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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 thié,
indicates that with a nmormal 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 maximum power capacity

is given.



CHAPTER ONE

1-1 GENERAT, INTRODUCTION

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 demended a corresponding increase in the stability

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

system can be adopted are:

8 -

C -

The

The economic consideration corresponding to the long distance
transmissions. |

The use of D.C. links or interconnection in the large A.C.
systems is to provide the adequate reliability.

Submarine D.C. links.

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

mission system from the insulation point of view are:

1 -

The

Breakdown stress of the insulation in D.C. tran%mission system
is higher ithan that of the A.C. transmission system.

The absence of the charging current in a D.C. cable which
obviously becomes of great importance for long cable links.
The D.C. transmission system is rather more eccnomic than the
A.C. transmission system.

The size of the partial discharges within the D.C. cable insu-
lation is less than that of the A.C. cable.

The dielectric losses of the D.C. cable is very small compared
to that of the A.C. cable.

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

1
cables are well kncwn. S0, it is useful to investigate the thermo-

plastics

polyethylene and polypropylene as high~voliage 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.

In the CIGRE Report 1958, 2

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 cqncluded‘that the use of poiyethylene as
insulant for submarine high voltage D.C., cables (200 kV) is possible.

Hawley, Body and Mason in 196620 introduced a new manufacturing
technigque to avoid the partial discharge problem between the conductor
and polyethylene insulant 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-volitage D.C. cable insulant.

Oudin and Fallou21

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 resulis of these tests show that the temperature has a
very important effect on the life of the polyetﬁylene cables. Oudin and
Fallou21 concluded that the use of extruded polyethylene in submarine

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

to lower compression.



The use of Ethylene-Propylene-~Rubber (EPR) in high temperature
cables is more convenient, due to its high working temperature. EIR is

used in A.C. cables up to 60 kV.32

The results obtained by Davini,
Consotini and Portinar132 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.32 It is well known that saturated rubbers exhibit a
very high resistant to deterioration and to cracking induced by ozone.33
The disadvantages of EPR 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 -~ Iand 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 curges due to:

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

converter, and d - lightning impulse surges.

1-2 SCOPE OF THE PRESENT RESEARCH

The pﬁrpose of this work is to study certain types of thermoplastic
materials, as polyethylene, polypropylene, and eross-linked polyethylene,
and also the elastomer, EPR, as -high-voltage extruded D.C. cable
insulants. Also to study the design of such czkles. The procedure of

the research is:



1 - To investigate the conduction mechanism of the current 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-étate 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 traﬂsient voltages by computer technique.

4 - To sfudy thé effect of the environment on high-voltage D.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 eachvtype of the tested materials.

6 - Improvement of the insulation: The problem of the difficulty
to get steady-state currentAin the thermoplastic material is due to the
existence of the *rape hetween the crystalline amorphous boundaries, at
which the space charge carriers are held. A very long time is needed to
reach the steady-sta%e i.e., the state at wﬁich the trapping rate is
equal to the detrapping rate., The decrease of the reéistivity 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 injectedl carriers and the emitted carriers. At the same time



the decrease of the resistivity of the dielectric cause a decrease in
the intrinsic electric field. As 2 result of this, the size of the
corona discharges within the micrc voids decreases.

7 - To discuss the conduction mechanism of the improved dielectric
materials. A generai 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 polyethylene, EPR and polypropylene, over a certain
range of applied fields (4 kV/mm - 40 kV/mm) and at temperatures between
ambient and 80 oC, 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 xV/m 1o
20 kV/hm) 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.



CHAPTER TWO

REVIEW OF MODELS FOR CONDUCTION IN DIELECTRICS

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
"rolume 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 resistancé iz the ratio of the diieéf voltage
applied to the current paessing across the surface of the Specimen.

When the direct voltage is applied to a capacitor with so0lid dielectric,
the current flowing varies in a complex manner with time, It falls
from an instantanecus high value at a decaying rate to é constant lower
value,

This current is composed of three parts, the normal charging
current, the reversible absorption current and the leakage or conduction
current. Resistivity can only be defined when steady-state current has
been egtablished.

In order to understand the behaviour of dielectrics under direct
voltage conditions (nigh voltage), it is necessary to review previous

mechanisms which have been proposed to explain the conduction phenomena.

p-p TRANSIENT CONDUCTION IN DIELECTRICS AT HIGH FIELDS > 10 xv/m ]

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

the current response rises and then falls to an 2quilibrium (steady-state

condition).



The transient current follows the following empirical formula.1
-t )
Ic(t) = CVt - = = (2-1)

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

The fact that certain materials are considered as insulants is
due to:22

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.1o The posiulated
model depends on the fact that the thermoplastic polyethylene consists
of two different conductivity régions (grystalline and.amorphoﬁs).r The
potential barriers obtained at the boundaries between the high éon»
ductivity crystalline regions and the low conductivity amorphous regions

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

~ . High density
N~ crystalline

Low density ‘Low

amorphous conductivity
High conductivit&

(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).

In analysis of the transient conduction current at high fields,2

it was observed thati tﬁe emission (detrapping) rate of electrons from

traps, is small compared t0 the trapping rate.



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
exponentially dependent on the field2 and tempera’cure.22

The other mechanisms accounting for the time~dependent conduc-
tivity in insulating materials are:1

1 - The rotation of dipolar groups.

2 - The surface charge build up at the interface between regions
having different corductivities (interfacial polarization), which is
either on microscopic scale (molecule) or on submicroscopic scale
(atoms).

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

2-3 STEADY STATE CONDUCTION - TEMPERATURE DEPENDENCE

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/gqp) : - =~ ~ (2-2)

where "K" is Boltzmaon's constant, and "W" is the activation energy.
b



Garton and Parkman7

found 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, which

is slow enough at 70 °c. at 110 %c a very fast transition occurs fore-

ing the straight line of the Arrhenius to be concaved.

o-4 STEADY STATE CONDUCTION, "CURRENT-STRESS CHARACTERISTICS"

2~-4~1 DPoole-Frenkel 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
Tog J = constant + 2 E - - (2=3)

where J = is the current density,
/3 - stress coefficient,

E -~ is ﬁhe stress.

Poole~Frenkel 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 , e
e, V(X) =z = €, LB ~ -)-(-—-:-’E‘- - - (2...4)
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The condition of the maximum potential is
1/. :
5 2 - - (D=
(€ ) | (2-5)
.". the work-function is reduced by

2 - - - (2-6)

LHP=

The electrical conductivity is defined by Poole-Frenkel 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 ( -<4P/2K,T)

b~-In the presénce of the electric field, the electrical conduc-

tivity is proporfional to,

—(@-®)
2K T

or ’ [ M
G~ = 6;,e, ZKbT

riee )1/2/KOT]
Ce G5 e “ - == (2-7)

2-4-2 Schotiky Emission (1914)

Basically it is a2 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)

and the equation of the emission current is8

[
L Fe]

then J - - = (2-8)

where 'O is the lowering of the barrier and 'A' is constant.
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Equation (2f6) shows that a linear relationship could be obtained

1/
by drawing log of current density against the (£ield) 2.

-<--Xo NSRS

RE

B
I NUT
A

| / L
1

~

Energy level of the trap
(Pigure 2-2) TPotential-energy diagram illustrates the Poole-Frenkel effect.
'¢' is the work function in the absence of the Tield. 'Ag is the reduc-

tion in the work function due to the applied field.

T‘——-—-—-‘ XO s oo

1
I L
/ ~N

(Figure 2-3) 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-Frenkgl conductivity differs by factor of two and
this is due to the fact that equation (2-5) depends on the position of
Fermi—leve18 which is considered to be midway between the trapping level

and the bottom of the conduction band.

2-4-% 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 adhers
closely to the metal surface due to image force. When the field is
applied the electron carriers are pulled towards the ancde, and a sig-
nificant transient current as weli as a steady-state curreﬁf 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 densiiy and
the field. This can be expressed with the following relationship.

soc 5y - )

D.4-4 Parkman and Garton Theory of Conduction in Polyethylene7

Study of the conductivity of purified dry polyethylene in vacuum
was carried out by Parkman and Gartoﬁ. They found that it ie necessary
to reconsider Poole-Frenkel 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 expecred theoretically. Also
they found that Poole-Frenkel theory failed t¢ cover a wide range of

stresses.
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The relationship of the conduction current with respect to the
applied field obtained from their calculation is (Ic& ES/é), which is
a combination of Poole~Frenkel and the space charge limited model. 1In
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.

p-5 HIGH PIELD IONIC CONDUCTION

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. A1l

1 and 8 show that there is a

these results which have been mentioned in
great identity between the dissociation theory from the point of view of

stress dependent with the Schottky or Poole-Frenkel processes.
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CHAPTER THREE

EXPERINMENTAL DETAILS

3-1 POLYETHYLENE

The polyethylene produced by polymerisation of ethylene as shown in

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

3-1-1 ILow Density Polyethylene

Low density polyethylene is produced under high pressure process
giving a polymer of basically single chain type and having short branches
of few carbon atoms. The numbe:—average molecular weighfs raﬁge is from
20,000 to 50,000.

Low density polyethylene is generally (50 - 60%) crystalline, the
chains 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 thémselves
are much longer than 10 nm.

The crystal melting point is usually (110 - 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 -~ G0 oC.
According to these circumstances, polyethylene cables are often designed
to run at (€ 70 °C), Polyethylene, above 100 ¢, becomes soluble in many
organic solvents. It is very semsitive 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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3.1-2 High 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 oC). 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.

and so on until the chain terminates

(Figure 3-1)
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3-2 TE3T CELL

The test cell is constructed from steel. 'The high-voltage electrode
is introduced into the test cell through a P.T.F.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 50 um
thickness gap of insulator. The high voltage electrode is movable
through an (0) ring and is pressed on the sample with a mechanical
pressure of (80.87 gm/bmz) is obtainable by using a weight of 1051 gm
with 537 gm weight of the electrode.

The specimens used are of polyethylene of 125 mnm 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 smali '
insulation, 50Mm, 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 uséd;

The tests are performed in the air, An electiric heater ié used
surrounding the test cell. The temperature is controlled by using a
thermal controlling device with accuracy of more like Y 2%, The temp-
erature is measured by a thermo-couple positioned in the guard ring |

inside the can of the test cell.

3-3 CURRENT MEASUREMENTS

Measurement of current is conducted by using a low range ammeter

-13 6

which is used over a current range 1.2 x 107 “A to 1.2 x 107 A, in twenty

three ranges.

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

-8 12

A, %o 2%, at ranges up to 1.2 x 10" '“A. The error percentage

t0 4 x 10

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

~12

at ranges up to 4 x 10"8A, to 1%, at ranges up to 4 x 10~ “A.
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%4 STABILITY AND CALIBRATION OF THE AMMETER

It is very importan%-to use a very highly stable ammeter, which
needs very high stable generators, because any fluctuations cause rela-
tively large capacitence 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 T 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 stebility against * 10% wains change is 5 p.p.m., the output
ripple is 2 parts 1515 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 RECORDING EQUIFPMENT

The potentiometric recorder has a sensitivity of 0-5 mV; 0-10 nﬂﬂ
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 1072 Torr) is inserted between two plane

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

diagranm.
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HOV. D.C;
= | SUPPLY.
L .1
3
= @ J—— (Figure 3-2)

— / —_:;

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

voltage D.C. supply.
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CHAPTER FOUR

ESULTS

4-1 RESULTS FOR POLYETHYLENE

4-1-1 Conduction Current

The measurements of the current show that, the period passing fram
the instant of voltage application until the current stop decaying takes
a long time as shown in (Figures 1-5). At temperatures less than 50 g
the period needed to reach steady-state is very long ( > 10 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
inereases 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 pericd 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 °¢ - 80 °C and at low stresses in the range of (6-16 kV/m). A%
higher stresses a deviation occurs at 80 °C for the samples of Kaker 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 Ic(t) = At R 7, vhere A is a constant depending on the temperature
and the stress and n is in the range of (0.27 = 0.7) for stresses
between 10 kV/mm to 40 kV/mm.

At a temperature of 40 °¢ the current decays over a long time which
decreases in length as the test temperature is increased from 40 °¢ to
8o °c.

The measurements of conduction current for the freéh specimen show
that the amplitude of the charging currenf is much highef thaﬁ 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 % in a specimen previously stressed with more than 10 XV/mm changes
its direction after some time i.e., the decaying current passes the
zero 1limit 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 (%:V/m) I (a) I (1) I ()
[previous stress] at 60 °C at 70 °C at 80 °C
10 ~1.45x%1 012 -o.ssmo'1 2 +0.8x10™ 12
16 ~0.2067x10™ 12 +0.82x10712 +2.82x10712
24 ~0.25x107 12 - +4. 65510712
-12 -12 -12
32 ~0.36x10 +0.96x10 +6,6x10

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 fof a specimen previously
stressed by 32 kV/mm at temperature of 80 °C and a period of 68 hours,
that the discharging current was (6.3x10_12 A) and then as the temper—
ature decreased to 55 °C the discharging current decreased rapidly to
(6x10-14 A) and when the‘temperature increased again the current
returned to its value of (6x10"12 A) after a few minutes.

The following diagram shows tﬁe transient corrent in 'curve I' at
first applied field (usually obtained with fresh sampies), 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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’ ‘ field ' '
(Figure 4-1) E=0

4-1=3 TRegistivity 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 polyethryiene at low temperatures is higher than that at high
temperatures. As the ccnduction current continues decaying even after
short circuit, the resistivity after short circuit (Pigure 11a) differs,

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

The mechanical pressure vibration has no effect on the resistivity
in this work, since the mechanical pressure used is more than 50 gm/bm?.
Faraj11 found that the effect of mechanical pressure vibration on the
resistivity was very small at higher values of applied mechanical
pressure between 50 gm/cm2 to 250 gm/bmz. Since at these pressu5e3~
there is no vibrabior due to polyethylene deformation, while the effect

was large at low mechanical pressure (0-20 gm/bm?).

Lawson1, at nign field conduction, found that there is no effect
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11
for the thickness on oil-impregnated paper. Faraj , at low fields,

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

ethylene.
4-1-4 Effect of Temperature and Stress on Resistivity

Figures {8-11) give the variation of resistivity with applied
field for different values of temperature. Figure (10a) gives the
variation of resistivity with the reciprocal of the absolute temperature
and Figure (10) shows the variation with the temperature in (°c).

Many references give formulae fér the variation of resistivity
with stress and temperature. In the CIGRE 195812, 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 same form, i.e.

*‘"9

f ke ___._(4_1)

"By

where o¢ -~ is the velue of temperature coefficient appears to be
practically independent of the applied voltage, ©¢ = constant.

The exponent ) which characterises the varistion of the resistance
versus voltage.

@ ~ is the temperature in (OC).

13 mentioned that the D.C, steady dielectric resistivity for

Davey
impregnated paper and polyethylene varies with temperature and stress

according to the following expression:
. - Q -

where f is the dielectric resistivity at temperature © (%L and E is
the stress in (kV/cm). ‘Z ~ is the dielectric resistivity at a
reference temperature e.g. O °c and low stress. o4 - temperature

coefficient of resistivity, k - stress coefficient of resistivity.
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Wilkins and Billings14 mentioned on the conductivity of dielectric
of D.C. cable that 07 is not constant, it is temperature and stress

dependent according to the generally accepted empirical relationship.
0" = 6 T Beradv - - = (4~3)

where o¢ and A3 are constants, T - is the temperature in °c.

15 concluded that the resistivity of cable

Nobo Ando and Takesh
insulation is dependent on both temperature and stress and the depend-

ence is expressed by the following experimentzl equation.

f'- f é[-—(uT + A E)J

- - - (4-4)

where T is in °C.

E01116 assumed that the resistivity of impregnated paper behaves

according to the rule.
-% 8 -
f =f € L e === (4-5)

where @ is in °c.
Occhini and Maschio17, mentioned that the conductivity of oil-

impregnated paper varies as,
a -
¢ =4 ol~T*+PE) - - = (4=6)

where T is the absolute temperature.

Chu18 uged the formula for resistivity in oil-impregnated paper

which varies as,

» —otO -BE
f:i’e .eB )

It is found from Figures (1%-15) on Maker B samples that none of

the previous theorizs mentioned in Chapter Two give a linear relation-
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ship between the resistivity and stress, within a wide range of
stresses (16 - 32 kV/mm),

The results obtained in (Figures 8, 11) on other samples of a
different maker (Makers A, and ¢) show that a linear relationship was
observed at resistivity versus the applied stress (First Poole Formula)..

The values of thé resistivity/temperature coefficient (o¢) and
resistivity/stress coefficient () 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 obiained 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 (43). 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 éoes not reach the
steady-state.

The following tables give the values of the resistivity/temperature
coefficient (o¢), the resistivity/stress coefficient (/3), and the

values of the corresponding reference resistivity (‘ﬁ )e

Table (4-2-a) Polyethylene, Vaker B 125mm thickness, after twenty hours

o (1,°0) B (kV/em) 5 (a- cm
(at @ = 40 "C)

0.0700 10 1,6x100 7

0,0700 16 2.0%101°

0.0708 24 1,5x5010

0.0743 32 6.6xi015
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Table (4-2-b) Polyethylene, Maker B 125/wm thickness, after twenty hours

A (em/iv) 0 (%) [ (2= cm)
(at E = 0.0 kV/mm)
0.0184 50 5.22101 1
0.0179 60 3,1x1017
0.0164 70 1.1x1017

Table (4~3~a) Polyethylene, Maker A 305mm thickness, after twenty hours

oe(1,/°0) E (kV/um) £ (£- cp)
(at = 40 C) .

0.0869 9,936 4.5x100 1

0.0836 16.40 1.65%1017

0.0733 22.95 7.0x1016

0.0708 29,50 5.%%101©

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

2 (cn/kv) g (%) 5 (- cm)

- (at E = 0.0 kV/mm)
0.01096 40 1,3x1012
0.00274 50 5.3x1010
0.00314 60 3.5x1010
0.00560 80 1,9x1016

The results on polyethylene Maker C (125mm thickness) show that
the value of resistivity/stress coefficient (2) is 0.003 cm/kV at-

go °c temperature and the value of the reference resistivity is 4.5}:1017

(2 ~ cm).
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4-1-5 Effect of Manufacturing Process

The results obtained on polyethylene of Maker A and that of
Maker B, show that the values of the resistivity/temperature coeffic-
jents (%) 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
Maker A and that of Maker B, the value of the resistivity/stress
coefficient (B ) 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 e 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 ETHYLENE-PROPYLENE-RUBBER (EPR)

4-2-1 Introduction

bl

The results obtained from the measurements of conduction current
in polyethylene show that it is not possible to get the steady-state
éurrent 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 ité D.C. resisti%ity.

The use of EPR as insulant in high temperature cables seems to be
more convenient due to the pos;ibility of a defined resistivity at
high temperature.

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

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

4-2-2--1 EPR Conduction Current Measurements at Aimospheric

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 °¢ for a specimen of thickmess 460 um and 60 % for
a specimen of thickness 200 Mm, 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 (232.5x10”4

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 phenoména is due to the low surface tension of the speci-

men when uncoated, because the effect of the very thin gap (50Mm)

between the cathode and the guard ring.

Current (A) —=

0 70 55 30, 0

Time (Hr.)

(Pigure 4-2)
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4222 EPR Conduction Current Measurements at Vacuum

As shown in (Figures 14~21) when applying 2 certzin field on a
specimen of EPR at a low temperature (4:70 OC) the conduction mechanism
of the current can be divided into four regioms. 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 III the current
inereases again. In region I¥ 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 II, ITI and IV becomes quicker reducing the slope of the curves

in regions ITI and IV causing the current to approach the steady-state.

current ‘
(4)
IT 11T v

5 . . A
10 20 0 time 40

(Hr.)

(Figure 4-3)

4-2~2-3 Short Circuit Current to Farth

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 differcut temperatures, the existence of the ionic conduction

is evident. Thii 1cnic conduction occurs due to the effect of the



temperature and the previously applied electric stress. From the short
circuit current at the aimospheric pressure, the current decreases

from the negative region and passes to the positive region at temper-
atures (> 80 °0) for 460 mm thickness of specimen, and at (> 60 °¢) for
185mm thickness of specimen, and afber previously applied stresses

(> 10 kV/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
jons which has a mobility higher than the mobility of the positive ions.
A comparison between the discharging current at the atmospheric pressure

4 Torr) illustrates the effect of water

and that at vacuum (g 2.5x10°
molecules existing in the air between the cathode and the low voltage

(uncoated) side of the EPR specimen.

10—1 I o 10"'12 .
o Temperature =100 C Temperature = 100 °¢
~ , &~
.g:ﬁ in vacuum 5= in atmospheric pressure
2404-’ aop
28 &8
O o £
BH a 3
a o [ BN3)
0 5 10 15 20 25 0 5 10 15 20 25
(1) time (min. ) (B) time (min.)

Both A and B are previously stressed with 25 kV/mm
(Pigure 4-4)
4m2=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 currenf mechanism at first applied field, This

difference in the amplitude is much less than that of the polyethylene,
which means that the EPR has less ability to store the electric charges

than polyethylene. The above phenomena is shown in the following

figure.
1072
=
FL
g 4
:
10
B = E E=0 E = E, Time (Hr.)
I - At first applied field

IT - 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 OC) and at different stresses (10 kV/mm -
25 kV/mm). The results show that at temperatures between 25 °¢ and
40 °c it is difficult to get a steady-state current within a time range
of T0 hours, since at 25 °C and after 70 hours Lin vacuum £ 2.5x10'4

Torr] the conduction current goes to opposite pclarity region which

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



s . . o~ O P
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

% porr T. 1In air it is possible to get steady-

[ in vacuun £ 2.5x10°
state current within twenty hours at temperature of 80 °¢ for 460 a1
specimen, and at temperature of 60 °¢ for 185/4_m specimen.

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

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

4-2-% Resistivity Variation of EFR

4-2-3-1 Resistivity/Stress Characteristics

From the results shown in (Figures 23 and 24) it is obvious that
the stress-resistivity coefficient (f3) 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 EFR in'sulator.
lnf:l:-rﬁE - = = (4-8)
where k is constant depending on the temperature.

Table (4-5-a) EPR, 460 mn thickness, resistivity after itwenty hours

o (1/°¢) E (iV/mm) £ (n- ca)
(2t @ = 40 °¢C
0.14 10 7.2x1018
0.14 15 7.1x1018
0.14 20 6.9x1018
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Table (4-5-b) EPR, 460mm thickness, resistivity after twenty hours

3 (em/k¥) 0 (°c) (- cm)
(at E = 0.0 kV/mm)

0.01 60 8.5x10" 1

0.0095 70 1.5x1017

0.00036 80 5.8x101°

(Table 4-5-b) shows that the resistivitiy/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 °¢ 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 /2 is due to the fact that there iz a time lag in

reaching the steady-state at different temperatures.

4-2-%-2 Resistivity/Temperature Variation

From the results shown in Figure (25) the slope of resistivity/
temperature curve is very high and the resistiviiy 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 f = x, +ot8 - - - (4-9)

where k, is constant depending on the applied field.

1
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4-2-4 Effect of Thickness on Resistivity - EPR

The 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 high fields the effect is large as shown in

(Table 4-6).

