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Fig. 7.50 Cables temperature sensitivity curves at different bedding thermal
conductivity values (15 kV cable system)
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Fig. 7.51 Cables temperature sensitivity curves at different upper backfill thermal
conductivity values (15 kV cable system)

7.6.3.3 Effect of Heat Generation on the Cable Temperatures

The allowable heat input increase is directly proportional to the maximum allowable
steady state cable temperatures as can be noted from Figure 7.52 and Figure 7.53. This is
consistent with previously shown cable systems, which had the same relation of heat
generation with cable temperatures. The effect on the side cables is almost the same,
which was found to be 6.26 (W/°C.m?). This rate is higher on the middle cable which is
about 6.56 (W/°C.m?).
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Fig. 7.53 Sensitivities of cables temperature to heat generation (15 kV cable system)

A comparison between both PFE and CFE in all cases shows high matching between both
results, with the advantage of PFE due to its flexibility and low computation time as well
as the additional information of the temperature sensitivity. From the shown results, it
can be stated that the soil has a dominant impact on the cable temperatures among all
other parameters. The rate of temperature reduction due to bedding thermal conductivity
increase is much more than that achieved by increasing backfill thermal conductivity.
Because the simulation procedure for various parameter variations does not involve
repeated finite element analyses, the results can be obtained very quickly, and displayed
in an efficient, straightforward manner. Since only one nominal finite element analysis is
required, a larger element grid can be employed, allowing even more accurate modeling.
In the proposed cable system, 13851 nodes are implemented in the solution domain

discretization, where a computation cost reduction was effected for this configuration
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design assessment.

7.6.4 Optimization Performance

The developed optimization generated gradient model will be used to optimize the cable
parameters of the previously demonstrated cable systems. For this cable system, the high
cable operating temperatures found to be 101 °C, will be reduced to a more reasonable
temperature of 75 °C. The same shape of objective used in the previous cable systems for
the purpose is used in this case, and the objective function can be described

mathematically as follows:
Minimize » (7, -75)°

st

IA

k <6 (7.8)

mother _sol

IA

0
0 kbeddmg bf
0< h

IA

upper bf

where T, is the internal conductor temperature of the cable i.

Using the developed optimization-finite element sensitivity approach, a solution is
obtained at k omerson = 1.0087 WA °C. m), k bedding =2.5914 W/ °C. m), k ypper backfii =
3.0996 W/ °C. m), which satisfies the provided constraints for which the objective
function has the minimum value of 1.35867 °C 2. The thermal field for this system was
evaluated at the new optimized parameter using the finite element approach as shown in
Figure 7.54. The iteration numbers required to reach the objective point are shown in
Figure 7.55 where it can be noted that at the sixth iteration the desired objective was
almost achieved with relatively high accuracy. In this complicated configuration that
employed a very large intensive grid, the great advantage of the develop model is clearly
detected. In this case, at each single iteration, a linear system of equations with 13851

unknowns needs to be solved.
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Fig. 7.55 Error versus iteration numbers (15 KV cable system)

Maximizing the allowable load that a cable can carry for a maximum permissible
temperature on the cable conductors is again addressed in this case. This can be described

mathematically by:

Minimize - Z 0,
(7.9)

st T, <90
khezlz/mg bf = 6

where Q;is the heat loss inside conductor i, 7 is the total number of conductors and 7 the

internal conductor temperature.
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Bounding the cable temperatures to not exceeding a certain allowable temperature,
imposes nonlinear constraints on the thermal circuit parameters which are to be
optimized. The gradient of the nonlinear constraint functions is considered. Heat
generations are controlled in the nine conductors which are defined in the objective
function (Q;,...,09), and the trench thermal conductivity that represents the medium
contains all three cables. As was expected, the trench thermal conductivity value was
driven up to its maximum allowable value as defined at 6 W/°C. m), as increasing the
trench thermal conductivity allows more heat dissipation and helps in maximizing the
allowable generated heat. The maximum allowable heat generation associated with each
conductor numbered as labeled in figure 7.54 is shown in Table 7-20. These values are
consistent with the effect of the mutual heating between conductors. For example, cables
2 and 3 have the least allowable heat generation since they are the most affected
conductors by mutual heating. Then cables 6 and 8 are affected, and finally cables 5 and
9. The thermal field solution at the optimized parameter is shown in Figure 7.56, where

the maximum cable temperatures are almost equal to the upper limit constraints.

