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ABSTRACT

Several experiments were performed in our high
current laboratory to measure the cable temperature, when
laid in air as well as when bufied directly in ground.,

The results of these eXperimenté show very good agreement
with the éstimated values based on the thermal equivalent

circuit under steady state condition.

The short time loading and emergency loading were
also tested and verified in both the cases and results were

found quite satisfactoryf.

The transient temperatures upto steady state were
also noted and attempts were made to match them with the
values estimated. But, inspite of our best efforts~we were
not able to get good agreement in the time donstant values,
Further engrimental work and analysis is necessary in this

direction.
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CHAPTER =1

INTRODUCTION

Now a days, there is a preference to use underground
cable for tranémission and distribution of power because it
haé séveral advaﬁtages. For' example, in highly  populated
cities it is quite undesirable to install an O.H., Transmi-
ssion line because it is unsafe, co$tly and environmentally
unacceptable., Another principle application is, where safe-
ty, security and reliability are the main problems,' these
include airport approabhes, station and substation exits,
long water crossing and areas with extreme vulnerability

‘to damage by natural forces or Vandalism [ B1 7.

IOne of the main hurdles in the use of underground
cables is its prohibitive cost, If, however, we are able
to find means for better utilization of the cable, for ex-
amp le, by’inoreasing the current carrying capacity of a
given size of cable, the use of the cable will be better

justified,

In this dissertation report an attempt has been made
to measure the temperature of the cables in operation and
isolate the parameters, which could assist in increasing its

current carrying capacity.

The measured cable temperatures are compared with

the temperature estimated on the basis of available theory.



CHAPTER=~2

ESTIMATION OF CABLE TEMPERATURES: REVIEW

In the-initial days of the cable system the engineers
were only concerned with the steady state thermal perfor-
mance of the cable. The method of cable installation was
considered one of the most important factor on which cable

thermal performance depends,

The current carrying capacity of the high voltage
cables may be governed by economics laws or considerations
of temperature rise., The temperature fise factor is of
more importance since it establishes a definite physical
limit to the current rating. On account of their high
cost it is most important that the cable should be loaded to
their safe limit, and a great deal of research work had been
done in early vyears of this century to establish safe

current carrying capacities,

The various methods were tried to solve the steady
state temperature rise problem of the cable and finally a
much accurate method was developed by developing the equiva-
lent thermal circuit of cable system which was analogous to
electrical circuit. This thermal circuit obeys the ohms

law of electric circuit, as under

Temperature Difference

Heat flow A = Thermal resistance
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In the early days of Electrical industry most
people were not greatly concerned with transient ratings.
In early years of the nineteenth century lot ef work was
done in connection with-transient ratings of the .cable systr‘

in Britian and America,

In 1929, N.P.Bailey published a formula for transien:
heating of buried cable[[1 7] . In 1930,'W.B.Kirke pub-
lished a transient technique for the use on cables in ducts
but he neglected the soil component of the transient[ 2 7]
In 1931 and again ih 1935, E,A.Church presented a very
interesting theory, based on Fourier Analysis for solution
of both transient and cyclic loads on the duct cables. He
include the thermal constants of duct bank but néglect
those of the soil in obtaihing his results "3 ] . In 193
 'Shanklin and Buller published an transient analysis for
cable in air. They give a simple (and approximate) correc-
tion factor to allow for the effect of the earth in case of
buried cable and duct cables [ /5 ;. In 1933 Miller and
Wollaston in a slightly different approach to the same
problem omitted the earth component of the transient from
his mathematieal work and suggest that an empirical correc-
tion be used to take care of it [ G . Later on 1935,
Church [ 4 7] and Kidder [ 7 7] had also published some
methods to tackle the problem of transient loading.

In 1931, Elwood A. Church [_ % | had made an attempt

to solve the problem of temperature rise under variable
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loading in order that the maximum use may be made of the
large investment in power cables, He tried a rigorous
solution to estimate the temperature rise from sheath sur-

face to conductor, making use of Bessel fimctions.

The problem was solved rigorously fOf single core
and three core 'H' type cable, The corrections to be applied
in case of standard belted cable were also discussed. The
possible error involved in the assumptions necessary in the
solution were alsc discussed and it was shown that knowing
the temperature of the air at the sheath surface (sheath
surféce température ) the temperature of the conductor can
be estimated within + 4~5% of the correct value, if the
constants of>0able are known with this aooﬁraoy. The method
can also be applied to solution of the temperature rise of
the sheath surface provided the constaﬁts of complete thermal

circuit are known with sufficient accuracy,

In 1939, Kidder, AH. [ & _| published a paper om
emergency ratings of cable system., In this paper he des-
cribes the place of emergency ratings in the system plan,
the magnitude of emergency loads, approximate frequency of
cable future in service, approximdte probability of emer-
gency load occurrence and voltage regulation. He 2also
described the temperature transients in a buried cable
system., The thermal‘circuit which was considered is shown

in fig. (2.1) and the solution of this circuit is given
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by the equation

& = A H(1-e"3%) + BH (1~e"PY) ... + nH(1-e"Pt ) ...(2.1)

For solution of the circuit it was reduced to the
form shown in fig (2,2). The solution of this thermal
circuit was obtained by writting two heat flow equations

as under :
h.it = (8 -B,) 54, dt+ K;de, | eea(2.2)
(8,-8,)81, dt = 8,5,dt + K,d8, co(2.3)
The solution of the circuit is given as under

_bt)

y = 81/H = A (1-eat) + B(1= e
where, a,b, A and B are constants.

The method was tried for cable laid. in air and directly
buried system and found much more accurate as compared to
the previously used regorious methods using lumped and dis-
tributed parameters, The calculations are much simpler

and are less laborious. Since than till 1951 no important
work had been done in this field. In 1951, F.H.Bulier C97]
presented another approach to solve the problem of transient
loading. In his publication he developed a equivalent
electrical circuit of a buried cable system as shown in
fig. (2.3) and then derive a formula for calculating various

temperature rise of the cable system. The working formula
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is given below ¢

- - - ' -
Tr Eig' p'!w-Ei(E:E;" )+El(‘§%i) x| - i?f; e-rz/akﬁj
...(2.8)

‘where,

W_ = Loss in cable watt/cm.

T, = Cable surface temperature rise in °c

p' = Soil thermal resistivity ©C-cm/watt

r = Radius of the cable in cm

kX = Soil thermal diffusivity = ] sz/hr

_ - p'q

t = time in hours.

D = Depth of burial in cms

Q = Total thermal capacity of buried cable

W H/°C-meter

The authqr‘had presented a graph shown in fig. (2.4) showing
the comparison between the calculated values of temperature
'by using his formula and old available exponential iﬁtégral
formula. It is.quite'evident from this greaph tﬁat the
results are farély accurate: This formula does not apply

to cables in duct,

In 1953, Neher J,H. [ {0 _ presented a simplified
mathematical procedure by which the transient temperature
after a given time interval under constant load may be deter-

mined at any point in the thermal circuit of a cable system,
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This method involves the determination of the real component
of the effective thermal impedance of the cable system at
that point at:which the t ransient temperature rise is desifed
This part of the prbcedure require lot of labour involve the
repeated solution of a simple electrical network by use of

vector algebra,

In this method the main deficiencies of the previously
available methods given by Buller E.A. Church and Shanklin

had been minimised such as:

(1) This method is much sound theoretically,

(2) This gives sufficient accurate results in all types
' of cable systems.

(3) The theory used is easily understandable,

(4) The method is less ‘laborious.

In 1955, Van Wormer F,C, [ 41 7] had published a‘
paper in which an improved approximate technique for cal-
culating cable temperature transients had been discussed,
The euthor solved the thermal circuit of cable system by
three different methods:and comparative curve plotted shows

the accuracy of these methods separately,

In first method equivalent z circuit as shown in
fig, {2.4) was used, lumping the thermal capacity of the
main conducter insulation 50% at the conducter and 50% at

the sheath, This method giﬁes considerably lower temperaturc
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rise than the exact solutions using distribubed constants,

'In second method, again using an equivalentyyf cir-
cuit, lumping P-times thermal capacity of the insulation
at the conductor and rest (1=p) times at the sheath

fig (2.5). The value of P is obtained by the expression -

p = 1 1
2'In = R
r ) - = 1
r
where,
R = Overall radius of the cable upto sheath in cms.
r = Conductor radius in 'cms, 

'This method gives a considerable improvement in
accuracy, but for small Cohductor with heavy wall of thick-
ness, there is still a considerable difference between this

approximation and the solution using distributed constants,

In third method, the author used the modified
equivalent 'T' circuit as shown in fig. (2.6), lumping
the thermal capacity of insulation at the conductor sheath
and mid way point throﬁgh the insulation thermal resistance,

This method gives a very close check with the solution using

the distributed constants,

Soy for cables with large conductors and moderate
walls of insulation or small conductors with thin wall of
insulation can be solved by second method using equivalent

-

# circuit quite accurately, And for the cables with small



FIG.L28]. EQUIVALENT 7 ELECTRIC -CIRCUIT
- FOR THE THERMAL CIRCUIT OF CABLE
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FIG.L261. MODIFIED EQUIVALENT T ELECTRIC
CIRCUIT FOR THE THERMAL CIRCUIT OF THE CABLE.



conductors and heavy walls of insulat on the third method.
using equivalent T circuit was found much accurate, 1In

some case first method was also used and found accurate,



CHAPTER -3

THERMAL PFRFORMANCE OF CABLES

3.1 Heat Produced within the Cable

The heat produced within the cable which is mainly
responsible for its temperature rise will depends upon
following factors:

(a) IZR losses in the conductors.
" (b) Dielectric lasses

(o) Losses in the metallic sheathing and armouring.

3.1 IZR Losses

In case of single core cable this loss is I°R only,
while in case of balancely loaded three core or 3 % core
cable this loss will be 3 12R Watts. If the multicore cable

is not balanced Jloaded then this loss can be estimated as

under- @
.2 2 ' .
where, . .
2 Y2, L2 2
IN = Neutral current
= Conductor a.c, resistance in Ohm.
R, = DNeutral conductor a.c. resistance in Ohms

o



3.7.1.1 Estimation of 'R!

Knowing the-value of the specific resistance of the
aluminium, the d.c, resistance of the conductor pér unit
length can be found easily The values of d.c. resisteance
for various size aluminium conductors are given in

ISS No.1554 (Part I) table no.Z..

Now following factor should be applied to this value
of Rdc to get the actual vaiue of 'R',

(1) The value of Rdc given in ISS table are true for
209 temperéture only. To get the resisténce at any
other temperature R should be multiplied by a

factor 'Ft' . The values of these correction factors

for various témperatures are _given in ISS No.1554

(Part I) table No.&..

(2) 8o obtained d.c. resistence of conductér at 8°C nust

. be modified to get a,c. resistance by taking account
for skin énd proximity effect, The skin effect at
‘normal rfequencies are significant and increases
‘with conductor cross section, With large conductors
eg 2000 mn> the increase in 'R' due to this cause
is of the order of 20%. So the value of Ry, at 0°C
must be multiplied by a factor 'F ' to get actual

R at 0%. . | R



(3) In multicore cable to allow for the lay of the coble
the value obtained above is further increased by 2%

ie it is multiplied by a factor Fe = 1,02

3,1,2 Dielectric LossA'

The dielectric loss due to leaknge and hysteresis
effects in the diélectric, is usually expressed in terms
of the loss angle Jd, where d = 90~y and § = Power factor

angle of the dielectric. The dielectric loss is given by

Wd = weC Ve tend vea(3.2)
where,

C = Capacitance to neutral in farad per meter

vV = Phase voltage in volts

As this loss is directly proportional to V2, so very small

in case of low voltage cable and generally negligible,

3.1.3 Loss in Metallic Sheathing and Armouring :

The eddy current in metallic sheath of the cable
and steel armouring give rise to conductor temperature and

2

hence these two appears as the heat source.

3,2 Development of Thermal Model

The following three main factors decides the safe

current rating of the cable :-



(1) The installation conditions and ambient conditions,

(2) The heat dissipating properties of the cable. '
(3) The maximunm permiséible‘temperature rise at which
its components may be operated without harming them,

N

3,2.,17 Mechonism of Heat Flow in Multicore Cables:

The mechanism of heat flow in a 3 % core pVC insula-
ted and PVC sheathed armoured cable ( on which we werked )
will be 2s shown in fig.(3.1). The heat flow from source
ie conductor to atmosphere is assumed to be radial only,
vThe electrical representation of heat flow is shown in
fig. (3.2) and fig (3.3) for transient and steédy state

condition.