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

Applied field | Resistivity (§,0) | Resistivity ( f,,) | Ratio of
(S - cm) (ow-cm)
(kV/mm) Specimen 185 s+m Specimen 460/44,m f460/ f185
18 1.5 x10'4 1.42x1010 110
20 1.28 x10'4 2.87x10° 224
25 1.136x10 14 3,36x10"© 296
30 9.37 x10'°2 3.57x10'° 380
Table (4-7) The applied field is 20 kV/mm
Temperature Resistivity ( 520) Resistivity ( j%o) Ratio of
o St cem) (s~ cm)
(7c) Specimen 185 A<m Specimen 460 A.m f460/f185
70 1,75x10"° 1.15x1017 65.7
80 9.3 x10'4 2.82x10' . 30.3
90 9.6 x10' 4 1.4 x10'° 14.6

The large ratio of 5’

460

to the fact that steady-state has not been reached.

/ ﬂ 85 obtained in the above tables is due
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(Figure 24, Plet of resistivity sgainst applied field
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4-3 RESULTS FOR POLYPROPYLENE

The polypropylene is a result of polymerizing the propylene

r CH, = CH - CH Table (2-1) shows the mechanical properties of the

5
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 cf
temperatures used in the test (40 °C - 80 °C), i% is possible to con~
clude that the conduction current in polypropylere is more steady than
the conduction curreant in the polyethylene.

The mechanism of the conduction current, at first applied field,
at short circuit periocd, 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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1072
Current
(4)
IO
/-" Y
0 10 20 L7 30 40 50
First applied field Reapply the field
E = E1 B = ’E1 7
at short ~
circuit
E=0
At temperatures (£ 60 °C) I, = O. (Figure 4-6)

4-3-2 Resistivity/Stress Variation

At a certain temperature, it was found that the resistivity/étress
variation follows tae first Poole formula. The 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 (f) are shown in Table (4-8-b).

4-%-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 'e¢' decreases.
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Table (4-8-a) Polypropylene resistivity after twenty hours, specimen

thiclmess 160Mm

o< (1/°0) E (kV/un) h (o)
(at g = 40 °C)
0.12 6,25 3.2 x101
0.11 16.75 2.17x10 7
0,073 31,25 4.2 x1017

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

thickness 16Q/Mm

3 (cm/xV) g (°c) fo (- cm)
(at B = 0.0 kV/mm)
17
0.00767 40 5.3x10
0.00720 50 2,%3x1017
0.00630 60 1.0x1016
0.00220 80 4.5%101?

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 ghown in Table (4-9) give the values of the polypropylene

resistivity (after twenty hours) for different thicknesses.

Table (4-9)
Thickness Qam) Resistivity (£l- cm)
160 1.87x101°
185 9.1 x101°
255 ‘ 1.21x1010
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CHAPTER FIVE

RESULTS FOR CROSS-LINKED POLYETHYLENE AND POLYETHYLERE WITH ADDITIVES

5-1 INTRODUCTION

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 iskthat, 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 equiiibrium, i.e. between the tfapped
carriers and the emitted carriers.

The study on the tree-initiation associated with space charge form—
ation in polyethylene by Ieda and Nawata4o 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 sirengths of the
plastic materials operating under direct fields. Tue complete dissipa-

tion time of the btrapped carriers obtained4o on the polarity-reversal

test above room temperature is quite long.4o

Opinionsron the effects of certain types of additiveé in poly-
ethylene are as follows: first to reduce the electrical resistivity of
the polyethylene, secondly, tc obtain a steady-state current, while the
third is that, the existence of the additive (which has higher conduc—
tivity) in the matrix of the polyethylene has great effect to sweep-out
the space charge accumulation held by the potenitial barriers.

The resistivity of the cross—linked-polye*thylene and the resistivity

of the polyethylene with different types of addisives has been investi-

gated in this work.
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5.2 CROSS-LINKED-POLYETHYLENE

5-2~1 Introduction

Cross-linking of the linear thermoplastics as polyethylene can be
done. either by X-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 OC).35

27

Singh and Bruhin®' studied cross-linked polyethylene, their suggestion

is that the mineral-filled cross-linked polyethylene is useful for
high voltage D.C. cables. The results obtained by Singh and Bruhin27
are mainly dependant on the values of conductivity after a‘few minutes
(10 minutes), while such materials as cross-linked polyethylene under
D.C. field needs longer time for the conduction current to reach the
steady-state. The decrease of the thermal resistivity of the cross-
linked polyethylene, was achieved by using the mineral fillers.27
Investigation of the cross-linked polyethylene’s resistivity at different
temperatureé, and at different stresses has bean done experimentally iﬁ
this work. The cross-linked polyethylene used in the present experi-

mental work was formed by, a chemical cross-linicing of the polyethylene

with a few Dicumyl-Peroxide

5-.2-2 Experimental Results

© Bw2=2-1 Conduction Current in XLPE

The results obtained in this work show that, it is possible to get
steady-state current at temperature 40 °C and a% atmospheric pressure,
specially at fields less than 10 kV/mm. The probability for obtaining
steady-state current within.10 hours is decreasead a3 the applied field

jncreased. At field (B = 12.5 kV/mm) and at temperature (60 °¢) steady-
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state current was obtained after twenty hours, while at fields (6.25
XV/mm, 4.167 kKV/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 injectéd and

the emitted carriers.

5m2=2-2 ‘Resistivity/Temperature Variation

The results obtained in (Pigure 7) show that the resistivity is
decreased as the temperature is increased in the same manner as poly-—
ethylene, EPR and polypropylene which follows the well known empirical

formula.
1ogf=k+<><-8 A - = = (5-1)

where k is constavv devcnds on the applied field.
The following table shows the values of the resistivity/temperature

coefficients (C%) at different applied stresses.

Table (5-1-a) (XLPE) 240mm thickness

o< (1/°¢) E (k/m) b (- cm)
(at @ = 40°C)

0.180 4,167 1,95x1016

0.180 6,25 1.5 x1016

0.178% 12,5 1.3 x10'©

0.162 20.8%4 8.1 x1012
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5-2-2~3 Resistivity/Stress Variation

The results obitained (Pigure 6)‘show that the resistivity is
decreased as the applied field is increased. The variation of (10gf)
with (E) is quite linear for a wide range of fields (4.1 kV/mm - 33%.3
xV/m). The resistivity/stress characteristics are following the first

Poole formula as,
log’f =% + 8 E - = = (5-2)

where k1 is a constant depends on the temperature of the specimen.
The following table shows thatvg'is decreased due to the increase

of the temperature,

Teble (5-1-b) (XLPE) 240 mm thickness

3 (cu/xv) 8 (°c) I (-
(at E = 0,0 kV/mm)
0.004380 40 2.4 x10'°
0.C0%15 50 7.5 x10'°
0.00275 60 2,85x1015
0.00178 80 4.6 x10'4

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 zefo
(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 gircuit current depends on the gquantity of the
space charge carriers zad the previous period of the applied electric

field. At high tengorature, more than 60 oC, the positive current
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obtained indicates the presence of positive ions in the specimen.

Time (min)

1517 Previously stressed at E > 20 kV/mm
I 12 E=0
(4) 15
-13
10 T ) o}
At temperature > 60 C .
: 1Q min 20 min 20 min A0 min
=13 o]
107 ¢ At temperature <60 “C
-12
~10
-11 -
-10 | B=0
Previously stressed at E <20 kV/mm

(Short Circuit Current with Farth)

(Figure 5-1)

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

The results obitained 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 o0ld specimen (previously tested) with higher amplitude of the

transient current.

157,
=
42
o
[
>
=3
(W]

0 10 20" 30 40 50

Short circuit Time (Hr.)
current
E = E E=0 E =E Figure 5-2)
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5-2~2~6 Effect of Acetophenone

During the processing of the cfoss~linked polyethylene a small
quantity of volatile acetophenone was produced as a by-product, which
increases the con&uctivity at the first applied field. The acetophenone
is easily evaporated during the application of the eleciric field, even

at low temperature.

5-3 POLYETHYLENE 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. Thé'electronic
conduction in semiconduciors 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 cerriers jump from one localized state (one) to another
localized state (two) at a distance (x), over an energy barrier (&OW).
The jump probabilility Pj is then given 3542
[- [ov + /500 + w2) 7 /o ]

P, = VaP(X)oe

p -~ - (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 existencs of the impurities in the polymer matrix increases the
hopping probability, as it increases the number of the localized sites.

The study of uiie conduction mechanism of the carbon filled polymers

h\

done by Forster = chows that, the carbon filled polymers do not conduct
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by any single classical conduction mechanism. A reasonable postulation,
is that the band conduction as well as conduction by hopping and

41, 42

possible ion diffusiocn occurs. The concentration 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 Hugues41 shows that the small concentration of
the residual ionic species is responsible for the electrical transport.

ol is that, the ionic migration is

The assumed ionic mechanism by Hugues
usually envisaged as an activated diffusion process, in which an ion
jumps from one positicn to another each time overcoming an energy barrie;.
In the previous model, the electrical conductivity is envisaged to be

thermally activated.41

5-4 SPECIMEN MANUFACTURE

The general procesging method of polyethylene specimen including
certain types of additives has the following procedures:
1 - Polyethylene pallets about 3,5 mm in diameter can be introduced into
a mill at temperature 150 °C.
2 - After fusion of the polyethylene to a homogenecus mass, the additive
particles should te added slowly and blended intc the polymer.
3 - A total milling time of about (30 ~ 40) mimites 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 shest inickness of (0.3 - 1)‘mm is expected.
5 = The temperature of the fusion and that of the pressing must be

adopted to obtain 2 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-

Irs
41542545 The general well-known idea is that,

black in the polymer.
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.41 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 comsidered
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 Hugues41 on 3% carbon in polyethylene
at low fields, less than 1 kV/mm, show that, the existence of 3% carbon
dispersed in polyethylene give no noticeable decrease of the poly-
ethylene resistivity. ' The results obtained by Forster2 at low percent-
ages show that the low percent carbon-black increases the resistivity
of the polyethylene at low fields.

The idea of using (3% 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 (3% and
5%) have been investigated at different temperatures and at différent
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 %% and 5% carbon-~black in polyethylene
has been done by two stages. The first stage was doné by Cabot Carbon
Ttd. with a master-batch consisting of 30% of carbon-black in the poly-
ethylene. The second stage was done at Pirelli General Cable Worlks
Ltd., in which the percentage of carbon-black was reduced to 3% and 5%
by a two-roll mill machine. Iater on the batch was compressed under
high temperature [ ¥ 175 OC:land high pressure [ < 800 psi | in the form

of sheets.

5-5-3 Results

5-5-3=1 Conduction Current

The resulte obtained (Pigures 8 — 11) show that the current was
settled down to steady-state at a period of time within (20 hours) at
3% cerbon 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 cut most of the space
charge carriers.

At a certaiﬁ 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 obiained (Figures 16 -~ 17) show that the resistivity
of the polyethylene + carbon-black at low fields and at a certain
temperature is higher than that of the unfilled puiyethylene, At high

fields (with a certain temperature) the resistivity of the polyethylene



+ carbon black is lower than that of the unfilled polycthylene. The
reasons of the above resulis are as follows: First the resistivity of
the unfilled polyethylene is not a real resistivity since the conduc-
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 *ransient
current is reduced, while with the unfilled pclyethylene the space
charge carriers trapped cause a high amplitude oflthe 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 parte.

At a certain temperature, the resistivity-stiess variation is
applicable to the first Poole formula as in eqﬁation (5-2). At a certain
field, the resistivity varies with the temperature by the empirical
formula of equation (5-1). |

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
() 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 - 11) 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 saplitvde of the transient current.
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0 10 20— 30 40 50
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Pirst applied field short circuit  After short circuit

E = E1 E=0 E = Eq
Conduction Current Before and After Short Circuit (Figure 5-3)

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

Specimen Jo (SL = cm)
Composite thicimess | o¢{1/°0) E (xV/mn) (at @ = 40 °C)
{ mm)
. 17
unfilled PE 305 0.0869 10.0 4,3x10
PE + 3% C.B. 372 0.0886 10,75 1,25¢10" 1
PE + 5% C.B. 286 0.0940 10.5 1.75}:1017
Table (5-2-b) Resistivity after twenty hours
Specimen o 5o (St~ cm)
Composite thickness Blemiv) | 4 (°c) (at E = 0.0 kV/mm)
(mm)
unfilled PE 305 0.00274 50 5.3 x10'°
PE + 3% C.B. 372 0.003436 50 8.2 x1010
PE + 5% C.B. 286 0.,0064 50 1.35x100 1
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5-6 COMPOSITE OF POLYETHYLENE AND MINERAL FILLERS

5-6=-1 Introduction

The effect of the inorganic-filler particles in the polyethylene

45,35

matrix have been investigated. The resulits on the conductivity

obtained show that there is no noiiceable increase of the conductivity
at percentages less than a critical value. The results obtained46_
show that the critical percentage depends on the size of the dispersion
particle through the polyethylene matrix. The coronz initiation and
breakdown characteristics of mica-filled polyethylene plaques show that
the composite molding has greatly improved breakdbwn characteristics.46
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 ditferent temper-
atures and stresses of the composite (polyethylene + 3% 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

5-6-2=~1 Conduction Current

The results obtained with 3% talc in polveshylene (Figures 12 - 13)
~ show that the conduction current settled down to steady-state at a
period of time within itwenty hours at different temperatures and at

different stresses.



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 pelyethylene
increase the probatility 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 Reszistivity/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 - 17).
The results shown in Table (5-3-a) give evidence that the existence of
the talec particles ir the polyethylene matri; has a noticeable effect
on the values of the resistivity/temperature ccefficient (©<) but very
small effect on resistivity/stress coefficient (8), TFrom the above

results one can sey tuat the existence of the talc particles in the

polyethylene matiis hasno noticeable effect on the energy of activation.
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The results obtdined (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

Specimen )’0 ( LLe om)

Composite thickmess | ©<&(1/°C) E (kV/mm) (at © = 40 C)

(mm) '
wnfilled PE 305 0.0869 10.0 4.%3x100 7
PE + 3% tale 478 0.0840 10.3 6.9x101°
PE + 5% talc 444 0.0880 10,2 5.0%10"°

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

Specimen o f; (<1~ cm)
Composite thickness | B (ex/kV) | 6 (°¢) (at E = 0.0 kV/mm)
{( pem) :
mfilled PE 305 0.00274 50 5.%x10' ©
PR + 3% talc 438 0.00260 50 3,6%101°
PE + 5% talc 444 0.00286 50 3,0x1010

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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5-6-3 Results of Polyethylene plus Mica Composite

5-6-3~1 Conduction Current

The results obiained (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.

B=6=3-2 Steady-State Resistivity

The resulis 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-
jent (0¢), the resistivity/stress coefficient (/2), and the values of
the corresponding reference resistivity (ﬁ) are shown in the following

tables.

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

Specimen L (- gmg
Composite thicimess | o¢(1/°¢) | B (kv/mm) (at g = 40 °C
(um)
unfilled PE 305 0.0869 10.0 4.3x100 7
PE + 5% mica 500 0.0708 10.0 1.2%10'8
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Table (5-4~b) Resistivity after twenty hours

Specimen . o ﬁ (£~ cm)
Composi te thickness | B (em/kv) | @ (°c) (at E = 0.0 kV/mm)
()
unfilled PE 305 0.00274 50 5.5x10"©
PE + 5% mica 500 0.0088 50 1.2x10'2

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 weight.41 At high perééntages
(>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 lightning arresters have an ignition voltage Vér
and as the working voltage of the D.C. cable is Va.c’ the D.C. cable
could experience a:.voltage summation from -Vd.c to —Vér, or a reversal
frag °v&.c to Vér.

The transients caused by the mal-function and the switching surges
can be limited by thg lightning arresters in the system as the arrester
voltage level Vér is sufficiently 1ow.47 As the necessary criteria for
selecting the insulation levels in the D.C. cable depends on the sub-
jected transient stresses based on Vd.c and Vér’ 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:

X = ‘P~1o [

0

where tp is the period of the surge.

pcp(t) . F(t) dt - - - (71-26)

As the surge switched off in a period of tp, the equation of the

falling potentials is:
x = PO .p . x, ‘ - - = (7-27)

where X represents the node potentials of the disappeared surge.

0
The 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 7-10) are for polyethylene
submarine cable which has the following dimensions:

r 1.42 (em) is the conductor radius

R 4.22 (cm) is the sheath radius
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CHAPTER EIGHT

DESIGN OF EXTRUDED HIGH  VOLTAGE D.C. CABLES

8-~1 INTRODUCTION

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
maximum conductor stress more than 10 kV/mm is not possible, due to
the effect of the high intrinsié'éléctric 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 found

impulse lightning surges. For oil~impregnated paper Lawson
that the effect of polarity reversal is to increase the probability of
breakdown due to the formation and growth of vapsour 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 Fallon? ' (1965) on many cable
samples using polyethylene as insulant show that the average design
D.C. stress for samples of proposed submarine cables using polyethylene
is about 3;5 k¥V/mm. TFor 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 comprecsive force.

As the dielectric strength and the impulse wiihstand level of the

EPR are relatively lcw,32 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 Recommendations for the
insulation test of the D.C. cables. The recommendation of CIGRE Study
Committee No. 2 (presented in Blectra No. 24, October 1972) was used in
testing the high-voltage D.C. cable of the Cross-Skagerrak Sea between
Denmark and Norway, each cable samples include two flexible joints.37

The following procedure of the insulation test are useful in the
high voltage D.C. cable design.37
1 - Thirty days thermal cycles (8 nours on full load and 16 hours on
no load) with the maximum working conductor temperature plus 5 °¢c. The
procedure of the thirty days thermal cycles are:

a - First ten days thermal cycles are at voltage‘(z Vd.c)’ at

positive polarity.

b - Second ien days thermal cycles at voltage (2 Vd.c)’ at negative

polarity.

¢ - Third ten days thermal cycles at voltage (1.5 Vd.c) with

polérity reversal every four hours (reversal time must not
exceed two minmutes).
2 - Hot impulse test‘at voltage (3 x Vd.c) of positive polarity and af
voltage (3 x Vd.c) of negative polarity.
It was found from the tests done on the Cross-Skagerrak D.C. cable37

that, the parts near the joints in the cable are the meost effected by

the recommended CIGRE test procedure.

8-2 LIMITS OF HIGH VOLTAGE D.C. CABLE INSULATION DESIGN

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

1 -~ The stress at the conductor with no load.

v

ErO = T 1n (R/r) §§ B - - - (8-1)



- 9% -

where Ero is the stress at the conductor with nc load.
Vv  is the working D.C. voltage.
r,k 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, <E | » - - - (e-2)

~

%_ can be found from the following eguation.
- 1n T Qefeot, 2
l.nER+>B,ER_1nEr.+3.Er+(2‘W 1)ln(r)

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

E' = 2E,~E B! - = = (8=3)

T 0 T

IIN

where Er is the steady-state stress at the conductor with a loaded
cable. Since E' only appears temporarily, it has a
hi gher value than E. |
The stress Tactor which represents the ratio between the no load

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

1.

N
L™

B
D = X2
ER
4 - Basic Impulse Insulation Level:

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

V. - Vr
B.4d
k = eeecw— - (8‘"4')
v
and Vg4 = Bgg-T-1m (R/r)
where EB d i3 tﬁe effective breakdown stress

the reversal breakdown voltage

<
H
).J
@
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V - is the working D.C. voliage
and R,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

D.C. cable is:47
Vo = M (W +k. V) - = = (8-5)
where M -~ is the margin factor

V., = is the lightning arrester protection level .
V ~ is the working D.C. voltage

k - 1is 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-% DESIGN PROCEDURE OF NATURATLLY 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 EPR cable is considered (A2 80 %V/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 OC.

3 - The working voltage of the cable is defined by the basic insulation
level of the cable and the lightning arrester protection level.

For EPR high voltage D.C. cable the maximum stress on the conductor
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that can be used is ($110 kV/mm). The conductor temperature that can
be used is in the limits of 50 °¢ 40 60 °C for the naturally cooled
direct buried EFR D.C. 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 (1,13 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.C. 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 meximum thiclmess which can be
extruded (for extruded cables the recommended meximum thickness 1s about
2.6 cm).

6 - The thermal resistance of the insulant: As the thermal resistivity
of the EPR is relatively high (610 2§~cm),32 the thicker insulétion 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 ¢ in cable B is:

¢ Mlﬁﬁg_i;ﬂi_ ) - = - (8-6)

g
(31 i 27; = { a

where 8 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:

q g
8, = 2 1n ( 2n/R) - - = (8-7)

21

The total external thermal resistance is

q W
2 o]
gs[ln(?—h—hln(”’(vi«) - - ~ (8-8)

4
—
R a

re
'\Te _— i

L

27T

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

the spacing between the two cables. The effective thermal resistivity

0
of the backfill and the soil is used as g = 120 [-;g em ] and the depth
(h = 100 cm).
Table (8~1) R =4 cmy h = 100 cm
o] \
a (cm) Gyoil ( C/% )
5 145,55
10 132,33
20 119.16 t
30 111.54
40 106.75
50 102.15 an
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8 — The electrical resistivity of the dielectric: The electrical‘resis~
tivity which varies with the temperature and the stress is the main
factor affecting the stress distribution in the D.C. cable. From the
experimental work on EPR it was obtained that:

a - The temperature coefficient of the EPR o¢= 0,14 (1/°C)

b - The stress coefficient of the EPR 3= 0,01 (cm/kV)

¢ ~ The reference resistivity, 5: = 8.5x1017 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 meximum 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,

¢ - The mechanical and chemical protection jacket. The mechanical
properties of the EPR insulation (Table 4-4) shows that the EPR needs a
mechanical protection and at the same time a chemical protection is
necesséry.

Within the limits of the design, a study of the variation of the
maximum 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-%-1 Specification of EFR Cable

From the graphs of the maximum power variation, a more realistic

single D.C. EPR cable can be designed with the following specification:
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1 - The rated voltage is X 100 kV.

5 _ The maximum transient conductor stress is 10 kV/mm.
3 .. The cross sectional area is 10 cmz.

4 - The conductor radius is 1.784 cm.

5 — The semiconducting layer on the conductor and on the sheath is

0.02 cm.

6 - The outer sheath radius of the dielectric is 3.14 Ccm.

7 - The maximum transient stress on no load, a® the sheath is 5,7 kV/om,
and at the conductor is 9.9 kV/mm.

8 - The dielectric thermal resistance is 53%.816 (%-) using the thermal
resigtivity of EPR 610 (%i cm). |
9 - The soil thermal resistance is 136.57 (%g) using the thermal resis-—
tivity of the soil 120 (f% cm).

10 - The temperature drop in the dielectric is 8,48 °c.

11 -~ The conductor temperature is 50 OC.

12 - The soil ambient temperature is 20 OC.

13 ~ The conductor losses is 0.15757 (w/cm).

14 - The maximum conductor current is 1000A.

15 - The maximum power is 200 IFW.

16 - The stress on the conductor at full 16ad is Er = 6,07 kV/mm.
17 ~ The stress on the sheath at full load is By = 8,7 1V/um.

