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. De Diameter of start of the earth portion of cm
.the thermal circuit
DI Dielectric loss in insulator watt/cm
.Dx Ficticions diameter at which the effect of cm
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-and segmented conductor
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Symbol Definition Units
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SUMMARY -

.

This thesis describes an_anélytitai-ﬁeahnique_and computer program
which calculates the stéady state and transient temperatufe'distfibution
in underground electrical powef éables. Thé transient conditions are
gssumed to be caused by short~circuit conditions which result in éevefal
circuit breaker reclosure cycles. The analysis is the resuit of an
energy balance which includes the cable and surrounding earth. The gene-
ral partial differential équations for the local transient temperatures
are too difficult to solve in a closed form, s0 an'implicit nuﬁerical
technique was used to sclve fhe tesulting system of finite difference
‘equations. The necessary electrical considerationé such as dielectric
loss, skin.effect,'ciréulating shield currents and effective soil thermal
resistance are described in Section IT of the thesis. These factors are
integrated into the general energy balance.

The program ﬁrédicts the radial temﬁeraﬁure distribuion as a
function of.time in the four cable materials and the earth. .The initial
cable temperature:distributiOn is assumed to be the steady state valués
which exist when_the cable is operated without_curfeﬁt fluctuations.

The resulting computer program is'a;design'tooi which can be used’
to prédict possible cable geometries.and operating_conditions which will
lead to safe ﬁaterial.temperatures under Stéﬁdy stéte an& transien;lconﬁ'-
ditions, The program 1s organized so thé; a person.reépqnsible forfcable
design or operation can easily determine'the'efféct fhat changes in cablé.

geometry and properties can have on the cable temperatures.

i
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_Program'results have been compafed with other data which exist in
the open literature;.but results for transient conditions are extremely
. scarce. When compariéons can be made, the results of the computer pro-
gram compﬁre favorably. For the steady state.cases checked, the program
predicts steady gonductor temperatures which are within 8°C of the values
.listed_in the IPCEArNEﬁA ampacity tables. The.transient results are also
within about 15°C of the experimentai results obtained by Georgia Power
Company and the theoretical results of Hildner [17].
A séction of the thesis describes the contents of the computer pro-
gram and the opération of the program so that results can be obtained by
a user who has a minimum of programming knowledge. An attempt has been

made to keep the program general so that it will apply to as many

different practical cable designs as possible. The program consists qf a |

main program, a data set and twelve subprograms. The program language is

Extended FORTRAN IV.




CHAPTER I
INTRODUCTION

A, Descripticn Of Problem

Presently the ﬁajority of electrical éurrent at tfanémission and
distribution voltages is transported on-overheat conductors supported by
poles.or metal towers. The heat generated'in the conducter due tb 12R
losses is dissipated into tﬁe air and ovefﬁeating of the cable is rareiy
a problem. The current trend in power _:I.ndué‘try is t(; replace overhead
cables with undergrdund'cables;-and each vear more caﬁlé; particularly
distribution cable, is placed underground. Thié trend.is accelerated by

pressure from envirommental and ecology groups who object to power poles

and overhead cables in residential areas. The ttehd in the industry is,

therefore, toward undergound distribution systems and to a lesser ex-
tent to underground transmission systems.
One problem encountered in an underground system which is not a

serious prdblem for overhead conditions is the effective dissipation of

heat s0 as to prevent the cable insulation from melting} Since soil is a -

particularly good inéﬁlator, the problem.is‘an_acute”one._ Unf@ftunately,
- the transfef of heat through a powér cable into the éurpounding.sqil is a
complex one., The heat is not only generated 1n the coqduétor but it aiso
may be generated in the insulator and the metallic shield material, The
pfoblem is fnrther complicated'by-the-fédt tﬁat'several cableé dre

‘usvally buried near each other and therefore mutual heating effects must




be accounted.fbr} .The symmetry that is desirable in an analytical model
is therefore not provided in practice and mutual heating between cables
must be taken into aécount.

One of the primary objectives of this thesis is to provide infor-
mation on the speqdy state tewperature dis;ribution in an undergr&und
cable for a given;éet of parameters such as cable geomeﬁry, thermal'prop-
erties and electrical properties. An analysis of this type using héat
tran;fer principles would pfovide valuable information because it would
allow decisions to be made on.the upper current limits for each cable
system. Cables could then be permitted to carry.the maximum current
under emergency conditions with relative assurance that they would not

~ be damaged by excessive temperatures. |

The type.of'information éeneraﬁed by. such a\prﬁjeét can have a
tremendous economic impact. It is eétiﬁatéd thét;power Ibéses.in_trans-
mission and distribution systems exceed $2 biilion in iost revenue
annually.in the United States [141. The_poténtial fdr savings and the
incentive to work in the area of heat losses from caBles is considerable.
Any informétion which could leéd to an increase in cable ampacity withput

damage to the cable could easily recover the funda spent on the research.
Anothér sigﬁifiﬁant prqblem éssociated with underground ecable is
the dissipation of heat ﬂuring short time tf%nsients. Usually these
transien;s aré due fo'; short-circuit.in thg:SYStem whiqh causes a brief
surge in the cutrént level. The system is often pr0;eqted py circuit
bréakera which automﬁtically_detect thé ptesenqe ﬁf the short apﬂ opeﬁ
thé circuit. The breaker will continue to sequence fhrough severgl open

and closed cycles assuming that the reasdn for the short éifcuit will be




corrected because many underground circuits exit to overhead lines. Dur-
ing a short-circuit condition, the currents through the shield and con-

ductor aré often an order of magnitﬁde higher than the level carried

during normal operation. The sudden increase in current produces a large

temperature rise, particularly near the.shield material.

The second major objective of this thesis is to predict the temp-
erature distributiqn in the cable under typicai short-circuit conditions.
Results from this portion of the érbjéct will predict those factors which
will limit.cabie temperature to safe valueé. |

The heat tranSfer-anaiysis ugsed to predict steady State, and par-.
ticular1y the short-circuit transient témperature distribution in the un~
derground cable system is quite involved. The transient portion involves

the solution of five nonhomogeneous partiai differential equatioﬁs with -

variable coefficients. Due to this complexity a digital computer program.

was written to simiiate_the problem and a nuﬁerical technique was used to
solve for the femperatﬁre distribution, Ihe.predicte& results are com-
pared with existing published data, glthough temperature values either
" theoretical or experimental which exist under transient condifions are-'
very scafce. |
The resuits aré_anal&zed.to show_tﬁg:éffect_of the vérious inpu#

parameters on the cable temperature distribqgion. _Hopéfully,:the fesul;s
will suggest changeé in either cable desigﬂldr.the manner in which the
cable can be buried so that the effect of_interﬁai heat géneration.and

the amount of lost generated revenue is minimized.




B. Literaturé]Séarch

There are several.papers which di$cuss the energy losses and the
temperature rise in the electrical cables.

D. M..Siﬁmons_[l]-discussed the fﬁndamental @onstants involved in
electric circuits. The problem of determining the current carrying capa-
city as limited by temperature rise’is théﬁ disduééed. The paper by
Simmons is the first extensiﬁe work to tfeat,the ﬁroblem.qf heat trans;
fer from p.ower cables. |

Neher and McGrath [2] accounfeﬂ for reﬁent practices in the power
industfy and have applied their résults_fo a;count for load cycling of
the cable and temperature rise due to the.préSence.of'dugt structures
which are now frequently ﬁsed in underground cable systems. The analyéis
presented in this paper deals_p;iﬁarily ﬁith steady state conditions al-
thpugh one-highly.simplified equation is.given for the determination of

‘temperatures during emergency ratings. The résults of Neher and McGratﬁ
are used extensively in this thesis.

J. V. Scﬁmill [15] established equations which determine the
effective thermal résistivity'of soils when moisture migration occurs and
When steady state condition haé been'reached;

J. H, Nehef (8] has.calculated the tfansient temperature rise of a
buried cable systgm; The calculations assume there is no temperature rise
in the earth and it also introdpées a suifable formulatioﬁ for the:effgc-
five éarth transient. |

B. M. Weedy_[6] has used a numerical_method to predict thg_trans-.
ient'tempefature rise in single core cables resuifing from short-circuit

considerations. The results indicate that for péper/oil cables, thermal




instability initiated by faults is unlikélf to be experiehced in practice.
| Gébrgia Poer Coﬁpaﬂy [4]_has pon&uctéd several thermailtests on
extruded dielectric underground cables. The tests involve the direct
monitofiﬁg of the temperature risé"ip fhe shield of a threg.caﬁle system.
The results of these tésts are compared with ‘the analytical results of the
transient program. |
M. A..Martin and R. G. Lukac [3] have determiﬁed'thé faﬁlts current

capacity of various type ﬁétallic shields by means of a laboratofy_test.
M. A. Martin and A. W. Reczek [4] Héve written a ﬁaper that shows the
Itemperature rise resulting from numerous short circuit tests with multi-
ple circﬁit breaker reclosures. The tests were conducted on short lengths
of round wire shielded extruded dielectrié ﬁower cables and the transient

temperature rise of the metallic shield was measured with thermocouples.
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CHAPTER II
THEORY -

 A. General Considerations

Thé cross section of a typical type of extruded dielectric power
cable frequently.used.in electrical distribution systems is shown in
Figure 1 and Figure 2. The cable consists.of a condﬁctor composed of
stranded wires. The usual conductor material is aluminum, although copper
is sometimes used. The conductor is su;roundéd by a cross-linked poly-
e;hylene (XLP} insulation. A Qire or sélid metallic shield is placed
over the insulatién. The shield wires are covered with a dielectric
: jacket material which is often a polyvinylchloride (PVC) or high molecular

weight polyethylene (HWM).

B. Heat Transfer Considerations

The analysis used to determine the local temperature distribution
in the cable shown in Figure 1 and Figu;é 2 is limitéd'by several assump-
tioﬁs that were made at'thé beginﬂing of the project.. These assumptions
are: |

1. The temperature distribﬁtion is 555umed to be a function of.

only time and the radial cobrdinété; that is T = T(r, t). This
aséumptiqﬁ is justified'beqause'the ratié of cablé length to
diameter is extremely large.

2. The cables are directly buriediunﬁerground{ Cable ducts'are

not considered in this analysis.

e e e ——— i b




3. The thermal properties and density (Cb, p; k) of the cable
materials and earth are constant.
4, Frequency of the-current in the cables i$'6b Hz.
5. Only single, solid stfanded.conductorS'are considered.
6. The shield material is assumed to'be_copber, but the conductor
material can be either copper br.aiumiﬁuﬁ. |
7. The spacing between the cables is equal.
 The qablg temperature can be determined by applying an energy
balance to the five materials which make up the composite cable. These
materials ére the conductor, insulation, shield, jacket and earth. The "
appiicable engrgy eéuation written in cylindrical coﬁrdinates simplified

for the above eight assumption is:

3T k 3 (l 3T) + qnt (IL.B.1}

.where q"' is tﬁe_fate'of.heat gengréted inside the cable material per
unit voiume.. |

There.is no.heaf generated in the earth or jacket material Becaﬁée
no current floﬁs';hfough Ehesé two.materials. Hoﬁéver, current through .
the conductor éauééé heét-to befgenérafed in the metallic conductor.
Fﬁrthermore; circuiatingicurréﬁgé'thrcugh the shiéld cause heat genera-
tion in the shiel& material. Alsc due to the relatively high voltages ex~-
perieﬁced in undergroﬁpd distributioﬁ cabhles, é.émall amount of ;urrent

leaks from the main conductor to the shield wires causing heat gemeration

i
i
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PVC or HMW Jjacket |

- conductor
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\wire sh
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Cable Geométfy'F Wire Shield.

Figure 2,




10

in the insulation. This heat genération is uvsually referred to as a

dielectric loss.

The heat generated per unit volume in the conductor and shield is

of the form:

2 -
" = E—V-E | (11.B.2)

where I = current in the conductor or shield or insulator

R = electrical resistance of the material

v volume.

The electrical resistance R can be expressed in terms of the

electrical resistivity Pa? of the material (Table 1) on

R =T ' : (II_.B.3)

where A = cross sectlona area of the conductor
L = length of conductor.

Therefore, in terms of the geometry of Figure 1l and Figure 2, the

heat source for the conductor is




11
Table 1. Eiéctrical Resistivity Of
Variocus Materials (From Reference 2)
, Pe (circular inil)
Material ohms per foot C
at 20°C’
Copper (100% IACS) 10,371 234.5
Aluminum (61% TACS) 17.002 228.1
Commercial Bronze (43.6% IACS) 23.8 564

4

P
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o2 2
Ag = (rs T rI)
and for a wire shield Ag is "fagg.
a2
= N 8.
Ag = Mgy

where NS = pumber of shield wires

dS = diameter of shield wires.

The heat generation in the insulator given by the dielectric loss

in the insulator

The dielectric loss per unit length will be expressed in terms of

basiq electrical properties in section II..

I,
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The analysis assumes that the temperature disfributioh is a
function.of only time and radius. Therefére; any cable layer which has &
.variation'in material propérties with circumferencial angle must be re-
-placed by a méteriél.wﬁich has properties that are unifo;m with angle.

The only cable materiai which has.prqperty vériafiQns with angle is the
shield when it is composed of wires.

The effective thermallcoﬁduétiQitfibf the 901id.shié1d is simply
equal to the actual conductivity ~when the'shield'is.solid. When the
shigld is composéd of wires, the effectiﬁe therﬁal condﬁctivity keq de~
pends upon the amount of jacketﬁand_shield material which éétually con-
tacts each shield wire. .When the cable is_rela;ively new, the contact be-
tween the shield wire and jacket is practicéily alo;g one line. But after
the cable hag aged and the shield wire has been heated, the jackef materi-
ai begins to surround the wire and the contact becomes more over an entite
segment of the wire (see Figure 3). |

The effective thermal conductivity pecqmeS'a function of the per-
cent of area contact between the shield wire and adjacent insuiations..

For heat flow through a parallel circuit composed of shield wires surround-

ed by air the thérmal resistance is

LA

The thermal resistance of a hollow cylinder of material with an

-~

equivalent thermal cbnductivity Req’ is
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Line contact for new cable.

Area.contact for cable which has been in service.

Figure 3._ Variation Of Contact Between
Shield Wire And Insulation. '
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ﬁ =_L“j(fs’?1)
eq | 2 keq.L

Using'these two expressions, the equivalent thermal conductivity

of the shield becomes (see Appendix A for details of derivation)

eq

Ns wPDS. : (?ﬂ - Né 2r1_) _
= 2 [%s + kA . . ] \

21:'I -8

where Ns = the number of wire shield

d = the diameter of wire shield E

P = the percent area of contact

r; = the radius of insulation

k = the tﬁérmal.cohductivity of copﬁér :
k, = the thermal conductivity of air )
The equivalent density and specific heat of the shield layer must )

also be evaluated.when the Shieldlconsists of wifes; However, very little

accuracy is lest by assuming the equivalent properties are those of copper

aione. This assumptioﬁ i3.particularly valid because the energy generated

in the shieid wire has very little time during a short circuit to be con-

ducted into thé surrounding air. As a result, the effective density and
specific heat of the shield is used only when the short-circuit has been - i
open. The shield temperatﬁre which results from this assumption can be

considered to be the maximum value which will occur at the point where the

wire contacts the jacket material. The jacket temperature adjacent to the
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air gap will be somewhat higher.

The differential equation (II.B.l) was ndn-dimenéionalized by de=

fining the following new parameters:

where r = the outside radius of individual material
T, = the temperature of earth where v + «

r o=

s transient time.

Introducing these dimensionless groups into equation (II.B.1l) re-

sults in a dimensionless energy equation applicabie to all five materials

of the form.

o 2 oo
li_ 2.9. T w1 _ T gg .
£t (538) * KT t K 57) (11.8.4)

The terms
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=1
t k F
8 o

: ' 2
and E_pC

are both dimensionless. The first one represents the heat generated in
each material and it will be called the heat source, H. The second term
is the reciprocal of the familar Fourier number that occurs in transient

conduction problems.

Equation (II.B.4) now becomes

|Q).
ar

9 _1_ 30 N
£ & gg) + H = Fo (BT (I1.B.5)

I
ot

This dimensionless equation is actually the conservation of energy
equation and it applies to each of the five materials which made up the

compesite cable. The equation for each material becomes:

Conductor (subscript c) o

ag ' 90

1 3 c 1 c
T3 (EC Y3 ) + H, =% (3T _ (II1.B.6)
c ¢ c oc \
I 2 r 2 _ ._r.zp C
" where H =p_ S == g Sk -
w c Pec BT kT F t k

c® - oc s cC




Insulator (subscript I)

;_‘_E_ (gi.ffl) +H = 1 .3?1'
SI BEI BEI I | FOI oT
2 2

where HS = p Gii

o]
) 5
es ‘A kT F t k
g8 g=

Jacket (subscript J)
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(I1.B.7)

‘(II1.B.8)

(I1.B.9)
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Earth (subscfipf E)

20 3
%_ a? (&g 'agE) =Fl (a(:E)' o (11.5.10)
E g E OF
2
1 Tg by
where =

The energy equatlon is seond order in r and therefore two boundary con-

ditions for each are necessary. The two boundary conditions are based on
the continﬁity of temperature and heat flux at each interface between the
materials which make up the cable. Continuity of heat flux -and tempera-

ture requires:

1, At interface between the conductor and insulator

c == S
k. Tl ={&; % | (I1.B.11)

I =l s : '
ke 5 | k _f_ o (11.B.12)
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3. At interface between the shield and jacket
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4. At interface between the jacket and earth

20

ks

The last two boundary conditions are based on the aésumption that
the infinite earth temperature T - T and the temperature at the ceanter

of the cable will be finite.

i =1

' 30
"l ! Ty
ELe =t
E
r
'.=E)E|g E__-r_g-
E r
E

@ ?E.; 1

-(II.B.IS)

(II,B.14)

(I1.B.15)
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9 = finite RE =+ 0
B 4 : c

(II.B.16)

1. Steaﬂy State Temperature Distribution

The general solution of equation (II;B.S) in steady state (%% =
0) is straight forward and can be written directly after integrating
twice with respect to the dimensionless ccordinate £.