It is a well known fact that cwrrent in the conductors,
- eddy currents in the sheaths and dielectric loss increases
the temperature of the csble conductors and so prodﬁced

heat is dissipated to the surrounding medium ie air/soil

and temperature of the conductor becomes constant (scturation
condition) at thet instant when heat generated becomes equal
to the heat dissipated. The path of ﬁeét dissipation is

through dielectric, armouring and air/soil,

The various parameters of electrically represented
thermal circuit under both conditions of the cable cen be

found by using various formulas.
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3.3 Estimction of Various Parameters:

3.3.1 Conduotor Insulation Thermal Resistance of Multioore

Cable [ B27]

The conductor insulation thermal resistonce of a

multicore cable is given by

Ripe = éi -~ ¥ G Thermal Ohms/meter
where,
g = Thermal resistivity of insulating material
(PVC) in C°C-m/Wett
G = Geometric Factor

Simon had derived an empirical formula based on experimental

results for Geometric factor ‘G as under,[127]

where,
T = Thickness of conductor insulstion in cms
t = Thickness of the belt insulation in cms
r = Radius of the conductor in cms
d = Diameter of the conductor in cms

 So,

R, =B—| (0.85+ ZZE ) |1 | (4.5 - LIB(EE ). 1
ins o, T

vse(3.3)



3.3.2 Thermal Resistance of Inner Sheath

A R s

The thermal insuletion resistance of the inner sheath

is given by

84 rB
R, = o in ww.Zen Thermal Ohms/meter ,..(3.4)
18 27 r
A
where,
‘ g1 = Thermal Resgistivity of PVC
r = Outer Radius of the belt in cms
r4 = TInner Radius of the belt in cns

3.3.3 Thermal Resistance of Outer Sheath

The thermal insulation resistance of the outer sheath

is given by

bo

g T ' .
R = 1’ In, .~2_ Thermal Ohms/meter «ee(3.5;
os R r
/I
where, :
84 = Thermal Resistivity of the PVC
r, = QOuter Radius of the cable in cms
r, = Inner Rzdius of the cable in cms.

3.34 Thermal Resistance of the Soil (B3 -

L AR RO b AN BT, —

When a cable is buried direct in ground, the heat
flow in the surrounding soil of the cable follows the same
laws that apply to the flow through the cable itself, end

it depends on two factors :



(i) the thermal resistivity of the soil

(ii) Lines of heat flow from the cable

The thermal resistivity of the soil largely depends
upon the percentage moisture contents in the soil and also
partly  depends upon the type of the soil. Both these
factors have wide variation from point to point along the
route ofAthe buried cable, particularly in city areas (in
cities % moisture content varies frequently ). The table
below gives us the idea of the range of values that may be

found in practice.

f&pe.of éoii | Moisturé-Con; Thefﬁéi ﬁésis- |
. tent (%) tivity (Th. Ohm)
Clay 20-25¢ 80-160 ~
Sandy Loam 1015 90-130

Gravel L8 50--100

Sand 412 70~110

Chalk 15-20 90-140

Made-~up Soil 12-22 90-140‘

The important influence of varying moisture content
on certain types of the soil is shown in fig.(3.4). These
curve are strictly applicable to a particular thermal cha-

racteristic of the soil.
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From the above table and curve it is clear that the
nature and moisture content of soils to be met in the cable
laying are .such as to limit the range of the thermal resis-

tivity of the soil between 70 and 160,

In calculating the thermal resistance of soil, the
path taken by the heat dissipated from the cable is- of much
importance and in this regard two theories have been put

forward,

According to the first theory Kenﬁelly assumes that
the surface of the soil above the cable is a plane isother-
mél, and that all the heat is ultimately transmitted to the
surface of the earth (ambient). which being in contact with .
free air, remains at the uniformvtemperature. bn this assump-
tion it can be derived that,

g 2h :

Rsoil =g = Z-ﬁ log, r.“ Thermal Ohms/m -
2
100(306) .
where,
g = Thermal resistivity of the soil
h = Depth of the cable axis below the ground sur-
face in m. ., ‘

r, = Overall radius of the cable in mu

According to the second theory of R.Apt., the soil
surrounding the cable can be considered to be equivaleﬁt to
that of a cylinder of.material, which is having equal resis-
tivity as that of the soil, The radiuS'of_this cylinder

shall be equal to the depth of the cable axis below the ground
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surface. On this assumption the cable is surrounded by a

series of concentric isothermals and Rioil 1s given by
R - 5 in h/ -ihormal Chms/mx< (3.7)
soil 21 r, e : b A R

Experimental results with buried cable shows that
neither of the two theories. are completely satisfactory but
at the s2me it was observed that the effect of varying depth

is represented much better by first theory.

The effect of scil resistivity and depth of lying on
the current carrying capacity of a cable depeﬁds on the
relative values of the thermal resisfances of soil and other
components of the cable, For a 3 core cable laid under normal

conditions, R may vary between 1 to 3 fimes that of the

soil
total internal thermal resistance of the cable. Hence if
the thermal resistivity of the éoil is reduced from 120 to
60 , the current carrying capacity can be increased by 15%
to 30%. Similarly variation in depth of laying within rea-

sonable limits affects the permissible current carrying

capacity of the cable but to lesser extent.

The reduction in rating due to increasing the depth
of lying from one meter to two meter would be approximate

8% .



3.4 Estimation of Various Thermal Capacities

3.,4,1 Main Insulation Thermal Capacity

From the geometry of the cable we have fig.(3.5).

Area of the insulation over each conductor

= QOverall

area of the insulated conductor minus area of the conductor

_ n 2 . %2 _ o2 2
= g~ D - o DS 7 (% = 0§

s+ + Volume of the insulation over each

Conducter = w%}~= (Di - Di ) x 1 cm3
7 2 2 3
= -‘-T;-uoa (De "'Di ) Cm)/Cm o

We know that,
Density of the material

Sp. gravity = e ,
: Density of the water

(as density of water = 1 gm/cc )

« » mass of the material = Volume x Sp. gravity

« » mass of the conductor insuletion

m 2 2 '
= ey (De - Di ) x Sp. gravity of PVC

) cm2

cee(3.8)

eee349)

(For same volume)

. + Density of the material = Sp. gravity of the material

eeo(3.10)
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Again we know that

Q =m st Cal.

i

where Q Heat capscity in cal
m = mass in gms
s = specific heat in cal/gm-°C

t

i

temperature difference °C

e . Q =mzx s

Also thermal capacitance as per definition, C = m X s

. L, C= m§§ (Di - D? ) X s x sp, Heat | e (3.11)

Now from ref [ B4

Specific heat for PVC(flex) = 0.4 cal/gm °C
Speaific gravity for PVC = 1,16 «1.40
by pﬁtting s = 0.4 and sp. gravity = 1,3 in eguation

(3.11) we get,

C = g% 0.4 x 1.3 x (D2 ~Df ) Cal/°C .cm
= 0.4082 (Di “Di ) Ca1/°Cecm
- 0.4082 x 100 (2 _ 2 on
otzss %300 (Pe - Pp ) MH/C -m
= 0.04784 (DS - D ) WH/%C-m
) - 2 2y o)
.« € = 0,04744 (D] ~D] ) WH/Cem e (3.12)

By using the above expression the values of the various

thermal capacitances of main conductor insulation Cin .

S
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inner sheath Cis and outer sheath Cos- can be calculated.

3.4,2 Conductor Thermal Capacity

In similar fashion the thermal capacitances of con-

ductors and netural wire can be estimated as under.

Sp. Heat 's' for Aluminium = 0,217 [ B67]

Sp. gravity for aluminium = 2,7 [.B&_]

T 2 2
Ccond T (De bl Di ) S 0.217 X 2.7

In this case D; = 0 and D, = conductor diameter

.

~ — g - . 2 O*

Tx 100 x 2,7 %X 0,217
X 5

2 0
WY

= 0,05345 DS W/ °Cen . (3.13)

The thermal capacitance of neutral conductor will be
half of the Coona Capacitance as to the close approximation
the cross sectioﬁ area of neutral conductor is half of the
main conductor hence volume/mass/thermal capacitance will bé

half.

3.4.3 Thermal Capacity of the Soil

3.4.3.1 Specific Heat of Soil [ B77]

Under actual field condition the soil moisture content

determines more than any other factor, the energy required
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to raise the temperature of soil. For instance, the dry
weight specific heat of mineral soil, inspite of variation
in texture and organic matter is about C,20. But if the
moisture is advanced to 2%, the specific heat of the wet-
mass becomes 0.33 while an increase of 30% moisture raises

the wet weight specific heat to 0.38.

Obviously, therefore, since the moisture is one of
the major factor in respect to heat'capacity of the soil,
it has much to do with the rate of the warming up and the

coeoling up of soils,

3.,4,3.2 Specific Gravity of Soil

As pef ref [ B4 7] the specific gravity of the soil

are as given under :

S.Ho. Type of Soil Sp. gravity
1 Earth dry Loose 1.2
2 Earth dry packed 1.5
3 Earth moist loose 1.3
4 Earth moist pécked 1.6

Knowing the depth of the cable burial from surface
~  of the earth, the thermal capacity of the soil
surrounding. the cable can be estimated in the usual way
by considering the cylinder of the soil of the diameter

equal to (2h + D), where, h = Depth between cable surface
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5
w:

‘and earth surface and D = diameter of the caﬁlé,
The volume of the earth cylirider will be
= -%%« (Dg-wDi ) sz/ unit length
where, De = {2h+D) cms gnd
Di = D cms
. « Mass of the soil m = Vol. x specific gravity
voe W= g (De-"Di ) % specific gravity - gm
,'m Heat capacity Q@ =m x s
where s = .specific heat
* T L, N
o ow QT &Dé —D? } % specific gravityX s -Cal/OCmcm

Putting the value of specific gravity and s as
sp gravity = 1.3 s = 0,33 we gets

_ T _— _ . 22 ; 10,
= 7= x 1,3 x 0.33 x 100.(De !Di) Cal/ C-m

= e X 1.3 x 0.33 x 100 x ~1ru-CD2»D? ) J-gec/"Cen
[y 0.239Y e 71

— 7. X 1.3 X O¢33 X 100 . 2 T 2 LT o
S X 0.230 % 3800 (Dg ~Dj) WeH/"C-m

3.5 Solution of Equivalent Thermal Circuit

The solution of equivalent thermal circuit under

steady state condition is very simple and be obtained by



using the simplified circuit as shown in fig.(3.6). This
circuit can now be solved by applying theé ohm's law and

hence,

On the other hand the solution 6f the circuit under
transient condition is some what laboricus ard complicated,
because it is well known faét that the thermal resistance
thermal c¢apceity and temperature of the ingulation aré not
Iinear=fun§tion3‘of“the thickness of the insulatiocn. Various
methods were tried to solve this circuit in the middle of

19th century..

An approximate solution was obtained by Lumping the -
constants of the cable _ i 7! and forming an equivalent =
circuit as shown in fig. (2.4).. As in case of transmission
line problems half of the thermal capacity of the insulaticn-
ﬁéy*be b&aced ﬁith thermal capacity of the conductor at
~conductbf'teﬁ§erétﬁre and half mey be pleced with thermal
capacity  of the sheath at sheath teﬁperatﬁre; Since the
temperature gradient through the insulation is nof a lineér
function of insulation thickness,. this method of allocating.
the: thermal capacity of the insulation does not accurately
represent. the total heat stored in the insulation..

The accuracy of this approximste soluction using
Lumped parameter may be-improved’by”modifying the arrange--

ment fig.(2.5).. In new arrangement a fraction‘ P of the
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thermal capacity of the insulation is placed with cenductor &
at ¢ nductor temperature and part (1-P) is placed with

sheath at sheath temperature, If P is 0.5, this condion is
equivalent to an insulated cylinder of infinite radius. For
this case the temperature distribution is known to be a linear
function of insulation thickness and so placing the half the
thermal capacity at each terminal temperature accurate accounts

for the total heat storage,

7

Also Re/Ri = 1, when insulation thickness is =zero

and hence thermal capacity is also zero.