8-4 DESIGN PROCEDURE OF POLYETHYLENE SUBMARING HIGH VOLTAGE D.C. CABLE

The use of polyethylene as insulant for the submarine cable 1s more
convenient than the oil impregnated paper, since at great depth the
compression force on the cable increase the dielectric strength of the
insulation. The main procedure of the design of the polyethylene cable

under water is:



1 - The maximun stress on the conductor can be defined according to the
1imits of the D.C. cable design mentioned in (Section 8-2).
9 - In submarine cable, the maxirum 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 stréss 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 20 (%g'cm),
The thermal resistivity of the polyethylene used as 330 (%g»cm),55513”8%ﬁ,au}
7 - The electrical resistivity of the polyethylene which varies conisider-~
ably with the applied electric field and the temperature. The values of
the resistivity/%emperature coefficient and the resistivity/stress
coefficient can be uséd as oL = 0,07 (1/°¢), B = 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 penetratioﬁ of the
sea water through the polyethylenc insulant.

b - echanical protection. The design of the armour winding must
be out of the British Standard, due to the effect of walter compression

force and the water tide.

8-4-1 Specification of a Submarine D.C. Cable

The following specification gives an example of the possible poly-

ethylene submarine cable which can be designed:
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The cross sectional area = 10 cm2.
The maximum no load stress on the conductor is 10 %V /mm,
The insulation thickness is 2,35 cm.
The rated D.C. working voltage is X 150 kV.
The maximum power is 455 MW. ﬁ
The maximum conductor current is 1520A.
The maximum stress on the sheath at full-load is T.7 XV //mm.

The stress on the conductor at full-load is 4.87 kV/mm.

8-4-2 Investigation of Polyethylene with Additive as High Voltage

D.C. Cable Insulant

The design study of extruded D.C. cables using polyethylene with
few percent of additive is possible after defining the dielectric strength
and the thermal resistivity of the composite. The effect of the
additives is expected to decrease the thermal resistivity of the poly-

ethylene which prcbably decrease the thermal gradient’in the dielectric.

8-5 DESIGN OF XLPE CABLE AND POLYPROPYLENE CABLE

Design of XLPE cable and polypropylene cable can be done after
defining the dielectric strength and the thermal resistivity of the

dielectric.

8-6 DESIGHN PROCEDURE OF POLYETHYLENE CABLE (INTERNALLY WATER COOLED)

8-6-1 Heat Distribution

The heat distribution through the water channel and the cable

insulation can be represented as shown:
g d&x = gq.dx + o dx - - ~ (8-9)

[ Tc - Ta j = 01 q, - - - (8-10)
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[TZe-01 = 6,4q,
q dX = C W de
e, - cuie
Tc - 6  ag da
and Gz = q, = CW o
. o 40
. Te = Gg_ c !532-'
From equation (8-10)
Te - Ta _ _ s 48 -
G T % T A% = a- OGS
. ae
.. Te = G (g -Ccw s ) + Ta
From equation (8-13) and equation (8-14)
. w 48_ - de
o o G’CJ, ~+9~Gq—CWG1dX+Ta

2 ax . 1

- - = (8~11)

- - - (8-12)

- - = (8~13)

- - - (8-14)



Finally,

where

.
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a 0
cw (91 + G2) 'E%"* e - (6q + Ta) = O - =~ (8-15)

q is the copper losses <W/Em)

q_ is the heat through the insulant and soil (W/em)
q_ is the heat dissipated in the water (W/om)

Tc is the temperature at the conductor (°C)

C is the heat capacity of the coolant. For water

¢ = 4.2 (3/em> . ©°

c)

W o= V.A. (em’/sec.) water flow

GZ (OC/W) is the thermal resistance between the conductor
and the coolant center axis

G, (°c/y) is the thermal resistance of the insulation and
the surrounding soil

Gi = Cgie1ectric T Ysoil

Ta 4is the ambient temperature of the ground.

Suppose that

are constant

+ L= 0 9 ::ei

Aln (3% -2) = K
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Aln (@ ~-3B8) = -ZX+a1ln (@ -B)
X .
In (B -8) = -35+1n (& -3B)
ux/A
(6-3) =c *(&-3)
~X/

6 - B A
——— = e - - = (8-16)
e~ B

ag; - (°c) is the input temperature of the coolant

(°c) is the temperature of the coolant at distance

()
i

(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 chanﬁel diameter used is (5.0 cm) in order to transmit a
high electric power of 9 GW.
The pipe wall thickneés used is 0.2 cm.34
The conductor radiué 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.,
The copper area is 27.5 cm2.
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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8.6.% The Dielectric and the Surrcunding Soil Thermal Resistance

The dieleciric thermal registance is:

g5
Gy = -é—;; 1n (R/r)
Gd = 19,43 ( cm)

The soil thermal resistance is

g m
_ s / 4h- + a
Csoi1 5T [:m( ) +1n { ¥ ):‘
Cooiz = 15 ( Cm)
G = G * G011
. ¢, = 114.60 ( °C/y )
* » 1 = . V{

8-6-4 The Thermal Resistance of the Water (G?)

In order to find the heat dissipated in the water channel, it is

necessary to find the thermal resistance of the coolant:

as
G, = S - - = (8-17)
2 h. A N
where . h is the heat transfer coefficient of the coolant

(W /em2-"¢)

A is the cross-sectional area of the coolant (cm?)

To find the heat transfer coefficient the fellowing empirical

formula can be used:28



where
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h.d [_.d_V'f 0.8 e |
[T=O.QBLW“7 1 L] - - - (8~18)

ng
i

heat transfer coefficient (W/ﬁ2~OC)

mean hydraulic diameter (m)

&
H

thermal conductivity of the coolant (w/°¢ m)
%)

=
1

™
i

density of the coolant (kg/m

Q
1

specific heat of the coolant (water) = 4,2 (J/gm o)

ey 3

viscosity of the coolant (for water 7= 0.544x10"

(kg/m-sec.) )

v - velocity of the coolant (m/sec.).

To find the velbcity the following empirical formula can be used.

where

1.2
[ V'8 _ Ap . d ] - - - (8-19)

0,002 + L. (L)% . (vn%?

AP -~ the pressure of the coolant at the input (N/m?)
d - mean hydraulic dizmeter (m)
A L wiscosity of the coolant (kg/sec. m)
P - dencity (kgﬁn3) of the coolant
Vv - velocity of the coolant (m/sec.)

L - distance between the cable section (m).

Suppose that:

30 atmosphere = 30x1x105 (N/hz)
)

OT

i

= 988 (kg/m
O..544:::1O"3 (kg/m sec.)

B3 )
I

= 0.05 meter



From equation (8-19) the velocity is:

o Vv = 1.8 (M/sec.)

The flow (m/sec.) is

W="V.A

1.8 x (2.5)2 x  x 107"

il

-

-
=
i

3.5343 x 1073 } (ms/éec)

W

3.5343 x 107 1 (cmg/bec)

ke

To find the heat transfer coefficient use X = 0.643 (W/m OC) thermal
conductivity of the water.

From equation (8»18) the heat transfer coeflicient is:

[h=0.7277 (-———Z-L)]

cm OC
R

n
© Y2 "hn ., A

= 0,07 ] ( °c/y)

T
)
NS
!

From equations (8-9) to (8~13) and as the input temperature of the
water is 20 oC, the ambient ground temperature considered is 20 0C, the
temperature rise and the heat distribution are shown in (Table 8-2),

the distance between the cooling stations considered is 5.6 (km).



Table (8-2)

—

Q

~3
i

Water Heat in Heat in the Counductor
Node temperature the water | dielectric temperature | Distance
Coy | o, e | o @em | 2 0) | (a)
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 0.25934 523568 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 mexinum temperature (50 %) is (I = 8.6 km).

Table (8-3) gives the heat distributior as the distance between

each cooling station is considered

6 (xm).




Table (8-3)

Water Heat in Heat in (soil Conductor
Node temperature the water + dielectric) temperature pistance
8 (%) a_ (i/em) | q, (#/cm) 1o (°C) m(r()lfn)

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)

Stress on Stress on Average Losses in Distance
Node | the conductor | the sheath stress insulant in kilometer
E,. (xV /mm) Ey (xV /mm) E, . (%V /i) qe+(§ji;) T (xm)
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 5.82
4 8.5 8. 31 8. 405 0.1997 6
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CONCT.USTONS

A -~ POLYETHYLENE

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 obtalned in polyethylene at
temperatures less than 50 %¢ and at different stresses (8 ¥V/mm -

40 kﬂyhm). At temperature 70 Ot and under stress 32 kV/mm, steady-
state current was not obtained after 170 hours.

2 - At a certain te mperature, the conduction current mechanlsm under
applied field depends on the previous history of the polyethylene
specinen,

3 - The value of the polyethylene resistivity after a period of short
circuiting the specimen is slightly different 1o that at first applied
field (just before short circuiting the specimen %o earth). This
difference depends on the period of the short circuit,

4 ~ The resistivity of polyethylene varies with stress according to the
first Poole Theory. The plot of resistivity against stress is linear
over the stress range from 10 kV/mm to 32 kV/mm. The resistivity/
temperature characteristics is linear over a wide range of temperature
(40 % -~ 80 OC). The empirical formula which give the relation between
the resistivity/stress and resistivity/temperature in polyethylene is

over the probably working range.
- B -
S f o0

where f, is the reference rezistivity.

5 - The menufactucing process has a great effect on the conduction



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 (©¢) and the reference resistivity ()Z ) for the
stress and temperature range likely in a D.C. cable are:

o = 0,087 (1/°C)

(3 = 0,003 (cm/kV)

)2 at 40 °C = 1.3x1018 (L~ cm)

B - ETHYLENE-PROPYLENE-RUBBER (EPR)

1 - At temperatures less than 50 °c, it is difficult to get steady-state
current within a few days. | | |

5 .. The time consumed to reach steady-state is decreased with the
decreace of the specimen thickness.

3 . At temperature 70 °C and at stresses less than 32 kV/mm, steady-
state current was obtained within ten hours.

4 - At a certain temperature, the conduction current meéhanism under
applied field is rarely eflected 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 (/4), the resistivity/
temperature coefficient (0¢) and the reference resistivity (fo ) for the
stress and temperature range likely in a D.C. cable are:

X = 0,14 (1/°¢)

3= 0,01 (em/kV)

5: at 40 °C = 8.5x10" (L~ cm)
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C - POLYPROPYLENE

1 - With a temperature range of(40 0C - 50 OC)and at applied fields
(6.25 xV/mm - 15 kV/mu), steady-state current was obitained within twenty
hours.

2 - At a certain temperature, the conduction mechanism under applied
field depends on the previous history of the pblypropylene 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 EPR (within a certain range of temperature and stress).

4 ~ The resistivity of the polypropylene specimen increases with increase
in th; specimen thiékness. |

5 - With a wide range of stress (6.25 kV/um - 31.25 kV/m), the
resistivity/temperature coefficient (OL) is decreased with the increase
of the applied field. At a certain applied field and with a wide range
of temperature (40 OC - 80 OC),the increase of the temperature causes a
decrease in the value of the resistivity/stress coefficient (B). This
wide range of temperziure and stress is not found in the high-voltage
D.C. cable. The above changes in‘el’and '3 'are also found in polyethy-
lene and EFPR,

6 ~ The values of the resistivity/stress coefficient ( 3), the resistivity/
temperature coefficient (¢ ) and the reference resistivity ( i,) for the
stress and temperature range likely in a D.C. cable are:

o = 0.11 (1/°C)

3 = 0.0076 (cm/kV)

fat 40 °C = 5.3:10" T (L~ cm)
o

D - CROSS~LINKED POLYETHYLENZ (XLPE)

1 - At 40 OC, the steady-state current was obtained within twenty hours

specially at valiues 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
steady-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.

% - The resistivity of XLPE 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 (e<) is decreased as the applied
field is increased{ At a certain applied field, the resistivity/stress
coefficient (fg) is increased as the temperature is increased. -

5 - The values of the resistivity/stress coefficient (), the resis-
tivity/semp. coefficient () and the reference resistivity (f; ) for
the stress and temperature range likely in a D.C. cable are:

o = 0.18 (1/°0) |

(3= 0.0032 (em/kV)

Zat 20 % = 2.4x10"° { L~ cm)

E - POLYRTHYLENS WITH A LOW PERCENTAGE OF ADDITIVES

1 -~ Carbon black content of %% 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 -~ Tale 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 polyetihylene with 5% talc and within thirty hours for the

. . ~
composite of polyeruyiene with 3% talc.
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5 — Nica content of 5 4in polyethylene gives a small increase of the
composite resistivity.

6 - Steady-state curvent can be cbtained within twenty hours for the
composite of polyethylene with 5% mica.

7 - The following %able shows the values of the resistivity temperature,

resistivity/stress on the reference resistivity of the polyethylene with

additives.
. . (o]
Composite Cx;(1/oC) /3 (em/kV) 59 at 50 C
o (L~ cm)
. . 16
Unfilled P.E 0.0869 0.00274 5.3 x10
PE + 3% C.B 0,0886 0.00344 8.2 x10'°
PE + 5% C.B 0.0940 0.00640 1,35%101
BB + 3% talc 0.0840 0.00260 3.6 %100
PE + 5% talc 0.0880 0.00286 3.0 x10'°
PE + 5% mica 0.0708 0.0088 1.2 %1078

F - DESIGHN 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 1072 (e~ cm).

2 - By assuming that the polyethylene resistivity increase with time, a
computer program shows that the stresses created by the cyclic loading
can be ignored in the design procedure of the D.C. cable.

% - The use of externally cooled high voltage extruded D.C. 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 has
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relatively low averagerstress), the largest capacity is obtained with
internally water cooling.

5 — The use of a relatively high working temperature insulant such as
EPR, XLPE (conductor temperature more than 60 OC) is limited by the

high stress at the sheath on full-load.

G ~ GENERAL

The nature of the conduction mechanism and the possible theoretical
models have been discussed in Chapters 2, 4, 5 and 6. From 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.Cf cable with a normal
cyclic load, the contained use in resistivity with timé is notva ﬁajor
design problem., However the very slow change in resistivity with time
has a marked effect on the transient performence e.g., impulse lighining
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 iesultant mechanical and thermal properties.

Investigation into the maximum capacity cf a polyethylene extruded
cable indicate the following; (assuming B, 4 OFf 100 kV/mn on impulse
and 80 kV/mm on D.C.)

Iand cable, Pmax = 306 MVA, V = 100 kV.
Iand intermally cosled cable with length 6'km between the cooling

stations, Pmax = 970 MVA,‘V = 150‘kV.



Submarine cable, Pmax = 580 MVA, V = 180 V.

It is not anticipated thét a volitage 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 EPR extruded cable
indicate the following; (assuming By q Of 80 kV/mm on impulse and
60 kV/mm on D.C.)

Land cable, Pmax = 400 MVA, V = 100 kV.
EPR is commonly used as 4.C. 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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1 - Program No. 1

Input data:

vl -
R -
Rl -~
Al -
Bl -
¢ -

Q -

Working D.C. voltage (kV)

Radius of the conductor (em)

Radius of the sheath (cm)
Resistivity/temperature coefficient (1/00)
Resistivity/stress coefficient (em/kV)
Thermal resistivity ( ;gvcm)

Conductor losses (W/cm)

Subroutine DO1ABF for numerical integration

Subroutine EOTAAF for Aitken interpolation.



Program No. 1 .. . , v R oo

.

EEXF/SS10/ AVGURI/ZFOUT/ATRAOOG/ TR/ LshlY /PRt )]
LISTCLRY
PRGOAEAILASYY)
fePliY hageu
GUICET faLpn
CHhemplT DATA
COVMBEFSS INTERER AND LOAGICAL
. ITFAaCE
. [}
MASTER CALC
NTeBr RION SH(AY YDA ACE18) ,61(4),81(h)
EXTEWNAL 8 ¢
CORYE LI RIY LRS00 0
REANIS,15) ¥1,0,61,01,81,¢C
WEITE LA, 10,0, R 0,01 ,0
10 FURRYAY (IR ,AFYTI,.Y)
§¢1I=15,4
[ AN &Y
70 SCLIIESLTI=1) 45,0
10 KEAD(S,15) b
WP ITEC(A,IO)D
15 FNavAT(ASLU,S)
¢ C FInn Yu FOR EACH SU
- Bt Ae I=tae
Ye8a01)
CALL POTARE(RIRA L8, 1, FaR AL, N,V ,0)
Vit{t)sy )
WPTTLLALAS) SO(T),VEC(T)
L CONTINYF
CELL FOAAME (V3Ia80,0,6,15,5,V1)
¥aC(15)
CAILL DUAARF(R, A1, 21 JEmR AL aNsV40))
WP ITRLE,48) VoY
3] FraraT (M ,2F10,4)
ER AL
[
Pl 780y &S¢Y)
BIVFESTINy S1(A),GYCRY LG LYS)
COP it kY b1 MY ,6,8,0
BEIIWI AR
FRnia Vs Lot YR lATIRLwn /D et (1IN ALAGER/ 1)
51¢4)=30 0
i Ry 122,46
55 ST =81 (TI=1)+5,0
B Ah Ist,b
IARSBEI AR AL NS BEIININEE RSB D)
£S WEITH(6,75) 01 Q1) ,81(1),F
CALL FOSAAFLGT 81 ,C,0015,5,F)
Secfin)
WEITH(G,?28) 8
75 FORMAT(IH ,AF101,4)
RETHRN
Erp
FIutSH
ENATR
. 150,10 1,784 6,135 Fa86Y 0,003 35,0
- (1,36
END
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2 =~ Program No, 2

Input data

SD - D.C. stress on the conductor (kV/cm)

R -~ Radius of the conductor (cm)

A1 = Resistivity/temperature coefficient (1/°c)
¢

Bl - Resistivity/stress coefficient (cm/kV)

0
G -~ Thermal resistivity ( Wg-cm )

Vvl - D.C. working voltage

D - Reference resistivity of the dielectric (-%- cm)
TR - is the temperature (°C)

Q1 - Conductor losses (W/cm)

RTH -~ Total thermal resistance of the dieleciric and the soil



Program No. 2

LFXVI=91F/hwovkt/FOQT;ST=7LU0/T=16O/L=7ﬁu0/”R=1/I
LISTILM) :
prGAkAN(ASYY)
preny S=Cen
QUTCHT A N
LUPRACT DATA :
CowPUFSS TNTERER AND LONTCAL
TeAtE 2
(425
mpnTER CALC .
bluFnRSIAN 1(1;1)151(141):7‘,:”.1)1\‘4"(/‘1);"-1(/01)'71(f'~1’;’(1((¢1)15"(’li)t
1701(u1),a"1(u1),TP(a1>,02(a1);T3(61>,n§<k1);r°(1n),0(1d)p’1(1“J;sﬂ
1¢(1)
REAF (B 40N, A1t ,6 v
nEi0,HE=18
TELI)ESO LD
nto U0 b=A 10
MEPL L EYA
N7(Y)=U,0
NI L IR EA LA PRI L
RT4=190,4
1h (A THe{N) 20,0
10 Foav AT (AFTLLS)
w‘XTF(0;1%)QU,H,AS,41’G;v1,n(n)11c(n)
s1t2)aed A272¢
pr 41 =35,
11 51(T)=S1(I'1)+1.')
¢ Fiun v fue Faly st
P12%,1615026%4
v.lzﬂ.Zé‘-‘lﬁS.’yu?
e Pt 1E2,10
xtz>=“«rxwt(ALnﬁ(=1(1))+a1-s1(1)-AL"Q(SH)-31*<0)/(u(u)oc*A1194-1))
15 Frar AT(AH 29F1,5)
¢ FrEN T Fna EACH X
fvcY)=Tw(r)~(3(N)+Gt(ﬂLﬁu(x([)/R))/PJ)
¢ FIND 1y FOR EACH Tu
Qh(Y)zn*vl*((ﬂntxi)**Z)*((x(I))**?-9**2)*fo(Q1*Tﬂ(I)*%1*S1(x))
S"(V)=(§1(1)+Su)/2
C FIam T1 FNR ghC A0
air¢1)el 0
11lx):?wtm)w(d(')+((uﬁ(l)+cn(x-1))/?))ﬁG#(ALOG(X(:)/x))IpJ
C Ffrhn €1 Fow BAQH T
"’ u*(I)aaﬁpla((Sﬁ(x’)th)*((x(l))*¢2-ﬂ**2)w5xpcﬁ1*71(I)*B1*<1(I))
¢ FInL® >3 Fha gACH 89
Y (1YL
u1(7)=ott)¢((d1(x)+43(:~15)/z)
y1(!)8W*€YP((ALﬁG(S1(I))¢“1*51(I)"ALCG(SO)-”1*Sh)l(Gs(l)*G*ﬂ1/PJ-1
1)
¢ FInn Tt FUR EACKH X1
T“1(I)=T»¢H\-ﬁ(>)ﬂ&*(AL’)GU(I)/P))/PJ



C FInn F0A FGE FARK Ti9 B
UL Enan s ((SACIYYaxgy pl (Y (L)) 2wl acud2 )R FRO(ATFTII (1) 4P 1 %810 (]))
C FIun T2 FOR EACH o
S FLB TN
TACIYRTEANY = (G ()4 0(00TLIY4P0T(I=1))72))wan AL OR(XTI(I)/RIIIPY
C FIND (2 ¥FOR EACH T2
C2IYED*R YAl CSALII I w?2) b AN Y hx2wRan? ) xky P (AT TUI(T) #1250 1))
C FILA T35 FOR EACH 62
02¢1ym0,0
TALTYRTE (L= (0{r)+{(22¢)+02 (=123 /230 26x (ALOR(NTI (LI /R))/PY
2U CHHTINUF :
ar oS0 122,19
80 WPITE(A,A2IXY (1) ,81(0)
17 FraraT(1H ,2F20,6)
WPYITE(H,nil)
60 FORCAYC/ /A1)
bro51 [=2,1n A
51 BRITELALE5)ST (LY ,TUlIYLalidI) , T (L) ,01(1)
25 FORNAT(IH ,S5F20,10)
WEITYE Lo ,AT)
X4 FURYAY (S0 I 1 IEEET)
niy RY Yme,in
57 WPITE(n,39)¥1(1),51(1)
z9 ECRMAT(IN L7F20,8)
WEITECHA8R)
48 FORMATLSIIIIiNI TN
proAY I1=2,10 ;
41 PETTELA 3530301, 1) TV (T) 20 L) ,T2L12
35 FOS"ATLIR ,5F22,6)
w1 ] TE(A,r0)
69 FCamnwT 0700111010111
BOTY I=2,40
71 WUTTE A uR)201) , 4101 2 T3CT) ,81(0)
“e FERMYAT(IRn pb6p23,6)
pro 1% I%2,1Q .
BYCT)21/(hwtEYR (AN (TT(T)=TRIN)IIIIw(EXP (21251 (1))))
130 WEITELALT1S090T(T) ,n2()
1850 FOwi aT{9u »Z2E30,5)
1U0 (5T uuE
stoe
Er iy
Fturau
EDATA
AT 1,304 A A n,01 &10,0 100.”
£FND



% - Program No, 3

Input data‘
SPﬁL
DNSTL
Current
Resistance
DT

DT

NIT
NITT

N

N1

GTH
SPH
DNST
GTH1
SPH1
DNST1

. ;
DD

H

R1

THETA

i

Specific heat of the copper ( J/gm %)

Density of the copper ( gn/cm’ )

Conductor current (4)

is the resistance of the copper (£1)

Time interval for the iteration of the dielectric (second)
Tme interval for the iteration of the soil (second)
Number of iteration