The general
solution is

52
@=—HZ-—+CA1nE,+C

B

Where CA and CB are constants to be determined by the boundary con-
ditions. - |
Applying the boundary condition equation (II.B.6) through (II.B,

10) the steady-staté temperature distribution for each of the five

materiéls is:




where .' c

22
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_ HI r) 2 YA ' 'Hc
- - Lt W +-=
0" "% (r) Gy e (r]._) %73

2, Transient Tefiperature Distribution

Although the stéady state temperature distributibn in the cable is
valuabie-infﬁrmation, one of thé major objectives of this.thesis is to
determine the transient temperature in fhe cable.during short—circuit con—
ditions and under Iongér transients which occur because of normal load
cyciine of the cable. The steady state and trangiént éolutions depend
upon each other’becauéé the initial conditidn for the transient solution.
is assumed to be the stéédy sf;;; éoiutioﬁﬁ ;That-is, the transient be-
havior is assumed to occur after:the.cable.hés operated under steady

_state conditions and’ the temperature distribution haé'had a chance to be-

come completély stable.

‘The steady staté soluﬁions to ﬁhe geﬁeral eﬁérgy equation (II.B.5)
is very involved and it requires a numeriéal technique. The numerical
technique first sélected for the transient solution was an éxplicit
method. waever,_it was found that the method became unstable due to the
small nodal spacing_that_was necessary, particularly in the shield
material. Io-ensure stabiiity, extremely sﬁort time in;ervals had t§ be

used, and as a result, the computer time necessary to proyide'a sufficient

amount of information became unreasonable.

To avoid the stability problem, an implicit method was selected.
' T o L2
The implicit method consists of representing 3”% and gg-by:finite

difference forms evaluated at the advance time o+ 1t The difference

. equation for the differential equation (II.B.5) will be

L .
p—————
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mtl

n - Jntl - % i | n+l .+l _n+
0 ,Ti e " (Ti—l "2y YT 1 T T ;)'
c .o

i" + H'
At (Ar)z iy 2(Ar)

(IT.B.17)

for any node i.

Equation (II.B.17) gives a relationship between the value of temp-

erature at the four points shown in the space-time grid of Figure 4

.

J[ : ﬂ—‘% -Itn +1
_ r, ., r r
L———ﬁv_fadius _ _'ifl ..i i+l

Figure 4. The Implicit Method.
by rearranging equation (II.B,17) it may be written in the form:

At k (' 1 . 1 ) ntl Ar k ( pc 2 ) n+1
- T + T
- 2
pc Zi(ﬂr)z (ar)Z i-1 pc At k (ar) i
o 1\ ol W
+ Atck (~ 5 - 2) T --Tz + ét (I1.B.18)
e 2i(ar)°  (AD) o | -

The initiai condition for the transient solution is the previously

obtained steady state solution or

o :
Ti = f(ri)

- -
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whete f(ri) represents the'steady stnte temperature distribution.
At any one time interval equation {II.B;17) can be written once

for each interior point ‘(where 1 < i 5_M -~ 1, where M represents the

boundary node between two ‘different ﬁ&téfials); The procedure results in-

a gystem of M -1 slmultaneous.algebralc equatlbns in the M - 1 unknowns
T§+1. For the method ‘used to solve the set of algebralc equations, see
Appendix A.

The boundary conditions necessary for tne transient solution will
now be derived in a general form for the interface between two materials’
A and B, We wish to derive the relevant finite_difference approximate
for the temperature Ti at point i located on the interface.between A and
B. The procedure is-based_on the continuity of heat flux at the surface.
Let A and B have thermal conductivity kA, kB_and let thé grid snacing in
material A and B be 6rA, arB fespectively._ Suppose that the new tempera?

ture Ti after a time increment At is to be calculated using an implicit

representation.
By expanding the temperature in medium A in a Taylor's expansion at

time nt+l, we have apprOximately

: : - (br, ) B
atl ol (aT) (a T )
i L C N W L:1 B (I1.B.19)
et T M), T e 7, ) _

where the subscript iA denotes the derivative in medium A evaluated at the

Interface that is




Also the time derivate is approximated by,

n+l n

\ T - T .
(%%) -1 - (I1.B.21)
1A | |

The substitution of equation (I71.B.20) and equation (II.B.21) into the un-

steady state heat conduction equation (II.B,4) will result in
. ’ n+l n [] .
2 fav1 _anl 3T 1 fory 1 fi T T ) Ra
7 T - T YA 3 M 77 A At K,
(3r,) ia/ Ta\"/ia “a - A
(I1.B.22)

so solving for the radial temperature gradient at the interface vields:

n+l n 1
R T+ 0 R +_1__(T1 ‘Ti)_H_A
i-1 i oy At KA

= T2 _
(_31) Y I
13E). . ) 1
iA | + -

(II.B.23)




27

Using the same procedure for the radiélmgtadient of temperature at the

interface in media B yields

_ ' ri+1 n N
_ 2. (Tn+1_Tn+1 +1_(Ti T _—EH-Q
: BEPTRRTAN 1 S B A At B
E T ((ai y * l‘)
B’ B/ (II.B.24)

The unwanted deriﬁatives.(gl) and-(gz) .may now be eliminated by ob-
| 9/ in 7’18
serving that the heat flux must be continuous at the interface. so that

aT AT -
" (__) - (__.) | (II.B.25)
A N3/, ‘s ot/

Then, by‘substituting equation (II.B.23) and (II.B.20) into
equation (II.B.25) and simplifying producés the desired difference bound-

ary condition

(II.B.26)

~2ky -(2_+1____) o, (ZkA L A )(2 +_;_)_+
.(&rA)Z ArB g ) 1-1 (ﬁrA)Z gA At ﬁrB Tp
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Equation (£1.3;26) is the generai'fbrm of the boundary condition
and it is applied to the féur interfaces between the five different
materials which make up.the cable system. Also the continuity of témpera-
ture at z2ll interfaces will be boundary conditions just as in Ehé éteady
state problem. The final two boundary conditions are based on the assump-
tion that the ambient earth temperature and the temperaturée at the center

of the cable will be finite.

a. T, =T @ g >
b. T = finite @r =0
c S Te

C. Electrical Considérations

Sémé of the factors.affecting the temperature &isfributien in un-
derground cables cannot be.expressed completeiy in terms of heat trans-
fer considératidns. .Féf example, the induced currenﬁs in the shield
material and the heat generation by current flow in the insulating
materials must be evaluated from a knowledge of électriéai considerations.
The'purpqse of this séction is to express the electrical factors whichh
must be puf inte the general energy equation in terms of measurable'in—
put parameters. | |

1, Effect Of Induced Current

According to Neher Mcgrath [1], the total temperature rise
in a cable is due to the dielectric iOSS (ﬁTd) aﬁd current produced

losses (4T)) in the conductor and shield. Thus
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AT = ATC + AT (I1.C.1)

d

Simmons [2] has indicated that the losses due to induced sheath
currents occur physically in the cablé sheath and thus the heat does not
have to flow through the thermal resistance between conductor and sheath.
The heat does, however, flow through the other two.thermal resistances
namely that between sheath and duct wall and that between duct.and earth
causing increased temperature rise in these places. Hathematically; this
can be handled by includirg the effect of the induced sheath currents as

an apparent increase in thermal resistance of the latter two elements.

_ Thus
AT, =W (R, +aq R, +q_ R) (11.0.2).
where Wc = losses in oné conductor

Ri'= thermal resistance of the iﬁsulator

q, = the ratic of the sum of the losses in the conductor and shield
_ . _ _ W+ W
.to'the_losses in the conductor 7 s

~ : ) c

se = the téfal thgrﬁai resisténée betﬁeen.sheafﬁ énd conduit
9. = the ratio oflthe sum.of the'1os§é3~iﬁ.conductors, sheath and
coﬁduit to the conductor losses
ie = thermal resistance betweeﬁ the conﬂuit and amﬂiént.
In.pfactice, theiload-@grfiéd by a cable igLfarély:constant and

varies according to a daily load cycle having a load factor (1f). The

load factor of a system is defined as the ratio of the average power of
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the system to the maximum power overla.certéin period of time (say, one
yeér). Hence, the losses in the cable will vary according to the

corresponding daily loss cycle having a loss factor (LF). The relation-

ship between 1f and LF is [18]

IF = 0.3 (1f) + 0.7 (1£)2

2. Effective Thermal Resistance ‘0f The Earth

The analysis presented here is limited to one dimensional con-
duction and mutual heating between two or more cables must be accommo—

datedrby defining an effective resistivity of the soil.. This effective

thermal resistance includes the effect of the loss factor and in the case .

of multi-cable installétions, the mutuval heating effects of the other

cables of the system. The following expression was used for the effective

soil resistance [1]:

1 D L SR
S R x 4L _
Re' % N' x }og Dé +.FLf) ;og (Dx ). .(II.C.3)

In this equation, De is the;diaﬁetef.at which:N' is number of con-

ductors contained within the radius D,» and L is the depth the cable is

buried below the surfapé.of the earth. The effect of.Dx is eliminated
when the loss factor is unity. The factor F accounts for the'mutual
heating effect of the other cables of the cable system, and consists of

the product of the ratio of the distance from the reference cables to
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the image of each of the other cables to the distance to that cable [1],

ar, - d! ar o
F = ELZ '-319 - 3—5 ©(11,C.4)
12 13 | B

It will be noted that thel value of-F will vary depending upon which
cable is selected as the reference. See Appendix B for a complete deri-
vation of the factor F for various cable arrangements treated in this
thesis. | |

Equation (I1.€.3) enables us té .calculate the mutual heating effect
F with respect to the losses qg glven in equations (II c.2) for ‘each con-

ductor. - Each term of equation (II c. 4) can be separated and multiplied by

the losses q - For N' = 1 and three cables with_the reference cable being'

the middle one, the expression for Re given by equation (II.C.3) may be

written as

~ 1. Dy 4L -
Re' = R— log-ﬁ-;-l‘ (LF) = 10g D + (LF) "' 10g F (II.C-S)
If e let R =1 (log <Xy
we let Ryp T Vo8 D,
c . 1 Al
Ry = (LF) = (log D )
D
- l 2 T
Ry = (LF) X (log '5“—-)
21
. D
- 1 23"
Ryy = (LF} i (log D23_)
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then the total resistance of the earth is

R, =q, (R ;) +R ) +aq, Ry +aq, (Ryy)

e 1 , ,
' ' (11.C.6)
' . 9 2R,
here =1+ (current in the shield ) si
v st curretit in the conductor/ R,

and i refers to the:three-caples 1 =1, 2, 3).

3. Electrical Resistance Due To Vaﬁiable:Teﬁﬁerature

It is necessary to correct the_electripal resistance £of tempera~
ture in most problems.. The resistance-of:cdpper is proportional to 234 +
T, where T is the cOnduptbr temperature in'degﬁc.'-Theﬁresistance of
copper at any temperature T can therefore be calculated relative to ZS?C

by the equation

234 + T
Rac ™ "259 * Rzs (11.¢.7)

Similarly, the resistance of alumnium may be expressed as
228+ T

Rie = T 253 % Rys - (1I.C.8)

4. Skin Effect

The resistance provided by equation (II.C.7) and (II.C.8) is the

dc resistance in a conductor. Since the cable carries alternating current,
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the ac resistance must be used in any equation which provides heating
1osses.. The ac resistance is evaluated by calcdlating thé conductor skin
effect. The skih effect is a meaaure_gf the iQCrease'ip resistance be-
cause there is a tendency for the currenf'&éﬁgityﬁfé'aeéxegse ﬁbward the
center axis of.the conductor -and  because the.curIent inftﬁe.different
conductor layers changes due to an'increése'of iﬁ&uctanéé'tow;rd the
center of the cable.

The skin effect which is tﬁezréﬁio of ap to dc resisténce may be':

determined from the skin effect function F(xé)[l]'

. Rac
Y sFX) =+
¢ s Rdc
where XS 6.80
B
dc/KS

at 60 hertz.

The fac;or ks'depends upon the‘conduétor ﬁdnstructidn. For -
solid or conventional conducpots appropriate values of KS can be found
in Table 2. The function F(XS)'may be obtained from Téble 3. The ac
energf generation in the conductor can now_be expressed in terms.of the

skin effect as:

C e - —




Table 2. Recommended.Values Of K

(From Reference 2)

Conductor Construction Coéiingfon;gffanééif-:Tféaéménf ‘;k;
Concentric Round " None -‘None 1.0
Concentric Round Tiﬁ or Alloy None 1.0
Concentric Round _ None Yes 1.0

Coﬁpact Round ' None Yes - 1.0
Compact _Segﬁéntal None None 0.435
Compact Segmental Tin or Alloy None 0.5
Compact, éegmental "~ None Yes 0.435
Compact Sector .I None Yes 1.0

34




Table 3. 'Skin Effect In % For Solid Round Conductor

35

And Conventional Round Concentric Strand Conductor (From Reference 2)

x F(x) X F(x) X F(x)
0.3 0.00 1.6 3.32 2.9 28.65
0.4 0.01 1.7 4,21 3.0 31.81
0.5 0.03 1.8 5.2 3.1 35.10
0.6 0.07 1.9 6.44 3.2 33;50
0.7 0.12 2.0 7.82 3.3 42.00
0.8 0.21 2.1 9.38 3.4 45.57
0.9 0.34 2.2 11.13 3.5 49.20

1.0 0.52 2.3 15.07 3.6 52.88
1.1 0.76 2.4 15.21 3.7 56.59
1.2 1.07 2.5  -17.54 3.8 60.31
1.3 1.47 2.6 20.06 3.9 64.05
1.4 1.97 2,7 22,75 4.0 67.79

1.5 ~ 2.58 2.8 25.62 4.1 '71.52
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A similar expression may be written for the heat generated in the shield
material.

5. Dielectric Losses

The dielectric loss Wd for a single-conductor cable is given by

the expression [1]

9.055 x 10™° E2 € cos ¢
. W = r

d log (ZTI + Dc)/Dc

where E is the phase to neutral voltage in kilovolts, €. is the specific

inductive capacitancé of the insulation (seg Table 4 for vaiues), TI is

the insulation thickness, cos ¢ is its power factor and Dc is the

~diameter of conductor.

6. 3hield Losses

The energy generated in the shield is proportional to the shiéld
resistance and the square of the shield current. Thefefore; the loéses
in the shield material can only be calculated after the curreﬁt in the
shield 1is known. | | |

For the usual arrangements of one and two cifcﬁits of gingle-_.
condugtor cables buried in the garth, Halperin and Miller [11] have given
aﬁplicable formulas for the currents induced in the shield material.
Table_S.is_taken diréctly from their work with numerical magnitﬁdes.subé
stituted.for_the vector ratios. Thg eQuationé in thé table were used to

provide values of IS to be substituted iﬁ?equation (11.8.8).

L




Table 4., Specific Indué;iﬁe Capacitaﬁce
Of Insulations (From Reference 2)

Material . - . 5r
faper insulations (solid) = ’ 3.7
Paper insulation (other type) 3.3-4.2
Rubber and rubber-like cdmpounds 3

Varnished cambric _ 5
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- Table 5. Formulas For Sheath Currents (From Referemce 11).
1 11 III v v VI
: One Phase Equilateral Rectangle Flat Two Circuit Twé Clrcult
Cable ) :
Arrangement A A _A B C _C B A
Number and B A B C B ABC ¥ 548 T 5,8
Diagran s - s s s, e s, kA
. : |+ +] |+ =+ |+ -+ = A B C “A B C
1 2 2 2.2 ‘
c Iy o X (P +30°)+2//3(p-0) +4
urrent T = o 2.2 2.2 2 2
' ' L% R "Xy A(p™41) (g°+1)
2 2
I *n I 1
Curren 3= = P} 7.2 2
R 2. R THK, (g +1)
1 2 2.2 |
Coren <€ = X (P°+36°%) -2 AA(P-0)+4
ren 1 p] ] 2 2
R4S L{p +1)(o"+1)
Y. ey b ke b
T (*y? (Xytad (Xyhat 3 (Xyra-3)
Z - _8 Ft a_b 8_b
where T Xy SV (et ) ST 4ty =6

Py

RS
- e
4

a = 0,153333 (60 cycles)}

b = 0.03699617 (60 cycles)

X, = 0.05292 log,; (5
m

I.= current- in the conductor, amps.
1 = current in the shield, amps.

A,B,C

inches.

r = mean radius of sheath, inches.

'§ = spaclng between center lime of cables,

Rs = registance of sheath,
ohm per 1000 ft.

P



CHAPTER III

COMPUTER PROGRAM
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A. Program Objectivés And Capabilities

This section describes the computer program used to calculate both

steady state and transient temperature distribution in underground

electrical power cables. The first section describes the program in

general. The second section lists all input data and the third section

describes how a potential user can use the program.

The entire program consists of 12 separaté subprograms and data

sets. The source language is Extended FORTRAN IV.