TABLE 7-20: OPTIMIZED PARAMETERS FOR 15 kV, CABLE AMPACITY

IMPROVEMENT
Optimal Parameter Cable
Parameter Cable No. Value Temperature °C
Backfill Conductivity
WA °C. m) N/A 6.0000 N/A
1 12.05 90.0000
2 11.92 90.0000
3 11.92 90.0000
4 12.85 89.9999
CablpeV/Ln‘q’sseS 5 12.88 89.9999
6 12.58 89.9999
7 12.85 90.0000
8 12.59 90.0000
9 12.89 90.0000
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CHAPTER S8
CONCLUSIONS

8.1 OVERVIEW

The proposed perturbed finite element analysis provides a fast sensitivity methodology,
based on the finite element model, to assess the cable thermal performance subjected to
variations in the cable thermal circuit parameters. In this regard, the finite element
sensitivity analysis method was used successfully to predict the thermal field under
varying soil specifications and loading for a practical underground cable system in a
multilayered soil. Furthermore, the model was used to investigate the cable performance
indices of interest with respect to variations in the cable thermal parameters, where it
accommodates most of the thermal parameters and the ambient conditions. The
sensitivity information is useful not only in evaluating the cable ampacity subject to
various parameter changes but also in determining the important and non-important
parameter variations in term of their relative effect on the cable temperature and
ampacity. The sensitivity information of the proposed technique is not limited to the
cable temperatures only. In fact, the proposed model solves the thermal field at the
nominal point and provides the associated sensitivity values for each node on the solution

domain.

The sensitivity technique is general and can be applied to any cable system configuration.
The work presented in this thesis was intended to show the capability of the perturbed
finite element sensitivity technique to deal with complex system configurations. In this
regard, various applications of practical cable systems were presented with diverse
specifications (single core and three core), installations (directly buried and laid in a duct
bank) and applications (transmission level and distribution level). The technique reduces
significantly the amount of analysis and computation, and avoids numerous finite element
analyses required to simulate various parameter changes. Because the simulation
procedure for various parameter variations does not involve repeated finite element
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analyses, the results can be obtained by a very fast and compact scheme and displayed in
an efficient, straightforward manner. Since only one nominal finite element analysis is
required, a larger element grid can be employed allowing even more accurate modeling.
As it was shown in the body of this thesis, 13851 nodes were implemented in the solution
domain of the 15 kV, CU/XLPE/SWA/PVC cable system, and a tangible computation

cost reduction was utilized for a complicated configuration design.

A comparison between both perturbed finite element and conventional finite element
solutions was performed to show high matching between both results, where the
perturbed finite element method was distinguished by its flexibility and low
computational cost. The maximum deviation was noted to be less that 0.2% for a 10%
increasing in the soil thermal conductivity. This shows the capability of the proposed
perturbed finite element sensitivity analysis on capturing the trend of the cables
temperature with respect to the thermal parameters variations, even in the case of a
complicated cable system and boundary conditions. Consequently, the perturbed finite
sensitivity method solves the thermal field just once (at the nominal case) and uses the
derived sensitivities to calculate the new thermal fields over various sets of circuit
parameters changes within +10% from the nominal values. It is worth mentioning that

this range is based on the most sensitive parameters such as thermal conductivities.

The applications of the technique to a variety of cable systems have shown that the
sensitivity values have a different characteristic associated with each parameter. One of
the important findings is that the heat generation has a direct relation with the cable
temperature (constant sensitivity). Nevertheless, for each group of parameters (i.e.
thermal conductivity, heat generation), the individual parameters belonging to the same
group have a common sensitivity characteristic which is governed by the heat equation.
The behaviour of each individual parameter is governed by the tradeoff among the
parameter associated configuration and the nominal value of the parameters. The

sensitivity results have shown that the variations of the thermal conductivity of the soil
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would affect the cable temperatures more than variations of other parameters. As would
be anticipated, the lower the thermal resistivity of the mother soil, the greater the
allowable heat input from the cable. Manipulation of the mother soil thermal conductivity
by means of the backfilling soil will result in a big reduction of cable temperatures. The
influence of the backfilling soil was illustrated for different configurations including
multilayer backfilling soils. The potential benefits to be achieved, through development

of backfill and bedding materials with low thermal resistivity, were shown.

Also, this thesis has demonstrated the use of nonlinear optimization, in conjunction with
finite element thermal field analysis, as well as sensitivities of the cable temperatures to
thermal circuit parameters. This optimization procedure combines the conventional finite
element method with sensitivity analysis in one interactive simulation approach to attain
an optimal design of selected cable thermal parameters. The technique offers flexibility in
defining objective functions of interest subjected to upper and lower bounds on the
design parameters, linear system of equations constraints, or nonlinear constraints. The
technique allows the selection of thermal circuit parameters as well as the cable
temperatures in the objective function and constraints. It implements the proposed finite
element thermal analysis to evaluate the cable temperature and its sensitivity with respect
to optimized thermal parameters at each iteration. Therefore, the objective and constraint
functions and their gradients respectively could be accurately evaluated, so that a secure
and reliable design could be achieved based on accurate gradient search direction. The
generality of the developed model algorithm and its capability of handling complicated
problems, from both a configuration point of view as well as objective function shape,
were demonstrated by analyzing different practical cable systems covering a wide span of

practical applications, as demanded by power utilities.

The developed optimization generated gradient model was used to improve the cable
thermal circuit design of various practical cable system configurations. The obtained

results showed that we were able to reduce cables temperature by more than 25% of their
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high operating temperatures. Also, we were able to increase the maximum allowable load
that the cable could carry without exceeding the permissible temperature. This would
increase the cable current carrying capacity and enhance the overall cable performance.
The model was also applied for economical purposes, where the cost of the backfill was

minimized subject to a temperature constraint.

