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Fig. 7.49 Effect of variations in upper backfill conductivity on the cable 
temperatures (15 kV cable system) 
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Fig. 7.50 Cables temperature sensitivity curves at different bedding thermal 
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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.m2
). This rate is higher on the middle cable which is 

about 6.56 (W/°C.m2
). 
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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: 

n 

Minimize ~)~ -75)2 

st 0~ kmother ~6 (7.8) 
soli 

0~ kbeddmgbf ~6 

0~ hupperbf ~6 

where T1 is the internal conductor temperature of the cable i. 

Using the developed optimization-finite element sensitivity approach, a solution is 

obtained at k mother-sozl = 1.0087 WI( oc. m), k beddzng =2.5914 WI( 0 C. m), k Upper baclifill = 

3.0996 WI( 0 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. 

181 



-0 .65 

-;:: -0 75 0.. . 
Q) 

"D 

E 
Q) 

u; 
>-. 
(f) 

Q) 

-0.8 

~ -0.85 
0 

-0.9 

-0 .95 

PhD Thes is- M. Al-Saud - McMaster University - Electrical and Computer Engineering 

·-......,_ 

'·, ..... 
.......... 

·\. 
·· .. ,\ 

-0.2 -0.15 -0 .1 -0 .05 0 0.05 0.1 0.15 0.2 0.25 
Cable system width 

Fig. 7.54 Temperature solution at optimal parameters for temperature reduction 
(15 kV cable system) 

182 



1800 
Q) 

:J 

C1l 
> 1600 
c N"" 0 0 u 0 
c ";' 1400 :J 
4- :J 
Q) C1l 

.2:: > 
u C1l 1200 
Q) E B 
0 "E.. 
Q) 0 1000 .c Q) ...... .c c ...... 
Q) ""C 
Q) c 800 
~ C1l 
a; .:::c. 
..0 c 
Q) 0 600 u ...... 
c ~ 
~ Q) 
Q) ...... 
:t ...... 400 
""C C1l 

Q) 

.c 
I- 200 

0 
0 

PhD Thesis- M. At-Saud - McMaster University - Electrical and Computer Engineering 

~ 
' 

~ 
' 
' 
I I I I 

--- --- +-- -- -- ~--- --- -:------ -:----- -- +- ----- ~ ---- -- -:- ---- --:-- -- -- -r-- ----
' ' 
' ' 

I I I I I I I I I 

- - - - - - ~ - - - - - - ~ - - -----:- ------~ ------~ -- - - - - ~ - - - - - - ~- - - - --- ~ ------~ --- - --
I I I I I I I 
I I I I 

' ' ' I I I I I I I I I 

- - - - - - .£. - - - - - - .J - - - - - - -1- - - - - - - L.. - - - - - - .&. - - - - - - .J - - - - - - ~- - - - - - - L.. - - - - - - L - - - - - -
I I I I I I I I I 

I I I I I 
I I I I 

' ' ' I I I I I I I 

-- -- -+- ----- ~--- --- -:---- ---:- ------ r- -- --- ~---- -- -:- ------:------ -r-- -- --
I I I I I I I 
I I I I 

' ' I I I I I 

I I I I I I I I I 
- - - - - T - - - - - - , - - - - - - -,- - - - - - -,.. - - - - - - " - - - - - - , - - - - - - -,- - - - - - - ,.- - - - - - - r - - - - - -

I I I I I I I I I 

' ' ' 
' ' 
' ' I I I I I I 

- - - - - ~ - - - - - -~ - ------:- ------~ ---- -- ~ - - - - - - ~ - - - - - - ~- ------~ ------~ ------

' ' -\ --- -t ----- -1--- ----i---- ---( ----- -t- -- -- -1------ -i- ------ l------ -r ---- --
I I I I I I I I I 

I I I I I I I I I 
I I I I I I I I I 

- - - - - T - - - - - - , - - - - - - -~- - - - - - - r- - - - - - - T - - - - - - , - - - - - - ., - - - - - - - r- - - - - - - r - - - - - -
I I I I I I I I I 

I I I I I I I I I 
I I I I I I I I I 

' I I I I I I I I 
5 10 15 20 25 30 35 40 45 50 

Iteration number 

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: 

11 

Minimize -I Q; 

(7.9) 

st T; ~ 90 
k ~6 bedding ~f 

where Qi is the heat loss inside conductor i , n is the total number of conductors and Ti 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 (Q1, ... ,Q9), 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/(0 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 

Parameter Cable No. 
Optimal Parameter Cable 

Value Temperature °C 
Backfill Conductivity 

N/A 6.0000 N/A 
W/( 0 C. m) 

1 12.05 90.0000 
2 11.92 90.0000 
3 11.92 90.0000 

Cable Losses 
4 12.85 89.9999 

Wlm 
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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8.1 OVERVIEW 

CHAPTERS 

CONCLUSIONS 

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 k V, CU/XLPE/SW A/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. 