B. Alphabetical List Of quut_Déta

All input variables needed for program opération are listed below

along with their units and a brief descriptign of the meaning of the
variables.
Variable Referenced in._
Name Units: Program Unit " Description
CPA watt-sec/gm°C . THRMPRP Specific heat of air
CcrC watt-sec/gm°C THRMPRP Specific heat of con-
: ductor
CPE watt-sec/gm°C ~ ERTHPRP Specific heat of earth
CPIL. watt-sec/gm°C THRMPRP - Specific heat of insula-
cPO watt-sec/gm°C THRMPRP

Specific heat of jacket

o __';"__|
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Variable ' Referenced in
Name Units Program Unit ' _ Description
CPS watt-sec/gm°C THRMPRP Specific heat of shield
DEPTH cm CBLGEO The distance between
' : cables and ground
DIACW cm CBLGEQ Diameter of conductor wire
DIACW cm . CBLGEO Diameter of shield wire
FAULTI Amps ELECPRP Fault current
IARNGE  Dimensionless CBLGEO Cable configuration
ICBL Dimensionless _-CBLGEO' _— The'material-of-condﬁctor
ICNTRL - Dimensionless CBLGEO The control to calculate
o steady state or transient
ISHLD Dimengionless .}CBLCEO; ' The type of shield |
T Amps ELECPRP _Current in the cable |
"KA watt/em®C THRMPRP Thermal conductivity of
: air .
KC . watt/em®C THRMPRP Thermal conductivity of
conductor
KE watt/em®C ERTHPRP Thermal conductivity of
earth .
KI watt/cm®C THRMPRP Thermal conductivity of
' : insulation
KO watt/cem®C ~ THRMPRP Thermal condﬁctivity of
: jacket S '
KS - watt/em°C THRMPRP - Thermal conductivity of
) shield .
LAY em ~ CBLGEO Lay of wire shield
LOADF Dimensionless ELECPRP Load factor
NC Dimensionless CBLGEO _ Number of wires "in con-
' ductor
NSW - Dimensionless . CBLGED - Number of wires in shield
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Referenced in

Variable |
Name Units Program Unit_ Description
OVRLAP em. CBLGEO Overlap of shield .
: ' material : i
PARFA Dimensionless CBLGEO Percent area of total sur-
: : face of shield wires in
- contact with jacket
_ ‘material -
PF . Dimensionless ELECPRP Pewer faetor of insulator
RC cm ' CBLGEG _ Outside radius-of conductor
RE cm . ERTHPRPﬂ._ Radius of earth to location
L " where T ="TEF .
- RI cm CBLEGO - Qutside radius of insulator
RO cm CBLEGO Outside radius of jacket
RS cm . CBLEGO - Outside radius of shield
RESA OHM=-cm ELECPRP Electric resistivity of
' air at 75°C
RESC OHM-cm ELECPRP Electric resistivity of
conductor at 25°C
RESS . DHM-cm ELECPRP *  Electrie¢ resistivity of
' shield at 25°C .
RHOA gn/cc THRMPRP Density of air
RHOC gm/cc THRMPRP Deﬁsity of conductor
i RHOE gm/cc ERTHPRP Density of earth
- RHOI gm/cc THRMPRP Density of insulator
RHOO gm/cc THRMPRP Density of jacket
| RHOS gm/cc THRMPRP Density of shield
1 s o ' CBLEGO Spacing between center
! line of cables
! SPCAP Dimensionless ELECPRP Specific capacitance of
: dielectric
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Variable. Refgrence& in !
Name Units Program Unit . Déscription
TEF °C ERTHPRP Temperature of ambient
; © . earth
TOFF SEC ELECPRP Time current is open
TON SEC ELECPRP = - Time:current is close
VOLT VOLT ELECPRP

Line tq neutral voltage

€. Namelist

The namelist data striﬁgs must be sequenced in the order in which

they are listed below. The CGS system of units is used consistently for

all quantities. .All input data are specified by the following four

namelists.

1. Namelist.CBLGEO contains 17 variables, which define the

geometry of the cdble system:

RC
RI
RS
RO
S

ISHLD=1

ISHLD=2

IARNGE=1

TARNGE=2

TARNGE=3

" TARNGE=4

Qutside radius of cable conductor in cm

Outside radius of cable insulator in em

Outside radius of cable shield in em

. Qutside radius of jacket in cm

Spacing between each.cablé ih cm

- Solid shield

Wire shie_ld

Two cables straight - one phase

Three cables - equilateral triangle

Three cables - right triangle

"Three cables - straight line
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IARNGE=5
TARKGE=6

{see Figure 5 for

NC
DIACW
DIASW
NSW
ICBL=1
ICBL=2
DEPTH

PARFA -

OVRLAP

LAY

ICNTRL

2. Namelist/THRMPRP/contains 15 variables, which define the ther-

-

Six cables -'oppoéed; two_cifcpi;_f}at
Six cables ~ fla;"feversed phéée:

the six cable arrangements)

Number of wires in conductor . 1
Diameter of conductor wire in cm
Diameter of shiél& wire in cm

Number of-wire in shield

Copper conductor

Alupnium conductor

The depth of cables under ground in cm
Percent area of total surface of shield wire in
contact with jacket material

Overlap of shield material

Lay of wire shield

The control to calculate steady state or tran-

sient candition-

mal properties of cable materials:

KC
KI
KO
KS
KA
RHOC
RHOT

RHOS

Density

Thermal conductivity

Thermal condugtivity
Thermal conduétivity
Thermal COnductivity
: Thermal conductivity
Density of cﬁndﬁctor

- Density of insulator

of shield in

43

of conductor in watt/cm®C

of insulator in watt/cm®C

of jacket in watt/em°C

of shield in watt/cm®C

of air in watt/cm°C

in gm/cc

in gm/ccf

gn/ce
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IT1I.

Iv.

VI.

One Phase

Equilateral
®
Right Triangular
©

T 000
Two Circuit Flat@) @ @
oJoNo

Two Circuit Flat Reversed Phase

folo¥o
goJoXe!

Figure 5. 8Six arrangeménts'qf Cables.
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RHOO .
RHGA
CPA
CPC
CPL
CP$

€pro
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Deﬁsity_of jacket in gm/cc

Density of'air in gm/ce

Specific heat of air in watt-sec/gm°C
Séecific heat of conductor in.watt-seéfgm°c
Specific heat.of inéulator in watt—sec/cﬁ°c
Specific heat of shield in watt-gsec/gm°C

Specific heat of jacket in watt-sec/gm°C

3. Namelist/ELECPRP/contains 1l variables which define the elec-

trical properties necessary to determine the temperature distribution:

SPCAP
I1
VOLT
PR
LOADF
FAULTI
ToNL
TON2

~ TON3
TOFF1

‘TOFF2

Specific of capacitance of dielectric
Current in the cagble in amp

Line to neutral voltage in volt

waer factor of insulator

Load Factor

Fault current when short cccurs in amps
Length of firsrt shprt circuit in sec

Length of second short circuit in sec

- Length of third short gircuit'in sec

Length of first open circuit in sec

Length of second open circuit in sec

4. . Namelist/ERTHPRP/contains 4 variables ﬁhich define the proper-

ties of the earth:
KE
CPE
* RHOE

TEF

Thermal cohducti%ity of earth in watt/em°C
Specific heat ineaptﬁ inxwatt—éécigﬁ°c'
Density of earth in gm/cc

Temperature of ambient earth in °C
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D. Déécription Of_Progrém

The computer program consists of a main program element and 12

subprograms. This section describes each of these program elements by

-discussing the function of each element., The Subprogréms are 11§ted in

alphabetical order.

1. Main -~ the main program unit which

provides: a,

b'

calls: a.

d.

input and outpﬁf

steady state and transienf temperature dis-'
tribution

CURSHLD 4.cufrent in the shield

HTSORCE - Fourier hﬁmber_and heat source for
eacﬁ section

KEQUV - equivalent thermal_édndﬁctiﬁity of

composite shield

function subprograms for material properties

2, Subroutine CURSHLD (RCOND, RSHLD, .ISA, ISB, ISC, QSA, QSB,

QSC) - calculates the inducéd current in the shield

receives! a.

provides: a.

dc electrical resistance of conductor per cm

length with différent  temperature, RCOND

dc_electrical.feSiatanceIof;shieldfper_cm 
1engtﬁ.with diffgrent:teﬁperature,:RSHLD.
induced current in'the:Shigld ?f_;gbles.A, B,
C;.ISA, ISB,-156.réspectively _  |

the ratio of the:sum'of'the 1bs§es in the con-

ductor and shield to the losses in the con-

 ductor of cables_ﬁ, B, C; QsA, QSB; QSC,
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3. Function DINF (IS, TOUT, RCOHD ‘RSHLD) ~ which calculates the
diameter of the earth where temperature T@ is meaaured in cm
receives: a, current in.the shield, 15

b. temperature of the outside surface of the
cable, TOUT
c.. resistance of the conAUctor,.RCOND
d. resistance of ;he shield, RSHLD
Presently this subprogram uses a conmstant value for DINF witﬁoht
calculatiﬁn of a value in the subprﬁgram.
4. Function DIELOS (VOLT, SPCAP, PF, RC, RI) — which calculates
losses in dielectric-iﬁ watt/em
receives: a. phase to neutral voltage, VOLT
| b. specific capacitance of dielectric, SPCAP
c. power factor of'insulétér,_PF -
d. outside radius Qf.CODdUQtOI,IRD
e.. outsidé radius of iﬁsulétor, Ri _

5. Function EFFKE (DINFIN, QSA, QSB, QSC, M, LOADF) - which
evaluates the effective’ thermal conductiv1ty of 3011 actual k
of soil is modified to account for mutual‘héating between ad-
jacent cables.in watt/cm C | |
feceives: a.. distance from outéide jatket to T = TEf,'bINFIN

b. which cable, M, Load Factor, LOADF |
¢, ratio of the sum of the losses in the conductor
and shield to the 1o$ses in.the conductor of

cable A, B? C; 0Q854A, QSB, QSC, respectively
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6. Subroutine HTSORCE (IS, IM, TON, RCOND, RHSLD, SKEFF, DLOSS,

HSC, HSI, HSS, FOC, FOI, ¥0S, FOO, FOE) - which calculates the

heat source and Fourier numbér for conductor, insulator and

shield. Both are dimenéionléss'

receives: a.

provides: a.

b.

current in the shield, iS

cufrent in the conducfor, ™

time circuit is faulted, TON

dec electrical reéistance of conductor per cm
length with difference temperatﬁfe, RCONﬁ'
dc dielectficgl resistance of shield per'cm.
lengthfwith"diffggence temperature, RSHLD

skin effect, SKEFF

_heat source, dimensionless

Fourier number, dimensionless

7. Subroutine KEQUV (KS, KA, RI, RS, DIASW, NSW) - which calcu-

lates equivalent thermal conductivity of shield and air gap

‘when shield counsists of wires in watt/cem C

receives: a.

provides: a.

thermél coﬁductivity of_shield (copper), K8
thermal conductivity_of air,iKA o
outside radius of insulator, RI

outside radius of shield, RS

giameter of shield wire, DIASW |

number of shield.wire, NSW

equivalent thermal conductivity of shield

8. Function RESCOND (TCOND, NC, DIACW, ICBL) - which calculates

de electrical resistance of conductor per cm length in ohﬁ/cm
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and accounts for variation of resistance with conductor

temperature.

‘sidered

receives: a.

h..

10. Function SKINEFF (RCOND) - which calculates skin effect, ratio

Both aluminum and copper conductors are con-

solid shield or'wife shield, ISHLD
numbér of shield wire, NSW
diameter of shield wire, DIASW
guess teéﬁefature of shield, TSHLD
‘outside ra&ius ;ffinsﬁl&tbf4 RI
outside raﬂiqs of shield, RS =
overlap of shield métérial, OVRLAP

lay of wire Shiéld,lLAX_\:

of ac to dc resistance dimensionless

receives: a.

dc electrical resistance of conductor per cm

length with different temperature, RCOND

11. Subroutine TRIDAG (IF, L, A, B, C, D, V) - which solves a sys-

tem of linear

simultaneous algebraic equatioms by a tri-

diagonal coefficient matrix

receives: a.

provide: a.

12. Function YINT

integer corresponding to the first subscripts,
IF

integer correspﬁndiqg_£0 the_ias;-subSCripts, L
coefficient vector A

vecfor containing the coﬁpﬁted.solution, v
solution of simultaneous équaﬁigns

(X, ¥, N, M, P) - which is used.interpolate in

a set of tabular values

receives: "a.

X and Y are the names of arrays that have the
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same dimension nfand contain the ordered pairs
(Xi, Yi), 1= 1, 2, ..., M such that %) < xz
< el < XM |

b. the numﬂér n‘of.pbinté'uﬁed fof the'interpola~
tion is Specified As N

c. the value of X at which to 1r{te'rpbiaté" is
suppliéﬂ asfPQ_ npté:f-éli N E_H'must be satis-—

fied

E. Sample Output

This section shows 1ﬁput variables and. the resulting output for a
typical cable system. Both steady state and transient temﬁerature fe-:
sults are showq. |

The first four pages éhqw the input n.atﬁ.eiist's : '.CBLGEO -(;:abie |
geometry),.THRﬁPRP {thermal proﬁerties); ELECPRP (electrical préperties),
and ERTHPRP (earth ﬁropertieé). The input variables coinciae_fo three
straight cablés buried directly in the earth at a depth of 122 cm aﬁd on
20.32 cm centers. Each cable has a 1 million cirecular mil conductor
covered by a cross linkgd-polyethelyene (XLf) insulator. The shield con-
sists of 14 no,'Lﬁ gauge coppér wires. The:jacket is made of éémi-

conducting polyethelyene (5CP) énd it contacts the shield were over 75%

of its area. The cable voltage is 25,000 volts phése to phase or 14,434

volts phase to neutral. The soil has a typical value of thermal cdn—
ductivity experienced in field applications.
After the input values are listed, the next page gives values for

selected output variables. The definitions of_thé-computer symbols are .




51

given in the commént statements which prgcged the;main prograﬁ unit.

fhe next page of outpﬁt pfﬁvides Ehé stéédy_staté tempeiature dis~
tribution for the center cable gcabie3n0hbéf 2)., The canddﬁgbr:and shield
temperature are practlically isothermal at approximatgly'46°c and §5°C.
The ambient earth temperature was selected ét 25°¢C r;sulting in a maximum
temperature rise of él“C.

The next five pagés of output give the transient temperature dis-
tribution in the cable and earth at the end of five short cireuit se-
quenices. The first, third and fifth page gives the temperature after the
fault current has passed through the coﬁductor and shield. TFor this ex-
ample, the faﬁlt cufreﬁt is 8,394.0 amps. The second énd fourth page of
transient output gives the temperature after the circuit has been opened
and the current has dropped to zero. The cycle times are assumed to be
the following values: current on for 0.125 sec, off for 4.23 sec, on for
0,183 éec, off for 1l.7 sec and finally on for 0.2 sec. These times are
listed at the top of each output page. The maximum temperature during
 the short circuit sequence always occurs in the shield due to the large
currents in the shield ﬁires and a resistance which is higher than the_ 
~ conductor. The highest_temperéture in the shield is 300°C after the end

of the third circuit closure.




1e6L

$CHLGED

RC
RI

RS

RO

5

ISHLD =

"TARNGE =

NG

DIACH

DIASH

NSH

DEPTH

PAREA

QURL&D

LAY

ICNTRL -
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STZADY STATE TEMPERATUAG DISTRIBUTION {DEG. C¥

EARTH
RAOTUS TEMP
6+25003 25.04000
6219694 25.54391
5.93388 25,0208¢
5.78482 26455137
5.62976 27409536
5-‘!?"?& 2?065.656
5.31363 23.23287
S.16457 28.,8262¢2
5.30951 2343767
Lo 85442 3J,06834
4.6%339 3J0.71368
LeS4le 33 31.39248
4.38327 '32.03884
ha23421 32.41G25
4.07915 33.55857
© 3.92409 . 34.33591
3.75303  I5.14458
3.61397 35.9B724
3.45391 36.B6545
3.30384 37.78881
3.14378  38.751C1
2+99372 $3.786390
2.8386a #d.83068
2.08360 4l.95740
2.52%54 43.15119

C 2.22370

JACKEY
RADIUS TEMP
2.52854 43.15119
2.51584 43.22139
24503165 43.29194
2+49643 43.367285
2 U773 . 43,43413
2.46533. 43.54577
2445233 43.57778,
2443963 43.65016
2.42693 43,7229
2+%1k22 43,79506
2.40152 43,.869359
Z.38842 43.94351
2.37612 44.C1743
2436362 L4.03254
2.33372 4&.16765
2433802 4La.24317.
2.32531  4%,.31311
2.31261 44,39345
2:29991 4Wh.u7222
2428721 46,.54942
2.26181  G4.7051Q
2424910 44.78366
223600 LH4,A4E254

44,941 93

SHIELD

RADIUS TEMP
2,22370  4%.94193
2.21830 44,96208
2021291 44 .94223
2.20751 4%.94237
2,26212  44.94251
Z.19672 aw.94204
2.19132  44.94277
2.18593  44.94289
2418053 4% ,943G1
2017614 4%.94312
2016374  44.94323
2.16635  644.94334
2.15R95 44,9434y
2.15355 4%,96353
20164816 - 44.94362
2016276 44494370
2013737 44.94378
2.13197  44,94336
2.12658 44.94393
212118 44.94399
2.11578 44 ,94435
2013039  44,94410
2.10%9)  44.94415
2.09960  44%,34429
2.09620 44.94424

CASLE 2

INSULATOR
RADIUS  TEMP
2409420 4h. 942y
2436721 %4.98639
2.04323 - 45,02878
2401324 45.07142
1493525 45.11431
1.95926 45,15748
1.93228 %5.20092
1.90529 45,2466
1.87830 45,28870
1.85131 45,3336
1.82433 45.3777%
1.73736  45.42280
1.77035 45,4682
1.74336 45.51339
171638 45.56018
1.63939 45,65677
1465240 45.65380
1.63541 #5,70128
1.60843 45,74923
1458144 5.79768
1455445 45,8466
1.52746 45.89614
1.50048 %5.94620
1.47349 15,99535

1444650

46. 043812

CONDUGTOR
RADIUS  TENP
144650 45.04B12
1+33623 46.04835
1.32596 46.04857
1426569 46.04879 .
1.20542  46.0%399
1.14515 46,04918
1.33488 46.04936
1.02460  46.04963
-96433  46,04970
«30406  46.04985
<84379  46.04999
J78352 46.05613
72325  46.05025
+66298  46.05036
50271 L6.05047
c524k - 46, L5056
<48217 4540506k
c42190 46405072
«36163  45.05078 -
30135 45.05083 .,
+24108  45.65088
<18081 46.05091
.1205%  46.05094
06027 45.05095
0400850 46485096

A3 A FUNCTION OF RAQIAL POSITION (CH)

bs




RESCOND=

LOCAL TIMPERATURE DEGREES GENTIGRADE

" EARTH

RADIUS " TEMP
6.250403 25.45uB0G4
2.09494 25.545392

5493988 20.02082
5.73482 26.55139
5.62976 27.349637
S.47473 27.65658 .
5.31953 28.23249
5.0U951  29.43769
4. 35405 . 30,06836
4.69939 30.71951
L.5%4433 31.392514
4.38927 32.(4886 -
4.23421 322.8340Z8
4,07915 33.55361
3.92409 34.33594
3.7e90 3 35.14n862
2.61397 35,98728
3, 43691 34,86689
3.30384 37.78686

. 3.14874 33,75106 -
2.99372 39.7639&
283300 42,33175.
2.683606 41,35748
2.52854 43,10643

2.09620

e e ram

~ol70337E~06

RESSHLD=  .1035543E~-04
HSG = +3606177E4+00
HS5 = +1263831E% 04
HSI = L 76E5367E-01
FOC = +9316952E-01 "
Fas = +4583987E-02
FOL = +3451233E-03
Foo = +1558859E~04
FOE = «BAEB2ZB3E-06
TIHE 1S
JACKET SHIELD .
© RADIUS TEMP T RADIUS TEMP
2452854 63,155683 2,22370 180.02574
2451584 43.2222F  2.2183G 1BJ.36754
2.50314 43.29196  2.21291 163.69222
2449043 43,36263 2.20751 180.993975
ZoWTTT3  43.43387 2,20212 161.29008
2.46503 $3.50550 2.19572 181.56316
2.43233 43.57750 2419132 181.81892
24439563 43.5498R 2-;8593_132.05728v
242693 43,72263  2.18053 182.27815
2.41422 43.79577  2.17514 182.468141
2o45152° 43,86929  2.16974 182.66692
2+38882 43.94321 2416435 182.83453
2437612 44,01751  2.15895 182.98408. -
2.36347 44,0922 2.15355 183.11538
2.35G72 . 4u,16732 2.148156 183,22822
2433832 &L4,26286 2.14276 183.32236
2432530 L4.31877 2.13737 183.39754
24312617 44.,39522  2.,13197 183,45350
2429991 44.67310 2.12658 183.48991
2.23721 44,56116  2.12118 183.50645
2,27451 44.73350 2,11578 183.%3275
. 2426181 45.5345%3 2.11039 1B3.67861
2.20910 50.31773 2.10493 183.43300
2.23640 T75.52763 2.09960 183.36605
2.22370 180.0257%

183.,27707

2125E400.