Kumber of print out iteration

Number of nodes‘ih the dieiéctric

Fumber of nodes in the soil

Thermal resistivity of the dielectric ( ﬁg-cm )
Specific neat of the dielectric ( J/gm 90)

Density of the dielectric ( gm/'cm3 )

Thermal resistivity of the soil ( 79- cm )

Specific heat of the soil ( J/gy C )

Density of the soil (gm/me)

Redius of the conductor (cm)

is the space between the two cables (cm)

is the depth of the cable (cm)

is the radius of the sheath

is the angle between the x-axis of the first cable and

the diagonal between the x-axis and image of the second

cable,
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Program No. 3

CEXE/SGIRIAMOURTIFQRT/S TR0/ TR0/ L=9000/PR=2//

18

LY

21

29

1¢
24

28

50

51

53

LIsT(LR)

PROGRENTASSY)

1RIDT S3CR0

DUTEUT 631 PN

COMPALT DATA

COMPRFES ITNTEGER AMD LOGICAL

TRACE 2

EED

MASTER CARLES

DIAEASINy A(Qf.ﬂ(OQ,C(9);7(0),7%(9),G(Q);TS(");QTH(Q);FA"(G);
TROYYSAVC20) AT (20 #1220, C1(2U) pTALEO) JRTHIC2UY L AP (£3) LARL20)) 46
TGELZDILHB(20)

PIat, 1418%0A%94

Pdek 283185308

Sl 80, 39

ST R?,7

CHREEMT=ANON O

RESISTALCFSY,54F=7
un;FC?qTﬁtha(CHRDFhT)**Z

PRES EFTAIN1]

nTIRi0G,

NITZ180

NITTY=1y

KB4

NT1ak

HFA*(G,?h)oTH,SiH,D‘<T, THY,8PHT,DNATY
FORMATUIm p6FT0,5)

WRITE Lo, TR ATH, SPL,NANST,uTHT,SPHY,OMSTY
FORMAT(T 1 2FR814

4P ITE(h,e2)0

FORYeT (I »F10,48)

Fane

R{1)ad ,PUL4L

CAULIYZOL# ((R(T))#w2)%SOR] ADKSTL

Nt 21 =2,k

ISR (Ym0, 6Ll544L50067

no 7 Jx2,m

AT =1) =L GTR/BI)Y* AL OGRS/ RS~}
RYHCJEIIALET /P »PAL UG CICI41)/RET))
CARLYISPIRCLRA)I)* a2 (S )N a ) »SDU*RAST
ACSm1 )P T /TR (It CARLGY)

BAIS1I 20T/ (aTA(0+1)00ADCIY)
COIst=(aty~1142(J+1))

COATIMUF

B0 =z,
*h!'F(ﬁp?’)”(J)pPTn(t'1);RYH(J*1};CAJ(J):A(J°’);H(J*1);C(')
FOIMATCTIW »7F16,06)

n*a1u.h

W20, Q

2t (1)=%,140337

THETA=T , 5204

LTSI VN L |

RI(r)rRr1{K=1)45,0

A R K=Y LNt

RICY 328 aRT((RI(K)®SINCTHETAI I # a2 4 (0Dw (RI(KIACOSCIHETAY I 29 2)
Bt 81 Kai,n
Gn(k‘=(fTh1/PJ)*(ALﬁu<(2+H-P1tK))/u1<K))anlG((39°7(A1«**7+noa¢2)-
1RULKII/ L)) )Y

De 95 Kmisnted

PTUY =TI (Kl ) =i (KD

KT (K1) 200 () =00 eT)



55

X4
hé
17
(34
3¢
70
19N

1114
1

1¢

222
Wb
a3
RS

Y
ag

1

CAP (V)2 aSpulenuy T+ ((RI(E) AR Zm (0T (K1) )2n2)

AT r=1)=IT1/(eTHY(x=1)aCATT(K))

ARG LBEIAS NS FL NINS BETFIE N TSN

CI(RIaTm=(AT K1)+ 31 (K+1))

COLYINGE

Ne 47 K=2snimd

WOLYF LA L,AT)

FURDRIL )

WRETHLE)EAIAGIKY R (K)

FORFAT(Y R 22F143,48)

WATTELO LB RTELY pRTETUR I ,RTHTI(K=1) , CART () AT (K1) /11 (K+1),01 ()
PUORVAT(IN s7F10,8)

[ eIV X PR ¥

GeY=xN, 0 t

T =D

DOOTO K=4,nd

T1(¥)=0,0

lwnn,n

1wy, 0

1Talt+

Ir]+1

GU2YRNahTe (Y, 040 NLLTHLTI2)IY/CARE(Y)

Do 1 J=2,r

TACI)=A(d= 1) aT (=) +3{J+1InT(Je1 )45 04 XTI HGLCID
TA(Y)RTA(Z)

TFLTAINY=T0D DY, 77,77

P P2 ka2

Alu=1)=it(s ¢1)

CCiYzim(blnmt) 42T (K=Y))

THE AT # Tt ) 4L (YR T (R) 4G (1)

LA BN PR S

TeiYeTaly)

T8y =Ta(h)

BN K2gantmt

TSI (K=t )ATI(R®1)+ET(VHT) T IK+II+CI(K)*T I (K)
T8I TSL)

DeGe wzd,nt

TA(UIBTSIN)

TE L TT~11%.9,11

wPITe(e,1 192817 .
FORMATUIR 2FTER ,15,44H [TERATION,THE CAGLE NAME TENPERATHUE LARF
/)

AAHET L (=Y

wPIYECA 119 A8T

FORYETIX AP0, 010)

WEITE(A 110 (daTAC) »dmY )

FORMpTCIH %, F 20, Yiat) ’

w‘étTE,(h;Z‘H,)T*U);A(:a-?),C(’v)rG(g)

FOIVATUIN J4F20,9)

GRITELA LT ATY

FOAORATL{7H AFTYFR ,I159,44H [TERATIONS,,THE SOIL NODY TEVPFRATURF,AQF 2
b1 ’

wh 12 LA,134)T8({NT1~1)

FONrAT(Th #F30,58)
WRITELA,TINY Y TS (K ) 0T, 1=T)

FOIPET(YY ,SX,830,507)

WRITE (4,01

FARYAT(/ /1))

TE(NITTI~ITINGO 214

§Tap

E%iy

FINTSY



4 ~ Program No.>4

Input data

T - Time in hours

DM, DT2 =~ Time periods during the daily thermal cycle (hours)

w, H - Tactors of the resistivity/temperature coefficient decaying
with time

ATPHO - Resistivity/ﬁemperature coefficient at the first hour (1/00)

In subroutine NAITLOVER and subroutine NASSIM the dimensions are:

V1 - D.C. working voltage (kV)

R -~ Radius of the conductor (cm)

R1 - Radius of the sheath (cm)

B1 ~ Resistivity/stress coefficient (em/kV)
G ~ Thermal resistivity ( ;ﬁ-cm )

Q - Conductor losses (W/cm)



Program No, 4

FEXF/SGAY/An0URT/FORT/STEYCNU/ TRABUNILRINNG/PRR2 )/
PROCRAVCASYY)
1pHiT 5=6R0Q
OUTPUT 6ot PN
COAPAET DATA
COMPRESS INTEGER AND LOGICAL
THACE
END
MASTEPR CARES
BLAFESTION TLOO) JALPN(IUI pUW DU s ALPHI (VU JALPR2 (0 L4 (90) , w2 (9M)
COMPOUNTALNRIY 4 AR, KT ,5,R 0
COMYGHIDYOR/IPEAR, N2 ,E,U,01
(AR A N A o WA
T(2)324,0
DYTirn,0
0T2at A, 0
H®iy, 2
Jen 715
ALPPi=0 18
01 11 res,h0
TiM)eT(M=1)424,0
PERREN NV NG NEIDES ]
ALPR )Y SALPYU/(TLY) ) eaw (M)
RN E NSO NENRSBE P
WAL ) R () UNTE)hwn
ALREF(MIZSALPHIMY/(CTYIIneL1(M)
16 AL RV e(M)BALDKIA) /(DT ) muu2(m)
Adsayegi(r)
CALL NATLOVER
BlHRALAR2 ()
CALL NASSIN @
11 CONTINYE
STOP
END
SURIBDIUTINE MATLOVER
DIMENSTAS SO0AYAVALA) 2 C(15)201(6) 450 (%)
EXTERYUAL 8
CORIOCNSLAORIN JAA,RT 2004
COMNVONENBRTIM
yiatuo,n
At 42
Rim4 22
130,018
6RER0,0
BEN,107
WELTELO, ANV, R,PT1,04,01,06
10 FORUATIIN L,FF10,3)
S (1)=3n 0
06 20 182,46
2 SULIIREC(T=1) 410
WS ITECALIC)N
C FIND VU FNR RACH 87
bt At 181,46
yasti(yr)
CALY BUTARFUR, RTS8, EmB,604,N,Y50)
Viigl) =y
40 CONTINUF
CALL EDTARE (VUL,SN,Cr6515,5,V1)
¥Y={(15)
WRITE(6,130) M
130 FORTAT(?H AETER ,15.65K DAYS,THE STRSSy 0% THE CavpiieTon FAJAL TO
1t A



CALL NUTAPRIR, 21,547 ,FmR 00,4,V 0)
WRITELE,48) .Y
wHITe (hs60))
&4 FORFATL//11 1)
L5 FORNMBT (YW ,2F10,4)
RETHRN
EMND
FUNETION S(N)
DIMERSION §T(A)061(A)SC(15)
COMYONSARCORIY 2AA 0 )5 4R 01}
COGHN fIMNR M
prak 23314
FRAlaVIAL NG Y)S(AARDKG/PI= D)2 4LO0GIX/R)
§1(¢1)=35,0
D R5 152,86
55 S1(1)=531(1=1)+10
bE A5 131,686
&5 CT(1)=81a81 (I +ALNGIST(L))
CALY FOYTAAFLGUT1,81,C,601548,F)
§®C(15)
AETLRY ¢
ENA :
SUBRCUTINE NASSIM
CIAFLEID SOLAYSVACA) 2 CL153,G1(5),51(6)
EXTFRwlAL 85
CHASCNIBAORIP,a0,62 8,1 721
COAMUNIEMOR/ M
J13100,0
May,e2
R"ﬂ’o,?z
B2aN,01%
E23%0,0
atati 38 )
WRITECA,)INMIVE U R ,08,82,F
10 FOIVET(IH p46F1,3)
$ri(1)=230,0
. DO 2P0 1mi,b
U $OL1I=SO(T=1)41)
L wOETE A1)
C FIND Vii FOAR EACH 50
oo L ImYy,8
pasi(r)
CALL DOYRARFLUSRTSSE .1, Em3,64,0,V,10)
vi(llay
40 CONTINUE
CALL EUTAAE (VD,8N,C,6,15,5,V1)
pagees?
CALL DLTRRS (U, ,88,1,E=B8,64,N,V,D)
NALTECO 131,
130 FOQwAT(/M AFTSR LI15,45H DAYS,THE STRESS On THE CoxDUETIN £AUAL TO
t »/)
wRITH(6,4%) V,P
Wwa T (6,60)
by FORAYCLIAL11711711)
45 FOA4AY (T »2F10,4)
RETIAN
ErD
FUHETION SS(X)
BICENGION SY(A),G1LR),C(1))
CONRCHIDANRIPIBY yRE,F 2 U401
COMYUNICMORIM
Pras, 248548
Fal2sDd8 B0 IPI+IBI*NINE/EY T (V) *ALOG(Y /D)
st(t)=35,n '
nn 85 122,6
55 ST(T37S1tI=1)4+10
ne aS IB21,0
65 YOI =E2% 2 L) +ALNG{ST1(T))
(A1) BUARAFLGT,814C,5515,5,F)
$Sm{(*s)
KETling
END
FIauteN

-

£END
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5 ~ Program No. 5

Input data

v - D.C. working voltage (kV)

R, R1, - Conductor and sheath radius (cm)

W - Tactor of the resistivity/temperature coefficient decaying
with time

B - Resistivity/étre;s‘coefficient (em/%xV)

EP — Dielectric constant

AO - Reference resistivity/temperature coefficient (1/OC)

M - Number of time division during the first polarity reversal

L - Number of series reversal of the polarity

RESO - Reference resistivity (SL- cm)

Q - Conductor losses (W/cm)

G - Thermal resistivity of the dielectric ( %%-cm )

THC - Temperature at the conductor (°c)

T - Time (hours)

SDC - D.C. sﬁress‘cable insulation (kV/cm)

X ~ ig distance at any point in the insulation (em)

SR - 1igs the transient stress due to the polarity reversal (kV/bm)



Program No., 5

«

¢ EEXE/SS1L/AVGURT/FORT/STR18200/T2R0/ L4000/ C§T=19000/ pra1//
LISYLLP)
PROGHARCASYT)

‘ IMBUT S=CRO

QUTPUY AeipD
COMPRESS INTEGER AND LOGICAL
TRACE 2
END
, YASTER CANLES
b DIAFASION T(2ﬂ,1c),A(2C:1”)'YH(10),Y(1O);§A(1ﬂ);5hc(1ﬂ),RFS(ZQ,1QI‘
T10) s TUC20, 10,400 , 4w (201, 10,10)
REAMIS,TUIV,RLRYI, 4,0, E0,A0
10 FORMATUIN »7F14,8)
CFITECO,9NIV,2,01,u,8,EP,A0
G FOGRAT I ,/7F10,5)
ray
L8220
RESORY,CE+18
=y, 197
Ga33u,0
THE=d4,064
ENs8 85kat2
TC1,13=0,5
TC1,¥)=4,0
SFC(1)=29,3791
SOCL¢)=34,¢5
ShC(3)=37 .74
ShEtL)z4y, 8%
PIak,2839R8TG8
X{1)ng .
0N 11 I=2,4
11 X{132xX{Im=1)+0,533
b 42 121,46
12 SALI) =/ X (1) aALNG(RT/R)
AlY )=y
TH(1)aTMe
DC 14 Jx2,M
ABq
13 TCNsIIST(N,(I=1))+U, 5
16 ALS IR0/ LT, d) )Y how
00 14 N2,
JBM
TLu )3T (Nt ) ) 4T 01 ,M)
14 AL )SAGA (T CN=1) ,0) ) Wi
PO 17 Isi,4
17 TR(I)=TPC-(0*G/PJ)*ALOG(X(I)/R)
LA NV ER 'S DY
JER
NO 1R 1=1,6
nFs(w,g,l)ﬂﬂESUI(FYP(A(H,J)*(TM(I)))nEXP(R*SDC(I)))
18 THEN L, J 13 2EPaRES(N,I, 1) 26173600
1011 CONTINUE
: 0O 450 dad M
nNE Y
00 28 1=1,4
RFS(N,J;l)‘QEQﬁ/(FXW(A(H;J)*(TM(I)))*EX“(R*SDE(I))J
’8 Th(P;J:I)=Fp*pts(“1J;1)*E"/3600
150 CONTINUE
or 2¢0 la1,4
BO 1Y Y=y ,m
Ned



1 sP(P,Jrl):(?tiﬁ(l)/Fxﬂ(T(’fJJ/TU(”fJ;I)))'(?'(SUCfI)/qufT(”IJ7’T”

RSN NSO DR LIRS O D]

D 24 NE2 .

Jax
e S"(*IJ/T)’(?*$A(l)/FXP(T(1;F)/TP(M,J)I)})-(Z-(SP((qu)’

4,03/ TUN LA I D) =3F(LN=1),0,1))
200 (ONTINUF

no X1 KNmt,L

Jep
1 NDITE(613?)(N,RES(L;J!!):TU(N;JII)IT(N;J)tA(H;J))I*1I4)
32 FOOMAT(TI5, S5X ,4E20,5,/)

WEITELG,60)
O EORRRTCIIIIIIRITD)

bo 33 Jdsi,w )

B
i) EITECA 5L (I, RES N I T, TUCNId 2 1) s T U4 AN T80 ,4)
24 FORAT(IS, RX 24E2U,5471)

wSITE(E,01)
(3] FRARPATUIHIAINILD)

by 21 I=1,4

o R
21 WRITECK,22) INSSP (M U] TUNAd) PHT,L)
22 EARRMATIIN, SX ,2F2U,5+17)

wEITE(&,A2)
62 oY1 01D

et 2% Jsi,m

LR
29 ‘aﬁlYf(hlZ'§)(JlSH(\’;l)f);f(?‘:J)lI““;‘ﬁ)
23 FOQVAT(LIY, SX #2F20L,5,1)

STOP

gLD

FINISH :
EPATA ’ -
160, N0 1,62 6,22 L0000 1,015 2,3
LEND ’ ) v

JaI)IEYRITS

0,14



6 — Programs No. 6, No. 7 and No, 8

Input data

a - Program No. 6

M ~  Number of nodes in the cable insulation

Vs -~ D.C. working voltage (kV)

X - Radius of the conductor (cm)

X ~ is the radius of the rings at node poinfs in the insulation
(cm)

R - is the dielectric resistence per node (£*)

D - is the capacitance per node (F/cm)

V1O’ VQO, —_— VNO - arethe D.C. node voltages before the reverse of

the polarity

Subroutine FO2AGE used to find the solution of the matrix 'A!

K - is the number of time intervals during the polarity reversal
T - is the time in seconds
DT - is the time interval (second)

b ~ Program No, 7

This program has the same dimensions as that in program No. 6.

VD -~ is the impulse voltage (kV)

¢ - Program No., 8

This program has the same dimensions as that in program No. 6.

Subroutine FO1AAF was used to find the inverse of matrix 'H!

7T -
Polyethylene lMakers 4 and B 2re kindly supported by Pirelli General

Work Ltd.
Polyethylene Maker C is kindly supported by the Central Electricity

Generating Board.



Program No., 6 -

(3

EFXE/SEVW/AMOURTZFQRT/CST=220N0/5T=22000/Ya80/ L =10u/Pray//

2U

21

22

23

24

LISY(LP)

PROCPAMIWESGT)

IRRUY 9=6RrY

QUTPUT osLPD

CNHPACT DATS

COAPEESS TLTEGER And LOGLCAL

TRACE 2

END

MASTER CARLFS(

DIAENSION ACE,3) /003, 3) 0¥ U3, H03) pRRLET) LRI JUB(E,3)0uT(T,3Y,INT(C
XY )AL 24) B0 Lt pVTICA) JVT2COUY AVTZLAUY LT (AIYLAT(S,3),1C08,3),AH
TTU3,2) 2 h B 3) o AAL3,3) 285001 CAU) ,S8812060) 8513 CA) ,S851¢AUY,S8201(A
AUYSNS2TLEQ)Y 288220 1) pS8230eM) 8820 ) 288301 (1) ,58381(4)),83582860),
TSS37 (A SR (ANY LYT21060) ,VTL2(A U, MTI230an) 5811 CAY LAY (4u),AT92
LY SAYV500ND) S AT1200rud p 21220 60) ,AT23LA0) ,AL31 00N, AT42(50),2185(40
FIAVTIILAOY VT2 A0 2y TIT(AUD ,5TTCAYY 2ST12(60) »813(A8 1) 2821 (A11) ,822(4
$OY e300 2831 (A0D SR 52 (A0 2R 8T(HUY 81 (60),82(nU) 83040, yTTT(45),V
TTTLCLMN) HVTIZ(A ) A VSTICAHN) VS T2LHUYAVSTI(A0) 1011 (A0 4412060 4HITS
TCPOY pHEZN(ENY pHHZ2(6U) prilZELA0) s HIETCONT plen3 2060 JHHER(AY) ,2Ut T (60
1):%“?1(6U);nu31(00)111(60),Zd(bu):Z?(ﬁu)r7u(é”):v9(éﬂ)

re3

viis1a0,0

xCal1,42

Xx1w2,12

X222 ,82

X383 ,5¢

rbab 22

R122,1c414

013X, 193F=12"

R2B1,06436414

L2m4 AB5E=12

o%at ,FT3F4+14

DS, 77Fm2

Kahmd RE+T A

che? ,N55E=12

\/1;'23.-?5'0.