The problem of temperature transienf cen also be sol-
" ved by the use of modified equivalent T circuit for grester
accuracy as shown in fig.(2.6). In this eguivalent circuit
the thermal capacity of the insulation is placed at three

places:

(1) Part at the conductor temperature
(2) Part half way through the insulation thermal resis-
tance and,

(3) Part at the sheath

The method using equivalent m network of fig.(2.5) is
simple and accurate. To solve this circuit for temperature
transients the value of P can be obtained by using the

following expression :

2 In B
. r

eee(3.15)

STEY
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n

- wWhere
R = (Cable radius in cms

Conductor radius in cms

|—5
]

After knoving the value of P the heat flow equations
can be written as from the circuit it is clear that of the
heat, (h.dt) flowing into part one, some K,]de1 is obsor-

bed by part one and the rest (8, -8, ) S , dt flows on into

1
part two, hence

hdt = (8, = 8, )5y, dt + K, de, veo(3.16)

~and similarly, the heat entering part two (8, mez) Sq, dt
is partly absorbed and partly dissipated through Sos OT

(8,-8,)S,, dt = 8,8, dt + K, d8, s (3.17)

By solving equations (3.16) and (3.17) first to

eliminate 82 and then 8, » the two following instantaneous

relationship are obtained,; one in terms of hot-spot rise

(81.) and the other in terms of (82)

2
20 Gz B2y L S % g
at By K dt KK
S, 8
= n ( w;{.%?%u ) , vee(3.18)
)
and, :
a‘e s S, + 3.  ae S, .S
78 - TE X :
42 K 2 159
- 812 ’ v . N
.—..h. “TT—& < s g .‘:.'(3.119)
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When the values of circuit parameters are constents and
h = H, one solution of these linear equations takes the

following form :

bt )

/7

8 = AH (1—e-at Y+ BH‘(1»e"

where A, B, a and b are constant and can be written as

«es(3.,20)

a
o -

= d( 2. 220 2y 1 Pz, Tt P2 P P1p%
z 'Kt] K2 i I K’l KZ ‘ K’l
... (3.271)
b o= d ( 512 + %J? " 82 Y . 1 ( %12 + ?12 fASZQE $1252
K K I K K5 KK
e (3.22)
el M e R~ D i I o (3.23)
(a~-b) |- 1 12 2 B
and
B = -2l F #1* - a ( §l~ + glﬁm ) ceo(3.24)
(a=b) '~ ™1 12 2

In this way by calculating the values of constant

8,b, A and B the complete solution of circuit can be written

and temperature at any instant can Dbe estimated,.
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CHAPTER =4
EXPER IMENTAL SET-UP

A very simple experimental set-up was used to measwe
the cable temperature in laboratory. The single line diag=-

gram of the set up is shown in fig, (4.1).

A permanent set up using three high current transfor=-
mers connected as shown in“diagram>Were used to pass high
current in the cable under test. A 3~phase auto transfor-
mer was used by which the>current of desired value can be
passed through the cable,' The éutpﬁt of auto transformer
was given to 3 nos, 3 phase step down transfdrmer connected
in parallel (for detailed specification of these transfor
mer please see appendix A,,A). The output of these para-
llel connected transformers availaﬁle at four aluminium bus-
bars was connected to one erid of the 3 % core cable under
test. The following other equipments Wefe;ﬁsed for the

eXperiments.

1. A high ratio (5/10,000) current transformer with a
milliampere~meter of suitable range to the measure the
current in the conductors,

2. A'Resistaﬁce Temperature Detector (RID) (for detailed
speci@ipati@ns please see appendiX{\B). |

3. A Temperature Measuring Unit, which was fabricated

by the auther during his M.E.Project {_}%_]. This unit
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measure the out éf balahcéIVOltage of the bridge in
one arm of which the RTD is connected in amplified
form. The out of balance voltage corresponds to the
change in the temperature of RTD. (which can be placed,
where temperature is to be measured ) and with the
help of calibration chart it can be converted into

temperature units.

A standard iron cmstantant thermo-couple.

A standard digital unit to measure the voltage induced

in the thermocouple which corresponds to its hot Junc-

tion temperature at that instant. This wunit is cali-

brated directly in terms of °C,

Digital multimeter to measure the butput of temperatufe
measuring unit,

Mercury Thermometer to measure the ambient temperature.



CHAPTER =5
CABLE IN AIR .

Thé cable used was a 150 mm2

y 3 % core P.V,C, insulated
and P.,V,C, sheathed armoured cable of approximately 25 meter
length which was laid down on the laboratory flqor. One

end of the cable was connected to the four output bus-bars

of the high current, 50 ¢/s , transformers and at other end
of the cable all the conductors were short circuited to get

a balanced load on the cable, The armouring Qas left fioat-
ing. The applied voltage tTo the cable can be varied from
0 to meximum 9 volts to get the required loading on the

cable.

A 6 mm diameter hole was drilled in the cable near the
short circuit end upto the conductor (phase) surface. In
this hole an Iron-constantant thermocouple was inserted and
placed in such a position that the hot Jjunction of the
thermocouple Just touches the conductor surface, The ther-
mocouple was'fixed in the hole air tight by filling the
PVC fillings in the hole., The cold junction of the thermo-
couple was connected to a standard instrument which is
calibrated directly in terms of hot Junction temperature

in % including lead and ambient temperature compensation.

A C.T. connected milliameter (5/10000 was connected

in one phase of the cable to read out the conductor current,
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Now the cable was loaded by switching thevsupply on for

a particular current., Due to IR loss in the conductor the
temperature of the conductor starts rising which is read on
- the unit. The rising temperature readings for thet particu-.
lar current were taken at a fixed time internal till the
conductor temperature becomes constant (steady state satu-
ration condition). At each time of the reading the ambient
temperature was also noted by thermometér, At saturation

condition the cablée surface temperature was measured with

‘the thermocouple.

The same experiments were repected for various currents
of 20 Amps, 30 Amps, 50 Amps, 100 Amps and 150 Amps. ond the

observations were recorded in teble No. &4 .. to. 353

The rise in conductor temperature measured for e=sch
current were plotted as a function of time and are shown in

fig.(5.1) and fig.(5.2).

5.1 Estimation of Conductor Temperature

For estimating the conductor temperature at saturation
for a particular value of current the various cable para-

meters are calculated first as follows ;

1. The various thermal insulation resistance eg. conductor

insulation thermel resistance (R. ), outer sheath

ins
thermal resistance (ROS ), Inner sheath thermel resis-

tance (RiS ) and a.c. conductor resistance 'R' are



TABLE NO 5.1

1. CABLE ON LAB. FLOR
2. CURRENT PER PHASE -~ 20A
5. MEASUREMENT POSITION :- NEAR THE S.C. END

S. TIME AMBT - MEASUR =
NO. IN ENT . ED CON-
HOU~ TEMP . DUCTCR TCM- TA
RS T OC TEMP.
A 0 Oc
T,
CM
A 0 33 373 -0
2 1/4 33 33,6 0.6
3 1/2 33,5 34,3 0.8
4 3/4 33,5 34,7 1.2
5 1 34 35 1
6 11 34 35.2 1.2
7 1% 34 35.3 1.3
8 1 % 3L 35 4 1.4
9 > 34 35.4 1.4
10 2 7 34 35 .4 14
11 24 34 35 .4 1.4
12 2% 34 354 1.4

CABLE SURFACE TEMPERATURE AT SATURATION - 35.3°C.



TABIE NO 5.2

1. CABLE ON LAB. FLOR
2. CURRENT PER PHASE - 304
3. MEASUREMENT POSITION :~ NEAR THE S.C.END

s. . TIME AMBI- MEASUR ~
NO. 1IN ENT ED CON-
HOU=~ TEMP. DUCTOR TCM-
RS T OC TEMP .
. (@]
A T oC C
CM
1 o 34 34 0
2 174 34 35,4 1.4
3 1/2 34 . 35,8 1.8
L 3 /4 34 36.2 2.2
5 (. 34 36.5 2.5
6 12 3y 36.7 2.7
7 1% 34 36.8 2.8
8 1 % 34 36.9 2.9
9 2 34 36.9 2.9
10 2 1 30 36.9 2.9
11 2 % 34 36.9 2.9
12 2% 34 36.9 2.9
13 3 | 3% 36.9 2.9

CABLE SURFACE TEMPERATURE AT SATURATION - 36.3°C



TABLE NO 5.3

7. CABLE AT LAB. FLOCR
2. CURRENT PER PHASE - 50 AMPS
3. MEASUREMENT POSITION : NEAR S.C. END

S. TIME AVMBI=- MEASUR -
NO.  IN ENT ED CON-
HOU- TEMP. DUCTOR T T
RS , TAOC TEME. CM .
TbM C
1 o 32.5 32.5 0
2 1/ 32,5 35,4 2.9
3 1/2 32.5 36 .6 4 1
4 /4 35 7.3 b3
5 1 33 37.7 4,7
6 1 33.5 58.3 4.8
7 14 33.5 38,8 5.3
8 12 33,5 39.2 5,7
9 2 33.5 39,7 6.2
10 2 3 33.5 9.8 6.3
11 2 % 34, 39.9 5.9
12 22 34 40 9 6.9
13 3 34 4o - 6.1
1w 34 3 40,1 6.1
15 3% 34 4o, 6

CABLE SURFACE TEMPERATURE AT SATURATTION - 38.2°C



TABLE NO B4

1. CABLE ON LAB. FLOOR
2, CURRENT PER CONDUCTOR -~ 100 AMPS.
3. MEASUREMENT POSITION :- NEAR S,C. END,

s. TIME AMBI~ MEASUR -
NO. IN ENT ED CON- T - T

HOU= TEMP. DUCTCR CM A

RS T OC TEMP . OC

A 7. °C
CM

/ 0 30 31.0 1.0
2 1 /4 30 33.9 3.9
3 1/2 30 36.9 - 6.9
4 3/4 30.5 40.5 110.0
5 1 30.5 b2.5 12.0
6 1 30,5 43,8 13.3
7 1 % 31 45,2 14,2
8 1 % 31 46,6 15.6
9 2 31.5 47,1 15.6
10 2z 31,5 47,5 16,0
11 2 % 32 47,7 15.7
12 2 % 32 48.0 16.0
ENE 32 4.2 16,2
% 3q 32 48,2 , 16.2
15 3% 52 48,2 \ 16.2
16 34 32 4g.2 16.2
17 4 32 Lg.2 16.2

CABLE SURFACE TEMPERATURE AT SATURATION = 42 .5°C

-



YA

TABLE NO 8.5

7., CABLE ON LAB, FLOCGR
2., CONDUCTCOR CURRENT : 150 AMPS
3., MEASUREMENT POSITION : NEAR S.C. END

s. - TINE AMBI~ MEASUR -
NO. N - ENT ED CON=-
HOU= TEMP , DUCTOR TCM— T
RS rAOC iEMpéc OC
CM :
1 0 31 31 0
2 1/4 3 36.9 5.9
3 1/2 51 45,3 14,3
4 3/4 -3 49 4 18.4
5 1 31 55.4 . 24 b
6 15 31,5 58.3 26,8
7 15 1.5 60,3 28.8
8 1% 31.5 62.2 307
9 2 31.5 63.2 31,7
10 24 31.5 6h.k 32,9
11 2 % 32 6L L 32 .4
12 22 32 64.5 32.5
1% 3 32 64.5 32,5
37 32 64,5 32.5
15 35 32 645 32.5

CABLE SURFACE TEMPERATURE AT SATURATION - 50,4°C
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calculated using verious formuia's described in sec.
no.J., ,

2. Considering the balanced loading of the cable total
heat generated in the conductors is estimated bf
IZR'(Neglecting dielectric loss and loss due to armour+
ing ).

3. Knowing the values of heat generated 'H' watt per con-
ductor, Ros 5 Rins ’,Ris and 'R', we can calculate
various temperature drops as follows ( considering elec-

trical equivalent circuit of the thermal circuit of

fig.(3.3) Let,

TS = Cable surface temperature in °c
T1 = Temperature at armouring in °c
T2 = Temperature at insulation surface in %
TC = Conductor temperature in °c
and, T, - Ty = em1 y Ty =Ty = 8m2 and T, =T, = em3
Then,
m, = 3H x Ros
m2 = 3H X RiS ------- 00'0(501)
m = Hx Rins
3

Now using equation (5.1), the various temperature drops

8 y 8,

n and 8 ~ were calculated. The sum of all these
1

2 ,
drops was added in the measured cable surface temperature

T; °¢ to get the estimated conductor temperature TC °c S0

T, = 8““1 + em2 + em3 + Ts , eeo(5.2)
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In this fashion the conductor temperatures at various
currents were estimeted and recorded in the Table No..R:.6.

(For calculations please see appendix&,GD).

After estimating the conductor temperature for various

currents it was observed that the measured value T and

CM
the calculated value T_ are coming séme to close approxima-
tion. The error as a function of cable loading is shown

in fig.(5.3) end has a maximum value of + 10%.,

5.2 Means to Minimise the Error

To minimise this error we though of some other para-

meter to be considered during experiment such as :

1. To check the load balancing, if the load is néf exactly
>balanced, the neutral current may contribute some
heat in the conductor, which have not been considered
during estimetion of T . For this, currents in each
phase conductors and in neutral conductor were mea-
sured and noticed that the system is approximate

balanced system (Iy = 199A, I, = 1984, I, =201 Amp

B R

and I, = 3 Amp ). This small unbalancing of load

N
mey not be responsible for the error.