Allowing the objective function and constraints to be implicit in terms of temperature, as
encountered in many practical problems formulation, opens the door for more design
flexibility. But on the other hand, it causes the problem to be a nonlinear optimization
where the objective and constraint functions are related to the parameters, which have to
be optimized by a partial differential equation. In order to avoid sacrificing model
accuracy by simplifying the parameter-temperature relationship, the accurate finite
element method is used to calculate the objective function value. In such circumstances,
where the finite element is part of iteration procedure, the calculation cost in each
iteration step toward the optimal parameters is considerable. The efficient finite element
sensitivity method employs an accurate search algorithm in order to ensure a secure
optimization procedure. This will also result in reduction of overall computation costs by

reducing the number of iteration steps required to achieve the optimal parameters.

In addition to the numerical investigation, the thermal behaviour of the underground
cables directly buried in soil was investigated experimentally. A full size experimental
setup was constructed and instrumented in order to analyze the behaviour of 15 kV XLPE
underground power cable. The existing underground thermal behaviour experiments
focus on monitoring the cable temperatures, for which we have investigated a large scale
experiment set including cable backfilling with intensive thermocouple probes grid. The
probes are not only mounted on the cable, but distributed in the surrounding soil, in order
to investigate the effect of each parameter on the cable thermal field. This will ensure a
highly accurate representation of the cable thermal model. The developed experimental

model was simulated using the proposed thermal finite element tools and the obtained
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results were compared with the experimental results to validate the developed simulation
methodology. A good correspondence between both experimental and simulation results
was obtained. The thermal field was observed at different loading scenarios (300A and
600A). The effects of load overheating on the adjacent soil and on boundary losses were

highlighted, and parameters investigation was performed for each case loading.

The thermal resistivity of the backfill is one of the important parameters that can
influence the cable system thermal behaviour. The results showed a high dependency of
thermal resistivity on the operating conditions. It was shown that the laboratory
measurement, in the absence of intensive load heating, is not sufficient. Investigation for
cases under intensive thermal fields is strongly recommended. When the cable is loaded,
the soil around the cable is affected strongly by the intensive thermal field more than the
far soils. Consequently, more deviation in their thermal resistivity will be expected.
Moreover, in this experimental work, sensitivity analysis was presented to predict the
thermal field of the tested cable due to load variation around the maximum loading. The
obtained results revealed that the finite element method is quite suitable as numerical
solution for thermal field analysis of underground cable systems. Sufficient investigations
of the thermal parameters supported by experimental measurements, as was shown in this

work, could lead to better analytical modeling, and therefore more accurate results.
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8.2 KEY CONTRIBUTIONS

1.

Unlike the conventional methods of power cable thermal analysis based on the
Neher/McGrath method and the subsequent more detailed methods that have
appeared in the literature, including those using the traditional finite element
technique, the work of this thesis takes the concept of finite elements one step
further by perturbing the finite element formation and, hence, deriving sensitivity
coefficients directly from within the finite element numerical solution structure.
Therefore, these sensitivities are both very fast in computations and general in
nature as they encompass all known parameters of cable, soil, trench and
atmospheric conditions representing complex boundaries and non-uniform media

around the cable.

The successful derivation of the finite element sensitivities opened the door for
subsequent utilization of such sensitivities as gradients of an objective function in
a general framework of power cable performance optimization. Therefore, based
on the work of this thesis, it is now possible to perform non-linear optimization of
cable performance indices using the more accurate finite element method, without

sacrificing the modeling accuracy.

Some computational and software programming aspects of the present work are
also considered new. For example, the derivation and use of the so-called zonal
sensitivities allows lumping specific groups of media patches around the cable,
that are of interest to the power cable engineer, for the derivation of the associated
sensitivity information. Also, the linear nature of the sensitivity expressions
allows very fast computations to predict the resulting impact on cable
performance indices (including its ampacity) due to combined, relatively small,
variations of several cable design and/or operating parameters without repeating

the finite element analysis.
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8.3 IDEAS FOR FUTURE RESEARCH

The proposed sensitivity model is based on first order sensitivity. In spite of the high
achieved accuracy using first order sensitivity a higher order sensitivity could have

benefits.

The proposed model provides a fast sensitivity methodology, based on the finite element
model, to assess the cable thermal performance subjected to variations in the cable
thermal circuit parameters. An extension to this developed model to include the
variations of geometrical parameters is an interesting possibility for future work. It may
involve an assessment of other practical cases that of interest to power utilities such as

the effect of the spacing between the cables.

The same line of research may also be applied to other numerical solvers such as finite
difference, finite volume and boundary element methods. In this regard, the added
sensitivity and optimization features could be very promising where different unique

advantages related to the nature of each method may be gained.
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APPENDIX A

Variational Calculus

The calculus of variations provides the bridge between what we are already familiar with

and the statement of the problem that is required for the finite element formulation.