VALEeS, 0

v3ie=25%,0

DPaCANer03)4(NL*DAIFINZ¥DL)Y)

wia(hosedd

W2RCUPDH(PIIRA)F(BINR2))a(((D2*DIY$ (D72 LY)Y/R2})

wER AR/ RZ)4(N22pJIVA)m (DT P LRZPRII/AR2*PEY))

W ((N2*OAWERIFLLI (I eRL) )= {(D2*33) 4 (02=nh))IRE))

GIas({((NZ)s*#2)n(D34DR) )= (DN (DT+02)))

Us(?2,1)=wt/7CH

VL2 ,72)=u?216GY

YEL?2,3) =)%Y

UALP? ,LY30bsGY

UAL3, 1320 0tn1+D2)wuldt2,13/02)401/(r1€D2)))

UALR,2)2((D1+n2)wUA(2,2)/0b2)+((R1FRZI/(D2%RT#12)))

BT, 3020t (n1+02)2LA(2,3)34(V/R2)) /D2

UALT, 4)s(tpi+ndYstAl i b)) /D2

DAL, S(O3 a5 ,1)/(D54ul))

VAL, 2025 A(%,2)/(D03404))

UACL, 8 m((D3*ACS,8))~C1/83))/(D3+D4A)

UALL A= (Y xtACE,4) )= ((RYERLI/(RI™RL)II/(D3404)

ALY, 1)m08(0F,2)

A(I,2)R=LA(2,3)

AC1,8)=000072,4)

A(2,1)=+448(%,2)

A2 edE~r(%,3)



RE,S)bUb(T,h)
AB 432114 €04,2)
ACR, e emial4,5%)
ACS, 5 =Unal4,4)
AM(P 1)~ 2,1)
AA(%, ) ewllA(3,1)
RECL,1)smiia(4,1)
AT(1,1)e=AC1,1)
AT A ,2)5=4{2,1)
AT (1 ,3)==A(3,1)
AT(?2,1)==8(1,2)
ATUP,2)3=0(2,2)
AT(Z2,%)2=8(03%,2)
AT(3,1)5=A01,3)
AT(X,2)==A(2,3)
AT(313)=‘A(313?
pO 16 I%1,3
WRITELE 1Y CATLL, ) 2921,3)
11 FOUMAT(IH ,3E20,3,/)
16 CONTINUE
IFATL=20
(Va3
CALL FOPRGFLATIIVIPIRR )BT LUP,IVIUTSIVLIET,IFALL)
WRITELO 60
60 BCAMATC/ (/1)
e e 1=1,3
12 WHITELA,13)RR(1),R1(D)
13 FORYATCIM »2E3U,5,7)
wTlTECtHh,51)
A1 FORMLTYL/III1TY)
pe T4 1=1,3
WEITELE21890 (U (I ) LI ) 0U%1,3)
15 FOavaT Il 28E20,3%,0)
14 CCATINYE
WRITE(S,63)
+3 FOQArT/III11)
FABC(URCILIIZUR{T L3I ) =(URE2,1)Y/URC2,3)))
EARtt U (Y, 2Y /0,3 )= (RL2,2)Y/VR(2,3)))
FRX2((VAN/UKCTI,3)) =20/ 0P C255)))
Feal il gs1)/0RL2,3))=(RI3,1)I/LRC(%,5)))
FHal (Ul e2Y /1202, 5) (k3,20 70RC5,82))
FRAm(IVe v (2,30 )=( N30/ URE3,30))
BASCUFLHFR)m F3«FS8))/{(FLrebb)={F1%F5))
Hlalple{s8%F1))/F2
BOaiyA i (e svyUP(1,1))=CawLR(T,2III2UR(1,D)
LR EY
T(1y=12,0
D B nud K
50 T(NYsT(Nwl)+12,0
CO 91 hE(¥41),50
o1 T('i)’T("","O|1
DTa120:,0
wHEaZaVYy/DT
HET 1) 268302 (1,1)
W{1,2)80A8u0(1,2)
H{1,3)Y2RAWLR(1,3)
H{Z2s1)3%48UR(2,1)
H{Z2s2)ahReye(2,2)
H{2,3 2RpeyR(2,3)
RE3,1)=00%UR(3,1)
H{3,¢)2n08un(3,2)
H{Ss2)mRCoR(%,3)
ART(A 1B (2,232 R(3,3) )1 2,3)%0(5,2)))
APT O, 2)m (UH 2212 (5,380 (H(Z,3) e (3,4)))
ANTET 3 (LNC2, 1) %l 522))m H 2,2 %R (5,1)))
AMTI2 13 me ((HCT1 2220 (35,3) )=t 1,3)2t(3,2)))
AHY Lo s 2) B 121)en (3,3 m ({1 ,3)4:4(3,10))



e 3 re (L A1 R LB, 2 e T, 2) (3,1 ))
AVT(3,1)=((N(1»?)*Vlezﬁ))-(H(1;§)*4(2:2)))
s APT(512)5—((H(1;1)*F(!;'))*fw(1'5)'H(211)))
RN AT IS, 83 E (A0, 000 2,21 (HET,2)8H(2,13))
AT, 1) =ART(1,1)
AR ,2)=ANTL2,T)
At ,,3)2AKT(3,1)
AR (2,30 =AnT(1.2)
AML?,2)ANT(2,2)
AM(2,8)5AKT(3,2)
AMLZ,1IRANT(1,3)
AH(3,2)=AYT(2,3)
AH{F,X)=aKTL3,3)
FBIR(H(1;1)i((H(2;?)*P(5;3))-(H(2;3)'N(3;?))))“(H(112>‘((V‘217)*N(
13;3))-(v(7,3)rn(5,1))))4(#(1,S)*((nte;1)tH(K:Z))-tw(z.Z)*“(3,1))))V
ve120,0 ¢
yiizs, 0
vii3e0,0
DO 77 Wmy,50
AT11 (NI ZARCE L1/ {BHIPERDIRFE(IIXT (YY)
AT172(r3mAM(1,2)/(PHIvEXP(0R{Z)I*T(R)))
ATA3(N)EAMCT, 3/ LprTwexateR(8)*TIN)Y)
AT21(HIEAKC2, 1)/ (PRTFEX(RR{IIAT()))
AIZV(N)=AH(9,))/(DFI!‘XD(WP(J)*Y(N)))
AI23(K)=AH(?;§)/(”hI'ExP(CR(s)tT(N)))
RISV (NI EANCS,4 3/ (PRIFEXF(VR(IINT(NY))
A13P(H)IsARCR, 2/ (PrIFFXP{FREZIAT(NIY)
LTSI (N)IBANCE,3)/(BRTIFEXD(LRE(IIATIHY)) .

101 hu11(k)=(~<1;1)*hr11£?)#k(ﬂﬁa)*AIPttt)+P(1;3)*A!51(U))
HHAD LN E(HET L4 S AT A2 (NI SR IG,2IRAT22C)+1 (1,30 %AT52(M))
H‘*‘1"(-‘¢)=(“(1l")‘AI1}(‘~)*'1'(112)*’5!)5('»‘*“(1l.;)’A!“(”)’

107 RYZA0 (2,139 T 110 4R2, 20 A1 1 (2 3+ a5 AT O0))
RPN R (A I PAT 2N bR E2 22 RAI22 () #) (2,3 +AT32EN))
KB 2R (AR L7, 1) AT 1T C)sn(2,2) *AT25 ()M (2,30 7AT20(1))

103 nV31(u):(P(E,i}thr11(W)*N(Ba?)*ﬂl?1(w)+%(6;3)“AIS1(N))
HF3?(V)“(“(311)*511?(”}bn(S;Z)*AXZZ(N)+N(?t5)*AIS?(h))
HHS?(M)=(“(1:1)*A!13(M)&n(5;z)tﬂ125(a)‘v(5,3)*AXSZ(N))
VELT () e Vot oHnd 1 (s ) V20 HA2(N) V3wl BIN))

VTP E(VOTaHRIT () UG e k22 (N) #VHS Yz 8EN))
VIATLNIBEVOA aRA T L Y #VU2ABHT2 (A $VIEAHATEIN))

77 CENTINUE
ney Yo ‘1:1,’( -
YO (LR (WreT () ) =YD
551~«z~>=((c(JM*rcws»vua*(Expcnc<1>~rtn>))/«n<1>>*<vn/an(1>))~((ww
1/(a;(1))*té)-((ﬁx°(°~(1)-Y(H)))~1))>
SR (MIan (1,10 *3A(2,1)%88901(N)
ERAZ(M)=R (1,2 AAL3, 1) 453101 (M)
SEITLNIEP 1,32 AALL,1)I*S5TUT ()

SE1CRIZCH T INY$SST20L) #5513 (N) '
sszb«(N)nt(<(uM¢T(r)-VU>*ls¥P(RD(2)0r(u)))I?R(Z)>+<vu/a0(2)))»((wn
§/LQ (21 en ) X ((FXMLRPEEZIAT (1)) )I=1)))
SF)1(H)=u<d:1)*AA(1:1)'§S?U1(N)

§6522 () enl7Fs2)RAAC5, 1) HS320LT1(N)

SERZTIMYEALL,EIVHAALL LYY 085701 LN)

SE2(0)FES21CHI+8522 (A 45523 (N)
s§5n7cxvu((((vaT:w)»un)vlEX?(w9(3)vT(M)))/Ru(S))*(VU/RQ(S)))*((w”
47Lan(S))mR )W ((FAR(RE(EIRT(})))=1)))
SEXTINIZRCS,T) a2, 1) 2SS3UTIN)

SE32( ) mH(2,2)*ANLE,1) 458301 (N)

QEAS(N)I=A (343 nAACL,1)&SST0T(N)

§S3 (1 )mECAT(HISSST2UAI+SSTIIND
vvzﬂ(u)=(<s1(u)*Ar11(5)*ssz(~)wax1z(u)*ssa(x)+A113(N))
VTZ?c~)=(ﬁs1(\)aAt21(h)*ssz(u)*hlez(t)+SS!(&)~A1¢<(N)>
v7£3(ﬂ)=(951(M)FAYjT(N)*SSZ(L)*AI3Z(%)+353(N)'A155(N))

VIT I BVTIT NI 4VT21 ()

VTIZ(RIRVTAIEINY VT 22(N)




-~

U

17

106

201

2u?
62
L]
b
28]
a5

70

EEHD

VTS EVTTIBONI #VTI3 ()

CONTINUF

2ttt ()zmia{c,1) wVU

BUZT(K)Y==0Aa 03,17V

GHLSA(VY)IBmA{4,1)¥VD :
uPIYF(6,17)“1“;V2”:V33;RU11(K)z9b21(k);nu31(K7

EORMAT (M 44E15.304)

pro o400 rs{v41),50
511(h):b(1,1)ﬁﬂ“11(K)’(RXV‘pR(1)'Y(K))‘FX“(”Q(1)*T(V)))/RH(‘)
s1e(t)=L(1z2)~NU21(v)*(?xv(ﬁﬁ(l)#T(ﬁ))wﬁxu(?ﬂ(1)*?(V)))/kp(i)
315(L)=h(1,5)~3n51<V)*<zxr<vn(1>.1(u))-cxﬂ(%u(1)tv(x)>)lau(1)
szq(a)za(?,q)*au11(v)«(cxr(nn(2)~v(u))»rxﬁ(vw(z>¢7(r)))/aﬂ(2)
Lo2 (A YRR (7 ,2) % dl2d (XD M (FXT (RE()wT (L)) mFXPURRLZ)2TEVI D)/ 2L 2)
s?stx)zw<7,3)*4N31(K)*(vx”cﬂafe)*vtw))-kxp(HR(2>«Y(K)>)/av(Z)
s<1(L)=r(3,1)*nu11(w)*(cvr<0u(5)*1(n))—éxv(wa(s)*r(v)))/au(S)
s}z(n)=$(S;?)tiﬂzﬂ(Y)*(F!P(RR(S)*Y(EJ)-FX“(JH(53aT(V)7)/RD(S)
535(~)=F(*:3)*&U51(V)*(EXP(RR(j)vT(H))*EXP(RH(S)*T(V)))IRE(S)
51(“)=511(N)+§1?(“)+513(N)

§2(R)ES2TINISSL2(MI+R25(N)

SREMITSIT(NY 452N +STS(N)

VTTACRIEATIT (D) S5 (VI HATIP (NI HS2(N) $ATIB (1) +SFN)
VTT2(H):AIJ*(H)*S1(N)+At2?(ﬂ)*52(”)+AI£3(')*SS(V)
VTYW(N)=ATS1(N)*S1(~)+A132(h)*b?(h)+AI}S(H)*$B(N)

VETH ()= (YVTTI L) v TTI0N))

VEI2INI=4(UTT2(H) +vT12(0))

YETX(HIZRCYTTEC) »vT12(N))

CONTINYUF

pry 201 nNmi,¥

21y aUp (Y =yTi(N))/ (X1 =¥Y)

I20h)2(VTICRI=VT2(L) )/ (¥2nX1)

TA(HYR(VT2LN)=YTR(R) )/ (X3=X2)

7LENYSVTRN)/ (X4=X3)

CONTIMUE

po 202 AakK+1,50

2R (VUmVSTI () Y/ (xT=Xy)

20 a(VSTYICRI=USTE(R) )/ (Y2=X1)
23(PIRLVSTA(NImUSTI(N) )/ (Y3"K2)

AL E AR R IR AR RS £ 0/

CONTIMUF

WO ITE(S,62) "

FORMETCAI11114)

WU LTELALINICAL,IR,NE,

$ruraT(in »3ER0,D)

wPITF(t,64)

EORVATCSIIIT)

uﬂIYE(b;dH)(N;T(N),VT1(N),VTZ(N),VTS(M),NZT:K)

FORNATLID ,5Xs AE20,3./)
u:xT;(a,vﬁ)(N;Tth),vsT1(N),VSTZ(N):V573(~7;N=lK+1)pSG)
FORFETCIS 45X, Lr20U821)

WRITR(E,70)

FCumaTl/ It ])

ne A6 NE(K$1) %0
‘AG"[YI:(’);Z‘)’)(N)f(N);VTT’f(N),\/T7Z(N),‘JTT}(H),NﬁfK41)’50)
FORMAT(IS ,5%Xs 4E20,3./)

wHITE(5,133)

FroxaY(////)

BOTTECH122) (NaVTIT1 () pUTA2(N) JVTTIS(N) L1 ,50)

FOURMATCIS 5%, YE2U,30/) .

wFITECH,199)

FoasaAY//III )
wVXTF<b.zn5)(ﬂ,T(H)pl1(W);ZZ(N)fz3(~):l&(N)rN=1;50)

FORYATCIS 25XKs, SE15,5./7) .

sToR

END

FINISH



Program No., 7
o]

!

LEXE/SFTU/ANCHRY/FORT/COT=22000/5Tu220ul/ TeRG/L=0u Pas2/l?

20

21

22

23

24

LIST(LP)
PHOGKANCLBGY)
IhanY S=cRU
OLTPUT &xLPI
COwPATT DATA
COFPRESS IANTEGER AND LOGICAL

TPACE 2

END

MASTE® CANLES

BYAFHSION al03,3),0(3,3),00%8),00{3),00 (), RIL23ILUD (3,30 U8 (T,%), 18T
TEY LA Ca ) p i hs ) pVTA QA QUT2(nL) 2T SUAUY pT(AUY 28T (5,80 ,0(%,8) 2hN
TTL303Y A C3,3 0P A08,3) 485001 (6U)L88%¢2€0M 35818 0A ) ,851(5U) ,58201(4
T sC521(A0) ,8S22 (ALY 2852880 ,8%2(01 ) 883 €6 5581 (60) 28552060,
PECEX (ALY LSS AU L UT2TUA ) ,UT22( ALY sV T23 000 25511 ¢AUY,A111(&71) 8012
FUASY AT (e ) 22 LALY SATZ200T ) ,A1280A ) 2131 ol Y Al 2(4)),4125(a0
A Yoy TY V(ALY VT ECAM) JVTA (ALY LS TILO I S 512060) 50 (A0) 821 (A0 ) ,522¢C4h
TOY 28 (AGY) PS8 CAUY SR8 (R 4S80 (NG 481 (4 YoNZL UYL t3LANY YT TI(RD)Y pY
(AR CUMEE S REESID IV & N ETS IATLS SR USRS REFUDNITRY RN EAD WA NSNS WA K {
FAUY N2V (CN Y pHY 22 (A0 o h 2 3080 ) a3 CADY ) RHBE LTy s HS3 (AN 2017 (6N
1) o302 CED) pPuRTLET) ST ALY p 72 (80 pES(8UY 2T 4 (A1) a0 (A) V511 (63 4VS
112¢A0Y LVE183(6M)

vbhbatun,e

TREES RPN

MEy

Xtiz?%,62

132,12

K282 ,82

x3w3 52

Xbzd 22 t

R122 16414

DY34,14%cmt?

REat, OALIELT 4

prsh haSp=12

R¥21,75F414

GXaS T7F=12 R
R-'Al1,‘,E"1L

P67, 155812

vYiume?S5,0

v2iia48(), 0

wile+25, 4

UrR{NEviLB)(ndenb)+(N32p4))

wistrn/og)

WZRLAOLYERTaR2)I/ (T *22))m ({(D2ANTIFL2%D03)/R2))

W3 (LON/RAIS(N2ADT/ O3 ) (HNA(RIIREI/(K22KE)))

WhB CIN2+n3 4 (RIEDLY /(TR ))m(((N2wpd)a(2404))/P%))

G120 ({N2Yss2) w04 N4L) ) a(IDE(NT4L2)))

NA(Z,1)2017401 .

UE(Z,2)=3718

A (2,3)rut/6G1

UM2,4) 0]

UALR,1) 20T 402)#ut(2,1)/D2)Y+# 17 (k1 *n2)))

URLR, 2320000t ¢02)ntih{2,23/02)4((R14D2)/(N2RPI+RD)))
URLS,3)2({(nT4202)4uA(2,3)Y4(1/12I)IDR

UAL3,033( (014023500 (2,6))/02

UALALA) (P82 al3,1)/(N84uk))

UACA,2)=(N3LA(5,2)/(Nn34p4))

U A3 e (loR*ta(3,8))~(1/E3))/(DB+n4)

UALL )80 8xUAL3,4))=ClRI4RAY/(R32BLYI /(D404

AC1,1)8008(02,2) ‘ ~
A{1,2)a=104(2,3)
A1 ,3) =1 éf(:h)h .



11
10

(8]

12
13

A1
1%
164

65

SG

o1

A(Z2TIBRsuB(5,7)

alzs2Yseuh(2,3)

A{Z,5)2400(3,4)

A{X,1YRVAL,2)

A{3p2)mm1jALh,3)

ACS)3Y=ALL,4)

AA(2s1)==0A02,1)

AM(S,1)==itp(3,1)

AP Chs1demttalb )

ATUY,1)=mr(1,1)

AT(1,2)3=4(2,1)

AT{1,%)awAa(%,1)

AT 2,1 )s=ma (1,20

AY(Fp7)=wb(D,2)

AT(Z,3)amA(2,2)

AT (R, 1)=mA(1,3)

ET(T,2)E=h(2,3)

AT(%,3)s=A(3,3)

a0 10 134,8

WPITE (6,11 (ATLT,0)2831,3)

FORPATCAM pREZ0,344)

CORTIMNUE -

LFaTL=D -

Tval

[RINE FUZARFCAT ATV MR, BT UP,IV,UT TV, IRTLIFATL)
WEITE(B,60)

FCRr nTCLITLT)

Nt 12 I=1,5

FRIYI (1) OR(1),R1(00)

FURVLTLIH 22E20,544)

PP ITE L0 s89)

FURt AT )

pe 16 1=t1,5 "

VEITr {6,150 CUP LT, 0) 2 3TCY 000051 ,8)
FORANATLAIN #882{i,34/)

CONTIMDE

WFIYe (k,67)

FOSP AT i)Y

FAmf R e ,5 0/ 0R0T,3)) =0l (2s1) /U (L, 50D
Frul (BP0 /AL 1,8 )= (gt r2) /01 0Ls5)))
R (VIR ki o)) (M2 (2,50 ))

BALSl (a0, ) 1 at2,3))mukl8,1)/0RE5,3)))
RSl 2) /(2,3 =0 008,2)710(5,5)0))
FASO (MO ity 3 )= (NBN/UELE,3)))
hf=l(Fc*FA)*(Fﬁ*Fi))/((FZ*F&)*(F1*F5)7
Bhslftm{atesi))/F?

BV TLU=(RARUR (T, 1)) m(BYR (1,223 /1R (1 ,5)
KB

TC1)s(,5E=%

B St WEE,K

TUEYRT (M md ) 4], 5FmY

[TELIR ] LElET) a5

T(EIET (W) 4,0

Wl Y SA»ED (1 41)

HE L 2Ya0Avn(,2)

M1, 8)sPavLR(1,13)

HEZ,1)EDHELP(2,21)

HGZard dRipal RE2,2)

Wl a3l xuin (7,3)

KlS,1)mb el (5,1)

M3 s )0 C®in(5,2)

H{3s8sz0Cwin(R,3)

ANT 12138022 % (3,3 )m (N2, 5) > (522)))
AT (14708~ ( (it ,1) 2 (3, 4))mlunlcs3)mii{3,1)))
AMTES 2 5YR (V221 58 g )=t (2,2)%408,%03)
ANT{(,iv’~l(n(1;r)*n(5,*)7-(a(3;5)w‘(‘;r)))

U e m e e mm moa e a e B A I U Y Y

. . i L.



i RN NS e,

AW S e e X Y

e TR S8 v

33

1un

1u1
1u?

12

AV TE2 2Rl 2 M3, ) m (1,30 0n(3,13))
AT lesR)mm{(HCT,1Im (4,0 m (Tl wR(5,13))
AVTLR,, I el { A 27 nles3) ) ({1,338 4(L,2)))
A TC2a2)an(lR(T,,1)%(2,33) =i ,3) 20 (2,1)))
AT, a0(A (121 0on s )= (01,2320 lL010))
AL, =21 (1,1
ALY ,2)=2aMT(2,1)
AMCI,3)sARY(3,1)
ARLZ,1)RAHT 1 ,2)
AV (2,2)maMT(2,2)
A2 ,3)YBAPT(3,2)
A T, 1)=RHT(1,.3)
AF(3,2)8aHT(2,8)
AMLa,2)3ANT105,5)

P?I=f“(1;1)*((A(Z)Z)*U(ﬁ,3>)n(H(z;S)rH(S,?))))n(h(1,2)*((”(2,1)*H(
1B 8) m(M(2,3)hn(3, 100008 ( R (1380 m (2 1) eti(3,2))=(H s (3,13)))

0" X3 HNEY,LO

ATIACH) =AMLY LAY/ (PHIREXD(ER{TII&T(N)))

ATI2 () =au{ Y, 20/ (ORT&EXB{PL(Z2I*T(N)))
ATIREM)=en(1,%)/ (PnTax (P (3)nT{N}))
ATZV(UIBRAV(2,1)/(ouT e u(1)»T(N)))

AT 22CHYEan (2,20 (Pt af o (LE(Z2)aT(1)))
AT2W(H)ZANLI, ) /(PrIxEae (LR (3)nT(X)))
ATS1(NIBANCE )13/ wr X2 (PRETIINTINYY)
ATID(HIBAN R, 2)Y /(DT EXD(RR(2Y*T(N)))
AT3S(N)BAN(R,, )/ (PrYer XD (b R{SINT(N)))

CHaYINuE

IO RS LI NP B E ATV

FLZA(Y I et a (5,1) 200

PHESEESELINEREWE B E AT

nooYan KR ,¥

S11¢) B0t 21 ) #501A()aCaxP{EREIINT(IYIY/R0(T)

§12¢0 BN, 27 a2 ) QX CRREIY T2/ RACT)

SAIRCr IRV (T3 ) «nin31 (20 (C% (1) AT () )/ av ()

VAR EIN VAP ENNIENCOEE SR LI S A PO R AN DD FERE F))

PEIEB IR EVHPARES LSS SNETEPAE RN SS PRNFFEN S

SR8 )ER{? )i (V)R (T (DRLL2)eT( )Y/ {7)

ST )E (T 1) BT A (EXELPRESY T () LY AR (B)

SA2CI ISR, w2y (PRSI RT L))/ 4eLs)
SEACLISNLR ) » 381 () (P A (N8I T (1)) )/ a3}

SEU I E NS E LA PRGNS

Qe ()RS )44 22(N)#525(%)

2SR ()48 32()45358()

VITALN oAt () ST L) +aT 12 (M) e () +aT 150y »8%()

VIT2 O RAt 2 () e i AT 22 0 RS2t ) Fa T 280 PSR ()
VITH L) Zal 3 C) 310G AT ) FS20 ) +u 15202880

VST L) 2L AV T II(Y)

VET2(n)uy2u by rT2(n)

YEYR )y mubiayTri(n)

[N & R2371 £

VioauTY1(y)

vArmuTT2{K)

VaApraYTTI(K)

AN 7T nE{ne1) .50

HETI O =i {1, 1) AT TN A {4 2)*AL20 )+ (1,3 ) AT 3T (N))
HET2 {50 (1,1 AT 120N ) 41,2 ) ® 12200+ (1,8)*AT42())
A TR )Rt 13 AT () 4 n (V1,202 80 (T 5) YATER ()]
AGTERYEL (TR AL T A2 a2 AL 2T C Y+ (2,5)2AT31())
BRI SN2, 1) % a2 (M) e (2,2) 0122034 ( /A ®AT32(Y))
M 280yl 2, ) p 1 a(i)eal, ) ail 28024 (2,5)* AT 88(H))
B A1) (3, M) WAT () +e (8,2 %121 Y4 (3,2 RHAT 3T ())
B2 (S, 1) wAT 2 (M) S 3,2 %1220 )+ (5,5)4AT42(n))
HIOSTEIS (A, 1) e TN ) A0 8,2) N 080 YU AR AT AI())
YTET ) (et Ry el Y 2 () ¢S wm it AL 0))
WTAF{H)EY I as 2 0 )40 al 022001V eV 065 %¢( o))

VTT Ry (VO 2 Lo ) *M2 00l n A2 () dv S tenm5f00))

T TR I R R A



77

2ilt

e
v
s
Ry

12?2

2073

- £FHD

~

YEIT )y me ey T ()
YEIP () SVIU R TIZ(Y)
VA1) EVEC R TS0
CuaYittutb

s 20T b,

v avioasyi

21¢ YLV, ST Y/ (EI =)