2., By measurement it was observed that the temperature
of the floor was slightly less than the ambient

temperature and so this would cause some error
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“as the cable was laid on the floor. ITo check up this
effect the saﬁe experiment for varilous currents were
repeated but with a modification that the cable was
now approximately 15 cms above the lab., floor. In
addition a RTD was placed on the armouring sﬁrface to
récord the armouring temperature simultaneously. The
observations are tabulated in Table Npo A/, From the
table it can be observed that the error in conductor
temperature estimatioﬁ (Tey ~To ) is reduced to 5%.
In the table the measured and calculated values of
temperature drops from cable surface to armouring
‘using armouring temperature (measured by RTD ) as a
reference are also given , which shows very good agree-

ment,

-The another &ery important fact which has not been
considered till now was that we were taking the measurements
close to the S.C.end' of the cable and it was possible that
the heat from S,C. end by radiation, convection or axial flow
may effect the measured value of conductor temperature. This
fact was bbsérved by measuring the cable“éurface temperature
at the two ends of the cable and at the middle of the cable.
It was observed that the temperatures at the ends was about
0.5% higher then at the middle, oBviously due to radiation
from the open conductors. The measurementé.were again made
with the thermocouple placed at the middle. During this
set of observations the cable surface temperature wes measured

t
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using RTD at the cable surfacé. These observations and
calculéted values of conductor tembefatures for various
currents are recorded in Table No.2® to .24, The
-seturation curve is shown in fig.(5.4).

Now it can be seen the difference between measured
value of conductor temperature Tcﬁ and calculated value |
TC is very -small. The error as a funcfion of cable lozding

is shown in fig, (5.3) and has a maximum value of + 3%,



TABLE NO 5-%

1. CABLE ABOVE FLOGR
2. CURRENT PER PHASE - 50A
3. MEASUREMENT POSITION: MIDDLE OF THE CABLE

S . TIME AMBI- MEAS - MEAS-
NO. IN ENT ~ URED USED
.ggu- iEgg' EOOTOR SO RPACE ToT,
A TEMP, TEMP, o ‘
Teyg OC T, °C C.
1 0 32,5 32,5 32,5 0
2 1/4 32.5 33.7 32.8 1.2
3 1/2 32,5 34,4 33,0 1.9
4 3/b 33 54,9 33.5 1.9
5 1 33 35.3 33.9 2.3
6 14 33 35.5 34,2 2.5
7 14 33 35.7 34 b 2.7
8 12 33 35.7 3h 2.7
9 2 33 35.7 3h.4 2.7
10 2 4 33 35.7 3l .4 2.7
11 2 % 33 35.7 304 2.7

Calculated conductor temperature at saturation TC=35.41°C



TABLE NO 5.9

1. CABLE ABOVE FLOR
2. CURRENT PER PHASE : 100A
3., MEASUREMENT POSITION : MIDDLE OF THE CABLE

S. TIME AMBI~ MEAS - MEAS -

NO. o) ENT URED URED
RS zE%§; Boctor  sumrace  TawrTh
A TEMP . TEMP » o
Toy C T4 °¢
1 0 30 32,3 51,5 2.3
2 1/4 30 34,2 31,9 - 3.2
3 1/2 30 30.0 32,7 6.0
4 1/t 30.5 36.9 3,1 6.4
5 1 30.5 57.9 35.0 74
6 14 30.5 38.5 355 8.0
7 145 3 391 35.8 8.1
8 12 31 39,6 35.8 8.5
9 2 31 . 39,9 36,1 8.8
10 24 3 4o 36.3 9.0
11 2% 3 40 363 9.0
12 23 3 ko 36,3 940
13 3 31 40 36,5 9.0
14 57 3 4o 36 .3 9.0
15 3;%« 31 4o 36.3 9.0
16 32 3 4o 36.3 9.0
17 4 39 Lo 36.3 9.0

Tc = 26'2¢%%



TABLE NO 5.10

1. CABLE ABOVE FLOCR
2. CURRENT PER CONDUCTCR : 1504
3, MEASUREMENT POSITION: MIDDLE OF THE CABLE

Se TIME AMBI~.. . MEAS~. MEAS=-

O O ~ O U & W N

NO. ~IN ENT URED - URED ,

HOU- ~ TEMP.  CON- = CABLE . .
Tay © Tq °C

Tt 2 3 b 5 6
0 33 35 3L 4 2
1433 b 37 8
/2 33 w7 39.2 11,7
3/4 33 k7.9 M.5 14,9
1 33.5 50 | 13 .1 16,5
14 335 51 43,6  17.5
1% 33.5 51.6 s 18.1
12 - 33.5 52 4,3 18.5
2 33,5 - 524 - Mb.S 18.9

10 24 335 s52.8 45 19.3

11 24 34 53 .4 Lk ;7 19.4

12 22 34 . 53.8 44,9 19.8

Contd,....



TABLE NO s-10 (CONTD.)

T 2 3 4w 5 6
13 3 o sk 5.3 20,2
W 34 34 54, 45.8 20.4
15 3% 34 544 S 20,4
6 3% 314 504 4 46  20.4
Y S A1 Shb 20,4
18 b g 34 54 4 46 20.4
19 4 % 34 54 L L6 204
20 43 34 54,4 4 20.L

Calculated conductor temperature at saturation T, = 54,9°C



TABLE NO 5-1i

1. CABLE ABOVE FLOCR
2. CURRENT PER PHASE - 2054
5. MEASUREMENT POSITION ¢ MIDDLE OF THE CABLE

S. TIME  AMBI- MEAS- MEAS~

NO. IN ENT - URED "URED |
HOU- TEMP, CON=- CABLE
g WeIm o Smmes  mgen,

T C T, °C C

1 0 32 32 TS 0
2 1/4 32 42,6 7.2 10.6
3 1/2 32 48,6 41.5 16.6
4 3/4 32.5 53.2 44,3 - 20.7
5 1 32.5 57 45,6 24,5
6 14 32,5 0.6 Lg,5 28.1
7 1% 33 63.5 53,2 30.5
8 1% 33 66.1 54,8 33.1

9 2 33 58. 56.7 35,
10 2z 33 68.6 - 57.2 35.6
M 25 33 69.1 57 .4 36 .1
12 2% 33 69. 58 36.4
43 3 33 69.6 58.8 36.6
w3 33 69.7 59 36.7

Contd....



TABILE NO 5.{|° (CONTD.)

S TIME AMBI=- MEAS=- MEAS=-
No. IN ENT URED URED
HOU-  TEMP,  CON- CABLE T
RS r oc  DUCTOR  SURFACE oM™ A
A TEMP. TEMP, O
o o]
Tem© s C
15 3% 33 69.8 59.2 36.8
16 372 33 69.9 59.2 36 .9
17 4 55 69.9 59.2 36.9
18 hg - 33 70 - 59 37
19 4L 33 70 - 59 37 )
20 4z 33 70.1 59 37.1

Calculated conductor temperature at saturation To = 73.8°C
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CHAPTER-6
CABLE BURIED DIRECTLY 1IN GROUND

Till now, we had discussed the method of temperature
measurement when cable was laid in 2air, when the cable is
buried directly, there are some factors which affects the
performance of cable such as thermal resisténce and thermal
capacity of the soil. The values of these two parameters vary
with the depth of burial of the cable as well as with the

moisture contents in the soil.

To measure the cable temperature when cable was buried
difectly the some experiments were repeated as in case of
cable laid in air. The 0,5 meter deep tranch was dug and
approximéte 2 meter portions of the cable (along with the
thermocouple énd RTD placed at their respective positions of
conductor and coble surface ) was buried in the tranch by
hack filling it with the same earth. The leads taken out from
thermocouple and RTD were connected to their respective nea-
suring units and then supply was switch on and the auto
transformer was so adjusted that 200 Amp current passes per
conductor. The conductor temperﬁture at a regular time
interval was noted till saturation along with the ambient
temperature (measured by Hg thermometer ) and cable surfzce
temperature by RTD. These observations are recorded in

Table No..S'J.. The same experiment was repeated-for a current



TABLE NO g.1

1. CABLE BURIED AT 0,5 METER DEPTH

5. CURRENT PER CONDUCTCR - 200 A

5. EARTH SURFACE TEMPERATURE AT SATURATION - 35.5°C
4, DRY SOIL CONDITION

S. TIME MEAS- MEAS- AMBTI-

NO- ou- CabiE Cote Thwp,  CM A
RS - SURFACE DUCTOR
TEMP . o

1o % Ty C Ty © o
1 2 3 4 5 6
1 o 31.8 36.0 35 1
2 /4 34,6 43,9 35 8.6
3 1/2 38.2 50.3 35 15.3
4 3/4 40.3 53.6 35 18.6
5 1 42 3 56,6 35 21.6
6 14 4.0 59.0 35 24,0 -
7 1 % | 45,3 61.5 35 26.5
8 12 L6 .3 63.8 35 28.8
g 2 b .2 6l 4 35 29,4
10 2 7 49.6 66.0 35 31,0
11 2 % 50.5 - 67.1 36 31.1
12 22 51.5 68.0 36 32,0
13 3 52,2 69.0 36 33,0
1w 3p 53.2 69.8 36 33.8

Contd o s



TABLE NO &1 (CONTD.)

1 2 3 4 5 6
15 34 53.6  70.3 36 34,5
6 33 54.3 ,71.0 36 35.0
17 4 54.7 . T1.6. 36 35.6
18 4 55.1 72, 3% 36 .1
19 4} 56.0 72.7 36 36.7
20 47  56.5 734 36 - 37.4
21 5 56..9 75 .6 36 37.6
22 5% 57.5 73.8 36 37.8
23 54 57.7 7.0 36 38.0
2t 57 58.2 74 .2 36 38.2
25 6 58.2  Th.k 36 384
26 67 58.2 7h b 36 38.4
27 6% 58,2 Thi5 36 38.5
28 62 58,2 745 36 38.5
29 7 58.2 7h.5 36 38.5

At saturation , estimated conductor temp. Tg

(i) Taking Tg as ref. T, = 74.78°C

(ii) Taking Earth Surface as ref Tp= 74.,43°C
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of 150 Amp, and the observations are recorded in Table No., Q2
The temperature rise as function of time are shown in

fig.(6.1).

Mean while there was heavy rain, and so to see the
effect of moisture content in the soil (which now increased
by a considerable amount due to rain) one more set of obser-
vations for 200A were taken which is recorded in table no.&L'

The saturation curves are shown in fig., (6.2).

Now tﬁe depth of burial was increased upto one meter
and a set of observation was taken for 2004 current undef
wet condition due to rain, These observations are recorded
in teble no..Q.4... During this experiment it was observed
that the effect of the surrounding medium heating or cooling
of the exposed portion of the cable is effecting the cable
conductor temperature by a considerable amount. This fact
was observed by circulating the air with the ceiling fans
over the exposed portion of the cable and it was found thet
the cable conductor temperature fell down by approximate
2 to 2,5°C. within 10 to 15 minutes. The scturation curve

for this case is shown in fig., (6.3)

To avoid the error in the measurement of conductor
temperature due to this fact, now, the cable was buried at
2 meter depth but this time most of the portion of cable
was buried leaving a smell portion exposed, This time

the cable was loaded to its rated value of 228 Amp as per



TABLE NO &2

1. CABLE BURIED AT 0,5 METER DEPTH

2, CURRENT PER CONDUCTOR - 1504

3. EARTH SURFACE TEMPERATURE - 29,5°C
~_ DRY SOIL CONDITION

5. TIME  MEAS- MEAS- AMBI- |
NO- f0u-  CaBrs G vy TowT
T Tey ©
1 2 3 b 5 6
1 0 31.5 32.4 30 2.4
2 1/ 33,4 36.6 30 6.6,
3 1/2 34,5 . 40,1 30 10,1
4 3/4 35,0 41.6 30 11.6
5 1 36,2 42,9 30 12,9
6 14 36.5  43.9 30 13.9
7 1% 36.8 44,7 30 14,7
8 18 37.5 45.5 30 - 15,5
9 2 37.8 46,0 30 16.0
10 24  38.2 46,5 30 16.5
11 2 % 38 .4 46,9 30 16.9
12 27  38.8 47,5 30 17.5
13 3 39.0 47.8 30 17.8

' Contd....