A simple problem in the theory of the calculus of variations seeks to find a function u(x)

that minimizes the integral

I= j @ (x,u(x),u'(x)) dx (A.1)

x=0

In this section the prime on u' will denote differentiation with respect to x. Observe that ¢
is a function of both u(x) and u/(x). In this simple problem we will also specify the value

of u(x) at x = 0 and at x = L. That is, we will require that

u(0) =u, and u(L)=u, (A2)
To find u(x) we are going to consider every function that satisfies equation (A.2). From
all these possible functions we will be seeking the one that gives [ its minimum value.
This set of possible functions may be represented simply by # (x, ), where
U(x,e)=u(x)+en(x) (A3)
The function u(x) is the desired function that will minimize 7 and ex(x) is called variation

of this function. The function # and u are shown in Figure (A.1). The function #(x) is

completely arbitrary but smooth function of x except that we must insist that
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7(0) =0 and 7(L)=0 (A.4)
u
A
w | o _____
l
|
|
en(x) :
i (x, €) :
|
u(x) l
|
|
Uy ! -
v X
0 L

Figure A.1 Desired vocational solution u(x) and trial function & (x, &)
to ensure that all the # will have the correct value at x = 0 and x = L. That is, we want
1(0,6) =u(0) and u(L,g)=u(L) (A.5)
so that equation (A.2) will be satisfied.

Notice that the function we are seeking is included in the complete set of possible
functions given by equation (A.3). The desired function u(x) is the one in the complete
set which has ¢ = 0. That is, from equation (A.3)

U (x,0) =u(x) (A.6)

We will also need to consider the derivative # (x, &) with respect to x. This may be

obtained by differentiating equation (A.3) to give
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7'(x,0) =u'(x) + £n'(x) (A7)

Now let us consider the integral that is obtained by replacing u(x) and '(x) in equation

(A.1) with i (x, €) and @#'(x, ¢). That is, let us consider

I(e) = [o(x(x),i'(x)) dx (A3)

x=0

Observe that this integral is a function of ¢ since it will still appear as a parameter after
the integration over x is carried out. Also notice that when ¢ = 0 the integral in equation
(A.8) reduces to the integral we started with in equation (A.1) because # (x, €) = @ (x)
when ¢ = 0 as given by equation (A.6). This means that we want /(¢) to have a minimum

when ¢ = 0.

To find minimum of I(¢) we must first differentiate it with respect to €. Since the limits of

integration are not functions of ¢, we may use Leibnitz’s rule to write

dl(g)

1O 12 o) s (A9)
2 2o

og

X

The chain rule of calculus may now be employed to give

(A.10)

I ~ ~
de) (| 2208, O 0u ),
de ou oe ou Oeg

x=0

From equation (A.3) and (A.7) it follows that
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o ou' dn(x)
_— d —_—= = —
P n(x)  an e n'(x) e

There for equation (A.10) may be written as

dle) _ 't | op dp dn(x)
> _jo [ O j|dx (A.11)

The second term may be integrated by parts to give

L L

di(e)y 't op op d| dp
= — dx + | —— - ——= | dx
il - n(x) 1) [ e o=

(A.12)

From equation (A.4) we see that the integration term vanishes at both its upper and lower

limits. Thus, upon recombining the two integrals, equation (A.12) reduces to

di(e) _
de ou dx\ouw

| n(x)[a—(o—i(%jj‘ dx (A.13)

X

We will now insist that this be equal to zero when ¢ = 0 so that /(0) may be a minimum.

Thus

dl(¢) . dp d( dp

N = ==\l dc =0 A.14
de |, X;‘; n(x)[ ou dx\ou' ( )

Observe, from equation (A.1) that # has become u because ¢ has been set equal to zero.
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Since #(x) is arbitrary, the term in brackets must be zero to ensure that this integration

will be zero. Therefore, for 7 to be a minimum

Op_d[091_y (A.15)
du dv|ou’

This differential equation is called Euler-Lagrange equation. Its boundary conditions in
this simple problem are given by equation (A.2). The solution u(x) to this differential
equation will be the function that minimizes the original integral in equation (A.l).
Consequently, in the finite element method the problem will be cast as integral to be

minimized, and we will use a numerical approximation of integral to obtain a solution.
Finite Element Formulations

The first step is to break up the region of interest Q into E elements, each element specify

by nodal points as shown in Figure A.2.

Yk

Y

Y

v
~

X, X Xy

Fig. A.2 Finite element triangular for two-dimensional grid
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To evaluate the integral in equation (3.23), it will be broken into E sub-integrals over

each of the E elements. That is, we will consider

E
J=TY 41D 4., G L ® =Zl(e) (A.16)

e=]

In order to evaluate the elemental 7 ), the temperature T within each element will be
approximated using unknown node temperatures. If linear triangular elements are used,
the temperature 7 within each element varies linearly in the region defined by the three

corner temperatures. This may be expressed as

T(x,y)=c/ +csx+c5 Y (A.17)
or in a matrix form

T¢=p'c’ (A.18)
where

p'=[1 x y] and ¢ =|c,

consequently, the integral I © over a typical finite element e is given by

1o (oreY  (oreY
(T =1 -1 = Eij{k(—) + k[?y—J ] dxdy— JJ'Q T¢ dxdy (A.19)