SEC

. INSULATOR

RADIUS

2.09420
2.06721
2.04023
2.61324
1.98625
1.95926

1.9322¢

1.96529
1.57838
1.35131
1L.62433
1.737 3%
1.77035
1.74336

- 171638

1.68939
1.66240
1.63541
1.60843
1.55445
1.52746
1.50048
1.47349
1.44650

TEMP

183.27707
167.590282
70.44353

S4s 35366

4B8,21578
hBe10409
546747
45. 31400
45.30531
45.33602
- 45,37753
LS. 2181
45, 46701
45.51278

45.55831"

45606534
45.65235
45,70k
45, TH B85
45.80077
45.86133

45,94588

46409043
4b.368061
46490363

_CONDUSTOR

RADIUS

1.44650
1.38623
1.32596

1.26569

1.20542
1.14515
1.08488
1.02467
+ 96433
+930406
84379
«78352
« 72325
«6BZ98
«60271
«54244
48217
+42199
+«36163
«30135
24108
»180681
+12054
«06027
G.uB000

TEMP

46.90363
46.90581
46.93776
45.90948

56.91099

46.91230
46491382

46.T163%

46.91508

46.91563 -
46491599

46.91615
46.91613

46.91588

46.91540
46914565
46.91360
46,9121%
46.9103%

46490792

42.90473
46.90039
46.89403

46.88315
46.88315

¢s



25.-Ju.000

Keauy = +1007209E+00

RESCOND= »6130376E-06
o ' _ RESSHLD=  +1547446E~D&
' - ' HSC = 0.
: : : : HSS = e
Co S HSI = 0. . '
o - FOC = «3150826E+01 N
: FOs = c45uBATEESDD
: FOIL = +1167897E~01
_ FOD = 5251786 -03
FOL = « 284G EBEE=04-
I LOGAL FEMPERATURE DEGREES CENTEIGRADE ' TIME IS  .423E+01 SEC
L : EARTH CJACKET SHIELD . INSULATOR CONDUCTOR
. . RAULIUS TEWa RADIUS TEMP RADTIUS TEMP . RADIUS TEMP © RADIUS TENP .. -

6.25000 25.80003 2.52854 4H3.27012 2.223T7T0 bHB6.2115%9 2.89420 64.26818 1.44650 47.0694D
6.09434  235.55433 2451534 43.34153 2.21830 B4.21535 2406721 Bh.4G162 1.38623 47.06611
: 533384 26.u2l26 2453314 L3 .424A0 2.21291 HB4.21364% 2.66023 B, IFUT2  1.32596 47.06333
S 5.75482 25.55186 2449243 H43.52455 2+,26751 GB4.22183 2.01324. 04.260975 1.26569 u7.06005
L S5.663976 27.049647 2.47773 43.084710 2420212 B4.22434 1.98625 63.97137 1.26542 4T7.G58430
G.a7a?l 27.65712 246503 LI .BGI97 2.18872  6&,22797 1.35926 63.56882 1.14515 47.05557 .
— . . 531963 23.23346 2445233 43.93697 2.19132. 64.23091 1.93228 63.85066 1.08488 47.05318 |
! : : 5.1E457 2R.82685 2.43963 64,2491 2.18593 64.233TT  1.905929 62.4293D 1.02460 47.05088°
'7 : o 5,00951 23.438346 2+ 42693  LhJ5TH5% 2.16053 bk 23653 1.87830 ob1.7185% «3E433  47.D4866,
L+d5445 3).060208 281422 64%.99306 2.17516 B4.23321  1.85131 60.93106 290406 4T 04653
463333 30.72026° 2.40152 45.52941 2.16374 424180 1.,82433 60.08283 . .B4379 47.Dubad.
4.54%33 31.39332° 2.38882 4b.20612 2416435 64.24430° 1.7973s% 59.18765 « 78352 . 47.04250
4438927 32.489715 2437612 4T 0474 2.15895 bh,24b671 1.77435 658.25912 C « 72325 47.04059
Go236217 32.R1124 2edo3h2 LB.073ub 2.15355 64 24932° 1.74336 57.30969 «B6298 47.03873
4.,97915 33.55965. 2.35072 49.29597 2.14815 bH4.25125  1.71638 56.35027 - .60271 47.036983
3.92409 34.337¢8 2.33802 50.71333 2414276 £4.25338 1.68939 55.38948 54240k 47.03518
3,76903  35.14587 2+32531 52.32631 2413737 64,25562 . 1.66240 S5&.4%3544 48217 47.03341
3.61397 55,98365 2+31201 54.08403% 2. 13197 bB4.25736  1.63541 53.49155 +42190 &7.03165 |
3.45891  36.868«1 2.29991 55.34016 . 2,12658 . b64.2%921 1.608u43 52.500U% «36163 LT.02986
330784 3I7.74854 2.28721 . 57.81847 2,12118 6B4.26035 1.5814% 51.64137 «3613% 47.0279%
3.14478 34.7529% Ze27453 59.6284] 2.11578 64.26260. _ 1.55445 59.73325 224108 LT.025385
2.99372 33, 76545 2.20181 ©£1.26873 2.11039 64.26615 - 1.52746 49,82906 «18081 4T.02340
2:838606 440343314 2.264910 62.63737 2.lu%99 bBh.26560  1.50048 HB.9241G =12054 47.02022
2.68363 41435295 2.23640 BH3.64225 2.99960 b%,26698  1.47349 48.00740 06627 47.01519
‘2:523654  43.27312. 2.22373 64.21199 2.09420 64.20Ri3 1.4465C 47.36900 0.30000 &47.01519

PRSP S
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LOCAL TEMPERATURE OEGREES CENTIGRADE

L 2452354

"EARTH
RADIUS TEMP
6.25900 25.610040.
6.09494 25.5343%
5.33384 28,32124
5.78282 20.55138
5.92376 27.0969u
 BebTw?0 27.85714
5.31963 23.23348
5.16457 28,8726488
5.00951 22,43837
b.35445 33,06309
4.69339  3a.720%0
4454433 31.33336
4.38927  32.p8979
. 4.J07915 " 33,5597(
3.92409 34.33713
"3.TE303  35,14593
3.61397 35,984871
3.45891 35,86848
3.30384  37.78861
J.14878 33.75301
2.99372 33.76614
264365 41,96330

43.27734

DIELOSs +«9339356E~02
RESCOND= «6133142E~016
RESSHLD= «1107195E~04
HSC = +3619182ZE+00
HSS = +8302467E0 04
HSI = «7HI5387E-01
FoOC = +1365358E+90
FOS = *»1993983E~-G2
FOI = +5060 889E~03
Fou = +2235910E~04
FOz = +1232697E~05
TINME IS
- JACKET SHIELD
RADIUS TEMP RADIUS TEMP
2.52854 43.27734 2.22370 2B2.14761
2.51544 43.35235 2421830 264.62172
2450316 L3.4G047 2.21291 266.93721
243043 w3.545482 220751 269.09770 -
2247773 43.567622 226212 2710663 .
2465563 43.840:12 2.19672 272.967282
2445233 4H4%,04878 2,19132 274.68275
2,43963 44.31630 2718593 276425592
2442693 | 44.65968 2+18053 277.68944
S 2441422 45,09863 2.17514 278.93571
2440152 45,65488 2.16974 280.14586
2.33882 48.353a0 2164635 281.,17473
2437612 47.2G738 2+15R95 262.07983
2.36342 43.24142 2415355 282.83632
2435072 49.45212 2,14815 283,47202
2.335832 6S0.B6741 2.14276 243,97333
2.32531 S52.44060 2413737 284.35576
231261 54.14792 2.13197 284.6(237
2,29991 55,9437% 2312658 284,71874
- 2424721 S7.8.553 2.12118 284%.70293
2427451 59.93348 2.11578 ¢b4.55314
2.26181 £3.769365 2411639 264426683
2.24910 75.93913 2.10699 283,84393
2423645 120.45343 . 2.£996( 283.27183
2422370 262.14761 2.09420 2B2.65624

TL183E+G0  SEG

INSULATOR

RAQDIUS TEMP
2.09420 282.55524
2.96721 178.38953

C 2060823 119.27102
2401324 ' 88.58208
1.98625 73.87731 -
'1.95926. 57.22183

$1.93228  b4.21462..
190529 62.6912%
1.87830 61.69622
1.85131 60.84999
1.32433 50,01532
1.79734 59.15517
T.77035 58,26635
174336 57,35375
1.71638 S6.42501
i.B8939 S5,48375
1.6624) 54,5515
10635“1 53.6*365
1.60843 5Z,6942%
1.58144 '51,78336
1.55645 50.89567
1.52746 50.05174
1.50048 49,29244
144650

48434635

CONDUCTGR
RADIYUS TERP
1.44650 48.348635
1,38623 48.34583
1.32590 48.34517
1.26569 48,34437
1.20542 48.364344
1.14515  4B.34239
1.08483 48.34121
1.02660 48.3399%
296633 43,33849"
+»90406 48.33693
+BL3ITI  48.33524
«78352 48.33341
# 72325 48.33142
166298 48.32924
+b0271 48.32686
54244 4B.32422
+4821T7 ws.32127
42190 LHB.31794
+36163 48.316411
«30135 “8030959
+ 24108 43,.30407
«18081 48,23699 -
12054 43.28708
+06027 43,27059
J.00000  «8.27059

LS




COCAL TZMPERATURE DEGREZS GENTIGRADE

EARTH.

RADIUS TEHMP
6.25000 25,0400%
De39%9Y 2505L559
£.33388 28.02250
5.78482 Zo.55318
S.623756 R27.09329
S.4747d0 27.65862
5+31963 24.23537 .
5.164657 28.82858
S« 00351 29.54019
L.AS443 30.47105
4.59333 3d.T2244
5.54433 31.349563
4.386927 32.4d322%
4.67915 33.50260
3.92%89  34.3403¢ -
3.76923 35.14939
3.45891 36.47267
3.30384. 37.73326
3.+14878  38.75819
2499372 39.77214
2,83956 40.84583
2.6d350 42.11839
2.52454 45.18021

KEjuv = +1653642E-01
RESGCOND= «62222G1E-086
RESSHLD= +1912522E-04
HSC = ) (s 3%
" HSS = 0,
HSI_= d.
FOC = «B715051+01
FOS = «2071055E 445
FOI = «323FI5HE~-01
FOQ = 1 1459092E~-02
FOc = -7668281E-0k{
TIME IS
JACKET SHIELG
RADIUS TEMP RADIUS FEMP
24.52854 45,18u21 2.,22370 - 72495179
2.51584 4B,72147 2,21830 72.986271
2.50314 &7.35501 2.21291 72.97337
2.49043 48.072722 2.20751 72.9837%
2447773 L4B.HB3RO 2.26¢212 ¥2.99388
2.46533 43.80788 2.19872 73.00373
2445233 65(.81616 2+19132 - 73.01330 -
2.439563 51.92929 2.18593 T3.02259%
2.426933 53,.13697 2.18053  73.03161
2.041822 - Sk b3TH2 2.,1751% - 73,04L034
2.48152 55.,822)3 2.16974 - 73.0437S
2.33882 57.28032 2.16435 73.05694
2+37012 58.79733 2,19895% 73.c0W80
2. 35342 Bl.35647 2.,15355% 73.07237
2435072 H1.936567 . 2.,14816 - 73.,07964
2.33852 63.51411 2.14276 73.08661
2432531 65.06234 213737 73.359327
2.31261 66.55289 - 2413197 73.09982
2429991 67.955b% . 2.12658 - 73.10566
2.23721 69.24168 2.121186 73.11138
2.27T451 7H.38)29 2.11578 73.11678
2.26181 T1.34397 2.,11039 T3.12135
2426910 T2.10745 2.1u499 .73.17659
223040 T72.64917 2.09960 73.13180
2.22370 72.95179 2439424

73.1350s

«117E+02 SEC

INSULATOR
RADIUS TENP
2.09420 73.13536
2.06721 73.20702
2.04823 73.20006
2.01326 73.11099
1.96625 72.,93704;
1,95926 72.6753%
1.93228 72.32930
1.930529 71.,38391
187830 T1.35045
1.85131  70.72410
1,82633 70.0C440
1.79734 69.19127"
1.77035 ©68.2B493
174336 67.28593
1.71638 b66,19512 -
1.68939 65.01357
1.66240 63.74262
1.63541 62.38378
"1.60343 £8.93876
1+581844 59.45939
1455445 657,79762
1.32746 56.1054%9
1.50048 54.33506
1.47349 52.488%0.
- 144650 S50.56754

CONDUCTOR

RADIUS TENP -
1.04650 50.5575“
1.38623 50.56157
1.32%96 50,55570
1.26569 60.54993
1426542 50,5442
1.14515 50.53364

- 1.08488 S6.53311-
1.02460 50.52764

".96433  50.52222

«304006  S5J.51682

«B4379 50,5110

«78352 52.50603

« 72325 50.50853

166298 50,4950k

60271 S0.489%0

e54244 S0,43388

wH4B21T SD.LTT3Q

42190 50.47059

.3&163 S0.4b3H7

+ 30135 50.4%535

24108 50.44585

+18081 S0.43406

12054 5p0,41801

06027 50.39178
G.00000 50.39178

| e — T .

8¢S




T i e

DIZLOS= +3039356E~02

RESCIND=  ,6270969E<06

FESSHLB=  .1139911&-04

. . HSC = +3654663E+00

Co _ - HSS = +519L883E+05
L , MSI = «70:5387€~-01
x - : Fog = +14BIT52E 450
Lo £OS = «1965573E~03
; : : : FOI = +5521973€-03
. _ Fag = e2hIL) THE=DN
i _ FOE = +1345G052-05

. : ' LOCAL TEMPIRATURE ODEGREES GCENTIGRADE TINE IS  .200€+00 SEC

: €ARTH JACKET - - SHIELD INSULATOR CONDUCTGOR - -
RAGIUS FEMP RaDIUS Teup RADIUS TEMP CRADIUS reup RAOQIUS TEMD
L . . 6.25000F 25.0udil 2.92854 46.25867 2.22370 251.74231 2409620 302.93523 1.44656 51.93720
. . 64094946 23.56540 2.51584 4B,802u8 2421833 Z6b.59331 2,96721 194.,33730 1.38623 51.93390
; o 5.933848 26.G2252 253314 LTu3437 2,21291 275.66995 - 2.L4023 13Z2.40026 1.32596 51.93952
) - ’ : $.78682 25.55321 2.69043 68.15769 2420751 2685.13470 2.01324 99.32049 1.265%69 51.92706
; i 5:62976 - c7.39831 Z.47773 4B,97535 2.2G6212 293.14937 1.98625 384.16224 1.20542 51.92353
LT 547475 27.65356 27458503 49,88952 Z.13672 299.87253 1.25926 76.97313 1:14515 51,919%9%
b . : 5431363 - 28.2351 2.,45233 50.90116 2419132 3P5.45255 1.93228 73.76342 1.08488 51.91629
. coL 5+18657 23.82461 2203963 52.60962 ?.18593 313.03233 1.95829 ?72.222%5 1.,02460 51.91258
5.00951 - 29.44322 2,426935 53.21223 2.1805%3 313.73489 1.87830 71.29428 + 26433 51.90882
4«B85445  3D0.G47108 2441422 54.56348 2.17516 316.68218 1.85131 70.54853 «93406 51.90501
69939 3Jd.72244 2440152 55.87671  '2.16974 316.97389 1.82433 69,7835 +84379 51.90113 |
4.56633 31.393567 2.38882 57.31983 ° 2.16435 320.69654 1.79734 68.9674T7 +783%52 51.89719
h.38927 32.09229 2437612 58,81916 2.,15895% 321.92094 1.77035 68.069%42 «72325 51.83318
4423421 32461399  2.35342 60.3573% 2.15355 322.70203 1.74336 67.0G8314 +66298 51.88906 |
4.07915 33.56265 235072 61.91392 2.10816 323407892 .1.71638  66.06734 +6G271 S1.88483 ] -
3.92409  34,340635 2.33322 63.46553 ° 2.16275 323.6i75240 1.68939 &4.84255 254244 S1.8304k
3.769C3  35.14945 2432531 - 64.98551 2.13737 322.69938 1.66240  63.59017 48217 51.87582
3.61397 35.99258 2431261 66.45324 2.13197 321.94558 1.63541 62.25246 +42190 51.87091
345831 3o.47274 2423991 67.83554 2.12658 326479419  1.60843 6he83334 «36163 51.8b6557
3.30386 37.79334 - 2,23721 653.16284 2412318 319,21274 1.58144 59.34019 +30135 51.85959
C 3414878 38.75827 | 2.27451 70.68949 2411573 -317.15679 1.55445 57.78767 «24108 51.85265
. 2.99372 33.77224 2.26181 73.83242 211039 314.57089  1.52746 56.204)8 +18C81 51.84410
2.83866 40.84624 2424910 d4.73397 2410499 311.34958 1.50048 54,54028 «12054 S1.8325%
© 2.68365 42,12450 2.23640 125.02671 2,09960 307.53947 1.47349 53.17859 «06C27 51.81371
2452854 &4B.25867 24223TG £51.Th231 2.03L206 302.93523 1.44650 51.93720 0.00650 51.3137%

- 8%
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CHAPTER IV
RESULTS .

