
ZI (X ) » (V-ST1 ( N) - VSF I ( K ) ) / < V2-X1 ) 
Z 5 <' J = (VST(? (!j) - VST3 ('•) ) / <y3-X?) 
?<.('• )=V?T3{N)/<*4-Xi) 

2ug C'MTI'JUF 
it£(6/6?) 

AZ FC K"/; T (////////) 
WUITfc f 6,30) 

3(1 f''<̂ -AT<lH 
.<'JTK(6,64) 

A4 MR'tfT(/////) _ . 
55 »NTTI:(6,RTN)<N/TCFJ)/YTL<'J)/VT<I(N),VT^('-)/K-'1/K) 
Hi! F C 9' A T (I 3 , X , /. F 71 , 3 , / ) 

wSlTf C^j/Vi) U,T(S) ,"sT1 <fJ>/VST2(K) / Vj ,-i(r,5 = ),50) 
05 F C N A T ( I y ,SX/ 4fe2U.3,/) 

.SITI; (6/L'0) 
70 F(«"ST(/////) 

ON 66 N=(K + 1),10 
66 w» ITh ) f N, f (N) ,VTT1 (N) ,VTT^ (\'),V1T3(N) ,"af K + 1 5 / SO) 
81 FOR' AT (I ̂  /'•X/ 4£?0,3//) 

I.PlTfc(6,133) 
133 FRO'N-R 1// / / ) 

u 0 t T t (ft , 1 ? 2 ) (•• , V T11 ( T 1 <? < N) / U T1 3 (fJ) / f- = 1 / ̂  0) 
1^2 F')«"AT(I5 ,5X, ?E?U,3//) 

-K I Tt (6,1 ''V> 
19? F'%!'' AT (/////) 

.1 ITF(A,^N3) C,,T(^'),Z1 (';),Z3(^),Z3(N),Z&<»^)/N''1,5N3 
20̂ ! FMG"AT ( N /SX, SE15,3,/) 

STOP 
END 
finish 

£FNI> 



Program Ho. 

fFXE/S91 ti/AMOtl9l/FO = T/CPT:<!201u/ST"2Z"ur,/T,%C/L = 1"U!VPae2// 
L J 5 T (I, P) 
PTO&K*P(U591) 
n PUT- 5 = C»0 
OliTPtT f.sl.PO 
c•'.FARR DAT* 
COrPKESS jNTECigH ANt t.OGKAL 
FACE 2 
EKD 
K/STFEO CAMLFS , 
pT.ir?,SK >. A f3,3) ,n O ) / !!<?) / yo Ĉ ) / « 5 (5) / U!' ) / iJT C, ?> / PiT< 
1:5) / 'lA (i ,<.) ,'iu / >' n ( Am) , VT? Cito / VT 5 (î U) / T (̂ ,1) ,1T ( 5/.5) / " t 'j/?) 'AM 
1 T (3>3 ) / AK<i/_5) ̂  AA (i/i) / sbU'1 (6U) >!̂ Ŝ  <; (6'') , SSI ̂  i) / Sr,1 (',0> ,'<s?01<« 
1 u ) , ( A ' ! ) (At ) / S S . ' j ( 6 ! ) ,5'"-^ ( O l ' l , S S 3 " 1 ( 6 . ) , j t ( 6 j ) , < S ( 6 ' l ) , 
1 SS J'K ( AO) ,SS < ( /U) , VT?1 (4 ') (' U) , V'! (6' ) ,S',1 1 (/,U) / A I 1 1 (ISO) ,A R 1 2 
1 / n" i (cm) , 4 liM ( -'o ) , A J ?«• / A ( '••1) / •' I i1 to-' ) >A U? ( « J j (,)'•> 
1 ) / VT1 1 (1̂ 1,) ,\»T1 / T1 UI'T) / SI 1 (AO ,NI :? (^U) , '-1 •N {-<0) ,<;AI (T-.M ) ,S22 <!̂  
• t i J ) / ^ t " ! ( ' I . ) / s , 5 1 ( • • ^ 0 5 c - v ) / S S ' . C m ; ) f - , t ) , s ? < - ; U ) , ( 6 ' | ) / V T f 1 ( 