Ox
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The coefficients c;,c; and ¢3 may be evaluated by insisting that 7° be equal to the node

temperatures 7, 7,and T} at the vertices of the element. Thus we would have

T =P°¢° (A.20)
T I x

where T°=|T, and P°=|1 x, y,
T, I x, »

The constants ¢ may then be found by multiplying equation (A.20) by the inverse of P°
which will be assigned as R® = (P)

¢ =R°T* (A.21)

xjyk_xkyj xkyl—xzyk xlyj—xjyl
where Rz ii—| -y, Vi Yy

X — Xy X,

where we have adopted the shorthand notation that x,, = x, —x;.

This result may be substituted into equation (A.18) to arrive at the following expression

for the temperature distribution within the element

T°=p"R°T* (A.22)
It can be observed from equations (A.16) and (A.19) that the integral / which has to be
minimized is a function of nodal temperature. Consequently, to minimize / we have to set

its derivative with respect to each of the nodal temperatures to zero:
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dil
ﬂzf’zk___g_:o (A.23)
dar dr dr

where T represents a vector of M node temperatures, that is

7 7 ]
T, ;
dl
L ar |
T=\T, and —=| L
7
; ar | %
K dT,
dl
_TM N | dTy |

From equation (A.16) the integral / can be computed as a sum over the small elements,

and could be written as

dl £ dI° Edre Edlf
pa zdl‘ - zd;_zﬁg (A.24)

e=]

e |5

|

where
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For a particular element specified by nodes i, j and k, it can be deduced that ;° and [’
will be functions of the three corresponding temperatures 7,, 7, and T;. Consequently, the
partial derivatives of ,° and I,° with respect to all other nodal temperatures will be zero,
and to avoid working with all these zeros we will consider an M*3 displacement matrix

and a 3x1 column matrix containing only the particular element nodal temperatures.

0 00
0 00
1 0 0|« ithrow 4
dl° ‘
D=0 1 0|« jthrow and =L
dr° !
0 0 1|« kthrow a-
000
0 0 0]

We can then write

al” _ pe 4l (A.25)
dr dr’

and equation (A.24) can be rewritten as:
d & dlf Lodl; &, dl

“ D¢ = D+ _N'pe—_& A.26
dT ; dr’ ; dar¢ 62:1‘ dare¢ ( )

Each term in equation (A.26) will be computed separately and substituted again into
equation (A.26). We are now ready to rewrite the function /;° defined in equation (A.19)
by assuming the element is small enough so that the thermal conductivity can be taken to

be a constant over the element
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.k od (oY (artY
I = 29!“&){@”6&@ (A.27)

Equation (A.22) may be differentiated with respect to space and then substituted into

equation (A.27). The matrix p is the only matrix in equation (A.22) that depends upon
location within the element

= _”[ px ReTe py ReTe ]dxdy

(A.28)
dp’ dp’
where T=——=l0 10 and T=——=l0 0 1
This can be differentiated with respect to each of the three corner temperatures
dle e Tpe )l e e Tpe \!
j p'RT)pIRe ) +2(p"R* T¢)p'R* )" |dx dy (A.29)

We may interchange the order of multiplication in equation (A.29) and then take the
transposes of p,' R® and p,’ R® to arrive at

d

_ [4 el T e e el T e e ]
=k !J[R p.pi R T +R* p,plR°T* |dxdy (A.30)

In equation (A.30), R® and T® are independent of the space. Therefore they may be
factored out of the integral to give
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dl'fﬁ kR (H(Pxpi + pypi)dxdy] R T (A31)
2:
00 0 000
where  [f(p.p! + p,p})drdy=[[l0 1 0|dxdy=0" |0 1 0
o @lo 0 1 0 0 1

and QF represents the element area.

This integral can be multiplied by R®" and postmultiplied by R® to give

A _ e (A.32)
dre

where the element conduction matrix is given by

2 2
e 4e xjk +yjk —(xthjk +y1kyjk) xljxjk +yyyjk
Ke _ k A 2 + 2 _ )
- (x V. =X,y )2 X T Vi (xyxzk +y1jy1k
vk RS symmetric X, +y,

Equation (A.32) can now be substituted into the first term of (A.26) to give

al, (A33)

E
- EDK T

It will be helpful if we relate the nodal temperature of the element, T°, to the entire set of

nodal temperatures T. This can be done by using the displacement matrix D°

T - DT (A34)
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and by substituting (A.34) into(A.33) we get

E
e _ ypke DT (A35)
dT e=1

It is now convenient to define a global conduction matrix as

K

E T
2. DK* D (A.36)

e=1
Then equation (A.35) may be simplified to

A . (A37)
dar

This is the final result that we need for equation (A.23). Now let us consider I, which may

be written for element e from (A.19)