TABLE NO &2

(CONTD., )

1 2 3 4 5 6
14 54 39.2 48.0 30 18.0
15 54 39.3 48.2 . 30 18.2
16 3% 39.6 48,6 30 18.6
17 4 39.8 48.9 31 17.9
18 L4 40.0 . 49.5 31 18.5
19 b 40,2 49 .6 51 18.6
20 L3 Lok 49.6 51 18.6
21 5 40,6 49.7 31 18,7
22 5 & 40,7 49 .8 31 18.8
23 5%  L0.8 b9.s 3 18.8
24 5% 408 49.7 31 18.7
25 6 40,8 49.8 31 18.8
26 64+  40.8 49.8 31 16.8
27 6%  40.8 49.7 31 18.7
28 6%  40.8 49,8 31 18.8
29 7 40,8 49.8 31 18.8
At Saturation , Estimated Conductor Temp. Tg
(1) Taking cable surface as ref., Ty = 49 ,56°C

(ii) Taking earth surface as ref, TC = 50.0600



TABLE NO &3

1. CABLE BURTED AT 0.5 METER DEPTH

2. CURRENT PER CONDUCTOR - 200A

3. EARTH SURFACE TEMPERATURE AT SATURATION:- 27.5°C
L, WET SOIL CONDITION

s, TIME  MEAS- MEAS- AMBI-
NO. IN URED URED ENT _
Re gﬁg%iCE ‘Sggioa P A
TEMP. TEMP,

. Ty °C TonCo r,°c °c
1 2 3 o5 6
1 0 29.7 30.5 29.5 1.0
2 14 32.8  38. 29,5 8.9
3 1/2 36.5 43,5 29.5 14,0
4 3/4 37.8 46 L 29,5 1743
5 1 38.8 49.4 29.5 19.9
6 17 39.8 50.0 29.5 20,5
7 1% .2 52,1 29,5 22,6
8 12 42,5 54,0 29.5 24,5
9 2 43,3 55.6 29.5 26 .1
10 2 ¢ b3 7 56 . 29 27 4
1M 24 43 .8 56.5 29 27.5
12 22 Lh,0 . 56.8 29 27.8
13 3 4,3 57.1 29 28.7
14 3 ¢ Lk,5 58,1 29 29.1

Contd;..



. 28

TABLE NO. ©'3 (CONTD,)

1 2 3 ly 5 6
15 3% il 7 58.6 29 29.6
16 32 bh,7 - 59.2 29 30,2
17 b L8 59.3 28.5 30.8
18 bg 44,8 59.5 28.5 31
19 4y N 59.6 28.5 31
20 b 3 4,8 59.6 28.5 31,1
21 5 44,8 59.8 28.5 31.1
22 5 & Ly, 8 60,0 28.0 31,3
23 5% bl .8 60. 28 32
24 5 2 4h.g 60,2 28 32,1
25 6 b4,8 60.2 28 32,2
26 6 ¢ Ll 8 60.2 28 32,2
27 6 % bly,8 60.2 28 32.2

62 4,8 60.2 28 32,2
ESTIMATED CONDUCTCR TEMP. T,°C
At Saturation
(i) Taking Cable Surface as ref, Ty =60.68°C
(ii) Taking earth surface as Tef. To = 60.72°C



TABLE NO G4

1. CABLE BURIED AT ONE METER DEPTH
2. CURRENT PER CONDUCTOR - 200 AMPS
3. OBSERVATIONS TAKEN AFTER RAIN

Se TIME AMBI=- MEAS- MEAS~

NO. 1IN ENT URED URED
: HOU=- TEMP. CABLE "CONDUC-
RS o op SURFACE TR Tey . T
A TENP. ~  TEMP. .
o) o c -
. TS C TCM C
1 2 3 b 5 6
1 0 29 28.5 30 g
2 1/b 30 3049 35.9 5.9
3 172 30 32,7 40,1 7.1
s 3/ 3 33.8 42,3 11.3
55 1 31 BL,7 44,5 13.5
6 17 32 358 . 46.0 14,0
7 15 32 36.0 46,6 14,6
8 14 32 - 363 47.5 15.5-
9 2 32 36.9 48.0 16.0
10 24 32 - 372 4g L 164
1n 2L 32 37.3 49.0 17.0
12 2% 32 37.8 49.3 17.3
13 -3 - 32 38.2 49,6 1746
W 3 32 38,5 50.0  18.0



TABLE NO G4

(CONTD,)

1 > 3 1, 5 6
15 35 32 38.6 50.4 18.4
16 3 % 32 33.8 50.8 18.6
17 &4 32 39,2 51,1 19.1
18 4 % 32 39.6 51.6 19.6
19 5 32 40,3 52.0 20.0
20 5% 32 40,8 52 .4 20,54
21 6 32 41,2 52.9 20.9
22 6 % 32 A 5% .3 21,3
23 7 32 42.5 53,7 21.7
o, 7 % 32 43 .3 54,0 22.0
°5 8 30 43 b 54,3 22.3
26 84 32 43,8 55.0 23.0
27 9 32 42.5 55.5 23 .5
28 10 32 43,3 57.0 25.0
29 11 32 43,2 56.8 oL .8
30 12 32 43,2, 56.9 24,9
31 13 32 43,2 56.8 ol .8
32 14 32 43.2 56.8 24,8
33 15 32 43,2 56.8 o4 .8

Contd,..



TABLE NO g-4 (CONTD,)

62.8

1 2 3 5 6
3 16 32 43,2 56.9 24 9
35 17 32 43,2 57 .1 - 25.1
36 18 32 43,4 58.2 26,2
37 19 32 43,5 1 58.9 26.9
38 - 20 31 43,8 59.1 28.1
39 21 51 445 ' 59,3 28.3
Lo . 22 31' Li .8 | 60.8 - 29.8
41 23 31 45,2 61.0 30,0
b2 24 39 454 61 Lo 30,4
43 25 31 45,5 61,6 3046
4L 26 31 45,8 62 4 31,4
45 27 .31 46 62.8 31.8
46 28 3. 46,0 62.8 31.8
b7 29 31 46,9 62,7 3.7
48 30 31 46,0 62.8 31.8
L9 31 31 46,0 62,8 31,8
50 32 31 46,1 62,9 31.9
51 33 31 46.0 62.8 31.8
52 34 31 46,0 62.8 31.8 -
55 35 31 46,0 62,8 31.8
54 36 31 46,0 31.8
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Indiaﬁléééﬁaérds and the observationis were taken at a

- regular time of interval. These observations are recorded
in Table No&'S Here we would like to mention that during
this experiment the'ambient conditions were fluctuating

- continuously, some times it was.raininéiand some times it.
was bright sun sine, After some time of starting the eXx=
periment it start raining, we covered the whole pit surface
‘where the ‘cable was'dgg‘by a plastic sheet and it was |
observed that the cable surface temperaturé.rises tramone
dously and after reﬁoving the sheet it falls immediately
The effect of running the fan was also obsérved and fdund
thaf it still had some effect on conductor tempefcture
measurement., ‘All these faéts can be cbserved from the

table as well ‘as from the curve shown in fig.(6.4)

6.1 Estimation of Conductor Temperature

The: conductor temperature of buried coble was
estimated in the same way as -in case of the cable iﬁ_air; ‘
by considering the thermai equivalent curcuit of cable, when
buried, as shown-in fig.(3-3) All the parametersrof the
equivalent circuit except the soil thermal resistance Ry _.j
have already been calculated in case of cable laid in eir,

The thermal resistance of the soil (R i ) can be found

sci
o ' Be - 2h
by using the formula, Rsoil = §:§-— 1n = based on

Kennelly model {_ {3 T for various depths + of burial.
 The calculations of the Rgoi1 1& given in appendix,.



TABLE NO 6+5

1, CABLE BURIED AT TWO METER DEPTH
2. CURRENT PER CONDUCTOR - 228 AMPS
3, OBSERVATION TAKEN DURING VARYING AMBIENT CONDITIONS

S. TIME AMBI~  MEAS- MEAS~
No, IN ENT URED URED
*HOU= TEMP . CON=- CABLE
RS 7 O DUC- SURFACE
A TOR TEMP ' .
TEM o : -
O TgC TomTa  Ts™Ty
CM ™. ' 0 O~
9 C
1 2 3 L 5 6 . 7
1 0 30° 31 27.2 - 1 -2.8
2 1/2 30 43 32.7 134 2.7
3 1 30 474 36,8 17 L 6.8
4 1 % 30 49,7 39.0  19.7 9.0
5 2 30 51.4 40.7 214 10.7
6 24 30 52,8 42,3 22,8  12.3
7 3 30 53,5 43,2 23,5 13,2
8 3% 30 53.9 43,9 23.9 13.9
9 4 30 54,0 Ly |1 24 141
10 L4y 28 55,6 . L .8 27.6 16.8
1. 5  27.5 55 46,0 27.5 18.5
12 5% 27,5 54 45.8 26.5 18.3
13 6 27.5 53,9 = 45,2 26 4 17.7-
W 63  27.5 55 46.7 27.5 19.2.



TABLE NO &-5

(CONTD.,)

1 2 3 4 5 6 7
15 7 27.5 55 .4 46,7 27.9 . 19.2
16 7% 27.5 566 49.7 29,1 22,2
7 27.5 56.7 49,7 29.2 22.2
18 8% 27.5 57 49.7 29.5 22,2
19 9 27.5 55.8 50 28.3 22.5
20 94  27.0  55.3 50 28.3 23
21 10 27 .0 55.3 50 28.3 23
22 10 5 26.5 55,3 50 28.8 23,5
23 11 26 .5 5543 49,9 28,8 23 .4
oL 11 % 26 56 .6 50.7 30.6 ol 7
25 12 26 56.1 50.7 3041 24,7
26 12 % 26 56,1 50,8 30,1 oL .8
27 13 26 55.8 50,4 29,8 24 4
28 135 26 "5.4 504 29,4 24,1,
29 14 26 55 50.8 29 o2L,8
30 145 26 54,8 50,8 28.8 24,8
31 15 26 54,6 50.8 28.6 oL .8
32 15 5 26 54,3 51.0 2843 25,0
33 16 26 54 4 51,0 284 25,0
3L 16 % 26 55,3 51,2 29.3 25,2

Contd,...



TABIE NO ¢g-5 (CONTD.,)

1 2 4 5 | 6 7
35 17 26,5 55 .9 53 .7 29.4 27.2
36 17 % 2645 52.8 53.7 26.3 27.2
37 172 26.5 540 53.7  27.5 27.2
38 187 26 5.6 55 .7 28.6 27.7
39 184 26 52,0 . 53.8 26 - 27.8
Lo 18 2 26 52,5, 38,2 26.5 12,2
b 19 26 51.6 38.2 25.6 12,2
b2 194 26 52.8 38.5  26.8 12.5
G 192 27 53.7 39,2 26.7 12.2
b 204 27 55 39.8 28 12,8
45 2023; 28 52,2 40.2 ol ,2 12.2
46 21 g 28 57.3 41,5 29.3 13.5
v 213 2e 58.5 42,5 30.5 14,5
bs 227 28 58.5 42,5 30.5  1L.5
b9 22 2 28 57 46 42,5 29.6 b5
50 234 27.5  55.9 42,5 28 .4 15.0°
51 237 27.5 547 42,5 27.2 15.0

Contd...



TABLE NO g5

(CONTD.)

- 65

2 4 5 6

52 24 % 27.5 55,7  42.8 28.2  15.3
55 247 27.5 56 .3 43,7 28.8 16.2
54 253 27.5 56 .6 43,8 29.1 16.3
55 25 % 27 55 A2.5 28 15.5
56 26 ¢ 26,5 54 41.5 27.4 15.0
57 262 26,5  52.5 40.8 26. 14.3
58 274 26,5  53.10 41,2 26.6 14,7
50 272 26,5  52.5 40.9 26 144
60 284 26.5  52.4 40,8 25.9 14.3
61 287 26.5 52.7 11,2 26,2 4.7
62 297 26.5 53,1 41,3 26,6 148
63 297 26.5 52,5 40,9 26,0 - bk
64 30 % 26.5 52,4 40,8 25.9 14,3
302 26.5 53.5 41,5 27.0 15,0

66 313 26,5  5h.k b2,h0 279 15.9
67 312 265 56,0 43 .8 29.5 17.3
68 324 26.5  56.4 by 5 29.9 18.0

Contd...



TABLE NO @g:5

(CONTD.)