The compﬁter'program has bgen used to predict both steady_statg
and transient temperature distributions in unéerground cables, Typical
fesults are shown in Figures 6 through 15, The steady state results are
plotted in Figures & through 12 and the results ére compared with
available ampacity tables [12] in Figures 11 and 12. The transient re-
sults are given in Figures 13 through 15 and they:are comparéd with the
resulfs.of Martin and Reczek [4]. |

Figure 6 shows the locgl temﬁergture in a tyﬁical 1 miliion.cir—
cdlar mil cable for the center cable in é flat three cable arrangement.
The cables are buried at a depth of 122 cm. - Currents vary from 400 to
600 émps'and thg voltage is a constant 25,000 volts, phase to'phase
which is equivalent to 14,434 volts phase to neutral. The temperature
level increases with current but even at 600 amps the conductor tempera-
ture is below 90°C which is a safe level for typical cable materials. A

current.of 400 amps produces a conductor températufe_of 1sighly over.

.50°C, The-conductof is the hottest portion:of the cable and the tempera- -

ture drops graduaily as the distance from_tﬁe center iqcrgases. The
high the;mal conductivity of the conductor and shiéid mgkes these areas
almost isothermal,, For all three current 1eve1s, the ambient soil
temperature is ZSéC, so the total temperature rise for each current lével

is approximately 27°C, 42°C and 61°C for 400, 500 and 600 amps,
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respectively.

Figure 7 shows the effect of depth on the central coﬁductor tef-
perature for three current levels. The cable geometry and cable
materials afe identical for those for Figure 6. As expectéd, the con-
ductor temperature incfeases with current and 1t 13 1ess sensitive to
the dep;h of burial. For example, for a current.éf 500 amps, the con-
ductor teﬁperatﬁre increases only about 5°C #s the depth is increased
from.90 cm to 150 cm. |

Figure 8 sﬁows the effect of cablé spacing on the conductor tem~
perature for three different current levels. The conductor temperatute
increases only about 5°C at 700 amps for the range of cable_Spéciug
given in the figure. The conductor tempefature increased as spacing
between the cable increases because of increased circulating currents in -
the shield,

For a 1 million circular mil conductor, Figure 9 illustrates .the

- effect of cable voltage on the conductor temperature. Since the cable

heating is independent of voltage except for the dielectric loss, the
conductor temperature remains relatively unaffected by the voltage.
This curve shows how little the dielectric losses affebt ;he-overall-

cable temperature and how the IZR losses.in the conductor aﬁd_shield

 dominate the heat generation in the cable.

For the same.cablg system as in Figufés'ﬁ, T'and 8, Figﬁfe 10j
shows the efféct of shield_constructionhon cdble temperature.. The wire
shield pioducés.slightly highér ;emgé?a;?ges_at cqrreqté abo?é 400 amps,
but the_inqre#se 1s_ém§11. The wiré shiéld’pféqﬁces hiéhér conductor

temperatures because the air gaps between shield wires cause a lower
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1 million circular mil conductor
Solidlshield, insulation {(XLP), Jacket (PVC)
Insulation thicknéss - 0.6477 cm

Voltagé —:14;434-v01t_(phase to néutral)

3 cables horizontally on 20.32 cm center, 122 cm deep

I = 600 amps
I = 500 amps
1 = 400 amps
~ Shield o
' Conductor e - Insulator H $————. Earth
Jacket
- - SN —
1.0 - - 2.0 - 3.0
~ Radius (cm)

Figure 6. Steady State Radial Temperature

Distribution As A Function Of Conductor Current.
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Temperature (°C)

1 million circular mil conductor

Wire shield (21 #10)

Insulation (XCP) Jacket (PVC)
Insulation thickness - 0.6477 cm
Voltage ~ 14434 volt (phase to neutral)

3 cables horizontally on 20.32 cm center
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Figure 7. Stéady State Conductor Tempefature As
- A Function Of Cable Depth And Current.
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Temperature (°C)

1 million circular mil conductor

Wire Shield (21 #10)

Insulation (XLP) Jacket (PVC)

Insulation thickness - 0.6477 cm

Voltage ~ 14,434 volt' (phase to neutral)
3 cable horizontally buried 122.0 cm deep
120 ¢ _
1 = 700 amps
P
1060 |
y
80 4
I = 500 amps.
60 4
I = 300 amps
40 ¢ ' i B
20 4 g
|
0 t 1 = + e :
20 21 22 23 24 25

Space Between Cables_(ém)

Figure 8. Steady State Conductor Temperature'Aé

A Function Of Spacing Between {ables And Current.
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1 million circular mil conductor
Wire shield (21 #10)
¥Insu1§ﬁion.(XLP) Jacket (PVC)
- Insulation thickness - 0.6477 cm
3 cables horizontally on 20.32 center 122, 0 deep

L
I =_700_amp$: b
I-= 500 amps
i
I = 300 amps
1
i o e e e ,
6000 8000 10,000 12,000 - 14,000 16,000

Voltage (volt)

_ Figure 9. Steady.State Conductor Temperature As
A Function Of Phase To Neutral Voltage And Current,
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1 million circular mil conductor

Wire shield (21 #10) and solid shield (copper)
Insulation (XLP) Jacket (PVC)

Insulation Thidkness - 0.6477 cm o
Voltage - 14.434 volt (phése to neutral)

3 cables horizontally on-20.32 cm . center- .

©122.0 em deep | IR

Solid Shield -

Wire Shielq;/’

300

e e " .

400 500 600
Current (amps) '

Figure 10. The Effect Of Shield Constructions On

Steady State Conductor Temperature.
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.shield thefﬁal cqnduétivity.

| The cable éonditions used in Figu;;"11-wéréugélecﬁe&“téﬁqbiiéide
with those giveﬁ in the IPCEA—NEMA a@pacity tables [12]. Tﬁé cable is a
1 million:circulaf mil conductor with ¥XLP insulation and wire shield.
with no'jécket. The three cables are‘bppied at a depth_Of-Q;;éawqm and
spaced on 19.05 cm centers. Two cases df”&ifferent diametér shield wires
are selected for comparison. The computer resﬁlté'cohparé:févorably with
; the ampacity tébles with the maximum temperature:differénce between the

two of about 8°C,

Figure 12 compares the steady state 1 millidn circular mil con-

b

 ductof temperature predicted by the computer program with ome supplied
by Georgia Power Comﬁany for similar conditjons. The maximum difference
in temperature ‘is 5°C. The Georgia Poﬁer program is based on the theory
of Neher and.McGrath [11]. |

. The remaiﬁing'figures in this section illuétrate the program re-
sults for transient cable behavior. The tjpe of transient is one ex-
pected to.qccur.wheh'a fault in the circuit is detecfed. Under fault
conditions“the_current is suddenly increased from a steady state vélue
to a'fault level. The fault current is condﬁcted'thrOpgh thé cqnductor,
.ghrough.the fault.locatidn, and inté.the shield. The fault current
level continues until'adﬁomatic switching devices détéct_the fﬁult gn&
6pen.thé circuit causing the current level to drop to zero. The switch’
continues . to open ard cldse tﬁe circuit assuming that ihe reason for the
fault will cﬁrrect itseif. If the fault does not disappear, the ecir-
cﬁit will remain opén'after_several attempts to teclose,

Figure 13 shows the.shield.temperature when the circuit is faulted
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1 milldion circula; mfl’conducgor- oo
Wire shield, insulation tﬁiP}, no jaéket
Insulation thickness - 0.66093 cm:
Voltage - 15000 volt (phase to néﬁtral)
3 cables horizontally on 19.05 cm center
91.44 deep

—— computer output

— reference [12]

110 +
100 o
00
E .1{(%
¥

90 | N %

T Q

/ A '\{9:0%%
A (<3
g ’ / o ){? °
,)///;/ S %
80 + ,/// ///f,’
/{ /'/’
/ /'/‘
e '//jf:.
70 + pd
| / _/'
50 . L N
¥ B | . 7 ) 1
400 500 ) 600 _ 700

Current (a@ps)

Figure 11. Comparison Of Computer Output With
Ampacity Table [12] For Steady State Temperature.

.




1 million circular mil conductor, wire
shield (21 #10)

Insulation (XLP) Jacket (PVC)

Insulation thickness - 0.6477 cm

Voltégé - 14.434 volt (phase to neufral)

3 cables horizontally on 20.32 cm center, 122.0

cm deep _
——— computer outputi
— reference [16]
/
20 4
: 80 + .
S
~ 70
: @
; 5
1 o+
!! ]
] 1 7]
i 2
g 604
!l
e
50 +
40 {
20 . . . . ; N
100 200 300 400 500 6000 700

Current (amps)

Figure 12. Cqmparison_df Computer Qutput
and Reference [16] For Steady State Temperature.
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through three'cycles. The fault current'is.assumed to be 9760 amps. The
on-off times are typical of those experiences with circuit breakers used
in the field. The results show reasonable comparison between the cﬁmf
puter oﬁtput_and the experimental results of Martin and-Reczek [4]. The
shield temperatures are plotged Because.they are the highest tempefa-
tureé in the cable during a transient condition. The shield resistance
is on the order of threé times that of-the'conductor so that even though
the same éurrent passes through both the shield and conductor,.the tem-
perature trise iﬁ_the shield is greater. .Furthermore, there is less mass
in the shield so it is 1eés able to store the energy in the shield
material, ‘

The program ﬁredicfs the abrupt shield temperafﬂre riée_dufing fﬁe
time that the fault current is paséed through the shield and conductor.
The data also show the gradual decﬁeasé in shield temperature whenjthe'
circuit is'open.and the curfent dréps to zero. During this time the
heat from the shield and conductorfia conducted inté.the adjacent insuj

lation materials thereby reducing the shield and conductor temperatures,

.The maximum shield temperature at the end of each "on" cycle beings to

increase but remains about constant between the second and third short
circuit .cycle. This is primarily due to the relatively long time that -
the circuit remains open (about 10 sec) ‘during this time thereby allowing

the heat to be conducted into the insulation.

The computér'program_predicts'tempéréture'rises which are initial-

ly larger and eventually smaller than those predicted by a program
developed at Géorgia Power Company. Thé'Georgia Power Cdmpany progrém

is based on work by Mildner et al. [17] which assumes thaﬁrthe-heat flows

3




Shield Temperature (°C)

100 ||

1 million circular mil conductor

Wire shield (19 #14)

Insulation Thickness 0.6477 cm

Voltage - 14,434 volt (phase to neutral)

3 cables horizontally on 20.32 cm center, 122 cn deep

Fault current - 9760 amps

Fault sequence - 0.3416 sec on, 3.2 sec off, 0.
9.7 gsec off, 0.3416 sec on

—- reference [4]

— computer output

RN
NN

416 sec on

20?._

4. 60 80 100 . 120 140
' ' . Time (sec)

. Figure 13. Comparison Between Outpﬁt And Reference [4]

‘For Fault Conditions I.
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Temperature {°C)
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100

1 million circular mil conductor

Wire shield (14 #16 AWG)

Insulation (XLP) Jacket (SCP)

Insulation thickness - 0.6477 cm

Voltage ~ 14,434 volts (phase to neutral)

3 cables horizontally on 20.32 cm center, 122 cm deep

Fault current - 8394 amps :

Fault sequence - 0.128 sec on, 4.23 sec off, 0 183 sec on
11.7 sec off, 0.2 sec on .

-—- reference [4] : : —

—— computer output ' ' '

R

Ty

T

[P DA _,.-.,‘...‘.._...,.._—_.. __....,. 0 T o} §
0 2.0 4.0 6.0 - 8.0 .. 10.0 12,0 -~ 14.0 16.0

Figure 14, Comparison Between Output And
- Reference [4] For Fault Condition II.
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from only one side of tﬁé shield and it is insuiated on the other side.
The program deséribed in this thesis allows heat to flow to both sides
of the ghield. When.heat flows from the shield into the jacket.and in-
sulation, the resulting temperature rise of the shield 1s eventually
lower than that predicted by the model of Mildner.

The results in Figure 14 are similar to those of Figuré 13 but
they represen£ cable behavior for-a sliglitly different cable geometry.
Ihe shield construction is slightly different, and the fault cufrent is
higher. The transient shield temperatﬁrezis again compared with the ex-
perimental work conducted by Georgia Poéér Coﬁpan§.;,Thé program pfen
dicts temperatures which are initially higher and eventually lower ;han
measured valﬁes, although the différences afe limitéd to about 15°C.

Local, transient temperatures are illustrated in Figufe.lS. -The
temperature levels show how the.cabie heats up locally at the eﬁd and
beginning of each short circuit cycle. The cable temperéture is initial-
ly at a temperature labeled as steady state. The temperature distribu—
tion at the end of the first short ciréuit cycle is marked as ON-1. At
this time the conductor temperature has inpreaéed to about 53°C and the
shield temperature_has increased to about 1i4°C; which is the highest
temperature in thé cable at that time. |

The teﬁperatures-in the cable that exist after the circuit has
been-open for the-first tiﬁe are labeled as OFF-1. The conductot tem—
peratufe increése_s less than 1°C during the open circui.t period, whilg
the shield deéreases about.?0°c. The heat geherated in the shield and
ponductor during the fgult has been conducted into the adjacent insula-

tion and into the earth. During the short circuit, the insulation has a

|
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1 million circular mil conductor
Wire shield (19 #14)
Insulation thickness - 0.6477 em

350 + " Voltage - 14434 volt (phase to neutral)
' 3 cables horizontally on 20.37 cm, 122 cm deep
Fault current - 9760 amps _
Fault sequenct - 0.3416 sec on, 3.2 sec off,
0.3416 sec on, 9.7 sec off,
0.3416 sec on '
300 § ) | l_,_, X
|
- -
250 4 P
-
200 +
i
150 +
100 t
e
- 50 Steady State

‘W_ - i ek e He et o +

0 1.0 1.5 2.0 2.5
Radius (cm)

W
[ ]
o

Eigure 15, Local Temperature At The End
Of Each Short=Circuit Cycle.
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minimum temperature near its center. ‘?ﬁi:after the end of the first open
circuit, the héat generated by the';hiéldﬁéﬁd conductor has'hadftime to
be conducted tdward.thaf location and theﬁminimum_temperatﬁre ig.glimif
nated.

. The behavior of the cable during:the_secpnq aﬂd third cycle 1s

‘similar to the first cycle. The maximum temperature exists in the shield -

material after the.end'of each fault period. The shield’ reaches a tem-
perature of 225°C at the end of the second fault and it has cooled to

105°C after the circuit is open for about 10 seconds. The heat generated

in the conductor has had enough time'during-that_period to raise the con-

ductor temperature by approximately 2°C.. Under these conditions, the

temperature levels of the conductor are low enough to prevent serious.

' cable damage in that region. But the shield temperature is high enough

" to melt or seriously degrade the insulation and jacket material.

.
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CHAPTER V
CONCLUSIONS

The computer program and analysis presented in this tﬁesis can
have a'Significant economic impact on the design and current rating of
uﬁdergroﬁnd power cables. The program can predict operating tempera-
tures for steady stafe and transient conditions. * It, therefore, is a
versatile design tool for one who has the responsibility of selecting
cable materials and curfent levels which will result in safe operating
temperatures. With sucﬁ information, cables can be loaded to maximum
current levels without risking damage to the cable insulation. Also,
fault detectidn equipment can be désigned to maintain an open circuit
until the cable temperature has decreased to a safe level before attempt-
ing to reéldse the circuit.

Initial program oﬁtput has indicated_that the\cqnddctor tempera-
ture during a fypiéal fault sequence remains within a safe level after
three reclosures. However, the shield reachés potentially damaging tem-
péraﬁures'after the second reclosure. After thglthird_feclosure, the
shiéld-témperéture:can easily exceed 2b0°C. This situation can be
correctgd by incfeasipg the time interval that tﬁe circuit is left open.
Both steady and Fransient-reéults show réa;onable compafisoﬁ withIexisE—

ing data from available literature.
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APPENDIX A
EQUIVALENT SHIELD THERMAL CONDUCTIVITY

The thermal conductivity of a wire shield consists of copper and

percent area of contact between shield wire and sur-

]

air, If we let p

rounding insulation where:

1.0 implies wire contacts insulation over the complete

surface area.

= (.0 implies point contact.
Total .contact between the wire and insulation would imply contact

over an arc of DS, the percent contact would be given by

2% (D_/2)
p = —_EB;E___ = %‘ (¢ in radius)

where ¢ is.the angle of contact shown in Figure 15

K

then ' _ ri¢ =3 ¢
or o Y= E;I
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segment of a hollow cylinder as shown in Figure 15 then the resistance

of the shield wire becomes

T
R o2 o To
s 21TKS T

and the alr resistance becomes

:=U1|~

(ks e (e
total 1 2 ns/COPPE 1 T2 “asf/BT

- s +—5 oy 1 +.1

R . R s R R
copper air copper air

. 21TKtotal - Ns [Kc0ppér v+ Koir 0]

- - ro r

In — In _-*9

r r

o : o

NS C
. o - = — +.
or Ktotal 2n [KcOpper v Kair o]
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where

¢ = 7p




AT

e

Figure 16. .The Contact Between Wire And Inmsulation.
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APPENDIX B
MUTUAL HEATING EFFECTS

The mutual heatihg effects bétween the several caﬁles that may be
buried in ﬁhe earth are accounted for by an imaging technique. The buried
cable is réflected in a plane which corresponds to the sufface of the
earth, The technique follows an analysis by Kennelly [13], The appli-
cation of this work to the present problem of buried cables is outlined
in reference [1] and it results in the factor F given in equation (II.C.