12 =0° [T dxdy (A.38)
o

In writing this we have assumed that the element is small enough so that the generation
rate may be taken to be uniform and moved outside the integral. However, substituting

equation (A.22) into (A.38) gives

2= [[pTR T drdy (A.39)
o
This can be differentiated with respect to each of element nodal temperatures T*
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d];_ e TR dyd A.40
dre‘Qﬂ“’ )" dxdy (A.40)

Transposing p’ R° and recognizing that R® is independent of the space, the following is

obtained:

dI; e eT e e ET e

=R [[p acdy=0°4R p; (A.41)
QE

T
X, +X, +Xx +y, +
Where piz{l i J k y: yj ykjl

3 3

The matrix multiplication in equation (A.41) is carried out to give

el (A.42)
are - © ’
eAe 1
where g°= Q3 1

Equation (A.42) may now be substituted into the equivalent second term of (A.26)
dI E
— 8 = D¢g® A.43
= Z}: g (A.43)

If we now define a global generation vector as
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E
g= > Dg’ (A.44)
e=]
equation (A.43) reduces to
g _
—=g (A.45)

Finally equations (A.37) and (A.45) may be substituted into equation (A.23) to give

dl
—=KT-¢=0 A.46
74\ & ( )

This is a set of algebraic equations which has to be solved for the nodal temperatures T.
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APPENDIX B

Sample of experimental results sheets

Experiment #4
Filled container /loaded cable

Figure:

Notes

(0 sef (I
T . oagzes 7 uidhen ot Eiam
Ip - Qz‘ﬁ Kﬁt“f'd“‘zj
Np = 1y.08 \/

Exveriment #4 Filled container /loaded cable
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A 29.8 (279 |28\ | 282 [ 293 28.C| 28.8|28.9 |29.1 |#1.%

17 B 303 | 204 (203 | 2363 (2100 [ 2.0]3L%132)% 3.6 [32p

C 23.8123.6 1243 | 2391280 |28 2| 18.y | 28.6 |28 ¢ '27.0

A 265 268 [ 26,9 [2%0 (232 [2F 4135 (1237|280 (263

19 s | ! ! 1T 11 1 "t {1

C 26.6 | 143 1269 [23.0 |22 [2%.3 |23.5 [7H¢ |279 (28.2

18 A 284 | 20.6] 28.7 | 289 | 27.2 |29-3 |29.5 | 296 |22.9 301

B 343l 2y.5134.6 [3¢.F 350 [26.90135.2 (35,3 |35 F 360

C 238|219 138.0 | o€ |28.5 | 28,5 28.% 78,9 129.0 293

B-near wall 26.5 | 26.C |26 | 26.9 |20 | 2%2 (213 |11 H | ¥ 280

B-inside 26.5126.¢ (26.F (269 |23 |13~ 257 135|238 28.0

Cable surface 42.5\%2.7 [92.3 | 429 | 43,0422 43.0 [4%.6 | 44.0 H4.4

Cable 4y.51 443 [44.7 (49 | 44.8 [45.2] 450 456 [46-0  46.3
insulation ]

151 2y 25} %S L. %64 260 Ep 1F.0 17y
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A Pho |47 24224 | 2Y.) (295 [24.5 245 | 245 24,9
17 B 26 [ M- Hag. 7250 (251 |26.3 [26.2 (2.3 26,5 2%.0
C 246 | 24.029.6/ 4.6 1245 1246 |2+ 246 | 2y5 250
A |[22¢ (23-6123.7 123 8 [a3.¢ 122.4 |23.6 |93.F | 23.6} aw.2
19 B
C__121g [33-%123.91929 122.4 224 123.8/193.8 | 23.8] 240
18 A _[24029.0]2%0 |29.0|2M.0[2y.5 | 2.6 248 | L. pac s
B 24.0 |2y Rl2s € 2,3 2.5 [29.1 |29.2 |93 | 9.6 .2
C Yot 124.7 |2Y.2 (243 [ay ) | 28.4 (348 245 | 24.5 24,9
B-near wall 22 ( |R3.6 |23.6 [2%.6 [22.5 |23.5[32.¢ [23.4 | 92.¢ 229
B-inside 2351 23.2123.6 123.6 [33.5|23-6 |23.¢ |22.6|R3.6 219
[ Cable surface 242310 22.7 BF |35 |36.8 |BF3 |33.% | 3B.0 328,
Cable 2y.3]32.9 34.625.6 | 370 |38.6 | 39.3 |37.8 | 40.0 | ¥4
insulation -

maa W 25 2L 2.4 ALE B azg s | n3

Experiment #4 Filled container /loaded cable
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(Experiment #3
Filled container /unloaded cable/Thermal gradient driven by heat
sourcéand heat sink

t

Figure:

Experiment #3 Filled container /unloaded cable/Thermal gradient driven by heat source
and heat sink
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FExveriment #3 Filled container /unloaded cable/Thermal gradient driven by heat source
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-  may
A 1233121906 [3y.6|R5.C] YT K | 944 |45
17 B 780 | 26.8 z{.j I3.3127.2 1’_{}.,3 9‘2-1 2.7 26.9
C 6.4 76.6 1344 270 (6.8 | 2h0|26,8 1268 1766
A 12391244 |04.F 2431 20.8) 24,8 1 24F | 4.7 244
19 B X
C_ 1oz 2%c|W%d 26 26.4 &% 26.41%.3
18 A o 24.5 4. 8124.8 349 2L 8124.F | 2y, 3 47
B 12%9 |27.8 |23} [a*0]|2F.{[2Y.0 27D | 26.2]2.5
C 2‘:1 26:5 ?‘6.6 2‘«6 2.?’ 26, 26.8 2, Qd.q
B-near wall 25.2.125-2(95.6 |25.3(25. 5 |24 ¢ m’.’g 25.3135.3.
X e
B-inside 25.3125.3/95:¢ |25.-3 /2G5 | 255]95.4 | 85.2]258
Cable surface 3.2 (264966 (26.6136-6106.6 24,5 24.4]263 o
Cable 233|264 26.¢ |18.6 |26.6 W | .3 | %3
insulation

Fxneriment #3 Filled container /unloaded cable/Thermal gradient driven by heat source
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Laboratory Setup Photos
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APPENDIX C
Saudi Electricity Company Data Sheet /Riyadh cable 132 kV

FROTT=— PHONE NO. - Aug. 15 20808 92:22A11 P1

Spec -5/18 - 717-4-$-0312
. y2 T .
. R RN § ECHN!(}&L DATAEQR. . e r——
g 132kV 1000mm* XLPE CABLE o %
e DB 2,
NS E S e = (LS
T¢mNo] 77" Description Unit | SCECO Fedhmica
5 Requirement Data
1 Current camying capacity under
following installation and operating
conditions;
- Max temperature on msulation °C 80 90
- Ground temperature °C 35 35
- Ground resistivity °Com/W 4 200 200
- Depth to top of cable cm 150 150
- Cable spacing (axis to axs) cm Max.40 40
- Load factor 100% 100%
o ___|-Backfiresistvity __________._____ _[CemWiT 200 | __: 200 ____
2 Maximum d.c resistance of conductor
per 1000m of completed cable
- at 20°C 1000mm? Q 00177 00177
S S & O tooomm? | Q@ (¢ 00227 | __00227
3 Minimum a.c resistance of contuctor ~
<o |Per 1000m of completed cable at 90°C______ I U SRR SU. 1.
4 Inductance when laid in close trefoil formation | mH/Am 0.39
Inductance when laid in flat formation spacing mH/AKm 0.70
______ las perno.l i -
5. Equivalent star reactange per m of
. |threephasecircutatéOz __________ | ] 7o N SR S 1“7
6 |Nominal electrostatic capacitance to neutral
s [per 1000m of complgted cable at900C | F L ________ fo L2407
7. Maximum charging current per 1 conductor
per 1000m of completed cable at nominal
______ voltage o _____________}oA_ Lol 88
8 Maximum drelectric loss of cable per m of
3-phase circurt when laid direct in the ground
_____ _{atnominal voltage, nominal frequency at 90°C W L _____ 1 ___. 16
2 Sheath loss of completed cable per m of
3-phase circuit at nominal voitage, nominai
frequency at current rating given in ltem 1
gbove W 37
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Aug. 15 2000 82:23AM P2

228

PHONE NO.
Spec .5/16 C 717-4-5-0312
-.-dlermeNo- ~Désenption R Unit- SCECO Technical
Requirement Data
10.  |Total losses when cable loaded as in item.1
ceaanBROVE L} KWim | 53.8
1" Maximum value of tagent of dielectric loss e e L L TP
angle of cable at nominal frequency of 60Hz
- at 20°C at nominal voltage 0 1%
- at 90°C at nominal voltage 0.1%
______ |- 21 20°C at 200% of riominal voltage . _ 0.1%
12.  |Maximum change in tangent of dielectiicloss | | | """
angle between nominal voltage and 200%
<e-—--{Nominalvoltageat20°C_ _____ ___ - 0.05%
-.13.__|Relative dielectic constant at20°¢c ___ SRS S 1; 25
.14 |Averageelectricstress_ || RvAm | ] 43 _ o7
15, jCanductor short cireuit current carrying
capacity for 1 second when cable loaded
as in ltem 1 before short circuit, and final
- m-—__jconductor temperature of 250°C_ ________ | __ kA _ L. Mindo_ | 144____ .
_ 16 __{Minimum insulation resistance at20°C L N, S— 250 ____
.17 __|Minimum insulation resistance at 90°C____ { MOQAm ) | 108
_18._ _|Volumeresistivityat20°C | _ Qom | ___ | 2.5x10%
_.19._ |Volume resistivityat9o’C _____________ | _ oem | o 10x10%
__20.__|A.Cwithstand test on finished cablelength | I kV/min. | 1 - 190730
21.  [Measured discharge leyel on finished cabie pC less than 5
oo flength e e
--22.__|A.C breakdown voltage ontestsample | KVimin. { 1 _ 400kv/1sec __
__23 _|impuise breakdown voltage on test sample __| | kVino. | _ ]S 980KV/1st___
24, [Metallic screen short cifcuit current carrying
capacity for 1 sec cable loaded as in Itemn. 1
before short circuit, and final sheath
______ temperature of250°C_ __ _ ___________.L_kA | Min40_ | ___436_ ____
25,  |Cable embossing
- Manufacturer's name Yes
- Year of manufacture’ Yes
- "Eleciric Cable 132,000v" Yes
- Maximum size of characters mm 13 13
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PHONE NO. Aug. 15 2088 B2:246M P