2. 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. 

3. 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. 

192 



[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

[10] 

[ 11] 

[12] 

[13] 

[14] 

[15] 
[16] 

PhD Thesis - M. Al-Saud- McMaster University- Electrical and Computer Engineering 

List of References 

M. A. El-Kady, "Optimization of power cable and thermal backfill 
configurations," IEEE Transactions on Power Apparatus and Systems, vol. PAS-
101,pp.4681-4688, 1982. 
M.A. El-Kady, J. Motlis, and K. MacKay, "A knowledge base system for power 
cable design, " IEEE Transactions on Power Delivery, vol. 5, pp. 449-455, 1990. 
G. J. Anders, M. A. El-Kady, R. W. Ganton, D. J. Horrocks, and J. Motlis, 
"FICAG A user oriented utility program for ampacity calculation of power 
cables on a desktop computer," IEEE Transactions on Power Apparatus and 
Systems, vol. PWRD -2, pp. 289-295, 1987. 
C. Garrido, A. F. Otero, and J. Cidras, "Theoretical model to calculate steady­
state and transient ampacity and temperature in buried cables," IEEE Transactions 
on Power Delivery, vol. 18, pp. 667-678,2003. 
J. H. Neher and M. H. McGrath, "The calculation of the temperature rise and load 
capability of cable systems," AlEE Trans. (power apparatus and systems), vol. 
76, 1957,pp. 752-772. 
I. Kocar and A. Ertas, "Thermal analysis for determination of current carrying 
capacity of PE and XLPE insulated power cables using finite element method," 
presented at Electrotechnical Conference, 2004. Proceedings of the 12th IEEE 
Mediterranean, 2004. 
"Calculation of the continuous current rating of cables (100% load factor)," IEC 
standard, publication 287, 1982, 2"d edition. 
"Determination of rating for underground and aerial Cables," NELA publication 
28, March, 1932. 
"Current carrying capacity of impregnated paper-insulated cable," EEl publication 
A-14, 1933. 
"Guide for wartime conductor temperatures for power cables in service," IPCEA, 
January, 1943. 
D.M. Simmons, "Cable geometry and the calculation of current-carrying 
capacity," AlEE Trans., Vol. 42, pp. 600-615, 1923. 
D.M. Simmons, "Calculation of the electrical problems of underground cables," 
The Electric Journal, Vol. 29, No.9. pp. 395-426, 1932. 
H. Goldenberg, "The calculation of cyclic rating factors for cables laid direct or in 
ducts," Proc. lEE, Vol. 104, Pt. C, pp. 154-166, 1957. 
H. Goldenberg, "The calculation of cyclic rating factors and emergency loading 
for one or more cables laid direct or in ducts," Proc. lEE, Vol. 105, Pt. C, pp. 46-
54, 1958. 
"IEEE standard-Power cable ampacity tables," IEEE (1994) Standard 835. 
M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "Accurate assessment of 
thermal field and ampacity of underground power cables," Proceedings of IEEE 
Canadian Conference on Electrical and Computer Engineering, Ottawa, Canada 
May,2006,pp.651-654. 

193 



PhD Thesis - M. At-Saud- McMaster University- Electrical and Computer Engineering 

[17] M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "Application of finite-element 
sensitivities to power cable thermal field analysis," Proceedings of Sixth 
lASTED International Conference on European Power and Energy Systems 
(EuroPES 2006), Rhodes, Greece 2006, pp. 149-154. 

[18] M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "Power cable thermal field 
sensitivities using finite-elements," Proceedings of lASTED International 
Conference on Power, Energy and Applications (PEA 2006), Gaborone, 
Botswana, September 2006, pp. 159-163. 

[19] M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "Optimization of power cable 
thermal performance using finite-element generated gradient," Proceedings of 
Ninth lASTED International Conference on Power and Energy Systems, 
Clearwater, Florida, USA, January 2007, pp. 63-68. 

[20] M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "Advanced thermal field 
sensitivity analysis of power cables," Proceedings of IEEE Canadian Conference 
on Electrical and Computer Engineering, Vancouver, Canada, April 2007, pp. 
133-136. 

[21] M. S. Al-Saud, M.A. El-Kady, and R.D. Findlay, "Experimental investigation of 
power cable performance," Proceedings of International Conference on Power 
Engineering, Energy and Electrical Drives, April 12-14, 2007, Setubal, Portugal, 
pp. 595-599. 