4). The expression for F is

S A EL 4N T W
i~ -4, 't d

12 . 713 E IN

The symbol dij is the distance between cable 1 an& the image of
cable j reflected in the plane of the surface of the earth. The symbol
aij is the distance between the two cables i and j. The factqr F deﬁends
upon which cable is assumed to be the reference cable for temperature._.
calculations. Equation (1) is written as if cable 1 is the referenée-
cable. The equation consists of n - 1 terms where n is the number of
cables'considéredx

| There are six ﬁosSible cable arrangements considered.in_this_
thesis. The wvarious distances d’i anﬂ d! . are given on.the fpllowiﬁg

3 ij

pages for these six cable arrangements.

e
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Equilateral
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B 2
dlz, = 4/S +.(2d)

‘. " 2
12 SY8+ (2D

:
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13’ =‘/(
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3. Right Triangular'

Flat
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(
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2 .2
dss =_«J(2d) +.s .

—5 v
dag E‘J(Zd) + (28)

L 2 2
d32.. -J(Zd) +8

Two Circuit Flat
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dlz, _{(Zd + 28)° + 8

oxeXo
® e O

“. S — 5
dl3' -J(Zd + 28)° + (28)

d = 2d +8

14"

. T anZ 2
d15. J(Zd + 8)" + (S)

. P 2 2
digr -VI(Zd + 8) | + (25)__

. 2 2
_d21' —J(?.d + 28) | + (8)
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[

2d + 8§

[=9
1

25"

(2d + 8)% + ()2

(=1
n

26'
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*
390 =\l(2d + 282 + 52

24 =1J(2d +5)% 4 52

35! =1J(2d + 5)2 +.Sz'

4gr = 24 + 8
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6. Two Circuit .Flat Revei:sed Phase
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dyer = (2d + 8)% + 52
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a3, -J(2d+25) + S
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|
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APPENDIX C
COMPUTER PROGRAM

In this:appeﬁdix'the c0mp1éte computer program isllisted. The
main program appears first preceded a brief déscription of the input
variables and their units.

The 12 subprograms follow the maiﬁ_progfamfin alphabetical order.

Each subprograﬁ is ‘preceeded by a description of the output variable

along with its units.
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PPOGPhH HAIN(INPUT.OUTPUT TAPES= ILPUT TﬁPEB QUTPUTY NAIN

THIS PROGRAM CALCULATES THE STEADY STATE AND TRANSIENT MAIN
TEMPERATURE DISTRIBUTION OF UNDERGROUND GARLES UNDERR MALN
FAULT CONDITIGONS _ MAIN
MATN

FTHE FOLLOWING SYMBOLS APE JEFINITIONS -OF IMPur nnn ourPur ' © MAIN
YARIASLES ALONG WITH THEIR UNITS . MATN
: MAIN

£14C2403 444,02 0=CONSTANT CQEFFIcIENr. DIMENSIOMLESS. MAIM
CPA=SPECIFIC HMSAT OF AIR WATT-SEC/GH C MAIN
CPC=SPECIFIC HEAT NF CONDUCTOR, - © HATT=-SEC/GM C MATHN
CPE=SOEZIFIL HEAT OF EARTH WATT=SEC/GM G MATH
CPI=SPECIFIC HEAT NF INSINE INSULATOR WATT~-SEG/GM C MAIN -
SPO=SPECIFIC HEAT OF QUTSIDE INSULATOR HATT=SEC/GM C MAIN
CPS=SPECIFIC WEAT OF SHITLY © WATT-SEC/GN € HAIN
DIACH=DIALOF CONDUCTOR WIPE CM MAIN
DIASW=21A, OF SHIELD WIRES (IF ISHLD=2}? cH : MAIN
FAULTI=FAULT GCURREHNT AMPS MAIN
FOC=FOURIER NUMIER OF LONDUCTOR ' - DIMENSIONLESS - MAIN
FOE=FOURIER NUM3ZP QF CARTH "OIMENSIONLESS MAIN
FRI=FOUATER NUMIETR IF INSIDE INSULATOR: ~ OIMENSIONLESS MATN
FOO=FOURTER NUM3ERP QF OUTSIOZ INSULATOR . DIMENSIONLESS MAIN
FOS=FJUITTR NUMRIR OF SHIELD o DIMENSIONLESS MAIN
H3C2HOAT SOURGCE OF GONDUCTOR . ’ BIMEMSIOHLESS . MAIN
HSI=HEAT SOURCE OF INSIDE INSULATOR . - DIMENSTONLESS HAIN
HSS=HZ AT SOURGCE OF SHIELD ' " - _ DIMENSIONLESS = . MAIN
InDIIGF-—i,Z.'S. ¢5e by ) : . ) MAIN
{CASLE CONFIGURATION FOR CASE L1429 Z+4¢5+6) DIMENSTONLESS .. MAIN
IC3L=1 , COPPE? CONDUCTOR _ o . MAIN
=2 , ALUMIMUM CONDUCTOR ' DIMENSIONLESS . MAIM
ICHTRL=1 , STSADY STATE caLCULnTIONs ONLY o MATIN
=2 » BOTH STEADY STAFC AND taANSIENt : _ . M&IN
CALCULATIONS B MATN
ISHLD=1 , SOLIN SHIELO _ MAIN
=2 o SHIELD COMPOSED OF INDIvInunL LT e MATN

" WIRES : T ~ MAIN
IT=CURRENT OF CAILF ' ) aMPS ' MAIN
KA=THEIMAL GONDUCTIVITY OF AIR NATT/CHM C MAIN
KC=THERMAL CONDUCTIVITY COF .CONDUCTOR WATTZCM C . MLIN
KE=THER4AL CONDUCTIVITY OF EARTH HATY/ZCH € . MAIN
KEQUV=EZUIVALENT THERMAL CIONNUCTIVITY QF MAIN
SHIELD LAYER unrrzcn c - - MAIN
KT2THERMAL CONDUCTIVITY OF INSIDE INSULATOR = = _ HATN-
KO=sTHERMAL GONMUCTIVITY OF OUTSIDE INSULATOR ~ ' "MAIN
KS=THERMAL CONDUCTIVITY OF SHISLD - _ MAIN
LAY=LAY OF SHIELD WIRES ' _cM MAIN
LOADF=LAAR FACTOR : _ DIMENSTONLESS MATN
NC=NO, OF HIRES IN CONBUCTOR DIMENSIONLESS MAIN
NSW=NO. OF WIRES IN SHIZLD (IF ISHLD=2} - DINENSIONLESS MAIN
OVALAP=OVYIRLAP OF SHIELD MATERIAL _ (v I : MATIN
PARZA=PERCENT A7I48 OF TOTIL SURFACE OF . HATIN
SAIELD WIRES IN CONTACT HIIH JAGKEY “ . MAIN
CMATERIAL _ DIMENSIONLESS - MAIN
PF=POWIY FAGTOR OF INSULﬂ!OP ~ DIMENSIONLESS HMAIN
RE=9VUTSIDE RADIUS OF CONCUCTDR : o] MAIN
RE=RANIUS OF EARTH TO LOCATIAN WHERS T=TEF CN : : MAIN
2I=0UTSIDE RADIUS 0OF INSIDE INZULATOR 1. I : MAIN
RO=QUTSIDE RADIUS CF QUTSIDE INSULATGR - T : : MAIN
.RS=QUTSIOE RADIUS QOF SHIELD ol N HAIN
QESA=ELECTRIC RESISTIVIFY FO AIR AT 250 ohn-cn MAIN
RESC=ELECTRIC RESISTIVITY OF CONDUCTOR 25C QHH=CM MAIN
RESS=ELECTRIC RESISTIVITY OF SHIELD OHM=-GM HAIN
RHOA=DEHSITY OF AIR . GMICC . MAIN

RHAIC=NENSITY OF CONJUCTOR ) GMFCT . ) HALN-




e A 1= — =

DONOOQOOOCANOIIA0OO00N0

RHOE=DENSITY QF EARTH GM/CC
RHOI=NENSITY OF INSIDE TNSULATOR. : GM/LL
RHOD=0ENSITY OF QUTSTIDE INSULATOR GM/CC
RHIS=DZASITY OF SHITLD GM/CC

SPCAP=SOECIFIC CAPACITANCE OF DIZLECTRIC DIMENSIONLESS

- S=SPACING BETHEEN G.L. OF GALDPEZS c
TC=TEA2CRATURE DISTRIBUTION OF CONDUCTER ¢
TE=TEMPERATURE DISTRIBUTION OF EARTH C
VEF=TIMPEPATURE OF AMBIENT EARTH .C
TI=FEMPERATU2E DISTRIBUTION OF

INSIDE INSULATOR c
TO=TEMOZRATUIE DISTRIBUTION OF

QUTSIDE INSULATQOR c
TOFF=TIM4Z CIRCUIT IS OPEN SEC
TON=TIAZ GIRCUIT IS FAULTED i SEC
TS=TEMPIRATURE DISTRIBUTION OF. SHIELD c

VOLT=LINE TO NEUTRAL VOLTAGE CooooooNors
MAIN PRIGRAM BEGINS HERE

DIMENS ION T“(Sﬂl.TOle! TS50, TI(@DI-TC!BB),&(iZS).
2341251 ,501425),00(125), 701288, IAS{5),y . U
ITUTTAGC (L ZS)qTH‘TnI(1251.THthSl1251 THEV&O(I?B! THETAEL125),

12C2(5031, 004501 +RSSUSII sy RIIIGIIRCCUSCr o X L7 Y ILTY)

ZEAL KCeKIaKSeKIWKESTT IS+ IS ISR ISC,KAy KEQUV-L&? IkS.IHoKEE'n

1L QADF L LAOS5SF

COMMON JC3LGEO/RC.PI, RS.RO'S'ISHLDoIﬁRNGE NC+D IﬁCﬂoDIQSN|NSHu
1IC3L.DEPTH,PAREA, OVRLAP, LAY '
2ELICP>2/SPCAP, TTs FAULTT, VOLY,PF
yoTOvaT?HZ»‘ON’!TOFFlfTOFFZI

ATHRMPEPAKE s K14 KDy KSy KA, ZHOC ,RHO T, RHOS ,RHDOD, CPC;CPI,CPS,CPO’
IEPTHPRA/KESCPE S RHOELTEF 4 RE, TCOND TSHLB X, ¥/

44 ITSR?/FOCsFOSFOOLFQE .FOI,HJC.HSI-HSS.HSG.H‘E'THETnC,THEInIo
BTHETAS s THETAQs THZTAL DR+ NRT 4 XS, 0RO, DRE 4 RIE+RDOLRSSLRIILRCE

EXTERNAL RESCOND, RESSHLD'SKINEFF.DI‘tOS.BTNFgTINT'904'001.020X2v

14 TSIRCE

- NAMELIST fCBLGEO/PCfPIfQSoQO;J.ISHLDOInRNGFiNCoDIﬂcuenIAsuoNSHo

1ICPL,0i0TH,PARTA, OVALAP, LAY, ICHIRLZ

1THRMPRP/KG s K14 KDy KT vKﬁqPHOCvPHOI9PHOS.RHUO'RHOE|
2N PALCPLCL.CPL,LPS.CPO/

ZELESPRI/SPCAPy TI+VOLT s PF +LOADF,

1FAULTI«TONL, TONZLTOINFLTOFFL1,TOFF2/
ICRTHPIS/KESCPE 4 PHOE,L FEF

REAT {5.,CRBLGEO) -

WRITE (&6.CBLGED} : i

READ {5y THRMPRP) . .
WRITE (6, THRMPRP) ' o o -
REQB {S+ELECPRPY )

HOITE (5,ELECPR®

READ (5+ERTHPRP

WRITE (5.ERTHPRD}Y

RELD (5413) (XTI Inleu7}

BEAT 15,130 IY({I)eTI=1+47) P R

IF [Ic9L .EQ. 1Y 60 TO B0
RESC=2,985¢=-06 .
“HO’C-IDHDC‘NC‘(DIﬂCHIZ CY**24RHOA*(RC**2~ NC’(DIACHIZ G)"El)

1/PCes2

ch—(RHUC'CPC'NC'[DI&CHIZ ﬁl"2+RHOA'UPﬁ‘(RC"Z NC”( o
iNIACHZ 2, ﬂ)"Zilf(PC‘Z'RHOCCD :
50 10 &1

63 RESCG=1.758E-D6

HICC= lRHOS'NC‘IDI&CHIZ.ﬁI“ZfﬂHOA'IRC"E-NC'(DIﬁCNIZ.U)"Z))
1!QC“2
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HATIN
MALN
MATLN
MAIN
MAIN
MATN
MAIN
MAIN
MAIN
MAIHN
MAIN
MAIN
MATN
MATIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MATN
MAIN
MAIN
MAIN
MAIN
MAIN
HAIN
MAIM
HAIN
MAIN
HMAIN
MaIN
HAIN
HAIN .
MAIN
MAIN
HAIN
MAIN
MAIN
MAIN
MAIN
MALIN
MAIN
MAIN
MAIN
MAIN.
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
HAIN
MAIN-
MAIN
HAIN
MAINM
MAIN
MAIN
HAIN
MAIN
MAIN
NAIN
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CPRLCSIRHOSH*CRSHINCT (DTACKH/ 2,V F*24RHOATCPAY (RC*22-NC* L
IIIAGH/2. 0¥ 2) VD /LR * 2¥RHGGCCD

RESS=1 .7545-06

RHAC=R AQGCC

00 2009 N=1+6

- GG TO (100t1,10082,1003,1004,1006, 1006] N

10061

10082

1093

1004

IM=11

TON:UO
TCOND=14%0.0
FSHLD=128.0

60 10 1114 . . oo ) JRCR
II=FAULT]I :
IM=FAULTI
IS=FAULTT
2HDS=8.96

cPs=4. 3409
TON=TONL
TSOND=100.0
TSHLD=75.0

GO YO 1112

II=U.

IM=0a

I5=3.

DL055=12. :
CALL KZIQUVY (KSeKA+RI+PSsDIASH 4NSHy PAREALRHOS,PHOALCPS.CPA)
TON=TOFF1 - '

TCOND=12%.1

TSHLN=110.9

GO TO {112 -

II=FAULTI

IM=FAULTI - .
IS=FLULTI ' ~
DOLDSS=0IELOS (VOLTSPCAPPF+RC,RIY
RHDS=8,96

cPS=3,3809

TON=TON2

TCOND=150.0

TSHLD=125.0

"G50 TO 1112 *

1605

11=4.

IM=7.

15=0.

DLDSS=3.

CaLy KEIUv (KS;KQ'RIoRS OIASNQNSﬂ‘PAQEﬁ RHDS.RHOA,CP5,CPA)

* TON=TOFF2
" TCOND=175.0

18986

1111

11
1099

TSHLD=153.0
60 TO 1112
II=FAULTI
IM=FAULT]
1S=FAULTT
OLOSS=DIELDS uvotr.SPcnP.pr RCoRID E
PHOS=8,96 R e
CPS=0.38G3

TON=TONS

TCOND=230.9

TSHLD=175.0

50 Y0 1112 :

T OUT=%9.D L e
DLOSS=DIELBS 1VOLT,SPCAP,PF4RC4RI)

IF {ISHLD -GT. 11G0 ¥0 11

GO TO 1099

CALL KEIUY (KS XA+RI,RS, DI&SW,NWrPﬁRE&{RHOS,RHOﬂ +CPS.LPAY

ACONDO=RESGOND (TGOND,NG;DIAGH-ICBL’

21

HRIN
MATN
MAIN
Ma IN
MAIN
MAIN
HAIN:
MAIN
MATIN
MAIN
MAIM

_MAIN
. MAIN
" MAIN

MAIN
MAIN
MAIN
HATHN
MAIN
MA IN
MAIHN
MAIN
HATHN
MA LN
MAIN
HATIN
HAIN
MAIN
MATN

"MAIN

MAIN
MALN
MAIN
HMAIN
MAIN
MAIN
MAIN
MATN
MAIN
MAIN
MATM

‘MAIN

HAIN
HMAIN

MAIN

MAIN
MATN
naIN
MAIN.
MATN
MAIN

- MAIN

MAIN
MATIN
HMAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN

‘MAIN
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12

1113

aO0n

aoo

1114

1115

ASHLD=2ZSSHLD {ISHLD, N“H.DTASH1TSHLD'PI.?S.OUFLnP'LﬁYi
SKEFF=SKIHEFF {(2COND)

"CALL CUSHLD TREONDRSHLO,ISA, ISB 15T ﬂSﬂ QSB+«QSCY

DINFIH=0INF (IS3.TOUT,RCOND, RSHLD)
SE=0INFINS2,.O

TO CALCULATE HEAT SOURCE AND FOURIER NUMBER .

GO0 TO 01233521114+ 1144+111041214,11286) N

CALL CUISHLD {RCONDyRSHLO.ISA,IS3,ISC+054:+Q05B6,Q5C)
IASILY=15A ' ' :
1ast2y=1s8 : : : -
TASI3)=ISC '

69 10 1115

145¢1)=]S

IAS(2)=IS

I85{Z¥=1IS

D0 1G1 M=2,2 :

KEE=EFFKE (DINFIN, osn.osn BSC«M4LOADF)

I5=I1a8{1)

CALL HT;ORCE(IS.IHv?nNePFOND.RSHLD-SKEFF.DLOSS.HSC.HSI.

1HSS.FOC'FOIqFOSoFODgFOE!

CALCULATE THE COEFFICIENTS USED IN STEQDY ST#TE TEMPERATURE
UISTPIBUTIDN

C?=(HSI*RC/{2.,*RI) -HSCHKC/ (2. *KI)} *RC/RI

CS= (HSB'KS'DIIlZ.*RS)*KI'C?-KI‘HSIIZ.)‘RI’IRS'KS)
CI=I05-15572. 1 *KS*R3/7 (KO*RO}

C1=C3*D* RO/ (KEEL*REY

CL=C1*ALCGIRO/RIY

CH=CI*ALOGIAS/RI) 4C4 +HSS /4,
CB=HSI/6.+C64C5*ALOGIRTIZRS) - LH5S/ 4. ) *{RI/RS) **2
CiU=HSGC/ G +CB+CT*ALOG(RC/RIV=(HSI/ G .} {(RC/R]I} "2
WRITE (5+204) C14C340CL4L5.C6.0T70C8,C10

CALCULATE STEADY STATE TEMPERATURE DISTRIBUTION
REE(1I=RO . - .