2 3 4 6 7
69 322 26.5 57 45.5  30.5 19.0
70 334 26.5 57.5 45,7 31,0 19.2
M 333 2605 57.9 458 31 19,3
72 3k 3 26.5  58.2  46.2 3.7 19.7
73 342 26,5 58,5 46.4 32,0 19.9
7% 357 26,5  57.9  45.8  31.4 19.3
75 35% 26.5  57.+ 45,6 30.9 19.1
76 36 ¢ 26,5  56.8  4k.B 30,3 18.3
77 362 26 56.0 44,5 30,0 18.5
78 374 26 54,9 43,8 28.9 17.8
79 372 26 54,0 42,5 28,0 16.5
80 387 26 53.7 42,4 27.7 16.4
81 38 % 26 54,9 43,2 28,9 17,2
82 397 26 55.5  hh.2 29,5 18.2
83 393 26 55.9  44.5  29.9 18.5
84 4O % 26 54,5  L4,2 28.5 18,2
85 407 28 58.2  40.6  30.2 12.6

Contd. o @ & ¢



TABLE NO @-§

(CONTD,)

97

2 3 P 5 6 7

86 413 28 588  41.6  30.8 13,6
87 412 27 55,5 36,5 283 9.5
88 424 28 5k 35.2 26.2 7.2

89 423 29,5 - 55,3 LO.4  25.8 10,9

90 43¢ 29.5 . 54,5  39.7  25.0 10.2

91 43 2 29.5 54,8 40,2 25,3 10.7

92 4h g 29,5 53,7  39.8 24,2 10,3

93 Lk Z 29,5 54,0  40.7  2h.5 11,2

9h 45 g 29.5 »54.5, 40,9 2544 1ok
95 452 30 55.6 41,5 25.6 1.5

06 46 & 30 55.6  41.6 25,6 11.6

L6 %_ 30 54,5 40,9 24,5 10;9

98 477 30 Su5 4.0 2h.5 11,0

99 472 30 Sh.9 B2 2.9 11,2

100 482 29 54,0 36.5 25,9 7.5

101 493 28 557  39.2 277 1.2

102 507 28 563 38.20  26.3 10.2

Contd...



(CONTD.)

TABLE NO g.5
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After calculating R the vorious temperature drops 8_

soil 1

Bm 9 Bm and 8, Were calculated to get the conductor tempera-
2 3

ture. The conductor temperatures were be found in two way s

@

(i) By taking earth surface temperature as reference then,

T, = em1 + 8m2 + em3 + 8, +_TA eee(6.1)

(ii) By taking ocoble surface temperature as reference, then,

Tc = 8m1 + emz + 8m3 + Ts eee(6.2)

The conductor temperature at the 0.5 meter, one meter and
two meter depths were calculated and are recorded in Teble
no..&'l. This teble show that the estimated conductor tem-

perature TC and measured conductor temperature T. have a

CM
very good agreement except in final cnse of 2 meter depth,

where ambient conditions were very much fluctuating.

6.2 Effect of Moisture on Soil Resistivity

It was evident during the calculations of conductor
temperature for 0,5 depth set of observations which was taken
after raiﬁ, that the conductor temperature considering the
value of soil resistivity as 1.1 °C-m/M (as in case of dry
soii condition) is very highly compared to the measured
value, This is due to the fact that the soil resistivity
and hence the RSOil value had decreased due to increase in %
‘moisture. The new value of the soil resisﬁivity was found

by using experimental data (measured temperature drop between
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cable surface Tg and earth surface temperature TA )

This difference of temperature (TS - TA ) or Be'was equatgd

to R, ;7 ¥ 3H. and the new value of R was obtained ,

soi soil

Cerresponding to this new value of Rini1 the reéistivity :

of soil was calculated and found tb be 0.88 °C-m/¥. The

detailed calculations are giVen in appendix.,.F..’



CHAPTER =7
INTERMITTENT LOADING OF CABLES

To justify the use of underground cable'system for
péwer transmission and distribution in comparison with the
over head line system, it is necessary that the system must
be utilized to its full capacity and if required the system

may be run beyond its capacity without harming the system,

The current ratings for which the cable system can
be loaded without any harm to its insulation are called as
intermittent ratings. The following three types of interw

mittent ratings can be considered :

1. Short time rating
2., Emergency rating

3, Short circult rating

7.1 Short Time Current Rating

The short time current rating of a cable is that
current which can be passed through the cable for a parti-
cular period of time without any harm to the ceble insula=-
tion i.e., without increase in the conductor temperature
beyond maximum permissible limit (7OOC) during that period,
The short time current loading can be applie% to the cable
system for unlimited number of times for shorter duration
during the life time of the cable which is assumed to be

20 years, The short time current rating will be decided
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by initial load on the cable,

7.2 Emergency Loading

It is defined as the current rating of the cable which

can be passed through the ceble without any harm to the cable
insulation, To distinguish between short time current rating

and emergency loading the following comparison may be seen ¢

°

1. Maximum permissible temperature in case of short time
loading is that temperature which is specified for that
type of insulation under normal condition (70°C in our
case). On the other hand the temperature limit for
emergency loading for smaller duration is more than
the maximum permissible temperaturé specified under

normal conditibns'(SOOC in our case ).

2. The short time current loading can be applied for
unlimited number of times during the cable life time,
while the emergency loading will be restricted to
100 hours per year and such 100 hours per year loading
to be done not more than 5 ttimes . during the entire

1life of the cable,

3. In normal cases the short time loading is applied
whén initially cable is either unloaded or partially
loaded. But the emergency loading can be applied
when the cable already carrying the rated current ‘

and the temperature of the conductor hes already reached



/

to steady state saturation (maximum 70°C ).

7.3 Short Circuit Current Rating

When = short circuit occurs , a very large initial
rush of current results during the first fraction of a
second, followed by a rapid diminution of the current
flowing, Under these conditions it is usual to assume the
whole of the heat generated in the conductors is absorbed

by the conductors,

The magnetic force acting on conductors usually take
the form of a repulsive force between the conductors cérryn
ing current in oﬁbosite direction. These forces tends to
burst the cable, The empirical expression for calculoting

the short circuit current ratings of the cable is given

below : [ B8]

- Kx A . ,
Ic = = Kilo Amps : ceol7.1)
where, K= A constant for aluminium = 0,0751
A = Actual area of the conductor in sq m m.

t = Duration of short circuit time in secs,
Temperature before short circuit = 7090

Temperature after short circuit = 160°C

The short circuit current is a function of time are shown

in fig.(7.1)
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7.4 EXperiments.on Intermittent Locading

The heating of the cable.arise mainly form IZR losses
in tﬁe conductors when a steady state continous current is
applied to a cable at room temperature, the temperature of
the cable rises eXpénencially upto steady étate saturation
temperature. TheArise in tempe;ature is vefy rapid during
first few hours of loading the cable and then more slow unit
it reaches a steady state value. The equation for tempera=-

ture rise is given below :

T =T (1"t vee(7.2)
where,”
T = Temperature of conductor at any instant 't' in°C
T, = Maximum steady state temperature in °c
A = Time constant of the cable
t = Time from switching on in sécs.

The permissible short time overloading over the continuous
rating is affected by the installation method, since the
time period required for the cable laid direct in the ground
to reach steady state may be days or weeks, whereas cables
run in free air requires relatively short time in hour to
reach the final conductor temperature, because the thermal
capacity of the air is negligible as compared to soil. This
is why the short time over loading of the cable run in free

air are limited.
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Actually speaking, the fact that the cable run in
free air heated more rapidly than the:cable laid under
ground is of much importance in calculating the short time

overload ratings of the cable.

In case of buried cable a short length of the cable
at both ends remains in the air, the continuous rating of
this type installation may be determined by the under ground
section, but the‘intefmittent rating will be determined.by

the portion in air,

Another factor which affect the short time loading
is nature of the loading wheather the cable has previously

carried no load, it has been lightly leaded or fully loaded

The short time overloading factors can be determined

as discussed below for various types of the loading eg.

(i) Cable initially carries no load
.(ii) Cable has been previousiy loaded to 50% or 75% or any

other % of the rated load.

7.4.1 Derivation of an Expression for Short Time Loadirig
Factor :

We know that the temperature rise of the conductor

at any instant 't' after switching on the supply is given by

T =T, (1-e"t/i )



0

Now Let 'To' be the final permissible maXimum
temperature attained by the cable when running with the rated

current IO'. To the first approximation we can say,

2

T /T, = (I/T ) e s(7.3)

where, I = Short time current rating of the cable

Putting-the value of T = T_ ° /Ii from equation( 7.3 )

in equation (7.2) we get,

T = TB 12 (1-e't[3 )/I2 eeo(7.4)
) O
or T.1%= = T I% (1-e”t/>
-0 (e}
2
T.1
or I° . = 0
T (1 o=t/ )
@]
Or I =T I
O
Or I = IO
0-0(705)

As T. is greater than I  , but T the temperature
attained after time 't' is not to exceecd TO ie T = To’ 50

equation (7.5 ) becomes

H
H

T 1 =T 1
o} (1_e—tﬁx ) o} \F(q_e-f]h )
or I = n IO (7.7)

where,
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n = i and is known as short time load-

[a-eth

ing factor of the cable, Therefore from equation ( 7.7 )

. 1 T
n = - = Tm 000(708)
T .
|, |

7.4.,2 Estimation of Short Time Rating Factors and Short Time

Loading Capacities for the Cable Under Test - Cable

in Air :

Case I := When cable was previously unloaded (HH initial
cold condition)
Referring to the temperature rise curve for rated current

fig.(5.4) for cable under test and .noting the following:

Ambient temperature Ty = 32°C
Maximum Conductor'temperature TCM = 70.100.
. o Maximum Permissible temperature rise Tm=70.1-32=38.100

Now, if it is required to find out the overload short
time rating of the cable for a time period of one hour with-
out éxceeding the specified maximum temperature rise, from

the curve the temperature rise after one hour (starting from

cold) is 25°C, Therefore the factor for multlplylng the

continuous rating is obtained as n -ji “ie n- —_[38°1 =1.2340
It means that the overload of approximate 23,4% in excess ;f
of the normal current is permissible for one hour. In the

similar fashion various other short time loading factors for
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various time peribd are calculated and tabulated in the

table nos# §. [ Appendix::Ji: for calculations

Case II i= Case of initially partially loaded cables. If
the cable has already been loaded partially, the first sfep
will be to ascertain the temperature rise resulting from the
load. From table no.?.l0sec,5 .. the maximum temperéture
rise for 75% initial loading (approximate 150 Amps ) on
the cable is 22.4°C, Agein referring to the curve no(5-4 ?
we see thet a rise'in’temperature of 22,4°C corresponds to
~a time period of 50 minutes (approx). If a short time rating
for a period of one hour is to be calculated than the totzl
time will be (50+60) = 110 minutes, which corresponds to a
temperature elevation of 34.5°%. Therefore the short time

o e e s
i

rating factor for this case will be = \}%%f% = 1.046 5
that-means only 4 .6% overloading for a period of one hour
is possible. In the similar way the various other short
time loading factors for various time periods and various %

initial loading are calculated and tebulated in table no,.l'Jd.

7.4.3 Experimental Verification of Estimated Short Time

Current Ratings :

The short time currenf rating for cable laid in air
as estimated and tabulated in table no..l.,. were verified
by applying these currents to the cable under test for the

specified period of time and temperature were recorded in
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each case, The experimental results are tabulated in table
no.J .2,

From the table it can be noticed that in each case
the temperature rise of the conductor is well below 70°C
(the maximum specified limit for PVC insulated cable ).
The short time rating for 3 hour were not checked because

its calculated value is same as reted current.

The short time ratings for cable huried directly in
ground will be same that of the cable laid in air, because
the it will be decided on the basis of the cable protion

which is exposed in air in case of buried cable.,.

7.4.,4 Estimation of Emergency Loading

7.4.4,1 Cable in Air

To evaluate the emergency loading capacity of the
cable under test when laid in air the following two para-

meters were taken into account.

1. Maximum duration of emergency loading is taken as

15 minutes only as a first approximation.

2. Maximum permissible conductor temperature limit
during emergency loading is taken as 80°C for P.V.C.

(as per IEEE +this limit is 85°C ) [B®97] .

Now an experiment was performed to evaluate the
'emergency loading capacity of the cable along with its dura-

tionn
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Initially cable was loaded upto its rated value 205A
and waited till saturation is reached. Now the current was
raised to 300A and temperature of the conductor was noted
at various time interval upto 15 minutes. The maximum tempera-
ture recorded wés 77.1°C. The current then reduced to 205A
and the température decay was noted for wvarious times tili
it cooled down to the value of the initial temperature corres-

ponding rated current, .

The above experiment was repeated for currents of
320A (165%), 3504 (175%). and 400A (200%). The results are
'given in table no..Z!3A. The temperature as function of time
for these emergency loadings are shown in fig.(7.2) for both

temperature rise and decay.

7.4.4,2 Cable Buried Directly

To evaluate the emergency loading of the cable under
test when buried directly in ground the same experiment was
performed as in case of air, with a modification that maximum

duration is increased from 15 minutes to 30 minutes.

The observations were recorded in table no.Z:4 and 7'5

the plot temperature rise/decay Vs time is shown in fig.(7;3).

It is quite evident from these experiments that the
permissible emergency loading when cable laid is air are
small and for smaller duration as compared with when the

cable bﬁried directly.