170 JEAVSTI O mUST )/ (Ve mXY)
Z‘{(‘):{\’ST?'_.‘;)"'VSTjt‘))/(V}-X?‘)
IHCH) =R T3/ {XemX)

C(),.,TX‘IUF

Doo202 navel,hi
21(*.):(\!g)n\«'{"‘l(’.))/(X1“’{“,’

I2(r )R (Vs Tl w2 (L)) /(¥ 2=%1)
750 I =USI2 LI mVET3 03/ (Y3~42)
G ENIA RIS VS TT) B P)

COMNTINUE

WRITE(OL67)

Fru s/

"5 & NN T ED ALY W LRy A

FOQVATOVH » TETG,Y)

AV LT (b ,64)

AT AT(SSNN )

~"17k(6,nf)(u,T(n),vaw(u),vrva<n),wrr3(u),ma1,y)
FORYAT(IS 25X, LE2U 3,7 ' ' '
WILTHCO, 1220 C aT O ATV, TI2 () A0TSR Sy ke 1) ,50)
FAGVEY(IS 45K, LEPGL,8,/)

WFELTH {A133%)

FOUNLTLLY

WETTF QO 28y CoaTUN) 22 0) 22200 20350 2240 3 2wty 50)
Erwt ATATYS 45K, SR15.3.7)

STup
grn
FI~T8H



Program No. 8

L

LFXE/591Q/h“G“RI/FO"T/C<T=35050/ST=5SUQO/TRAOU/LP=0”Uﬂ/PR=1//

LIsTeLp)

PROGHAMIASYT)

INPHT SeeRp

CUTPUT. fal po

COVPRESS THTEGE? AnD LOGICAL

TAACE 2

END

MPESTER CAALFS

DIFLSION AA(?;?);bl}(?),X(T))WR(7)/t‘9(717)1"I(717)13"7(7);'.”*(8:8’!
1AT(?;7):QT(70,M(I,V),wxcuncf(10),AH(?;?),Y(AU),A111(aW),Araztno),a
7113(4”>,4716(Au),A115(&ﬁ),At1A(AU),5117(Au),A711(Au),h17z(a“),A!23
1(bu)fAIZQ(c“)-hTJS(AO);AI?é(aﬂ);AIe7(Ln),AIS1(40),A152(au):kltsfkﬂ
1),A!3/.(1‘(‘!);.‘!Iﬁﬁ(l‘");AIst(M'),AX'S'IU»”);!-I'»‘!(/at.l’;i‘l/.Z(L"),»\I'ai((-U);A
1IL(‘(L“),AY“S(A()),AX&C;(Q");AIQ7([6C’);’~151(»’c")1515?((AU)”\(‘;}(’L-”);Atb(G
1(LH);Alﬁb(«”);Azbﬂtbw);&xﬂ7(aﬁ),Axo1(bﬂ);ﬁloz(aﬁ).AyAS(Auy,Axha(hn
1) ,a365040)

DIMENSION AIéb(Ln);aIa?(Lu);Al71(A@);AI72(Au);b175(4ﬂ)1417L(A0),A
1175“"")151’7"(‘“1‘)r’l7’/([n(\');ﬂk17(/bti)l“*?/“ﬂ)1'4'113(/‘(;);"511!e(/o"))ﬁl41415
1(Li)),F*H‘M(k(');Hk‘l7(411);4}«?1 CAN) st 22 (Hh0Y 25060 AHM2L (A 4?5 (an
1),~u£h(Lu);ﬂH27(4J),HH51(LU),ukse(hG),HHSS(KU’;Pw!a(aﬂ):nHBS(do);N
1h36(hn),ﬂu57(bg),uu41(An),uugz(ab),unuj(q&),uué&(an),uqas(«ﬂ),uua6
1(Lu>,nﬂb7(aﬂ),wu>1(Lh),HHH?(aO),Nusi(au),uwSA(aﬂ),uh>5(au),un€o(an
1Y b7 04Ny puipnt1 (LD) yrie? (ol )/“7"’5(0"')fH"Cy/»(/HV]);L“*E(U!)l?‘”b"(bu’l“
ARAPLLD) g umTd (lu])"‘57((5("))‘*“7;(4“)IH“"Q(Q",‘1““,5(LU))N-‘!‘/O(’H’)))NN'[?
1(’c-J),'i‘H(M-);S‘!?(’.U),?1'Hltl-),S‘MU.-J),MS(Lu):514{/»('),91 FCud) p821¢h
1h),522(«n);&u11(kd),knz1(Lc),“051(an),a“51(&u),PuA1(QH);uU71(LU>pﬂ
TULYCA0)

HTYENS NN sZ?(&n)ltzk(Au),SZS(au);ﬁ/b(bﬂ);SZV(&n),Rsﬂ(AJ\.SS?(an)
1;.\‘Sx(bu),SB{MM)):SSS(/'U);ﬁ}ﬁ(/.lf);Sj'?C’a”)f\'/o'l (ALY 4862 (hi) ,243€61) 8
1an(ob);Sa%(&U)p§&6(4u);?a7(éu);§51(hu),cb?(hﬁ);535(60);S5t(60);€55
1(aq),gg;(au),§)7(AL),sb1(«h);cb?(60)1563(40)'defaﬂ),ﬁéq(bﬂ)lﬁéﬁ(ﬁ
10),§~?(Lu>;571(LU),SI?(LU),s7itcn);SV&(LW),:7%(A~),S75(4U);%??c&n)
1;91fhﬂ2157(hﬁ);?5(&“):SA(AU),is(h“);sh(nu),ﬂP(AL),vT1(au),VTJ(QW),
1vTj(Lﬂ);vYA(bu)oVT5(L“);vTﬁtkﬁ)/vTY(h“};SSihT(Q“).sCZW1(kF)pSSS”1(
140);SSLP1(bﬂ)'S°5“1(kﬂ),S&é”1(ku),537ﬂ3(43)13571(Au),ﬂs1£(40)zss1§
1(hn!,SS1L(&D).SF19(AU);Ss1olk”);5517‘40)'x521(AF),SSz?(ﬁﬂ)fS§?Squ
1)s5804000) :

pEATWRION QS?b(&“)rSR?‘(AU):RS??(k”)'SGST:h“ﬁ:SS‘Z(ah);SS53(&0);S
1!:31»(1.”),SSJQ(AU),Q.’,‘J:(&“‘);3557(11"’);.‘45/;1 COt ) rSRAh2(LG) ,5845C0Y) ,8546
1(Lv))JSSLB(L“):S.‘ifo/»(l'n‘))'35‘-7(““)135’)1 (’vl))15\354(4'.’:)15553(’00)15§‘3’4(6“
1),SSSS(AO);Rsﬁn14“>,stb7<Ln>,RSb1(4“)rSSb?(uu);ﬁsﬁs(an),35o4<an),s
TSEHCLAY 886K (L) 86857040 ) 85571 (/‘(');.‘-'572(1«':)rS‘:IK(l»L‘),RSNo(Q'));S.‘;?S
1(An),SS?h(hW);SS/7(6L):§S1(LJ)ISSZ(uu);Sb5(ﬂU):$Ré(bh):SSS(h071856
1(&4>,SS7(AU):VT11(¢“>,vr1?(hd);v715(44),V716c60),w11>(4u);VT15(QU)
W;VT17(4U)fVTZ1(4ﬂ’;VT?Z(&”);VYZS(&U):VT?Q(QO):VT&R(6U),UT26(6H),VT
127040 ,VTTY (.’o");VTT?(&U);‘JTTﬁHM'):vTT&(’"U,‘JYYS(:’Jl),v‘fﬂ-(&-)),VTY7(
1603 ,v8TY (’:U);VST(CM‘)»V”wT’(Lii);VST@(M?);V’H"S(A_U);VS*&(Q!));VST'X(&UI
1141lhn):2?(AO)125(&ﬁ);ZA(AU)»Zb(hU):26(h0)127(&H):ZR(QU);VP(LO)

X'z ,42

x1x4,77

X2%2 .12

X¥22,47

Xéa2 82

XSs3,17

xAe3 52

X783 ,37

XRab 22

RI1a9 ,157E+14

R2aY ,06F¢ih

RA=0 73F4+13

Haa® 132418

RE= 5658443 R e s



Réal K413

R7=7,54F+13

R&=7,1656+13%

P18 RE=12

p7a7 ,0%8a12

bDrapy R7LE~12

DLmB HEFE=T2

pS=4 ,006E=11

phat 222€-11

p721,356=114

DEat  48F=11

pMay

vir2100,0

ALI=(D14D2)

AL2=((D?+hS)-(((DZ)**Z)/AL?))

ALEZ ({D34DL)~(LL0T)3 =23/ A02))
ALGRCLDG*NB)Im(CtDAI*«2)/ALS))
ALS=(Lpbene)=(L(DS)*a2)/ALAY)
ALAR(LUheN7I=(CtDAY+R2)/A1L5))
ALZR(LDT PRI~ (((D7)*#2)/ALG))

pr7m(Y/2LTY)

DR&R(N7/ALO)I®DBT

dhRsE(D6/ALS)*D8A

pHELB{DS/ALGI*DES

DFSEtPA/ALIYADRA

pFI=(D3/AL2I%DATS

DrIm(RZ2/ AL 1)%N82

Y (R, 1=+ l0RT/RY)

UAER, 2 s ((rale((214i2)/(E1RR2)II=(PR2/12)) .
U&(Pp¥)=«((*631933~(9R2*(=2*R5)/(WZﬁRS))+(as1Ia?))
UA(ﬁ,h)z#((Nﬁiw((#3**#)/(nst%h)>)~<556104)~(qulpt))
ubtx,S)r«f(zS%/PS)—(uﬁqttﬂa+v€)/(uk«u%))+(a&3ina;s
Uﬁ(F;5)=+((“85*((95‘45)/(°5*°*1))*(*db/“ﬁ)-(o“k!ni))
ua(a,7>=+<(hﬁ?lrvu-(nﬁéntvﬁ+¢7)/(Pe»u?))o(uxalaA))
Ubtﬁ.ﬁ)xot(na7~(n7~:s)/(R?wnn))-(uuﬂlv7>)

p?6m(1/AL8)

B798(NA/ALYYRNRTS

PTL=ERY /L LY ANTS

DTES{NL/AL3)*DT4

D72m{NL/ALZ)*DTS

D?241=(R2/RL1IXDT2

06(7,1):*((P7*UA(R;1>/AL6)§(071/R1))
Ub(7;?)=1((“7*U6(R;?)/ALb)ﬂ(D?Z/R?)‘(W!?tf°16“27/(Q1ﬂ92)))
UA(7,*)¢+(("7*JA(ﬁ;3)/ALé)i(DYS/RZ)—(ﬂ’?k(KEvPS)/(R2-93))+(h71/R2)
1
U5(7;4)=+((“7*UA(R;h)/AL6)~(07Q/RA)#(O??v(RE+Qh)/(RS#RQ))*(“?Z/D})
1
uA(7,5)=*((\7*UA(8;*)/ALé)6(H7§/FS)~(57L*(PA*”5)/(RA‘WS))*(B7SIWL)
L]
UA(7;ﬁ)=+((07*UA(316)/ALO)-(DVG/Rb)0(“75*‘?54"6)I(RSﬁRb))"(“76/R5)
1)

UAf7,7)=+(<~7tun(a,7)/AL6>-(075»(u6¢u7)/(06*R7))¢(075lR6))
UA(7/“)=*((ﬁ]*ub(ﬂ;r)/ALb)-(a7b/R7))

pESE(Y/ALS)

DELBLNDIALLYXDOS

PASE(NAG/AL3Y*N6A

pEZa{Bi/ALZY*NG3

PAIR{NZ/ALI)*DA2

uA(ﬁ,1):*((”6*UA(7:1)/ALB)*(&G1/R1))
uk(6,2)=v((“b*dﬁ(7,2)/AL5)-(06£IR2)+(n61#(R1¢DZ)/(R1*Q2)))
UA<6,3)=*((hb-UA(7;BJ/AL5)¢(u63/u3)—(ﬂ62'<ﬁa¢n5)/(uz.ns))+(ﬂ61/nz>
1)
UA(A;b)=¢((hbqu(7;b)/hLS)-(noalnc)+(ﬁb$»(n5+n4)/(33*95))-(962/R3)
1)
uA(é,ﬁ):#((né*unt7,5)IALb)+(065125)-(hdbﬁ<9%+n5)/(ga‘nb))+(063/Ra)
1 -



ettt

uﬂ(ﬁ,b)co(("ﬁtuA(7;h)/AL5)%(aab»(uﬁ&kﬁ)/(w§«q0))~{uéa135))
UACAL7) 2 ((D6*JALT TIIALEYSLDADIKA))

UACA R Y+ lnnxlAC70) 2 ALY)

DSGas(1/814)

DESELNG/AL3)YRDSG

ps2m(nXtALZ)*DHS

DS1etN2/ALY)*DS2
UA(%,1)=+<(“5*JL(A;1)/nta)+(n:1/91))

UACh s 2 =4 CtnS*ALA, 2 /AL Y (0S5 /2 +(NBTH (RIS (RT1#R2)))
UA(5,3)=+((hS*uﬁ(*,S)/ALa)+(055/R3)~(05?*(R£+"3)/(HZ*PS))+(051/R2)
1)

UA(R,4)me (N5 WUR(Astu ) ALAYP{DSL/REYHIDSIH(RI4PAL) J(RI*PLHII~(D52/75)
1)
UACS2S)=eE(NSHUACA,S)TALAI=LORE* (RL4RS)/(HA*RM) ) +(DDF/RED)
UB(S,0) T ((DNS*UA(han)/ALLI=(DS4/RE))

UL (N,7)3+(DS*UBl6,7)]ALA) '

UA(S, RIS+ (pIXUALG,B)/ALS)

pL3x(1/ALY)

DL2E(NI/ALLY*DAT

DA (NZ/ALYIXDL2

UACA L, 1) Es(UNG* AR, 1) /ALSY$(DLT/ )

UB LA, 2) el (BanJh(S,23 /ALY (042/H2)4(DATw{ul+2)/tRT1#R2)))
UACL23YE4CLNGYUACS 8 /AL3Y+(DAS/RI)I=(DA2R(R24PZ)/CR2*PEIIH+(D4LT/RE)
1)
UA(A,A):¢((5Q¢UA(=,A;/A:5)4(945w(&3¢a6)/(w3wa/))-(Duz/qS))
UB (LS ( (NG UA(5,5) /ALY lu45/KA)) :
UhCA,6)=4(DAeBA(S,0)Y/ALS)

AL, 7)2 400 1A(S,7)1ALS)

UACAJRISZS(LAFUALS,HY/ALT)

DX2=(1/nL2)

prim(nZ/al1)aD32

UA(R, 1= (N34 A (A1) /AL2Y40DT31/ 01D

UB (S, 20 4 N3 o (L) AL 2)m DB/ R2IH(NII#(RI®N2YI/(RI#R2I))
UACS 304 ({n3wUACL,3) /802 )t 032a(Re+n3)/ (R RT))+LD3V/R2))
VAL, 6) 4l (N3xUACL LY/ ALE)Y=LURL/R3))
UA(‘91‘):?(’)l“”\(/olf))/’\‘.))

UA(S,6 =4 {ptxtia{b,0)/AL2)

AL, 7)o (UxALLLNT)Y/ALE)

UA(R,R)= (D32 AL4,8)7AL2)

L2is(/ALY)

UAL2,10 40 (R2% (3,10 7A1L1)*(D2Y /1))
UaL2420=d((N2%a (3,20 /A1 1) 4002 1% (R1422Y/(P1%R2)))
UAL2:3)=4((N2%UR(5,3)7AL1Y4(D21/R2))
UAC2,0)=24tn22iA(5,6)/A0T)

UM ,R) =42 > (5,5) /A1)

UACZ pRIR&LC2%0A(3,6)/ALY)

UAL2,20=+ {02 % 1A(3,7) /A1)

UA(Z,8) =4l 02%0A03,5) /A1)

AA(Y 1) 7=Un(2,2)

AR(R ,2)205¢2,3)

RALY 32wl (2,4)

AMLY,4)2UA(2,5)

AMCY 9 =mtin(2,4)

ALt ,R)BURL7,T7)

AR ,72==UAl2,8)

AAC2,T)m=lIA(38,2)

AR(Z,2)30L8(3,%)

AA(Z2,3)e=0603,4)

AM(2,0)A0%,9)

AA(245)nwllA(3,6)

AR(2,63=458(3,7)

AB(2,7)enitpA(3,8)

AM(R,1)=mild{4,2)

AM(T,23=UNC4,3)

AMCR,3)ewltA(b,4)



TAACY, 6 ERACA,NY

AAC1,5)=wtia{bs0)
ABM(R,4)BUNLL,7)

AA(T 7 maith Ch )
AR Lh,pt)zwitp(5,2)
AA(L,2)5 R L5,3)

AACh,3)amtiA(S,4)
AACL,BY2UR(8,59)

AR(L a5 ==t h(546)
AA(LLAISUM(S,7)

ABCL,TIE=UA(5,8)
AALR, 1) =mliAl6,2)
AR(S,2)=UAtALT)

AR(R,3)rmlIALb,4)
AA(N,L)aUR(4,5)

AR(R,5)=mlAL6,5)
AA(S £ 8)RUMLALT)

AA(b,Tre=UA(6,8)
ArM(A, 1) xwlA(T7,2)
Ab(F;2>“UA(7l3)‘
AB(A,Z)=wlihlT 24)
AA(H,AIRUALT ,S)

AL (Ap8)=mitA(2,6)
AA(A,AYZUALT,T)

AALE 1) 3mUA(T,8)
ARLT 1) E=UALB,2)
Ad(7,2)=2U0(R,3)

AR(T p3)zmPA(8,4)
AAC(7,4)=UACR,5)

AL (T ,5)2=UtACB46)
A7 ,6)2UACR,T)

AM(7,7)e"liACB,8)
ATt9,1)==rAC1,1)
AT(2,%)==AA(01,2)
AT(X,1)==2A(1,3)
AT(bL,1)=maAlT,4)
AT(S,1)==2001,5)
AT(6,1)5=RA0(1,8)
AT(7,1)8=8A(157)
AT(1,2)smAA(2,1)
AY(2,2)2=04(2,2)
ET1(3,2)2=28(2,3)
AT 4,7 9mAN02,4)

AT 3.2 5=2402,3) .

AT(R, 2 nmiA(2,8)
AT(7,2)emnal2,7)
AT(S -3 )ewahn(3,1)
AT1(2,5)6a00103,2)
AT(2,3)u~h8(3,5)
ATCL,3)ambal(5,4)
AT(5,3)=mAa(3,5)
AT(A,2)z==hAn(3,5)
AT(7,% =2 (3,7)
AT(Y,4)==8A(4,1)
AT (7 035=Ap(4,2)
AT(R, 46)2=A0(4,3)
AT A, 4)=mpALh,0)
BY(5,4)5mAA(L,5)
AT(F2b)=mAAl6,6)
AT(T,0)3=A004,T7)
AT ,5) el i (5,1)
AT(2,5)2=AN(5,2)
AT(3R,5)5mAA(5,43)
ATCL, ) 2=A 2 (S5,4)
LT (5 .5)==hA(5,5)
AT(r,;5)emAAa(5,6)

A'S(?lS)"*"#(bt?)



11
10

AT (N s6)zmAllbh, 1)
AT(2,n)smhb(Ba2)

AT 2,6 )umhalb,3)

ATV { L ph)mwppa(b,h)

AT (S 5 )mmBA{h,5)

AT (HsR)3mAA(6,A)

AT (7,6 )nwhatb,?)
AT(9,7)e=bn(7,1)

AT (2,733 h0(T7,2)

AT (2,7)mm3a(7,3)

AT AL T)emBALT7 44)

RYI R, 7)mmA (7 ,5)
AY(£,7)merA(7,6)

AT 7,7)mmrial7,7)

56 1w 1=1,7 ‘
WRITEL O, (ARLL L) 2d3Y,7)
FEangT(th ,7815,3,4)
CONTINUE :

1FATL=0

Iva?