ROO(1)=RS
RSS(1)=R1

RII(4)=2C _ .
"RCCI1Y=1, : .

DRE=(RE-RDI /24

NPO=(RO~RSI/ 2%

DRS=(RS-RII7 24,

DRI=(RI-BCYFZhs  ~ = - co o -
BRC=RC/ 24 : o

No 109 I=1,25 C

THETAZAI1=C1*ALOG (REE (I} /REY. :
TE(D=THETAC LTI *TEF+TEF o
PEE(I+1) =REE (1) +DRE o S

THETAOLI) =CL*CI*ALOGIRDOCII FROY h ff"““‘“'*"'f“““"‘_‘

TOLII=THETAQUTI*TEF+TEF
ROJ(I«#1V=RA0(II+DRD :
THETAS(Ii-CB*CE‘ﬂLCG(PSS(IlIPSI-HSS‘IPSS(IDIRSl"ZI“.

- TSTUIM=THFTASIII*TEF+TEF

PSS(I+1)=SS{I)+DRS
rq=1n111)~ca+cr-nLos{RtIrI;/ﬂIa—nsr-tarrtrtfaxi--z:n.
TIC(II=THETAL ITV*VEF+TEF

PII(I+1)=2TI{T14DR] - o

THETACEIV=C10- HSC'(RCC(&!IPC!"zlh. S
TCUI)=THETAG{ [}*TEFSTEF -
RCC(1+1)=RCG (I1#DRC
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MAIN
MaEN

MATN

MA LN
MATIN
MATN

. MAIN

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN

"MAIN

MATIN
MATIM
HAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIHN
MAIN
MAIM
MATIN
HATIHN
MAIN
MAIN
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aan

21

23

2%

25
132

YC=2.0/70RC+1.0/R0

¥1=2.0/0RI+1.0/R1

YS=2.d/0RS+1, /RS

YO=2.0/0RD%1.07R0 .

YE=2,7/0RE+1,C/RE T e
AT25)==2 Q%KL YI/DRCH*2

CU25)=«2? L¥CI*YC/NRT*"2
A(LIy==2.0%KI*YSIDRI**2
SlL9)==2,0*KS*YI/DRSP*?

ALT31==2, *KS*YO/ IRS**2
C1731==2,05KO"YSINHRO*"Z
AL37)==2,G2KQ*YZ/D0%2

LS ==2,2*KE*YI/ DRE**2

IF (N .GT, 2) GD YO 1332

TXXX=TC{12)
TXXY=TS5{12)
D0 21 I=1,25
T(D=TCL{I)Y

M} 22 I=2H+49
K=I=2h
TL{I)=TIYK}

DO 23 I=50.,73
XK=T=43
TUII=T3(K) .
00 24 I=STw,97
K=]l~T2 o
T4I1=TO(K)

DD 25 1= 9%.121
K=1-95 -
TLII=TECK)
?CUND'?ESVOND lrxxx NCNIACH, ICOLY -
RSHLD=IESSHLD lIeHLDqNSN.DI&%H,TXXY‘RIoRS.OURLaPoLnY)
CALL ATSORCE (IS IM,TONWRCNANGHRSHLD,SKEFF .DLOSS,
1HSCLHSI4HSSFONLFNILFOS,FO0LFOE)

DI=(25. ) *KC* YT AIF CCP*RE#SCI 225 KT *YC/IFGIYRI®RIN}
IS=25 . 0% KI*YSAIFQI*RI*RII+26, 0*KS*Y I/ {FOL*RS*RS)
DO=25.0%KS* YO/ IFOS*RS*PSI 425, *KO* Y S/ {FOD*R0O*ROY
NE=25, 1*KARYE/ (FOQ*IQTRN) +25, Q*KE* YO/ IFOF *RE*RE)
J25¥= (2, KOO0 #2425, 2O/ TFOCP*RC*RCII*V I+

112 3*KIZ0ORT* %2425, 0*KIZ(FCI*RI*PIVI*YL _

LI =(2.N*KI/703T*¥ 22426, 0*KI/TIFDI*RI*RIII YT

102, 1*XS/DRS**2 425 , L*KS/LFDS*RSE*RSI IV
BU73I=02.0%KS/OPS* 32425, 25K 5/ (FOS*RS"RSIT*Y Q4
1(2.3*KA70RP0% 22425, 0K 0/ (FOO*RO*RO} 1 #¥S
B(ITI=H240*KASDA*ES 225, 0¥ G/ IFO0*ROSRODIIYES
102, IFKI/DRE* #2425, 0PKEL{FOC*PE#RE) YD

O {MEC KCEY I/RC# 224 HSTSRI*VYC /7 2IP* 21 *TCF Co
CI=(HSIYKI*YS/RI»*24HSSTKSPYI/RS®* 21 # TEF
CS=(HES*KS*YO/RS** 2R ICF

TTS=TP

TP=TT5+0TAU

SET BOUNDARY VQLUES

AC11=3.1 S e
Tt1i=1.0 . :

gl11=0.0

D01r=T(2)

Af121)=0.0

at121y=1.10

C(1213=9,0

D(121)=25.0

BO 1011 T=2:26
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100 CONTINUE .
IF {8 GT. 1} GO YO 18
IF C(ASSITCOND=TG(121F «GE. 5.0% GO TO 14
IF [AISUTSHLD-TS{12}) +Gte S.00 GO TO 1%
G0 TO 16 C m
14 TCOND=TC (12} )
TSHLD=TS{12)
TOUT=T0{25) -
GO TO 1999
16 WRITFE{5,102) M ) .
WRITELB,1D03Y .. : S
WRITE (54+10%) : :
WRITE (5,105} : -
GO 161 J=1,25
1=26-J
101 WRITE (6,202) QEE(I).rEtI),RGOtI).IOII).RSStIi.TS(xl.
IRTIIMINLTIL{II RCLIIN,TCLT)
1F (IGCHTRL .EQ. 1} GO TDO 9999
IF (N .50, 1} GO TO Z0CC -

c INPUT AND OUTPUT FORMAT
13 FOOMAT (10F6.2/10F6.2/10F6, 2/10F6. 2/7FH.2)
2it FORHAT (8%, *%Cl  =%"E1G.5/6X,+"CL3 =PE156.578X,*ChLE =+%*E16.5
178X4*05 =PEL1B.S/ AX.*L6  =%*E10.5/8X,*C7 ="F16.578X
2,%CB  =PE15.5/8X4%C10 =*£15.5/)

SALGULATE TRANSIENT FEMPERATURE DISTRIBUTION

a00

1112 OTAY=J.04*TON

M=125

TA=1.)

IND=Q .

KE=KEE

T 2 1=2+2% )

ACTI=LiL.0/€2. 0%{ 1= *DRC*ORCII={1 I/ (DRC*DRCIVI*DTAUKE /S

1 LRHIACCHCPLY

3tlr=0(2. DIIDPC’DQC)I&IRHOCr'CPCI(DTnU‘KC)!|'D?ﬁU‘KCI(RHOCC‘CPBI
20U =4{=-1.0702.,7* (I=-10*DRC*DRGII~(1. 0!(0RC'0RCI)I'DTAU‘KC£
1{RHICC*LPECY .

DO 3 I=264+48 :

af{Iy=t{1.art2, U'(I 1)‘DRI*DQII) (1. OIIDPI*DPIl)I'DTﬂU'KII ..
1{7HOI*CAIY

BLIy=t12, GIIUPI‘DRIII&(RHOI*F°I/(DT&U‘K1)|}‘DTAU*KI!(QHOI'CPII
3L s (i=1.0702.0% (=11 %0FRT*ORPI}}-11. UleRI'DRI)l)‘DI&U‘KII
1{RHAQI*CPIY '

NO & I=5D,72

ACI)=0{1.0712.0%(]~ li‘DRS*DRS)l'lloUIlDRS‘DRSIli‘DTﬁU'KSI
1(RHOS*LPS) :

Atiy=tr2. UlePS'DDQl}*(PHOS‘C”SI(DT&U‘KS')l‘CT&U'KSI(QHOS*CPSI
L CHUII={{-1.37{2.0*(I-11*DRS*DR3) )~ (1.0/(DpS'DPSl))'DTAU‘KS/ o
1 {RHOS*(2S)

DN 5 I=74,95

ACIN={{1.0/(2.0%{I~1}*DRO=0RO}YI~C(1,.0/C{DRO*OROIIV*DTAUSKOS
1ERBIO*CAO) .

GlIl—({2oUllDRO‘D“O))G(RHOO'(PG/(DT&U'KU?l“DTﬂU‘KO/(QHUO'CPOl
S CIII=({=1.0/¢2.0%(I-1)%0RO*DPOII=-C L, 0/(ORD*DRQ}}I*DTAUTKOS
1{THOO*CPOY

DO & I=98.127 ’ . .

ﬁ(II=(llfﬂl(z.ﬂ'(l‘ll'DPE‘BQE)l-(l-ﬂf‘DRE‘DRE)!"DT&U‘KEI
1{RHOE*CPEY ) e o

R(I)=(f2.3/lDRE‘D?ElIl(FHOE’CQEI(DTAU'KEl!'?UTIU'KEIIRﬂOE'CPEl
65 CIII={(=1.07(2,0%(I=-1)"0RE*DPEII=U1.,0/10PESDRENV) *DYAUSKE/
1{RHOE*CEDR
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108 O{I)=T (I} +HSCGH*KC*DTAURTEF/(RC*¥2*RHOC*CPT)
DIE2Si=0I*T(25) +CC
DO 1012 I=26.44
1012 DAY=V (I #HSI*XI*DTAUSTEFZIRI**2*RHOI*CPI}
D{a9)=25*T(43)+C1
00 1013 I=50.72
1013 D(I’-TII'+HSS'KS'DTQU'T:FI(RS“Z‘?HOS‘CPS'
DL73=00*TL7 3+ S :
070 1614% I=74 496
1016 D{I=TII}
D{aATI=DE*FTLIT) o S e LTt
DO 1215 I=93,12C . o
1815 D(IY=T{I} L )
CALiL TRIDAG {14121 48+B4CaeDe T}
TO1¥=T(2})

IF (TP-TONY 1025,1026+1026 T e
1026 TP=TON

IND=1
1026 TXAX=T{12}

TXX¥Y=T{52)
1629 WPITE (K,1104) TP

WRITE (54.108)

WRITZ {64105

DO 1040 J=1,25

I1=25-3 : ' :
1060 WRITE (5,202 PTE{IV,.T{I+95},RO0OLI},THiI+72),.RSS(I),
: ATCI+uRY RITAII aTCI®24) ,RCCUITY 4 THI)

IF (IND) T.7.2000
2000 GONTINUE

¢ o
c INPUT AND DUTPUT FORMAT
c
102 FORMAT (1H14 /60X, *CABLES 43X 412
103 FOAMAT (/15%+*STEADY STATE TEMPERATURE DISIRIEUTION 1DEG. G)
165 & FUNCTION OF RADIAL POSITION ICM) * ¥
104 FOIMAT (/BN *EAPTH® 14X, *JACKET®, 16X, *SHIELD"
Ty 13X *INSULATOO® 410X, *CONDUGTOR*/Y
1G5 FORMAT (4X.*PADIUS®.4X s TEMP® ,5X, # RADIUS® 54Xy STEMPS, -
15X+ 3RADIUST s 4 X *TEMPR 46, 4RADIUS'.hX.‘IEMP‘.ex.‘RADIUS'.k!.-
ZETIHPS /)
202 FOIMATILUFL0.51 : --
1109 FOIMAT (AXe*HWRONG™) .

1101 FORMAT (AN, *HWRONG AGAIN®}Y
1104 FORMAT /5%, "*%*¥ | OLAL TEMPERATURE DEGREES 'CENTIGRADE
iTIME IS *,E9.3,% SEC sazdiny)
9993 STOP ) )
END
SUHROUTINE CU?SHLDIPCOND RSHLD, ISA+ ISBs ISCH QSALGSELQSC)

TO CALCULATE INDUCED CURRENT SHfﬂTH IN -AMPS

[N Ry

COHHON ZCBLGED/RC+RIWRS, QotSiISHLB!IﬁRNGE1NCQDI&BHQDIESH'NSNU
1ICAL.AEPTH,PART A, OVRL A2 LAYS
ZELECPRP/SPLAP, TT+ FAULTIL¥OLT4PF,

ITONL TONZ s TONTLTOFF1,TOFF2/
ITHRAPIPSKC 4 KT+ KOy KSeK A, RHCCspHOInRHOSiRHCO.CPG!CPI!CPS'BPD

PEAL KCaKIsKSeX04II+ISAISB,I5C KA LAY

PRSS5=304803.0*RSHLY e

iM=q, 95292'ﬂL0510(S’((RS*PI)’Z | } ] :

A=0.0153333

a=0,03639617

GO TO (233,3354+335,336,337,338) TIARNGE . -

333 ISL=LAH**2/IRRSS*F 24 (M**2})**(,5"11
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IS9=ISA
GO o 330

334 ISﬂ'fXﬂ"ZI!RRSS‘*?lXH"2ll“U 5*1I

ISB=ISA
I15€=154a
50 TO 330
¥Y=iM+eA /2,
Z=X1=0/5,
G2 To 331

3T Y=XMeA

33u

332

oo

380

ann

343

Z=XM-AL3 .

GO 10 331

Y=XM+a 472,

Z=¥Meb/3.-876,

50 TO 331

Y=XM*L=3/ 2.

I=XHMeAZ3,~3/B.

P=RAS5/Y

2=RRSS/Z

I1SA= tl(P"2*3.‘0*'2!*2.'80?T(3.!'(P-Ql+h.lllk.*(P“Z*i.l'
1i0**241,3)0*%0,5+%T1

ISA={L /00" 241,072, 5%1T

TSC{((P*R24+3, 8032 a2 #SORTIIL IS (P=0Y+4, )7 (G2 ({P¥ 241 0"
10N *24 1, 318 **0,51

NSA=1. I+ (ISAZITI**2"RSHLD/RGOND

OS3=1 D¢ (ISO/TIIHP*2*RSHLO/RCOND

ISC=1L e (ISC/ITV# 2 25 RSHLD/ZCOND

WRITS {h,332) ISA,1SR,ISC.754,758,05C

FORMAT (BXs*ISA =E1R.7/BX%,*TS3 =*E1A.7/8X+*ISC =%E1R.7
178K¥0S0 =*E18.7T/7AX."058 =*E18.778X*QSC “'ElBo?’
RETUAN

END

FUNCTION DINF {I3.TOUT,RCONG,RSHLD)D

TO GALCULATE THE DIAMETER OF 'ﬂRTH WHERE TEMPERATURE 1S TEF IN CM

CUHWGIICBLGEOIRCQPI.QS'ROoSsISHLD’IEQNGioNCgBIﬁCH DIASHNSH,

2ICBL, JEPTHPAREA, OURLAP, LAY/
1ELtCPQPlSPcnP,II.FnULTI.VOLToPFoTONlaTUNZoTON3vTOFF1v
2T OFF2r

2THRAPRP/KC K14 KO+ KSsKA s PHOG +RHOTWPHASSRHO0, CPCLCPILLPS4CPOZ -

IERTHPRP/KEsCPE+RHOE 4 TEF s RE TCOND+ TSHLDe X ¥
DIMENSTION Xi47).¥ (47

REAL JI,TSsKEsKSyKIsKCsLAYKO.KA

OINF=12.5

RETURN

PT=3.14159 e B

QGEN—II‘*d'RCOND*IS"Z‘PSHLD
DINF=2,)4P0 EXPI{2,0*PI*KE* (TOUT=-TEF) ) 7QGEN)

-

WRITE (5,380) DINF _ e

FORMAT {8X+*DINF "Ei!.?)
RETURN

=ND o L R R T IR PR

FUNCTION DIELOS (VBLT SPCARYPFLRE, RIV
TO CﬂLCULﬂTE LOSSES IN DIELECYQIC IN HA?T!CN

DISLOS=3.055E~ 11‘?0LT“2*SPC&P‘PFI(ﬂLOEiﬂIRIIRDl)

WRITE (4,+363) DIELOS T s o
FORMAT (8X+*DIELOS=*£16.7Y

RETURN ’

END-

FUNGIIOV EFFKE {DINFIN,GSA,05B¢05C e My LOADF)
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+ CURSHLD
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CURSHLD
CURSHLD
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CURSHLD

- CURSHLD

CURS HLD
DINF
DINF

QINF - -

DINF
DINF
DINF

- DINF

OINF
DINF
DINF
DINF |
DINF .

.. DINF

DINF -
OINF
DINF-
DINF

DINF
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‘DINF

DINF -

DIELOS )

OIELOS

DIELOS -

CIELOS

DIELOS

DIELDS
DIELOS
DIELOS
DIELDS
EFFKE
EFFKE.




e Ny NNy

361

{381

3k12

362

3621
3622

‘362%

363

3631
3e32
3633

364

EVALUATION QF EFFECTIVE UTHFRHAL GUNDUCTIVITY FO. SOIL.
ACTUAL Y OF SOTL IS MOOIFTSED TO ACLOUNF FOR
MUTUAL HEATING BETWEEN ADJACENT CABLES HATTS/CHM DEG C

COMMGN/ERLGE OI?C.9I¢°S-900:vISHLDnIAPNGEoN81DIﬁCH OIASH ¢ NSH, -

2ICBL, DEPTH,PAREAy OVRLAP, LAY/
IELECP2P/5PCAP, TI, FAULTIHVOLT, Pr.TUNioTON?'TONB-TDFFi-TOFFZI

2THRMPRP/KC A KT KDy KS o KA 4 RHOC yRHO Ly RHOS W RHO0, CPCLLP ILCPS,CPOS

TEOTHPRPIKECPE + RHOE ¢ TEF o REy TCONDy TSHL D, X
DIMINSTIIA K(6T7D,¥(u?}

REAL KEyI14KA4KI3 LAY KC,KI,KS,LOADF,LOSSF

TWO20=2, C*RO

LOSSF=0.3*LOADF+0,7*LOADF**2

R¥1=8L03121, 08/THOROY /KE

RXZ=LOSSF*ALOG Ik, C*OEPTH/21. 0 8) /KE

G0 TO (351,362,363,354,365,366) TARNGE
R21=LOSSF*ALOG(SQRTIS**2+(2.0%DEPTHI**2) /7 SI/KE

R12=P21

IF (422} 3611,3612,3612.