UT? (̂ 0) , vTt ', (.-•)) ,7r-T1 (0'"') tr; (̂ r-) ,vsTi (6'') -1 W 'u ) / ^ (o'O / Hi<1 ,•* 
1 ,HH?L (F'") / HT (SR) (AO) F C" ) ,HIT3T (AD) (63 
1 ) / <60) /Z1 (/:F,),ZA(6N),;^(AJ),7 4(AF'),^U(A,.I)/V5L1 (6 ) ,V1 
I 1 2 (A'J) ,VSH(6R) 
VRIIUN.N 
V'1A*1L'U,U 
K= 3 
X0A1.62 
XL=?.1Z 
X?"?.82 

%T=*.22 
f<1=?,16 + 14 
D1«<,1936-12 
K?A1 ,''Î JÎ  + L «. 
P7»/, , A ^ K -1 2 
«'»1 ,7JF+1A 
0'»S77F-1Z 
s •'«»1, s e +14 
D6»?.,,)SE-1 ? 
VL •!»•»• ?5 ,(J 
V ? I) o + ti, 0 
v30 = + ?'j.0 

?0 TJ''O(<T£:*,-.̂ M(T''£*R4) + (')3>04)) 
W 1 O (F ̂> / 01 ) 

W4»(("2*!;)*(W;*C6)/(I'::«F6))-(((^/*D<)''(RV*O4))/P3)) 
?1 G1»N((^2)**2)*(R'*TM4)).(RD»(ML+|J2))) 

!I» (?,1 )=K1 /41 
U((>,?) = ̂  P/«1 
T'« (?'3)='. I/(;I 

22 UM^,1)S(AF1FLI?)*IJA(?/1)/R.?)*(1/<«1»N2))J 
UF{'</2) = ((('^1*32)PUA(P,^)/H?) + ((NL*G^)/(N;«RP1*N?)); 
U*(<,))=((("1+)2)*„A(2,^))+(1/H2))/NG 

?3 0I Z 1 ) = (•̂ 5 'I,;C < / 1 ) / (R.I + J4) ) 
liM'-/2) = (.13'U.-(?,?)/{ii*oA) ) 
UA(/. ,3)AC(UX*U{3,,5))-(1/T3))/('^3 + PA) 

24 U'-f. / A)»;(Df*l,A<3/4))-((H'< + s4)/{K3»oilM';/(!>1»-"!4) 
A ( 1 , 1 ) = " # ( / , 2 ) \ 

A (1 3) 
A < 1 , 3 ) = I A f / , 4 ) 



=~UA 
A(Y,I)=+JA(S,&) 
A(;,1)=MA(4,Z) 
A £}/<?) = - i> '('•/? ) 
A(;,3)=RA(6,4) 
A," (^,1)«- IA(2,1) 
A * ( 3 , 1 ) = - ! ' / . ( 3 , 1 ) 

A T ( 1 , 1 ) = - ' ( 1 , 1 ) 

AT(1,2)3-6(2,1) 
a T { i , i ) 3 - A ( 1 , 1 ) 

AT(?,1 ):-&(1,?)# 
A?(/,/)=-'(;,;) 
AT(>,T)*-A(*,2) 
AT(7,1)=-A(1,T) 
AT(7,?)=-*(;,<) 
AT(%,3)C-A(T,3) 
DM 1 0 I » 1 , J 

.4 c- I T t ( ( , , 1 1 ) ( A T ( I , J ) , J » 1 , J ) 

11 FR,(! AT (1 M ) 
10 CR:YRI»'U& • 

1FA?L*0 
IVaT 
T*LL FU?A%F(AT,!V,N,K'!/ = I'T!'''IV,UI,RV,IKT,IFALL) 

(,lt ff rT( /////) 
0'. 1 ̂  1^1,5 

LI" ^SJ'I F , 1 ̂ ) T) 4 (I),;»I (I) 
13 M / T {1 M , ?E? ;.B,/ ) 

,^(TR (ft ,61 ) 
A1 F"4' ,.T(////////) 

00 14 1=1,J ' 
Wt/Ti-(6,1 «> J (U" (I / J J/UI { I/'J >/J'l'-S) 

15 RN^'V.TDM 
1 4 c f 'i T J l-l li t 

UP JT, 
6 S K f -i' , T (//////// ) 

M » (• . >jK (1 , - ) / I'M (1 ,3) )-('!" / ''» («!, 5) ) ' 
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