\1a2A3
(~~+-+! |ibrard University of Roorkee
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TABLE NO ¥4

SATURATATION TEMPERATURE - 55.5°C

‘2. AMBIENT TEMPERATURE - 29°%
3. CABLE DIRECTLY BURIED.
IN GROUND AT 2,0 METER
DEPTH
§g' gﬁRRENT CONDUCTCR TEMPERATURE RISE v °C
AMPS .
t=0 t=5 t=10 t=15 t =20 t =25 t=30
min min min nin min min min
1 | 3b2 55.5 60.2 64,3 67.8  70.9 73.6 76.2
2 {400 |55.5 63,1 70,5 76.2 80,0 - -
3 460 55.5 68.5 80 - - - -
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7.4.5 Verification of Short Circuit Ratings

To verify the short circuit current rating of the
cable under test in both the cases of installation, an

experiment was performed,

Initially cable was loaded with its rated value
till the saturation is reached and then suddenly the current
was raised to 1200A and the time was noted for increase in

the temperature of the conductor upto 80°C.

In air this time was observed 2s 1 minute and in case

of buried ceble the time was approximate (110 secs) 2 minutes,

As per the formula : I_, = 0.0751A/ [t Kilo Amps,

this time for temperature rise upto 160°C is 88 secs.,
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CHAPTER -8

RESULTS AND DISCUSSIONS

8.1 Cable in Air

1. From the results of the experiments performed when
cable was laid in air, it is quite evident that the steady
state conductor temperature values (measured and estimated)
have a very good agreement, The maximum error in estimated

values is only + 3 %, which is within tolerable limits,

All the possible parameters were considered to
minim&se this error but we could only succeceed in reduc-

ing it  to + 3%.

Another very interesting fact was observed during
estimation of conductor temperature that the difference
between TCM and TC
small for lower currents.

is more for higher current and very very

We do not find any reasonable answer to explain
this error but in our opinion one of the reasons for this
error may be that the saturation curves obtained donot fully

follows the exponential 1law as given by the expression

- -t/
T, =T, (1-e7"" )

Though these curves seem to be exponential, but on
re~plotting on log-linear scale, the plot is not a straighf

line. This curve should have been a straight line as .we
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2, Now coming to the transient thermdl performance of
the cable ; the thermal circuit was solved using the method
as discussed in section no.2:2 and it was noticed thot the
time constant of cable betWeeh conductor insulation and
surface is coming out to be only 16 minutes. Detailed
solution of the circuit is given 1in appendix..l.. Thié
value is somewhat less the value of time constant calculated
from the measured data., From the measured data the time
constant is approximately 36 minutes. The above mentioned

fact may also be responsible for this difference,

3. The short time loading , emergency loading and S.C,.
loading were estimated and verified by experimental results
and its was observed that experimeantal results confirmé the
estimated value ( table no../.”2.). Due to restricted facili-
ty we could only conduct the short circuit test for_a moxXie-

mum 1200 Amp.

8.2 Cable Buried Directly in Ground

1. From the results of the experiments performed when
cable was directly buried in ground at different depths the

following points were noticed:

(a) The estimated steady state conductor temperature,
taking cable surface temperature as reference, show
a very goéd agreement with the measured values of

conductor temperature &n all cases,



(b)
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The estimated conductor temperature T, , taking

earth surface as réference, had shown some dis-

agreement. In same cases it is coming very close

to the measured values, For verification please

see the results for 200A c¢urrent when cable was

buried at 0,5 meter depth and soil condition wasg

dry, table‘no..ési.L, whereas in other cases the

values are quite different'from the measured values,
One of the reasons for this is that fhe

soil resistivity decréases with increase in % moisture

contents in the soil and hence the soil thermal

resistance also decreases. If we take the new dec-

reased value of R we are sure that we will be

soil
getting the results within + 5% error of the measured
values. One set of calculation has been done for

for confirmation ( Please see section3.24and

appendix ...8 ... for details ).

Another Teason may be that the back filling
of earth after laying the cable was not done in a

packed way; it was loose soil which was filled in

~the trench, which could have formed some air pockets

in the back-fill, The air in these air pockets would
have moved upward after warming due to heating of
cable surface and its place would have been token

by moist earth. This phenomenon WOuld have a cooling

effect on the cable surfece. The faqt was evident
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after a few days without rain by the collaps of
the top surface of the pit by about 20~30 cms.

This face is responsible to produce consi-
derable error in the measured value of conductor
temperature, and in the saturation time as evidenced

by the result of fig. (6°®») and ( 64 ).

2. The thermal circuit for cable buried directly in
ground was also solved and.it was observed that there is
huge differenée between estimcted value and measured value
of time constant. The estimateatfor 0.5 meter depth is
coming out to be 142 hours , while the measured velue
is only 90 minutes. Inspite of our best efforts we were

not able to ekplain this difference,

3. The short tlme loadlng‘capa01t1es of burled cable
will be the same as that of the eable in air because 1t is
to be dec1ded by the portlon of the ‘cable Wthh is- in the
air, at bo‘th end of the cable EB!O:[ and hence it was not

verlfled 1n the case of burled Clee.

The emgrgenoy 1oading test’was. pérforméé‘énd it was
observed fig(7-2 ) and ( 7+& ) thot the duration eond
emergency loading capacity of the cable in air is less as
compared to thet of the cable buried_direqtly~due'tb the -
;fadt that the thermal capacity of the soil is very large as‘
compared with the éir._This fect is also evident during deca§
'of-cOhductor~temperature(when loading is brought5to-its normal

rated value ). -
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CHAPTER=-Q

SUGGESTIONS FOR FUTURE WCRK

’

1. From the experimental results obtained fig(5.3) it
it clear that the error in calculated value of
conductor temperature vary with cable loading. To

e¥plain this fact further investigations are needed.

2, The fluctuations in readings when cable was directly
buried in ground, possibly due to the effect of loose

back filling, also require further investigations.

3. The effect of exposed portion of the buried cable

on the final temperature also needs to be studied,
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APPENDIX -~ Ay

SPECIFICATION OF AUTO TRANSFCRMER

TDIVMMER STAT®

Continously Adjustable Auto transfermer

Three phase, 0il cooled.
T'y'pe e 00 200D""6T
S.No... T 374/2324

Connection for maximum out put equal to input voltége:—
Input at Aq

A, A3 eos U415 Volt, 3 0 , 50 c/s
Output at By , E, E, ,.415 Volts

Connection fof output voltage 13% higher than maximum
iinput voltage :-

Input at B, BQ B3 ees W15 Vo,ts , 3 8, 50 c/s

Output at E, E, Ez o.. 0-470 Volts

Output Current ... 200 A/phase

Manufactured by

M/S Automatic Electric Pvt, Ltd., Bombay.
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APPENDIX ... Ao

SPECIFICATIONS OF 3~-PHASE STEP DOWN TRANSEFCORMERS

Confirms to B.S S 171/1959 _
S .NO [ ) 703 TYpe NO [ 3N}
KVva, = 53 FREQUENCY -50 c¢/s

VOLTS H.V = 400

LV, = 9o~
AMPS HV, = 76

L.V. = 3400
PHASE : HV, = 3

LIV' = 3 )

"Manufactured by : POWER ENGINEERS CALCUTTA.

Supplied by : M/S Scientific Sﬁpplies and Services,

P~39, Princep- Street, Calcutta,

. ,}‘."'?"
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APPENDI-X.. oA%

SPECIFICATICN OF R,T.D.

These sensers are made of platinum

R.T.D. confirm to IS 2848: 1965 and B,5.S, 1904:1964,

Fundamental interval : 38,50 Ohms

s Length = 150 mm
Dimensions : Width = - 8 mm
: Thickness - 2 mm

Termination ¢ Direct leads are taken oui. PTFE coated silver

plated copper leads
Maximum Temperature : 0.- 180°C

Resistance accuracy : 0.1 Ohm at °C and 0.25 Ohms at 100°C
as per DIN 43760 |

‘Insulation Resistance : More than 50 M - Ohms

Lead Lengfh ¢ As desired

H.V..Strength ¢ More than 2KV r.ms

Other test specifications: confirm to IS 2848

Element s Single

Bridge configration : Three wire
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APPENDIX - A
CABLE SPECIFICATIONS

Type ¢ 3 % Core P.V.C., Insulated and sheathed armoured

cable
Nominal Area of the Conductor = 150 mm®
Nominal Diameter of the Conductor = 15.68 mnm
Thickness of conductor insﬁlation T = 1.8 mm
Thickness of belt insulation t = 0.3 mm
Thickness of the outer sheath 'T, = 3.0 mm

D.C.,Resistance of the Conductor

(Maximum allowable at 20°C ), R 0.,2090 Ohms/Km

20

>Approximate overall diameter of the
cable = Ly |7 mm
, . = 44,7
Outer Rgdius of the sheath rs = == mm

= 22,35 mm
Inner Radius of the sheath 1, = 22,35 - 3.0

= 19.35 mnm
-Thickness of the armouring i.e, 'T,* = 32 mm

2
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APPENDIX R
CALCULATION OF THERMAI RESISTANCE OF CONDUCTOR

INSULATION IN A MULTI CORE BELTED CABLE

| The emprical formula for. calculating thermal resis-
tance of the conductor insulation in a multi core belted

cable 1is given below s

| ~ R o
_ ; 0.2t | 1.1t T+t o4 ]
Rins E%;— {wp.ss + == | . 1n !(4 15 - === ) ( = )+1j

As per cable Specifications;

= 6,5 °C -n/Watt.

t = Thickneés of belt insulation = 0.3 mm
T = Thickness of conductor insulation = 1.8 mm
Radius of the conductor .= 7.84 mm

N
L]

putting these values in above formula we get,

-

_ 6.5 "N 0.2 x 0, 3}- e 1.1%x0.34 1
Rins "'""'27: %_?.85 + ——T__—B "_g in f- (4.15 - 1.8 )( 7,814'
o + 1.0]
_ 6.5 -
= 57? 0.8833 1In (3.967x0.2678) + 1.0
= _9—2 X 0.8833 x 0.7239
2N
= 0.662 Thermal Ohms/m. . . .
from the mechanism of heat flow

Effective value of the Riypg
Fig.( 3»1 ) will be 1.5 time of the calculated value

1.5 x 0.662

R,
ins

0.993 Thermal Onhms/m

.8+0.31 |

)
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APPENDIX ~ C
CALCULATION OF THERMAL RESISTANCE OF OUTER

SHEATH AND BELT TINSULATION

(1)  The thermal resistance of outer sheath 'R_..'

0S
is given by
&1 T2
ROS -T— lrl r1 o-o(’])
As per cable specification in Appendix.

r, = 22,35 mm
ry = 19.35 mm
gy = 6.5°C~m/Watt (Assumed) putting these values

in (1) we get

)}

22435

= BsD
Ros = n. 35358

0S

2
0.1492 Thermal Ohms/mt .,

Similarly, thermal resistance of belt insulation will be:

_ 6.5 Y3
RiS "é"“"""' ]_n rL“ ---(2)
Where, r; = Outer radius of the belt =19.35-3.00 =16.35 mm
r, = Inner radius of the belt=16.35-0.3 =16.05 mm -
« m = 6.5 . 16.35
v+ Tis 5 * 76,05

= 0,01917 thermal Opms/ mi
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APPENDIX ~D

(a) CAICULATION OF EFFECTIVE A.C. RESISTANCE OF THE
CONDUCTCR ' '

As PFR ISS 1554 (Part I) the d.c. resistance of the
conductor for our cable dimeﬁsions9 RZO = 0,2090 ohm/km
at ZObC. Now this value of RZO must be multiplied by co-
rrectign factor due to temperature rise (Ft ), correction
factor due to skin effect (F_ ) , correction factor  due
fo proximity effect (Fp ) and correction factor for lay of
the cable (Fe ). So.the effective a.c, resistance at 8°c
will be | | |
- RE = Ry
For our case,

FS = 1,1, Fl = 4,02 and Fp = Small can be neglected

CszprxFeth ohm/Xm B

o« e RQ = RZO X 1.1 x 1,02 x Ft

0.,2090 x 1,1 x 1,02 Ft Ohm/Km

= 0,2345 x Ft Ohm/Km

The value of Ft for various temperature can be
selected from ISS 1554(Pt.1) and effective a.c., resistance

can be found'
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(b) ESTIMATION OF CONDUCTOR TEMPERATURE . T,

Case I : When cable was laid on lab floor.
The phase current = 100 Amps.
From saturation curve the maximum conductor tempera-

ture (measured ) = 48.2°C

. . Rug = 0.2345 x 1.112 = 0.261  Ohm/Km

«"+ The heat produced by each conductor

H = I°R = 2.877 Watts

. 3H = Total heat = 8.631 Watts.