RCA=QSA® (RX1+RX2) «QSBSR12

6o Ta 370

RN A=034*RZL+0SD® (RX1+RXZ)

GO TO 379

R12=LOSSF*ALOGISQRTILS/2,0) *% 2+ (2, D‘DEPTH*U BB6=S) ** 23 /5) FKE
R13=R12

R21=R12

R31=712

m23= LOSSF‘&LOGISQQT(S"Z*!Z U'DEPTHGD.566‘51“Z)/51IKE
R3I2=R23

IF (4=2) 3621,3622,3623

RCA=Q58% (RX14RY2) +0SB¥R12+QSC*RL3
GO TQ 378

PLA=05A*RZL+ASE (RX14RX2) +2SCR23
GO TO 370
RCA=Q3A¥R31+QSBPRI2#A5C* (RX 1+ RX2)
G0 To 370

R12=LOSSF*ALOG ((2 . 0*DEPTHASI/SIZKE
?13=Lossr*aLostsnth(2.3'0=DIH+SI¢'2rs-~z)ISlIKE p
R21%212 .
R232L0SSF*ALOG(SORT (2. DEPTHIZ, 0¥ S) # #2455 2)/SI/KE
31=R13

R3I2=R23 o

IF M=2) 3631,3532,3633

RCA=QSAY {RXI+RX2) ¢(OSB*R124QSC*R13

GC TO 370

RCA-GSA‘R210053’1QX10RX2I*QSB‘R23 _

60 1O 370 e e SR
2Ca= QS&‘R31'QSB‘RBZGQSG‘(RK1+PXRl S

G0 TO 370

R12=L0SSF*AL0G (SIRTE(2.C*DEPTH) #» 245482} £S) /KE
R13=LOSSF*ALOG (SQRT{(2. B CEPTHI¥#2+ (2, 0‘9!"20!(2 D‘SillKE
R21=R12Z - _ _ _

R23 R12 . - . . . 4 e e e e .. P T

R31=R13 '

- R3I2=R1i2

3641
3642
3647

365

IF (M-2) 3841,3842, 36&3
RC&-QS&'(RIi+RK2)+QSB'R12*DS¢‘R13

GO TQ 370 . ) :
RLa= 03&'921*QSP‘(R!i*RXZI*QSC‘RZS T R
GO 10 370

RCA= QS&'RSl*OSB'R32*QSC'lRXi*RKZ'

G0 10 370

R12= LOS“F'&LOG(QQPTllz.G‘DtPTH+2 ﬂ‘SI‘“Z*S“Z)/S’IKE

?13 LDSSF‘QLDGlSQRTl(Z D'DEPTH+Z.U‘SI“2+(2 Gesra*2)/(2. B‘SI)IKE
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R14=LOSSE*(2.0*NEPTHESIIKE ' ' EFFKE

R15= LOSSF'QLOGlSQQIlIZ.B'DEPTH+2-0‘S)"E*S"zilll 4142*S)V/7KE EFFKE
R1IG=LOSSF*ALOGISARTA{2.C*NEPTHE 2, 0#S)* 22+ {2, C*S5)** 2} /12,2365 /KEEFFKE
P21=R12 EFFKE

. R23=P12 ; ) o - Co . EFFKE
R24=R15 o : EFFKE
R252R1%H : _ EFFKE
P26=R15 ] . EFFKE'
RI1=R13 : ’ EFFKE
R3IZ=R12 EFFKE
q3"=R16 - . . N . - . . B . . . EFFKE
R3I5=R15 - . - EFFKE
R363R14 _ : ' : EFFKE

IF (M-2) 3051.+3652,3653 EFFKE

3651 RCA= as&‘lRK1+QX2)GOSB*RI2+QSC*R13*QSn‘?iﬁ*nSB‘Ris*QSC‘Ris EFFKE
GO 1O 374 EFFKE

3652 RCA=QSA*RZ1+QSB*IRXL+RXZI+QSC¥R 234+ QASA®RZL+0SE*R25+QSCPR2E EFFKE
646G YO 3o EFFKE

3653 ICA= QSA‘9314nSB'R32¥QSC'{PK1+RX2!iQSﬁ*R3h+QSB'R35tQSG'R36 h EFFKE
G0 TQ 370 EFFKE

366 F12=LDSSFHALOGISORTLIZC*DEAPTHE2, O%S) *2 245522}/ S} /KE : EFFKE

R13=LOSSF*ALOGISORTIC(Z. 3" NEPTHIZ, 0*5)%*24+ (2,0%*S)Y**2) 212, 0*SHy /KE  EFFXE
RLL=LISSF=ALOGISOCT{ (2,0 0SPTHeSI®Z %24 (2. 045I** 2}/ (1 2.236"S)}/KE EFFKE

naao

R1S=LOSSF*ALOGISAPTI(2. 0% DEPTHSGI R #245882) 7 (1,4142%S))/KE EFFKE .
R1&= LOSJF‘(Z C*DEPTHHSD S KE EFFKE
221zR12 - . S Co _ .  EFFKE
©Z3=R12 ' S ' ; EFFKE
R2uzR15 E o ' . .EFFKE
R26=R16 o L e .- EFFKE
R26=R15 . . ©  EFFKE
?31=R13 ' ) e - ' EFFKE
R32=r23 _ ' . . . %, EFFYE
R34=R16 . : o EFFKE
235=R15 _ - EFFKE
PI5=R1 & e . I . EFFKE
IF (M-2) 3661,3662+3653 EFFKE
3661 RCA= Psn‘(ax1+nx21+ns1*R12+osc-R13&QSA*R16+QSB'R15'QSG‘R1u EFFKE
GO TO 376 EFFKE
3662 CA=0ZA*RZ1+¢QSH* (XL +RXZIHASC*R23+ QSAPR2B+ASH*R25+QSC*R2G - EFFKE
GO TO 370 ' EFFKE
3663 RCA=QSA*RILEGSITRIZEQSC (RYL4RX 2V +QSA*RIG+NSH*RIG+ASLPRIY EFFKE’
3TN EFFKE=ALOU{DINFIN/ TWOROD?) 7R CA _ ‘- EFFKE
WRLTE (54371 EFFKE . - ' - EFFXE.
371 FORMAT (BX *EFFKE =‘E16.7l _ EFFKE
QETURN o : . : EFFKE

EN{} : ' ' ' ' . EFFKE -~

SUB0UTING HTSOCE lIs.In,rON,QcoND.PSHLn.SKEFF.DLOSS. I HTSORCE

1Hsc.HsI.Hss.Foc.roz.Fas FOO,FOE) : HTSORCE

_ HTSORCE

TO GnLCULATE HEAY SOURCE AND FOURIER NUMBER FOP CONDUCTOR, " HFSQRCE

INSULATFOR AND SHIELD BOYH ARE DIMENSIONLESS . HTSORCE

: _ HTSDORCE

DIMENSION X{47),¥{LT) ' ' HTSORCE

COMMON /CBLGEQ/RC+2AL4RS 4RO, s.ISHLo.IARNGE Nc.nracu.nlnsu.usu. HTSORGE

1ICALINIEOTHLPARER, OVOLAP, LAY/ HTSORCE

2ELECFIP/SPCAP LT+ FAULTI VOLY4PF : ) HTSORCE

3TOHL.TON2,TCGN3 ,TOFFL1, TOFFZ7 HTSORGE

ITHRAPR I/ KL+ KTy KOs K3eKASRHLC sRHO I, PHOS, RHOO'CPCaCPI'CPStBPOI HTSORCE

JERTHPRI/KEJCPEJTHOZ 4 TEF 4RE 4 TCOND TSHLM X8 Y _ o HTSORCE

PEAL TSy KCoKSy II¢KTe kDo KEsIM LAY KA HTSOREGE

IF (ISHALD.GT.1) GO To 371 SR HTSORCE

370 HSS=1S**22QSHLD®RS**2/43+1416% (RS**2-RI**2) *XS*TEF) E HT SORCE

' Gn 10 372 HTSORCE

i7n ﬂSS IS'*Z‘RSHLD‘RS“ZI(S 1&16‘(DIASH"ZI&.I*NSH'KS'TEF)- HTSORCE




ooO0aan

aaaaan

anooon
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HSC Iﬁ“Z‘?COND‘QC"Z“SKEFFII3 1416'(01&0“!2 I¥*2ONC*KC*TEF)
HSI=DLOSS*RI**Z2/{Z.1416*(RI**2-RC**2}*KI*TEF)
FOC=KC*TOH/(RHOC*CACPRG* *2)

FOE=KZ¢TON/{RHROL*CPE*RE® *2)

FOI=KI*"TONAL{RHOI*CP IR *2}

FOO KI*TON/{RHQO*CPO*RO* ¢ 2)

S=KS*TON/(RROS* PSP RSE 22y
HDIIF {AH4+ITIVHSC, HSS, HSI.FOC.FOS.FOI'FOO FOE

ITT FOFMAT(BX +*HSG =*E18, 778X *HSS =*EL18.7/7/8%+*H5] =*E18.77

29X+*FOC =%E1B8.7/8X3*F0OS =*E16.T/8%4¥F0L =*E18.7,

3!8)(.'!"00 =‘E1807’BXQ‘FOE =.E1807'

RETURN
END ST . Lo
SUBRCUTINE KEQUY th.Kn.RI.Rs.JIasw.Nsu PAREA JRHOS +RHOB GRS, CPA)

99

HTSORCE
HTSORGCE
HTSORGE
HTSORGE
HTSORCE
HTSORGCE
HTSORCE
HISORCE
HTSORGE
HTSCRCE
HTSORCE
HTSORGE
HTSQRCE
KEQUY

KEQUY

YO CALCULATE SQUIVALSNT THERWAL COMDUCTIUITY'D»NSIT?.SPECIFIC HEATKEQUY

AND AIR GAP WHEN SHITZLOD COﬂ?ISTS -OF WIRES, KEQU¥ IN WATTS/CH C
CPA IN WAYTS SEG/GH Cs AND RHOS IN GH/CT

REAL K&,KS

PI=3.14153

PHI=PI*2AREA

PST=0IASW*PHI/{2.0*R]Y

THETA=(2.3%3T=NSH*PSIIZNEH

KS=INSH/(Z. 0P T) ) ¥ [PSIFKS+THETAYKAY :

RHOSS=(2HOS* [DIASWA2, 0} **2*NSW+RHOA YIRS * 2= RI”‘E—(OIﬁSHIQ i
1%%23NSH) ) FIRS#¥2=pP 432}

CLPST{IIASWAZ 0D 2 ANSAFPHLSFOPSHL LIRSH*2~ RI"ZI-(DIQSHIZ-U)

381

1**25NSH) *RADA®CPA) /{ [RS**2-R] ** 2] ¥ RHASSY
PHOS=RHOSS . _

WRITE (543813 KS _ : - -
FORMAT (BX,*KEQUY =*E15.7)

RETURN '

END

FUNCTINN RESCOND (TCOND#NC;DI&G“-IGBL‘

i3
20

311
312
314

KEQUY
KEGUY
KEQUY
KEQUY
KEQUY

TKEQUY

KEQUY
KEQUY
KEQUY
KEQUY
KEQUY
KEQUY
KEQuUY
KEQuUY
KEQUY -
KEQLyYy .
KEQUY -
KEQUY
RESCOND
RESCOND

Te CALCULQTE.U Gs ELECTPICAL RESISTANGE OF CONDUCTOR PER CM LENGTHRESGOND

IN OHMS/CHM AND TD ACCOUNT FOR VARIATVION OF RESISTANCE HITH
CONDUCTIR TEMPERATURE, POTH ALUMINUM AND CGPPER
CONDUCTORS ARE fONSIDEQtD

IF (IC3L +EQ. 1) GO TO 10 .-
9ESC=2.A85E~06 _ . :

60 TO 23

RESG=1.758E~06
RESCO25=RESC/ (NC* 341416% (DIACH/2Z4) *42)

IF [IG3L .6T. 1) 6O TO 311 e
BESCONIZ{234 4 ¢ TCOND) *RESCO25/259,
G0 10 3tz

2ESCOND= 12284+ TCONDI *RESCO257 253,
WRITZ (5,310) RESCOND

FORMAT (BX,*RESCOND=SE15.7)
RETURN

END

FUNGTION RESSHLD CISHLD, NSW,DIASHs TSHLDyRTs RS, CVRLAP LAY}

TO CALCULATE D.C. ELECTRICAL RESISTANGE OF SHIELD PER GM LENGTH
IN OHASFCM aND TO ACGOUNT FOR VARIATION OF RESISTANCE WITH -
SHIELD TEYPERATURE. ONLY COPPER SHIELDS 4RE CONSIDERED.
FACTOR OF 1.2 IS CORRUGATION CORRECTION FAGTOR.

QEAL LAY
RESS=1.758E-06
IF (ISHLD.GT.1} GO TO 321

RESCOND
RESCOND
RESCOND
RESCOND
RESCONG
RESCOMD
RESCOND
RESCOND
RESCOND
RESCOND
RESCOND
RESCOND
RESGOND
RESCOND
RESCOND
RESCOND
RESCOND
RESSHLD
RESSHLD
RESSHLD
RESSHLD
RESSHLD
RESSHLD
RESSHLD

"RESSHLD

RESSHLD

" RESSHLD



CISHLD.-GT.il

Oa0on

aaas

oad

329
121
222
323

361

362

1’['38525 1 3‘RESSIII3.1H16‘(QS*’2 RI“Z))&O?RLAP‘IRS RIl?
GO0 TO 322

RESS25=IRESS/INSUH*3, 1416*(01&5”/2)"2))'(SQRT(1.+(3.1R16’
1IRS+RIVZLAYI**2))

RESSHLN= (234, 4+ TSHLD) *RESS25/259,

WRITE (5,323) RESSHLD )

FORMAT (AX,*RESSHLO=*E15.7)

RETURN

END

FUNCTION SKINEFF (RCONDY

Tra CALGULAYE SKIN EFFECTL.RATIO OF AG YO DC RESISTANCE,
DIMENSIQNLESS

COMHON F7ERTHPRP/KECPEWRPHOE S TEF4RE s TCONDy TSHLDp X4 ¥
DIMINSION XE67h.¥Y¢LT) )
REAL KE

XS=37.521/70100*SNRTIFCOND*1L.0E+COY Y
SKINZFF=1.38YINTIX Yy 074 34%X3)

WHRITE {(h,362) SKINEFF

FORMAY (AX . *SKINSFF=*E1G., 7}

RETURN .

END

: SUBQOUTINt TeIDAG {IF Lo A B.CeDuVE

SUBQDUTINh FOR SOLVING A SYSTEM OF LINZAR SIHULTQNEOUS EQUATIONS
HAVING A TRIDIAGONAL COEFFICIENT MATRIX

DIMENSIIN ﬂ(125!;8(125!QG(1251.0(129!oU(IZSI.BETSl256!.6ﬁﬁﬂl(256'
BETACIFY=3{IF)

' Gnnwn(l‘l'D(IFl!BEln(IF'

=

IFPL=IF+1

N9 1 I=IFPi,L

BETA(IV=A{I)=ACIY =CII~-11/BETATT=1}
GAMMA(IN=(O(I)~ACI}*GAMMALT-1)I/BETACLI)

ViLI=GAYMATL)

LAaST=L=IF

DO ? K=1.LAST

I=L-K ' '
?(I)—unwwﬁtll-clll'?(Iiil/BEtnlIl

RETURN _ ' :

END : : o .
FUNGTION YINTOX,Y o HyM,P) : : :

*

USED TO INTERPOLATE WAITHIN A4 SET OF TnBU(AR'UﬁLUES

BIMENSION XUR) ¢¥ LN} XX 1103, xp(iuz.xq:iuy.vvliur SRR
IF (P.LT.X(1)e0R.P.GT.X{N}} GO TO B
IF (N.LVeM<OR.NJLE.2) GO TO &

IF (M.GT,.10) M=1g

IF (M.LT.2) M=2

M1 = ds2

00 1 I=1.N

IF (P JUEs X{I)) GO ¥ 2

CONTINUE _
IF (P oLEs J.5%(X(II#X{I~11) +ANDe M .GT. 20 I = I-1

L)) = I-H1

ME = M3¥M-] .

TF {MD.LT.1) HO=1

IF (MZ.GTJN) MO=N-M#i
00 3 I=t.N .
L = MoeI-1

XPLI) = X{L)=-P

XQEIDY = XL}

100

RESSHLA
RESSHLO
RESSHLO
RESSHLD
RESSHLO
RESSHLD
RESSHLD
RE SSHLB
RESSHLD
SKINEFF
SKINEFF

" SKINEFF

SKINEFF
SKINEFF
SKINEFF
SKIMNEFF
SKINEFF
SKINEFF
SKINEFF

. SKINEFF
- SKINEFF

SKINEFF
SK INEFF
TRIDAG
TRIDAG
TRIDAG
TRIDAG
TRIDAG.
TRIDAG
TRIDAG
TRIDAG'
TRIDAG
TRIDAG
TRIDAG
TR1DAG
TRIDAG
TRIDAG .
TRIDAG
TRIDAG
TRIDAG
TRiDAG
TRIDAG
YINT
YINT
YINT .
YINT -
YINT
YINT
YINTY

YINT -

YINT -

" ¥INT

YINT
VINT
YINT
YINT
YINT
YINT
YINT

YINT

VINT
YINT .
YINT

YINT.,

I ,.,_]



MO.LT.il

101

YY(D) = YLy ' L ' YINT

N0 5 I=2,M ° _ YINT
DO & J=T4M _ : YINT
XACIY = YV CI-0I¢XPLY~YY{ ¥ XP LI =2 }d /7 IXQtJI=XQITI=2}Y : YINT
D7 5 J=1,4 . - R YINT
YYUD) = XX(J) .~ YINT
YINT = ¥YIN) ) YINT
RETURN YINT
WRITE (647} _ . L a YINT.
FORMAT (7 ,44HINTERPOL: IS IMPOSIBLE, DATA ARRAY VOO SMALL) YINT
RETURN - S : - YINT
HPITE (549) P - YINT
FORMAT (/,29HINTERPOL. IS IMPGSSIBLE, P = ,E12.04+12HOUT OF RANGE) YINT
RETURN YINT

END o ' YINT
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