717-4-8 0313

Spec -$/16
e T CONSTRUCTION DATAFOR— - '! [ @
132kV 1000mm’ XLPE CABLE
ltem No Description Unit SCECO Technical
Requirement Data
1. __[Nominal voltage, phase to phase K I 132 132
2. Conductor :
- Matenal Copper Copper
- Cross section area mm? 1000 1000
- Form and shape Compacted Segment
o - Qutside diameter mm Nom. 38.5
3. Minimum thickness of conductor screen mm 1.2
4. Minimum thickness of XLPE insulation mm 17.0 17.0
5. Minimum thickness of insulation screen mm 1.2
6.1 [Swellable conductive tape
- Material Swellable Polyester
Tape
- Thickness ’ mm 08
62 {Metallic screen
- No. of wires 65
- Dia. of wire 23
- Materal Coppsr
- Cross section mm? 270
6.3 {Swellable conductive tape
- Material ’ Swallable Polyester
: Tape o
- Thickness mm 0.5
6.4 |Aluminium foll barer **
- Thickness mm 0.2
- Cross section mm? Approx.80
- DC resistance at 20°C {Ukm 0.473
7. ___|Nominal thickness of oversheath mm__| 4.5
_..8.__ |Overall diameler of cable mm 17.0 Approx.105
Nett weight of cable a kg/m Approx.18.0
10. _ |Nominat drum length m__| 500,
11, {Minimum radius of bend
- Laid direct or in air m 20
idbin ducts m 2.0
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No. Description Material Thickness{mm}

1 [Canductor Annealad Copper Wires Nom 38 5
(4 Segmental Compacted Round)
2 IConductor Binder Semi-Conductive Tape a.5
3 |Conductor Screen Semi-Conductive XLPE Nom 1.L
4 |insulatien XLPE Mom.19 0
5 |Insulaton Screen Semi-Conductve XLPE Nom. 1.5
8 [Longrudinal Water Bamer  [Swaliable Polyester Tape 0.8
7 |Metallic Shield [Copper Wicas{2.3f x §5) Norm.2 3
8 lLongiudinal Water Barrier  [Sweilable Polyestes Tape 0.5
- 1 9 {Radlal Water Baitier Bothstde PE coated AL.Foil 035
| 10}Outer Covering HDPE(Slack) with Graphite Coating Nom.4 5

L——Marking

{Ref. Dra.No. 717-4-C-5327}
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Saudi Electricity Company Data Sheet /Jeddah cable 380 kV

>
L

CONMSTRUCTION DATA FOR 380 kY OIL-FLAiED POWER CABLE

'Ra‘\ed Voltage between phases KV 380
Nurrber of core 1
Sectional area ¢f conductor sq mm 1600
Material Plain annealed copper
Conductor Shape 6-segmental with hollow
details
Diameter of conductor (nom.)mm 533
Material Stainiess steel tape and
Conductor atenia carbon black paper
binder Stainless steel tape : 0.10x1
Thickness {nomJmm | caibon black paper . 0 15x1
Conductor |, , Carbon black paper  015x1
screen Thickness {nom )mm 911
Thickness (min.Jmm 20
Insulation
Number of papers {approx.) 144
, " Carbon black paper 0.1
msulalion frs
: Mertailized paper C.1
screen Thickness {nem Jmm Carbon black paper : 0.15
Copper-woven fabrictape- Q05
Material Lead-atioy sheath
lMe-_al Thickness (min.ymm 37
Sheath
| Diameter over sheath {nom Ymm 106
Material Stainless steel tape
Reinforce- N -
ment Bedding matena! Nan-woven fabric tape
Thickness (nom )mm {Stainless steel tape O 15x2
Anti- Material PVC
corrosion
jacket Thickness (min.ymm 31
Diameter of completed cable (nom )mm 119
Weight of completed cable (approx Ykg/m 41
D C. resistance of conductor 60173 v -
at 20°C {max )aum 01a
~ Pev “ore
Capacitanice at 20°C (max ) F/km 0 3564
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Larbon black paper

_._Carbon hiack pape

380k Lx1600ad, COPPER-CONDUCTOR, PAPER~-INSULATED,

LEAD-ALLOY SHEATHED AND PVC JACKETED OiL -FILLED CADBLE

Conducter

Stainless steel tape

Insulatang papes o
__Carbos black pper

1) Intercalated

Yelalhzed paper

Copper-voven fabric tape

1ead alloy sheath

~Mon-soven fobric tape

\ .
7\ Z :
\ ~ Ohtawnlesy steel tage

Non-voven fabric tape

~.
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