CALY FCPAGFCAT»TV ) RE,,01,URSIVALUTIJIVAILTALIFATL)

LEITE(6,60)

FravaT(/s1/414)

o 12 1=4,7

WEITE(A 133,200
FOCRMATCIN. »2E30,5,/4) .- -
Do 14 I24,7
WEITE(A,15)(UR(Y,I),dBY,7)
FENAQYAT(Yh ,7E14%,3)
CONTINUE

he LY 121,7

WEITECO 170,00 ,42%,7)
FORMAT{1HW ,7E15.,3)
CONTINUE
vius=87,5
V?‘v)“‘75'0
Vigeamh2, 5
Vaas=51,4)
VB Lisw3?,5
vhtiam2S 4
VZ?inwi2,5
FYsC(URIT,IY/IHURCT 7)) =CUREE VY IUR(H 755
FASCCURCTS2Y U740 )~ 1R (b2 /HR(6,73))
FR33C(URCTAAY/URCT LTI (e, 8)Y/URLB ¢ )
FLam CLURLT AN/ IR(T LTI (ARG LY/ R(B,7TY )
FRa (LR ,5)Y/URLT 7Y )=(URCAIBYIURLG L)Y
FESC(URET )Y/ IRLET,TII= 00 lH4AYINREO,7TIYD
F7a0tV7D /007 ,23)=LVAL/HRC6,7)))
FEACLURCH I/ MRS, )= th 1Y/ unlb,,r)y)
FORCAURCS,2I/URIS,,2XI=CR&,2Y/UR(HITI))
EAO{LUPKS,3Y/UR(S, 7)) ={ub (b3 UR(A,T))
FAIm (UL (524 UR(S,7)Im bR tb )/ UP(L,s?)))
FI28CCUE (R 87 Un ST mlu (b, 5 UuRLL,T)Y)
FASBAUE LR, 0 uR (K, 7YY m (U (b A5 /URCALT)YD
FYG4REAVEU/UR(S,7))m (VA /Uv(h,sT)))
FASROQUR(RAI)IUR(T, 7)) =CUC(2,1)/UR(2.7)))
FAARCLURLA,2) /)83, Jk(2,2)/uR{2,7)))
FA7a(UBRsT)/uRC3,73)=(UR(2,3IIUR(2,7))?
FIRAZCLULET,4)/ue(B,7))mt U 2,4)/0UR(2,7)))
FAYROCURCT,8)/UP L3, 7)) =ur(2,5)/URCZ,7)))
FRUBLLUP (B ,R) /U %,7))m (U 2,6)/UR02,7)))
FZ1m{ (V3L (3,73)a(NV20/1IN(2,7)))
FP2RLUP(Z221)/URC2, 1) YL ,1)URCE 7))
FRARCAUR(Z,2)/uRC2,7))=ubP (1,23 /URCE,T)Y)
P24 (URPL2,3)/URLZ2,72Im (182 /unCi 7))

Foom{(Ue 2,42/ und2,7))=Cue1,4) /ur(1, 7))



FRomitun(2,5)/Ur(2,7))=Cun(1,5)/uR(1,7)))
F27eCCUR(2,6) /Ui 2,7))mcur(1,60/0RC1,7)))
FRARAN2U/ B2, 7)) (10U (1,7)))
Feasluala 1708 (S,73)=(ur {1 ,13/uR{1,7)))
FROa(LURLCA2)FURLALTYY=(liv 1,2 /un(1,7))}
F30m(UnlAa ) URLA, TV (U (Y237 URLY,7)))
FR2a2(URCALEYJURCA,7I)I=CUR (Y 4)/unt 7))
ER3a (Ut (£,5)/RLA,TII=CIECTIL8Y/UR(T,7)))
E363((URLALA)/HR(A, 23~ 1,60/ uP (Y, 7))
FISRLAVOU/ R (A7) Y= (10T (1,7)))
FRas((Unlb, 1)/ Udtas?))=(ur st 2/urd1,7)))
FR72(LURCL»2)/URLL,TII=CUR(1,2)]UR(1,7)))
FIASCLURCL S/ uURCa T i)t (Y, 0uR(1,7)))
EAGELLURCOL,LYIURLALTIImUE L4/ URCTLT7)))
FANBCCURCAS)/URCA, 7)Yt (1,5)/00(1,7)))
FOIR(LURCLaNYIURLL, 7)) =(Uv (T,8)URC1,7)))
FA2e(tVai/Lacab?)ym(vIV/UR(I,72))
CAia((FE/FIBY~(F1/FK))
Gem{(FI/F13)=(F2/F8))
GARCCFIN/EI3)~(F3/FF))

A2 ((FIT/FI3)=(F6/F6))
GSRO(FI2/F18)m(FS5/Fb))
GRa{LFI4)FI3)~LFT/FB))
GTa((FIS/FEN)~(F1/FA))
GhECCFIAFENYI~(F2IFA))
GUal{(F17/120)=(F3/Fb))
GIDR(CFIR/F2NI = Fh)EAYY

G118 ((F19/F2u)=(F5/F8))

GI2E( k297820 = (F7/F6))
GIZ3((FZR2/F27)=(F1/Fh))
GALE((F23/F/7)=(F2/F8))
GIS5=((F24/F27)=(F5/F8))
GYAZ((F25/527 =84/ FB))
GAPHC(F2A/E27)=LFS5/F6))
GINS((F2u/Fe?)=(FP7/F6))
619=((F?9/FE@)-(F1/F6))
GEHB{LFRUIES6YLF2/FO))
GPIRCCE3I/FILI~(FS/FA))
GE2R{CFR2/ET34)=LFL/FH))
G23R{CFSX/F3L)={F3/F0))
GPLRCtFESS/ER4L)Y=tFT/F0))
GEYR{(FS6/F41)={F1/FD))
CPam{CF32/FL1)mLF2/FR))

G2l (FIBIFAT1)I=(FY/FG))
GZARCLEIV/HA1I=LFALFOY)
GZyz({FLI/FLIY=(FS/FA))

Gl {(FLg/FALY1)=tFT/Fb))
GTIe((L7/6G14)=(01/G5))
GI2B((LH/GY1)Y=(R2/G5))

I3 ((ET/GT1)~(G8/705))
G348¢(C10/7611)1=(GA/GH))

G350 (GT2/C113»(GA/CS))
GELERELIGT3/612Y=061/CGY))

G378 ((LY6/617)=(G2/GY))

GAAZ (LIS GI7Y=(6G3/6G5))
GR5eC(6A6/01T7Y=(G4/GS))
GLuR((GIR/UT17)=(GA/GHY)
Ghie((61%/673)=(G1/6%))

G425 ( (207625 =0G2/¢%))
GLAs((621/7G23)=(G3/65))
GLLE(l62¢/025)=(G4765))
GHhHY2L(G24/G28Y=(GA/GN))
GLUABLILP5/629)m(G1/6S))
Gh2SClR2&7G729)m{C2/0Y))
Ghur((G22/G29)=LG3/6Y9))

GLYS G267/ 029 )mlG4/EY))



CHIR LR L/a29)w(GA/0D))
GOTRLLCRN/tyYm 31/ 054))
658700037 /630)m64e/0654))
G530 (G t3y)alut3/034))
GR4mC(GhG/u39)m(G30/0u%4))
GR 5= ( (0L /6A4)m(G3170G54))
GHS= (G676 GREIG34))
GS57=C(6L3/Gah)=(G33/034))
GREROLGAS/064)={G%5/u36))
Gy ({Ghe/tby)=(64170340))
CAUR(LGLIIGLYI=LG32/0340))
GARIZLLGLB/ b)) =(638/634))
GH2m LGS/ GAPY=(GER/G34))
GAI=CLOD5/057)m(GR1/0:9%8))
CEAECLGS6/G657)=065¢/u538))
GASB(LGSE/GS7 P (6507655))
GEAR(LUNY/6ATI=(LSY/054))
GA7RCLGAL/GATII=LG5¢/555))
GORE((GA/GHTII=LG54L/053)Y)
GRrYs LUl Gl )Y (A8 4A))
G?7 IR ((GELIGCET)I G Y ubb)Y)
BI12070/6469

b2 (tAd=(063281))/GAG

ERa (54~ (rh 1) )m(652482))/65%
BABCOBU(LOA6% 1)+ (G07witg)Y s (GLB*13Y))/G4T

BB CCRUM (G254 HI) I (RL2ARI2IS(G27HBIY+(GZE*RLI))I /629
BEBLFALw{(P2OnB1 )L (FE72a02 Y4 (F a*u3) 4 LF36+R4) 4 (Fhyvu5)))/Fb4Y

W72 0w tum (LUR I 1) %31 9 ({122 202 2 LUR(T, 33330+ IR 4 wR 4 ) 4 (UPCT -
12532080 4 (MR, 8)Yedp) ) /1 REYLT)

WRITE(6,31)P1,0R2,%38,%4,35,84,87

FORTAT(IN L,7810L,3)
H{1,9)229402(01,1)
K Y, 0)=P]1+UD(1,2)
Hi1,5)=51600(1,%)
HET1 a)sR1eu(1,4)
HO15)sR2uR(1,5)
HETsr)apiein(1,4)
REY,7)uptee(1,7)
HU2aY IRt eR(2,1)
H{2p2320724000(2,2)
HUZ2 22w it 2,5%)
REZ,L)=p2vyR(2,4)
W{2,5)5E220002,58)
H 226 )RE2wiin (2 ,4)
HU2,72)200000(2,7)
H{3,1=02xy0(3,9)
H{S,2)808%0P(%,2)
RES,2)=n8»0,0(3,3)
HU8,e)=20 3% (8,40
R{3,5)%0354T(3,9)
N {3 0 mit w0 (8 ,4)
HUS,7)sRX+P(3,7)
HOG,1)RHAKLO(A ,1)
H{hp2 )=l 4nUP (ha2)
H{4Ls33204%1°(4,%)
HOhab )P bwOQR Chak)
H b5 YRE4*2(4,9)
Heh st )2Raein(4,A)
HCAp7)2basIR(4,7)
ROS,1)YEN5#{i8(S,1)
K22 R0 52033 (5,2)
H{3,3)ePset(5,3)
n{S,a)anseyr(5,4)
RES»h)ath+3u5(5,5)
HES h =5 (5,4)

e a ¥

TETTATE e m vy e hainr et EERE S B I DR RN S SO A



-

His,7)sE5p LR (5,7)
Hias1)=tasyt(h,1)
HiAs2)utodija(h,2)
Bl RYsaw(8(6,3)
HloatYrbhnahp(h,h)
H{asB)ISHEY LD (L,5)
TR{S YNGR G (A p4)
R(6,7)506¢L,0(A,7)
H{Z21)2n74u2(7,4)
H{TFs2)aR7a10(7,2)
HO2,3)=2h7y2(7,3)
HET26) 20 PeUR(T44)
H{T25)2r7a0uR(7,5)
W(T7 463807500 (7,6)
W7, 2)=F74L0C7,7) ’
REAN (5,148 (LKSPACE(T) L18,7)

164 FORMAT(AMW »7F7,2)
WRITELo,200) (a8 PACECTY 2 1®1,7)

200 EQQMAT(IN 47F7,2)
JFATL =Y
CALYL FUTAAF haTsM 04,7 ,4K8PACE,JFALL)
TFCARATL B0, U060 Yo 210
WEITELE, 201

201 Froarat(1nf,,18u FATLURE Ih FOYTAAF)
§TOR

210 b0 271 IniM
WERITECO 212V (AR, 0) sdmT M)

212 FORMEY (YW LTEW,T)

271 CONTINUF
Ku1ﬂ
T(1)¥=12,0
DoAY A=2,K

61 T(L)ET(P=1)+12,0
POOBY =K+ 1) 40

91 ()BT (R=1)+104U,0
gt A2 N4 40
ATT1 (R =AM (1,10 /EXYPIRT(I)*T(N))
AT1200)2au1,2)/EXP (Rr(2)*T(N))
ATIS(NISAMCI,IYEVR(AR(T)*T(N))
ATHA ) 2AB {0 EXRP A (L) *T(NY)
ATAIR(R) =AMLY ,S5)Y/F AP (anP(5)4T(N))
ATTA(MI ALY LAY IEX I RR(AY®TN))
AT17 () =AR(1,7) /870 (2R(T)4TIN))
ATV AN 2,00 /e (ne(1)wT(N))
AT22(N)IBANC2,2)/EXP (R (2) 2T (n))
AI28(R) AR (2,3)/EYPARE(R)=T(N))
ATZ2L(M)=ARC2,6) RXF(RPCLY*T(N))
AIZ2NUNIRANLZ ,9) TEYR (UR(B)*T(N))
BIZA(NIBANC2 LAY JEXP(HR(AIPTINDY)
AT27 (M) TAHL2, 7)Y/ EXR(RRLTINTINDY)
AYTAAIR)IRANL 3, 1)/ EY PP (1) 0T (H))
ATS2(NYBAM(X,2)/EXP(RR(2)*T(N))
ALSECNY=AW R, 3/ RXE(R(5) T (N))
AT SACNIRARCR, L) [EYP(RAILLY ST (N))
ATSS N AN, 5)/EXFLER(8)rTIN))
ATSELHY AR (R,A)/EXP(RR(AIRT (YY)
AT AT (RYBANCS,,7)/EXPIuR L)Y *T(N))
AT NI RARCL, 1) /EYRIRR(TI)I*T(ND)
ATAZ (M) =aNCL,2) EXF(RDL2)4T(N))
ATGE{M)BAR(AL,3)IEXRHINO (32T INY)
ATLhENIBAVMLL LAY JEAF (RRCLY*TIND)
ATAS LMY EALLAL,S) /AP (A (ST (N))
ATAA(UYRAMCA,6)/EXEIRDLAYST(NY)
ATGT O, 7)Y JEXF (7)) *T(NY)
ATBALH)IZANLS, 1)/ ExP (e (14T IN))
ALSC(MIBAR(B,2)/EYP(RR(2)T(N))
AISR(MIZAH(S,3)/Fxr(RR(8)eT(n))



62

1u14

102

103

1ud

AR AL SSIRATS2 LN A la b)Y RIS LI+ (L, ) RARLT2 (1))

AlSL(M)wA U(S,«)/tvtc»vih)*T(h))

AISS M) =AR{S,5) /LY P v (a)*T(N))

ATSA(RIZAN(S 6 /exnr v lAa)>TIN))

ATSRTAHISAN(S, 7)) /v (i 0(?)xT(N))

ATAV(NI=AHCAL,T) /BN (P (1) *T(N))

Ath(w)=AV(ﬁ;?7/Exr(~w(2J*T(N))

ATOX () =ab (6,3 /exw (s (3)*TIN))

AYISAINYITAL(ALLY/ENECul(A)ETINDY)

ATARIM)IBANCEALS)fENE (2P (B)*T(N))

AISALKIZARLA O IRYP (¥ REH)*TIN))

ATETURIRAMCA,TI/EXP (R (7)eTIN))

AYZ7VYLR)Y AU 1Y /e trRCt)eTInD)

ATZ2(MIBAULY 2 ENP(uR{2)T(N))

ATTR(H) =AY, 30 /EYR(RREIIPTIND)

ATZ70H(MISAUCT L) EXE(RRTLYPT(N))

AI7S(P)ZaR{7, 5N/ ENP (P (SI+T(NRY)

ALI7HUNYSAN(7 60/ ENF (AR(AHIFTIND)

AYTZ(NYEAML?, 7Y/ ERPLRRLTI*Y(N))

CONTINYF

fn 77 N=Y 40

LR RN e )“(“(1:1)*AI11(”)+H(1,2)*31?1(H)*H(*ra)vAI$1(U)*ufifﬂ)*ﬂlk1(
ARY &V T B 221510 (1,82 AT (L) +H(1,7)xA 7V ()

HHAZENY2 (T, 1) oA 17 0 ) And a2 AL 2 N+ (1,3 %AT 32N+ (T,6)%wATA2(
TR (A5 ATS2 00 0 (1,8 XA A2 (Y ,7)%8372(0"))

Hb P8 s (N0, 1 RAT 0N #0120 %8 280 +H 1,30 AT3B(N)+H(T,4) %0 ]43¢C
T) ari QA 25)%LT58(CR)Y 41N 4nR)*RTIAT(NI+H(IL7I*AL73CN))

MEAA NI (MY, 1) AT L () vH G2 e Al24 (R AT ,32 A 30 (N +(I 4008 400
TNISH(T,5)WATSGLN Y 4N, 8 1 AL(NY &N ,7)4AT 76 (L3) :
HUGE(M)=(H(1,1094T115 (h)&n(1’2)*ﬂ1?5(\)+r(1,3)*“!3‘(*)*%(1,6)wh1&5(
TN SR TS *ATOSEN) 41l ,,n) R ATASINI (YT )AL (N))

HEAGE(R)EIH I 1) %A1 (M) PR, 2R 126 CH) #h (5,30 vATIA(N) +H{T, 0378 146¢
TRY (TN A ISA M) e (1,0 R TRALN)+H (T ,7)%AT26())

MEIT NS IR A7 N 4Rl ) %A 27 )¢, 3 AT IR)+H{T 6 na AT ¢
AR E (A ,8) 2157 (04 (Y 2AYRALA (NI RR(TI,7)*A1727 (1))

HEZT (MR, AT Y () 4 M2, 23201271 (5) 4K (2,33 2A03 (Y +d(2,0) 20 01K
FRICREL2 92241500 ) 4L 0022 AT LY SH(2,7)%A171(N))

HR22(NIR(KL(2, 1)*ﬂ71?(‘)‘ﬂ(!)?)*'I?)(H)*H()IS)*A75’(V>‘4'214)*5142(
ANTEH (2,530 A152 (M) en( 2 02 AlA2{ ) ¢n{2,7)%A1722(\))

HN TN e (M2, 1) AT TR )42 2 RA 28 (N0 12,3 WAL TE(N) +14{ z,a>~.143(
1n)¢i(215)*A!>§(u)*£(/,n)tﬁlh}(.)*h(?;?)' 17%(%))

MHZO(NIE(E (2,981 4P ) ¢ulg,2InAl240) RS ?;‘)'Arjh(')*N(Z’h)#hlhé(
INYOR(2,08)PalSL (NI 4Nyt wF TOL NI $HL2,70%2174(%))

RUZR LRI =M 2,1 A1) 4l s2)XAL2S5( R 42,3 23 15 (NY+H(2,4) AL05¢
INIOH (P2 )5X 2RISR (NI HR(CobIRATAD (NI #V(ZH7ICATTI(N))

HUHZALN)E(M(2 1) %AT TN ) o222 220 Y+ (2,58 % AT 3A( Y +i(2,4)%0146¢
RIS (2,5)%Al0NLN) AR AT AOINYSR(Z,7)*aiTn "))

NHREZTANY BN 2,1 AT Y7 () aNL2p2) Al 20 ()i, 3 cA137(N)+H(2,0)0A047(
AINYEr (28 oA T N+ g i) e AT (L) U 2,73 07(4))

HUSE (X2 (M{R, 10 4A T UN)+H(3,20 %8 2 () 2ii{3,3) A8ty +ut8, 4000141 ¢(
AN A3, 5) 0 T5 T NI 4h (30w A AT L) M3, T3%ATT71 ("))

HEFZAHYZ (MU, 10wAT 2 () ontlBo2) a2 (N)4HECE,3)2ATED (NI +U(3,4)mAaL42¢(
TRISVTL5)RATH200N) 41 (5,n)wATA2(NY LR, /) AT72(%))

HEST (R )= (M (R, 1) % AT 3 () 41 l3,2)% 2028023 p3) e AT 54N+ (3,0 001035
AN AR T, 0 LIS M)+ (3,6 0P 1RSI +H LS, 7I%AT73())

MEBL (NS {HCR, 1) AAT 16 0A) e l3,2) A 24r ) 41 (R a3)wAL 54 ) +H (3,02 20044¢
AN SR (R S0P T54 NSl S,6 08 64 H)+HCB,7)XATTALNY)

HE 3SR R (R, 1) €Al T8N Snl3,2)nAT20 ) +H 3,5 %ATAS(NY+H(3,6)%0145¢C

CARYAN (B I FATSOUN) S S RLTAS(NYENLZ,TIRALTS()Y

RESALRNIE(HLS, 1 O AT A Mt B, 220 0m 03 +0 (3, 3)%a186(R)+H (B4 001460
IND R UR L5 wATSA(M Y4l 8,6) R A AN+ L 7Y»ATT6(r))
RHET (MY 2 (HLS, 1) @A 17 ) en 8, 2)%A127C00) e (8,307 357 (M) +n(B,4 AT L
INY SR B0 *ATSTURIFRCI,6)RATATIN) (S, 7)%A17T7("))
MULT (R Mo, M) R AT () dlL,,2) 2 A 03 t) #R (4, 3)* AT 39" +4{4,4)221414(
TRISH(L)EI*ATSI P Do, RATEV NI LA, TISALZT(N))
HHEL2 M) B LA, 1) AT 2 (Y bl 2) A 004 (L 3) %Al A2 nY+ulb, ) wAlh2(



108

106

107

A LR E (A, 1) AAT IS (M) er L, 2P S )+ (A5 wAL IR (U 4, 6wl 143 L
ANYSH A )8 wa B3 ydulursb) wWAIRS IR HCL,7)*al75("))
unaa(ﬂ)z(u(h,1)*At1A(u)th!L;z)*AZBG(m7+P(4;3)'AISL(N)*H(Q,Q)*ﬂx&k(
AR b, S)NAT L)+ (Lrb) b ALINY P L, TINAT L))
HHsS(P)f(ﬂ(hlﬂ)'AY1S(w)+h(6;£)~ﬁ1?5(u)¢L(4;5)*ArSS(H)*H(b;é)**IQS(
AR e b, b mATSS(NI+H(LsbINATONINY UL, 7Y*AT75())

KN 4h(™ EAHCAL I CATIGINI +R b, 2Y*AT2HC I P L, 3 *ATSO(N) +RCh, )2 ) 406L
1!4)*“(’;[5)5#’5/‘(”)*"(’5;5)*»‘51‘*6('4)""(’o;?)*AY’G('~))
HHL?(h)E(P{&,1)'AT1/(h)+h(6;2)'512/(4)¢”(6;3)*A157(h)+M(k,4)*hl&7(
AN L, S A7 (P ) 3h L, b # 2 JET LN H{L,T)=ATTT L))
yn51(u):(w(5,1)¢ﬁx11(n)+n(b;2)tA121th)th(s,S)*AIs*(u)+u(5,4)'At&1(
TN e (B, ) RATST (YUY b (5,0 % ELATIN) $HLB,T)*AT21(HN))
Hvb?(“)=(wts:1)ah!12(s)+w(5,a)tA1?e(k)+w(5,€;+A15?(n)+a(5,4)-nihz¢
AR el (5,8 waT0 N 4n(,6 A8 T1R82(N)Y SRS, 7)xAL72(%))
nPbS(u)=(%(S,1)*Ar1?(u)bnlb'z)*AXZS(n)+H(S;3)*AYSl(h)*H(S,a)*ﬁlk3(
THY PRSI ATST(E) sR(D e e rTAS (R $ULh, Ty *all3(N))
Mbsatv)s(k(5,1)*AY1A(r)+x(N,E)vﬂxza(n)+~(R,S)~Ar}a(~)*n($;4)*ﬁ146(
VY k(5,50 MATSALNY bp (9,0 2/ TALINIFA(B,7)vATT4LM))

HEGS ()R (ML, 1 WATAO N+ €S, 2)mAT25( )+ (5,3 *AT35{N) +14 (5,4 »A145¢(
1LYV (S ,5)#aT535(N) +} (.‘)l’))*ﬁYl‘vB(;'1)0“('5;7)“/\'75("1)>
u»54(~)=(w(5,1)fAvwn(n)»n(s,z)ﬂAIZO{u)+r(S,S)vAI56(~)+H(§,4)wn146(
YRS AR)HATOALNI S, 0 R TEO(R)PR(S,7I*XATTL0Y)
HHS?@{r:(u{s;I}rﬁiwP(m)*ufb;z)-éx?!(n)+w(ﬁ,3)*AIST(L)#N(B;A)tAIéT(
IRY AL 8 )R ATR7 (LY dhlt pa) *ATA2IN) # (K, 7)%A177 (1)) '
H“é1(~)=(“(A,1J'AY11(\)+H(A;Z)'ﬁ121(u)*“(L;‘)*AI§1(H)ﬁd(L;a)t5161(
PRI H(ALSINLISA( I 4R rn,6) L TATINISU(A,7)*ATTT(N)) .
HEA2INYZ(H A, wAL 12N b (6, 2)*ALZ2(R) 4N LA, B3I RATSI (N +d (6,0 v 01020
LRI eHLR)SYRATS2 (NI SRIA,AIPATCLINI #P (#, 73 *ATT7200))
th‘(u)=(“(h;1)*At13(”)**(o:£)'ﬂl?j(k)*“(h;?)*ﬂl53(N1+N(6;Q)*1163(‘
TR 4R (A aRIRATSS(NY 4 (han) pATASIN) (A, T)*AT73(%))

Wb MY Z (M (A, TIRATAIALN )+ b, 2) Al 2h{ )+ (A 3) Y ATLL(N) FH(G,0)HAT4ALL
AN M (A NI HATSL (Y +m (A 0 RATEALLY#(ATI®ATTL(:))

MUAS (M)A, 1) AT IS (U +n(0s2) 222500 40 e, 3)vAT3R L)+, b walbd(
INIED(ASIRATSRUN) SR {m, h) T2 TAS(RISR(ALTI*ATZ5(0))
HEAA(NIR(HEAL,T)PATIA(R) bulE, ) RAl26( 7)o (A,3)sA34(RY +HG,u)naTh6¢(
ANY#H(ALBIRATBALR)Sulh, A P T (AYEH(A,TIFATTE(N))
HN67(N7=£“(ﬁ:1)*AI1/(”)*H‘&:&)!&X?I(M)#H(h;S)~ﬁ¥37(N)+N(0,6)*A167(
S S H(ALN)RATISTUN) M {nsd ) * 2 TA7 (YR (L LTI*ATTTN))

WRZANI BN LA M AT I (P ) T I %A T2 1Y (7,3 @AY (NI4T, 6 AT AL
AN 4 (7 2n)* b1 ) +r {76 ATAT(NI+HLT ,TI AT (ND)Y .