8, =T, -T; =3HxR__

= 8.631 x 0,1493% = 1.29°C

8 = 'I‘2-T1 = 3H x Ris

8.631 x 0.,01917 = 0,165°C

@
il

TC-T2 = Hx Rins

2.877 x 0.993 = 2.857°C

U

. . Estimateq conductor temperature
T, = 42.5 + 1.29 + 0.165 + 2.857
| (as T, =42.5°)

.o T, = 46,81%
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But measured value of conductor temperature

= / 0
TCM 4g.2~C

. pu - — O
. . TCM - TC - 48.2 - 46.81 - 1.38 C

Case II :-= When cable was laid above the floor (approxi-

mate 45 cms above )

- - o}
For I = 1004, T __ = 48°%

. . R48 = 0,2345 x 1.112 Ohm/Knm

0.261 - Onm/Km

Heat as calculated in case I

H = 2.877 Watté

.. 3H =8.631 Watts
.. 8 = 8.631 x 0.1495 = 1.29%
1 - |
;) = 8,631 x 0.01917 = 0.165°C
m2 i
8, = 2.877 X 0,993 ° = 2.857°C
3 .

. o Eastimated conductor temperature

TC = 43,2 + 1,29 + 0,165 + 2.857

(as from table T = 43,2° )
3 _ O ‘
e o TC - 47051 C
) - )
and  Tay 48~C
e e Tay - To = 0.,49°C
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APPENDIX =~ E

)

soil

CAILCULATION FOR THERMAL RESISTANCE OF‘SOIL (R

Assuming thermal resistivity of soil in our case,

e = 1.1 °Cm/Watt
know that ‘ '
: g ~ 2h
Reoil = TR -
I =:= Depth of Burial = 0.5 meter
... h =,50‘+ overall radius of %he cable
= 50 + 2.235 = 52,235 cns
r2 = 2,235 qms
R._i7 = LI N N 2 x 52,235
Set 2 I 2,235

= 0,673 Th. Onhms/m

II := Depth of Burial = 1.0 meter
h

= 100 + 2,235 = 102.235 cms
_ 1.1 102.235
. D e 1T _ I Rl
soil > N ' 2.235

= 0.721 Th. Ohms/m A
CALCULATION FOR CONDUCTOR TEMP. FOR BURIED CABLES:-
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Case I :- Depth of burial = 0.5 meter

(i) considering cable surface as ref :

Roonda = Rso = 0,26 Ohm/Km
I = 150 AMP
o Heat = I°R =5,85W
. 8, = 3x 5.85 x 0,1493 = 2,62 °C
| 1. -
8, = 3% 5.85 x 0.01917 = 0.336 °C
5 ,
8 = 5.85 x 0,993 = 5,809 °C
3

Measured T 40.8°C

+ o Estimated conductor temperature To

= 40,8+ 2,62 + 0,336 + 5.809
= 49,56 °C -

A _ . - @
‘TCM_ TC bl 4908 - L}'9 '56 - 00235 C

(ii) Considéring the earth;surface as  ref:
Temp. -drop in the soil = 3H x RS
= 0.673 x 3 x 5.85
= 11.81 %

oil

e o+ Estimated conductor Temperature

To =T, + 11.81 + 2,62 + 0,336 + 5.809

29.5 + 20.576
50.076 °C
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APPENDIX=F

EFFECT OF MOISTURE ON SOIL RESISTIVITY :- )

After calculation, the conductor temperature (taking
earth surface as reference for the observations taking
after rain ) it was found that the estimated conductor
temperature is 64.781°C as compared to the measured value
of 60,2°C, This difference is due to heavy rain, the
moisture contents in the solil has increased and hence the

thermal resistivity decreases,

The value selected as 1.1 °C-m/Watt was for dry

soil, The new value can be obtained as under :

T, =T @‘ s@; + em1 . am2 + emz

o o 60,68 = 27,5 + 8o * L. TH7 + 0,609 + 10,525
= 43,381

+
@
1M}

o
60.68 - 43,381
= 173
17.3

%%f% = 0,544 Th. Ohm/m

° a‘ 82 = BSOil

i

- & 2 x 52,235 _
« ® 5 Iin 2.235 - 00544

e . g = 0.88 °“C-m/Watt
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APPENDIX - G

(a) ESTIMATION OF CONDUCTOR INSULATION THFRMAL CAPACITANCE: -

From Appendix ° A * We have

Di = Diameter of the conductor

"

Inner Diameter of the insulation

U

1.568 cms.

D = Di + 2 Thickness of the insulation

1.568 + 2 x 0,18 = 1,928 cms,

[ ]
N
)

.. D2 - DT = 1.928° - 1.568° = 1,25856

Putting this value in equation (3.12) we get.

Cins = 00,0474 x 1,25856
=.0,0597  WH/°C -m

- 0.06 WH/CC=m

(b) THERMAL CAPACTITANCE OF CONDUCTOR

From Appendix ° A*A‘ we have

D, = 1.568 cms

' 2
e

.. D 2 ,458624 om®

U

Putting this value in equation no (3.13) we have

Coond = 0,05345 x 2,4586

0.1314 WH/ °C -m
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(c) THERMAL CAPACITANCE OF NEUTRAL COND.

* 1
¢ CN 2 Ccond

= % x 0.1314 = 0,0657 WH/°C-m

(d¢) THERMAL CAPACITANCE OF ARMOURING

From appendix ( A ) we have,

Inner Diameter of the armouring

= Inner Dia of outer sheath ~2 Thickness of armouring

Di = L’l‘.l""? -0.6 -006 =3-27 Cmc

Outer diameter of armouring

D, = 3.27 + 0.6 = 3.87 om
N NI 2
.*. D =Dy = L.28% cm

From ref | B6 ]

Specific heat for steel = 0,113 Cal/gm- °C

Specific density for steel = 7.8
. _ 2 2 o}
. o Ca = - (De -Di ) X 7.8 x 0.113 Cal/ Cwcn

'}"" .
= ~ﬁL x 4,284 x 7.8 X 0,113 x 110 Cal/°C-n
296,41 Cal/ °C-n

296 .41 } v /0
= TS 3o - Qe3445  WH/TCen

0.3445 WH/°Cwn

it

]
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(e) THERMAL CAPACITANCE OF INNER SHEATH

From appendix ° A e We have

Inner diameter of the inner sheath

Outer Diameter of the inner sheath = De

D; + 2 thickness of the belt insulation

. «D, =1.568+ 0.06 = 1,628 cm
- 2 2 '
. . De - Di e jl 03982

Putting this value of (D2 - D% ) in equation (3.12)
we get

0.047h4 x 1.%982
0.06633 WH/ °Cenm

Cis

i

(£f) THERMAL CAPACITANCE. OF OUTER SHEATH

From appendix A We have

Outer diameter of the sheath = De = 4,47 cms
Inner diemeter of the sheath = Dy = 4.47 - 0.6
. Di = 3,87 cms
] 2 2 _
. » De - Di = 5,004

. . 2 2 . .

Putting this value of (De - Di ) in equation (3.12)

we have
Cos = 0,04744 x 5,004

0.2374 WH/ °Ce-nm
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APPENDIX - H

CALCULATION OF EARTH THERMAL CAPACITY

Depth of Burial = one meter
From equation (3.14) we have

Thermal capacity of Soil
2

@ = 0.039 (D =D°, ) WH/ %Cem
D, = 204,47 cms
D; = 4.47 cms
Q == 0,039 (204.472A- b2 )

= 1930 WH/ °C-m

The actual thermal capacity which is effecting the .hest

flow lines will be [[ from fig. (34 ), heat flow mechani~

sm . equal to 1/3 Q approximately, So,

Q = %X 1930 = 643,35 WH/ °C-m
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APPENDIX —w= L

SOLUTION OF THERMAL CIRCUIT

From Appendix Bﬁf‘,.ﬁl.,E.,.é.aH We have

R.o = 0.22 Thermal Ohm/m | '
R s = 00,1493 Thermal Chm/m

R = (0,01917 Thermal Onk/m

Cins = 0.06 x 3 = 0,18 WH/®cen

Coong = 0e1314 x 3 = 0.3942 WH/°Cum

Cy = 0.0657 WH/%Cem

C, = o,3445 Wi/ °C-m

Ci. = 0.06633 WH/C-m

C,; = 0.237h WH/C-n

For solving the thetmal circuit of fig.( 32 ) let

‘us first findouout the value of P. Ve know that

1 1
£ R %
2 In / R™ /.2 -1
1 | 1
) 555 35 2
22,30 22432
2 In =7E% ( =555 ) -1

]
O
W
=~
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Now lumping the parameters of the circuit to get the
circuit shown in fig. ( 25 )

C = C

1 cond +.C

* P Cins * Cis )

N
= 0.3942 + 0,0657 + 0,34( 0,06633 + 0.18)

0.5436 WH/ °Cwm

Co = C, + Cos +(1 =P )(CiS + Cins )
== 0.3445 + 0.2374 + 0.66(0.06633 + 0.18)
= 0,744 WH/ °C-n
812 = 4.164 (as Rﬁz = Rins + Ris ) mho/m
55 = 6.698 (as R, = Ros' ) mho/m

Now putting these wvalues in equation

]

2 =
Lo 512, Bt S R O R R
2™ C2 Tl C2 CTC2

| T ' 2
4,16k 4 4, 164+6.698 +t (4,164 + 4.164+6.695 )

- A i

0
nj—
T

I 164 % 6.698 |
O Thh % O BL3E

' 2
1 \ 1 _
=5 ( 7f66 + 14,599 ) + \in (7.66 + 14.599 ) 68,96

]

11,13 4 7 41 = 18,54
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.Similary§

1| S12 - 812 %52 % S12 82 *S2 542 52
b = -é- ME.... + = = ( g + = )é:. |
| 1 2 - ;A 1 2 C1 02*2
= 11 013 - 7.41 = 3072
and ™ i
PR . R B R A =
.1 - !f;.;..,_.l..m - 3.72 (0,24 + 0,493 ) |
18,54 ,=3,72 L 0.5436 _j
= 0 0067 ( 1 08396 - 1 -448 )
= 0,026
. _ T ' » 3
B = ..._.Ls.._. e L._j.___ - 2 ( 1 + m.nl.__. ) [
(a =b) Cq S12 Sg-

- 0.067 ( 1.839% - 7.217 )
= 0,36
So; the solution of the circuit will be
86 = HA }(1_e-at 3o+ HB ( 1;e-bt )

-3.72 t
B = 0,026 (1-e~ 1824 ) + 0,361 ( 1-e

So, the time constant of the cable

= «%4 = el = 16 minutes

3,72
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APPENDIX -

CAILCULATIONS OF SHORT TIME LOADING
FACTORS AND SHORT TIME CAPACITTIES

Case I := Cable is at no load
From the temperature rise Vs time curve for rated.

current we have , fig (5.4)

(i) for t = 1 hr T =25%, T, = 38.1°C
"""':_L“'"'"
* _\.m  _ 338.1 -
LI} n “‘l T = "’2’5" 1.23[4~
. Shbrt time current rating = 253 Amps
(ii) for t =2 hrs, T = 36°C

.« « Short time current rating = 217 Amps
(iii) for t = 3 hrs T = 37.6°C

n =_l%$é% = 1,0066
“+-» Short time current rating = 206 Amps

(iv) t =4 brs T =16.6%C

_138.1 _
n —lm 1 .515

. « Short time current rating = 310 Amps.



Case- 1T
Cable
(1) t
n
Short
(ii) t
n
Short
(iii) t
n
Short
(iv) t
n
Short time
CasE;III
Cable
(1) t
n

Short time

85

initially loaded to 75% of the rated value

is
S R . o _ o
5 hrg T 29.6 °C T, 38.1 °C
129.6 ,
time current rating = 232,58 Amps
© = 1 hrs T = 34,8°C T, = 38.1°%
; 38‘1 = -
| X‘ Shiy ) = 1,046
time current rating = 214.5 Amps
'=2nrs, T =37.4% T =38,1°%
- i%%%% = 1.0093
time rating = 207 Amps
=3hrs T =37.9%C T =38.1°%
e a——
=l 2 = 1.0026

current rating = 205.5 Amps

is initially loaded to 50% of the rated value

= ] - 0 — o)
=4 brs T =20.4°% T =38.1%
=\28 = 1.367

current rating = 280 Amps,



1

(i1)

(iii)

(iv)

86

1 hrs T = 28°%

53
1

s e At

n = l(égél )= 1.167

Short time current rating =

L}

t 2 hrs T = 36,

J 36 .4 :

Short time current rating =

+ 3 hrs T = 37.7

384 _
n -X:%;;;: 1.0053

Short time current rating

t3

m

. 239 Amps
4 T

m

210 Amps

% 7T
m

= 206 A

ti

38.1

38.1°C

38.1
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