MEZ2 20 (b (7,10 A 1 2 () 40l s 2) AL 2200 4H(T 52 =AL320M) #4206 mATA02¢
INY L7 )5) @8 1SN+ 7 40) XA AN (7 ,7)*n172(")) .
WHZINYE(H AT 1) AT 3 Y +nl 7022 A 280 Y40 (7,30« AT 58(MY+R(T L) wALL3ST
AR eR LTSS RIS AR (o0 P JAS( Y # LT S TIYRTITS))

MHZA( ) BERET ) At a ) +r (7 2 2)*AT24 (R +n(7,3)xAT 84 (NY+ (7,03 4aT44¢
AN SR T o L I54( Y+ (7,6 RL halt) b7 ,72xnT746(0))

MBS (RIS (b (7,1 wAT S0 4n 7,20 20125 CR) 07,3 «ATR (M) +(7,4)000465¢(
INY ST pS)RATSSUN) S (7oA RATASINISI(T,T7)*AT75(0))

MR PA Y RN T T RAT AN $HET ,2) % L1260 ) ¥H (T, 3)# AT 44N+ (T, R AT 46
AN U T ,0)*ATRAL MY SR{Z 6 RTAEGINY®L{T,7)*AT76(0))

A R R A N A I A L S VA AN R IR S A Y S BN A SO R A PO R S RN 4 {
Tad Pl T R RATSTLH) IR (T ,AIRAIAT LI 4HLT ,T)FALTT(N))

AR LI L L E R TP AP RIS PRSP RAE R ETTE KNS R AP FRE PR AU DL B E- R4
AN SVED R L e (R SV AEHRTTIN)) .

VT2 ()= (U0 2 T () V2 H2 2 () Y INHHZ () 4V aNau 24 () $VNIRUKAS(
AN)SVACHERZEIN) AUTINUH2T(M))

VYIS (R REVIDRUHTTI (L) UK (N VSO HUSICHI SVANwIHS4 (N) +VSIIRIHES(
IN)AVENAHRTALN) #V7ORTT N )
vT1A(h)=(v1n.H441(n)+V¢u'hhA2(~)+vsﬁtHn6$(u)4vaﬂquuaa(u)+v>nﬁﬂﬂﬁs(
AN SUEDRLHOEIN) $VTIFUSLT (M)

VISR @Y xS () »V2Nal RS2 Ca) VAN HESS (M) #V L2 RS 6 (N +VSIAH53(
INYSUGORHHRA(R) $UT 257 (1))

VTIAEH)Z(VI N wmnb T (W) +Y20m b HAZ () $VEISHHES(N) $VANRHHAAIN) #50*4HAS(
ANYSVeOimbunpn (N) $YTOR AT INDY)

VYIZ(RIS (VIO URTI (LYY RT2 (NI SYSORHHT I N VAN a7 4 (1) +validin?s g
INYSVEOARARZ G AV O HnT T (N))



77

CNNTYINEE

b G0 NmY.K

VP (R)BLLYeY (Kh) )=y

SSAIOMUNY S ((L(ursT ) wY YR (EYPLRR(II*T () })/RREI)IFCVLIARLI) ) I »(( Wit
T/RL (1)) ax2) e (LEXL(RH ()T (L)) I=T1)))
SETTUNIZNCIL1YPHACTL1)RSETGT(N)

SSI2 () EntY 23U (2,1 55100 (W)

SSTTUINI=R(1,3)mUAC3,1) w5810 (N)

SE1LENIERY 4 wlALL, 1) HSST0T(N)

SSASUN) =R (T 2S5)wHA{D,1)XCESTUT(N)

SCIAINI=R{T ) #UACEL,TI*55101¢H)

SEIT(NIBH(T,7)wliA(T 1) %5810 (M)
SETENYIRERTTUNYI*SST 2040518 (NI +SS 140 +S515(H)+8816 (1Y SSST7(N)
SR20T OB (L (WS TUNImVLY e LEYPLAR(2IHTANIIY/RR(2IIHAVOIRI(2) )W
T7AR(ZIIhe g YA ((PXP (RN (ZYaT ()Y )=1)))

EPANCPENEC A DRI N & VA B E S L N § 5]

SEL2 NI (2,22 0ald s 1) %55201(N)

SE2X (=il ,3)nith(3,1)0535201(N)

SR2L(N) s )l ALY XS870T (M)

SSZS(”)EH(/pj)*JA(5;1)*S¢7V‘(¥)

SSE2AUH)ZH a0 AL, *5520T(N)

SF&?(H)“NK¢;7)~HA(7p1)*Fb)b1(V)
§SCUNIBSO2ZTUNIFSE24 ) +T5230H) 4882400 +SH29CNY4367K (NI HS527(N)
SSECTURIB (LU AwT (R )mVUYw (EXECRG(EIIPT (NI IIZHRLI) ) S (VLI Im ((UH
TIUNF (3D mug ) # ((FXP(RP(AY»T () ))=1)))

ST (M), 1) al A, R TLTI(N)

SHhE32(rx=nl5,2)211A(L2 1) R58201(N)

SSET(N)ER (3,5 %0A05,1)885%01(N)

SE3L(NIBRES,LI A CL,TIRSETIGA(N)

SRR (NI =nl3,5)0HALS TIPSR TLILIN)

sﬁs‘(h)»n(j;v)ﬁun(6;1)~~%1u1(~)

SEET(MYISH{ B, 7))L )1 )2 5301 (N}
€§§(‘)=<S‘1(')*QSSZ(')¢<s13(~)05536(’)4w535(~)¢<§:b(k)&ﬁS!?(N)
SRANT NI (UL (e TN~V IR (DN PIRECAI T (I IN/RRLLI IS LVEIQR(LII I (WM
T/ORRLGY Y w2 2w ((FXA(RPLI»TLR)))I~1)))
SCATINIZA(L,TYONA(T,1)e05L0(N)

SSL2(NIBH(LI2IPITALL,1) 0SS A0T (M)

SCaT(RY=MibhsS) AL, 1)®85L01(N)

SCLn{r)=Hlb i) wiaA(b,1)0SK00T1(N)

SRASINIZNLL,S)RIIA(S,1)*R54 01 (N)

SRLAIPIEN (U, 6 Rl lb,1)R38401(N)

SELT(NIEm (b, M UALT s 1) en8L 04 (1)

SCUUR)ESSLT (NI #SEA2 I #0548 (LI FSSALIHNY+SEASINI+SSALRIN) BSSATINY
SSEOLA(NIBLLCC I hT A=V wEYPIRP(S)I ST (NI II/HRLSIIS(VIIRELS) Y)Y (™
17U (B ) wa )+ ((EXPLYNIBYAT(N)))=1)))

SEYT (M) en(S, 1) 0ACT,1) R 8K (N)

SRS2UNYEHLS,2) AL, 855501(N)

SERTLH)SH LY, 3)Y*AL3,1) 0088 T(N)

SCRAECHIBMLD ,A4)#A(L,1)mG5509(N)

SESR(H)FHIS,5) v A5, % 8531 (W)

SEOALLYAM D ,A)*NALA LYY XS8R (N)

S<5'(‘1)!‘::4(517)"'/\(’;1)*s&s(1(“)

S9(RYBSSBT ()85 () #CSRS(‘)*SS5Q(J)+<§59(w)¥§\56(v)#SbSI(N)

S§¢”1(h)x((((vﬂ*T(w)-vu)*(&VP(&?(ﬂ)*1(N)))lpﬂ(é))+(vu RR(AII )= ((WH
T/70RU(AIIeR22) % (FXP(PREAYST(H)I)=3)))
SSEATUIN)IZR{E 1) » AT ,1) 085400 (N)

SSA2(NIZRLE,2Y 20 A (Z,1) #R5401(N)

SEAI(MISRLO,8) WAL ,,1)RSEALT (M)

SEAL(MYBR{hALY MIACL,T)*S5AT(N)

SEASIHNIBH(E,S) Rt A(R 1) RS540 T(N)

SSHs(NIZHLO,6) AL, 1) e840 (N)

SEAT(HIER(E,7I R A (T 1) 25570 (N)

SSO(EIRSSAT (NI #SSA2 (M) #REAB(RI+SEALLILIHESASINIFSSABIN) #5587 (N)

RIS RS E N S S ST *T(')-VU)*f[VP(H°(7)*Y(~)))/rR(/))+(Vﬂ/q%(7)))-((w“
1/(un(7))w&r)*((FxD(Rd(I)ﬂT(H)))‘1)))



-+

QU

SE7A(UIMHET A1 IS HACT L) 55701 (W)
G872 (NIEulT 2w AR,V ASSTUI(N)
SE7R ()BT p3IRA(3 1) A58T0T(R)
SETLINIEHEY 6 RUALL ) PSSTCTI(N)
SS?S(h)EH(I;S)*HA(b;i)*SS7U1(N)
SSIA(H)=h<l,o)wUA(u,1)~927U1(N)
SE77 (M) =M (T, atia 7, 1) wSSTUT(N)
SS?(R)*SST1(h)&SS?d(w)o€s75<h)*587u(\)+3575(H)+§S76(h>+337((~)
VT71(N)=(§h1(”)*5111(N)‘S‘Z(u)*bt1z(«)+ssi(v)~A113(M)+3&A(n)w5!14(
1~)+S§5(?)*AI1S(Y)#hSh(V)*fI16(h)*<37(h)*nt17(”))
vT22<~)=(Ssﬁ(u)*AX¢1(H)*SGZ(N)*AXPZ(U)4SSK(W)*AIZ?(N)*SSQ(4)#412a(
1N)+€55(K)*A125(“)¢&So(h)*ﬁ126(u)¢SS7(N)*A127(H))
VTZS(N)H(SS1(h)*AI$1(“)+S$2(N)*ﬁlxé(&)*SST(“)*A!j%(”)*554(ﬂ)*ﬂl3ﬁ(
1u)¢€55(!)tAISS(h)*bic(n)*l13o(~)6551(v)tA157(”))
V?Zb(ﬂ)=(§$1(ﬁhihthﬂ(“)*S<2lv)*ﬁIkd(w)+“S*(“)'A1k‘(N)+Ssa(w)tAx4&(
1~>+sss(h)wnrh5(w)&SSb(n)~Ax46(u)a;§7(n)~AIa?(%J)
VTZS(V)=(SS1(V)*Arb1(N)tsfz(w)*ﬁxﬂitl)+551(w)ﬁAISS(H)#SSh(K)*AISh(
1n)¢cssch)*A75%(h)tsSh(~)0A15h(u)+Ss?(u)~n157(“))
v?zk(r)=(551(“)-hf~1(&)¢5=Z(h)*ilﬁd(h)4553(N)*AYoK(N)*S§4(N)*5!6k(
1N)+Csﬁ(P)*ATéS(“)*S%ﬁ(w)*ﬂléé(n)#ss?(ﬂ)*kln7(W))
v727(')=(;s1(=)*5(71(t>*SSZ(v)*LI7z(n)+$51(n)'AI/X(h)*SSA(d)tﬂ!74(
1~)+$$5(N)*b!75(!)*Sﬁh(x)tll76(h)#$37(1)iA177(N))
VTTEISVTTIT(R) $VT 2702

VTZURISVTIZIN) AVT24(N)

VTS (LY =VTIs (Y +VT23(H) . - -

VTG Er)ZYTIA LRI ¢V T24(N)

VISErdeyTIs(NY+VT25(N)

VIA(E)VTILIN) $YT26(N)

VTZ(r)aVTITITINY #VTI27EN)

CruTINUFE

MIRENCSERIIF R PR B RIS

wligh ()= yrl{3,13%vy

BUSTL)Y=+UL G ,1)2V0

BUET(KI=+UA(S 1) 2y

PHST (K E+HA(L 1) ¥V

SUAT(V)IS+UALY 1) WVl

RUTIIRIEPLALR VY eV

DO e badike1) 40
511(u’:h(1,1)'ﬂﬂ11(K)t(FXD(DQ(1)tT(“))~FKP'°R(1)QY(Y)))/R”(1)
s1aln)=h(1,?)'w”(1(()*(Fx¢(93(1)~7(‘)?-FK”‘?4(1)*7(“)))/RR(1)
515(&):&(1,5)*4U31(K)*(FX“(QR(l)ﬂT(k)aﬂth\ER(1)tT(K)))/RU(1)
S1h(\)=v(1;&)*dUQ1(%)*(EXF(QR(17'T(H))-FXP(¢Q(1)ﬁT(Y)))/ﬂ9(1)
s15tv>=V(1;5)*dei(V5~(¢xn(°u(1)or(n)>~ex»:;211).r(z))>/ac<1;
51h(u)lﬁ(?,ﬂ)*1'h1(b)*(FxP(QR(1)'Y(”))'FKPIU9(1)tT(K)))/W”(1)
S1l(k)=“(1p7)*3“?1(V)‘(FX”(Qﬂ(l)*T(l))v?Kﬁ(Uk(1)aT(K)))/Q"(i)
SP1(r)=h(a;1)*ﬂn11lV}'(‘x”(Cw(d)ﬁT(“))-CX”(V?(Z)nY(K)))/KD(?)
s?z{n)=Vt2,?)*4uz1(w)+(ﬁx0(vw<2)hr(u))~Fx"(qa(g).7(v)))lgn(2)
S?S(A)=“(P'5)'%U§1(ﬁ)*(CxF(WR(Z)*T(”))~FXP(HR(Z)aY(K)))/HQ(Z)
S?L(h)ﬁﬂ(?;ﬁ)'UUh1(?)*(FXF(CR(d)wT(‘))-Fx”(?ﬂ(d’*T(V)))/HV(Z)
sﬂb(n)xP(Z;S)*4“51(K)*(EKF(VU(d)*T(~)>"XV(FRfZ)rT(K)))/RC(Z)
S)a(ﬂ)zu(ﬁlﬂ)‘ﬁﬂh1(V)*(ﬁx°(¢4(d)*T<”))*EXD(FD(Z)tT(K)))/RH(Z)
s??(t)=b(7,7)~AU71(H)i(ﬁ\P(tn(z)-Y(U))-7X“(PR(Z)-T(K)))/HF(Z)
531(«7=H(?p1)'4011(V)*(CXD(FR(S)*T(”))~EXﬂ(ﬁQ(3)#?(K)))/RW(3)
sﬂz(n)sp(x,))~anz1(z;w(p&ﬁ(xw(i)w?(“))-an(uk(5)nT(k)))/Q"<5)
533rn)=h(3.5)rﬂn31(x)*(ﬁxb(ﬂq(5>r7(v))-va(rwc5).7(x;))lnn(3)
s?a(n)=v(3,a)~fna1(V)*<5xncun(j)v7<r>)~&xp(wh(5>~7(v)))lqc(i)
533(-)=H(1,%)*uﬁ51(K)*(CXV(?R(A)*T(h))*[XV(?Q(S)wT(K))}/RP(3)
SSh(u)=H(3;ﬂ)*dU51(V)*(CXP("k(5)*T(H))~FXO(UH(5)*Y(V)7)/RQ(5)
S37(N)=N(3;?)*wu71(w)*(FxP(nH(S)ﬁT(*))-FXP(%R(5)~Y(K)))/RF(S)
Sh1lh)au(h'1)*dh11(V)'(FXP(RR(G)VT(H))—YRP(“R(Q)wT(V)7)/R”(6)
SbZ(n):ﬂ(&;?)*uJ21(K)t(VKP(RR(Q’?T(H))~§K”(kw(u)k?(K)))/RO(h)
ngla):u(n,S)hhH51(L)*(Ex?(wk(h)iT(F))~&xﬁ(”a(h)-?(!)))/Qk(#)
Sb“(\):b(ﬂ;b)&?”&‘(U)*(FXF(DQ(Q)‘T(”))"51“(DR(A)QT(K)))/“Q(L)
SL§(H)=H(A;5)*a“ﬁ1(K)*(CXP(DR(h)*T(*’?mFlD(PP(A)*T(K)))/RU(k)
SA&{ﬁ)=H(L,A)thh1({)r(VX“(VR(«)*Y(*))-F”P("P(A):T(V)))/Q"(ﬂ)
5&1(:)=w(4,7)Auu71(u)*(cx“(va(a)ar(‘>*nF»"(PD(A)~Y(V>))IQW(u)
551(a):h(%,1)-vu11(k)*(FA"(Pw(>>wT(“))»:xﬂ(?u())*T(P)))IQO(S)



~—F

100

2u2

32
55

RO

35

70
6o

e sy e . . e .- e e
qﬂi(‘)-b\‘)‘)‘l““(*)*(*ﬂ‘(»N(D)"T( 3 b P ORESYR T (IR (S)
NS 40P )RR N L) AL (eI CERT LN (DY *T L) b XD (PR {B)aT(K))I/RR (D)

TGRS LR YRL(RSSIRAUS TV LEXP RIS FT () b X (ETRLS) AT () I)/HB ()

sSh(n)untﬁ;ﬁ)tshbz(t)*(FXV(Dw(B)wT(t))~¢4U(Vw(b)r?(()))/ww(5)
S‘?(%)=H(Ga7)*ﬂﬂ71iv)*(vxp(PQ(b)tT(ﬂl)-Fz“(“ﬂ(b)hT(K)))/RG<5)
SEY L) aHEA LTI *RULTIN ) *LEXP(RR(O)ATLNII=EXE(RRA(AY*T(K)I)/RP{H)
SAZEYSHLA, ) 2t 2 {E ) A (EXDIRI o) TN I mFXP(PRIL) #T(K)DI/ARLA)
SAE(LYREH (A, ) wdBAU (VI # (FXP(RR(AIRATIN) I FXP{ERLOIuT UK )II/RT(A)
GEL(LYSH{A LI REIGT LR IP(EXDLER(O) STV mbEXP(RRELAIT(KIII/RP(A)
SAS(HYZHLALBIPRUSTIY ) # {FXy{PREE)FT (1)) wE X (RR(6)¢T(KIII/RE(A)
SEn(LIER (A A P3O (V) # (EXDLRREAI AT (L)) =E AP (PRI TLKIII/IRELA)
SRR YRR LA, IR AP A (FXT(RR LA AT ()Y =E X (Pu ) AT (K IRR(S)
SACR S T ERIASI2 (N5 8+ S TA LI +SIS () #5160 ) +557(N)
G2UNIEST LI HS2AC IS YAS2 L0 250 (R)HS2A () H527(N)

SR LU =TI (NI ATV A3TACLI 4534 ()3T (NI +SSO(N) #5327 (N)
SHE(N)ESL I IRNY#SA2 LI +5ATINY #RLL (R STADINIH5LA () +5LTIN)
SE(VIREST (RIS (M) +LS LRI SHACNIFERN (NI 459H (W) 4587 (N)
SALLIESATIA) 4882 (N)ISASLLYISSELLNIHSADIN) +Seb () +SAT(N)
57(')=S71(h)+S?2(“)+5?5(N)+S76(”)*S7b(h)*%?n(”)*S??(h)

VTT (NI RAT T (M) *GT1 () +ATIZ () #82( M) +al 13 (I +§ () A1 14 (HI*56(N) +aL
145 Y CSS NI PATIA(N) XA ) SATI7 O *5T(N)

7'7(~)-A1/i(“)*s1('>+szzl*)ts?<w>¢ﬁr)3(")~55(»)&AIZ#(A)*56(~)+AI
1zs<~)¢s%<w)+A121(“)*s't\)*ht¢7(\)na7(n)

VTP L) AT A () #s5 T (Y PATSP (M) SS2( I +ALIZR0ON)*SS ) SATSLLI*S4 (M) AT
135 (B *SRENISATBA(H)#SAC 4137 (NI *ST7(N)
VTTL(U)=AYA1(N)*S’(ﬁi*Aié?(V)'S?(N)*AYQZ(k)*S’(H)#A!&Q(h)*sk(”)+AX
TLSCLIPSOHCN)FATLALN) 2 () +ATLT (R *STIN)
VTTA(NYISATATLN)2STCUI+ATAZ(H)*S2 (NI +aT63(NI"SS(NY¢ATOL(NY+54 (1) AL
1A () #SHN) FATAA (I R*SAL )Y 4 ATART (M) ¥5T7 ()
VTT7(M)¢h!71(H)*S1(“)*QI??(“)*S?(“)*ﬂ173(V)*Sz(N)+Al74(”)*55(”)*Af
T7S(NISH(M)ISATTELR)*SALN)4AT77 00 *57(N)

VETA (L) =4 (v TTH(R) YT T (M)}

YETZ L) ee{VTTI2 () ev T2 (1))

VETIN )= e (VTTI{N)4VTIZL(N))

VATACN )@+ (uTTL () +VTTAL))

VETE (NI =+ (YTTIS(VI+VTIS(N))

VETA(N)ESLVTITA(N)+YTI6(NG)

VSTZ(N) s+ (VTT7(N)+VTI7(N))

CANTINUE

Be 711 LB ,K

IO =V A)=VTH ()Y /(XS mY i)

LAY v i) »vT2¢0N) ) /(Y 2=x1)

I3 (VT2( ) =VT3 )Y/ (X3mx2)

LLEAIS (VTR ) =yTL (M) )/ (MbmX3)

ISR (UTALNY=VTS () )/ (Y5aXh) : :

TACRI3(VIS(NI=VTH (L) )/ (1a=25) -

I7CUIEVTAL) =VTT LAY/ (XT=XA) :

ALY EVT 2N/ (XRetl)

COLTINLF .

Do 212 Navéel,40

ZACrY2(VusVSTI(N) Y/ {xT1=Xy)

F2CV = VSTI(HY=VET(N)) /1 {x2=XT)

23¢ Ju VST @YSTE(NY )/ (X3»x2)

FLEHIELYSTS()mSTL (L)) /(Y 6=X3)

25¢H )2 (VSYLINY®YSTH (L)) /(X5 =X4)

IR0V IB(USTS(N)=sYSTA (L)) (X¥X6=X5)

I703RCUSTANI=YSTZ ) )/ (Y P"XE)

2N )RVST7 () /(Xg=x7)

CONTIHUF

WRITELH,52)

EnavR Tl
w?XTF(«IbN)(LrT(F);VT1(*)rVTd(h);VT'(N);VTA('):VT?(\):Vfé('),VTl(N
1) sNRYsK)

EARraT(IS ,5X%, REYD,3,/7)

WHTTECA 38 (NATIRIJYSTI(HISVSTZNI JVSTE(N) SYSTHIN) JVSTEN) JVSTOHINY
TLUSTI{A) LB IK+T) S 4in)

ENRMETOTS #5Xs PE1D,54/)

WEITE(O,70)

FORMET(SIILT S

WER LT (o 1 s TENY,VIYTURY SVTITRUR) JVTTS(EY JVTI ALY, VTITHN) SVTTAIN)
TLUTT ) ,tim(K+T) ,40)

R FORYAT(IS ,5Ks REVD,3./)
WP iTHEE,133)
133 FORRpaY(/1 11
WRITECOH, 122 (AT AT O pVTAZ2 NI AV TS, VTR INY AV TI5 ) VT I (NY 4V TY
17 (Y s b))
122 FARTCETLYY 25X, THEASL8.1)
whiTE(4,199)
199  FORYATC//IIT)
WETTE O, 208 s YC i) s d ) p2 200 s 230 0 al a2l 6N L2SCR Y2 LAY 22T (™
1Y220€N) 4% 440)
203 FCRMNATLID 25Xs WE14G,2)
§Tyw
Esd
FIln)SH
ETATA .
TuC,n 137,00 90,0 10, 10,00 YU, 0 400,40

LEND