[22] M.S. Al-Saud, M.A. El-Kady, and R.D. Findlay, "Preparation of Future Practical 
Engineers - Case Study: Laboratory Experiments on Power Cables," Proceedings 
of 7th Saudi Engineering Conference (SEC7), 26-28 November, 2007, Riyadh, 
Saudi Arabia (accepted). 

[23] M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "A novel finite-element 
optimization algorithm with applications to power cable thermal circuit design," 
IEEE Power Engineering Society, 2007 General Meeting, 24-28 June 2007, 
Tampa, Florida USA, Paper# 07GM0891. 

[24] M.S. Al-Saud, M.A. El-Kady and R.D. Findlay, "Combined simulation­
experimental approach to power cable thermal loading assessment," lEE 
Proceedings-Generation, Transmission and Distribution (accepted for 
publication, revision is underway). 

[25] M.S. Al-Saud, M.A. El-Kady and R.D. Findlay, "Finite-element sensitivity 
analysis for power cable thermal performance optimization," IEEE Transaction 
on Power Delivery (T-PWRD) (submitted). 

[26] M.S. Al-Saud, M.A. El-Kady and R.D. Findlay, "A new approach to underground 
cable performance assessment," Electric Power System Research (accepted for 
publication, revision is underway). 

[27] M. S. Al-Saud, M. A. El-Kady, and R.D. Findlay, "Simulation of finite-element 
sensitivities for power cables in complex media," Proceedings of 18th lASTED 
International Conference on Modelling and Simulation (MS-2007), May 30 -
June 1, 2007, Montreal, Quebec, Canada, pp. 84-89. 

194 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

[28] N. Flatabo, "Transient heat conduction problem in power cables solved by the 
finite element method," IEEE Transactions on Power Apparatus and Systems, 
vol. PAS-92, pp. 56-63, 1973. 

[29] J. K. Mitchell and 0. N. Abdel-hadi, "Temperature distribution around buried 
cables," IEEE Transactions on Power Apparatus and Systems, vol. PAS-98, pp. 
1158-1166, 1979. 

[30] E. Tarasiewicz, E. Kuffel, and S. Grzybowski, "Calculation of temperature 
distribution within cable trench backfill and the surrounding soil," IEEE 
Transactions on Power Apparatus and Systems, vol. PAS-1 04, pp. 1973-1978, 
August 1985. 

[31] M. A. El-Kady, "Calculation of the sensitivity of power cable ampacity to 
variations of design and environment parameters," IEEE Transaction on power 
apparatus and Systems, vol. PAS-103, August 1984, pp. 2043-2050. 

[32] M. A. El-Kady and D. J. Horrocks, "Extended values for geometric factor of 
external thermal resistance of cables in duct banks," IEEE Transactions on Power 
Apparatus and Systems, vol. PAS-104, pp. 1958-1962, Agust 1985. 

[33] M.A. El-Kady, G. A. Anders, J. Motlis, and D. J. Horrocks, "Modified values for 
geometric factor of external thermal resistance of cables in duct banks," IEEE 
Transactions on Power Delivery, vol. 3, pp. 1303-1309, 1988. 

[34] G. J. Anders and H. S. Radhakrishna, "Computation of temperature field and 
moisture content in the vicinity of current carrying underground power cables," 
lEE Proceedings-Generation, Transmission and Distribution, vol. 135, pp. 51-62, 
1988. 

[35] C. C. Hwang, "Calculation of thermal fields of underground cable systems with 
consideration of structural steels constructed in a duct bank," lEE Proceedings­
Generation, Transmission and Distribution, vol. 144, pp. 541-545, 1997. 

[36] C. Hwang and J. Yi-Hsuan, "Extensions to the finite element method for thermal 
analysis of underground cable systems," Electric Power Systems Research 
Volume: 64, Issue: 2, February, 2003, pp. 159-164. 

[37] M. Moallem and R. Jafari, "Transformation method in the coupled FE magneto­
thermal field analysis," IEEE Transactions on Magnetics, vol. 34, pp. 3126-3129, 
1998. 

[38] M.A. El-Kady, F. Y. Chu, H. S. Radkrishna, D. J. Horrcks, and R. W. D. Ganton, 
"A probabilistic approach to power cable thermal analysis and ampacity 
evaluation," IEEE Transactions on Power Apparatus and Systems, vol. PAS-103, 
pp. 2735 2740, 1984. 

[39] Foty, M.S.; Anders, G.J.; Croall, S.C., "Cable environment analysis and the 
probabilistic approach to cable rating," IEEE Transactions on Power Delivery, 
vol.5, no.3pp.l628-1633, Jul 1990. 

[40] G. Buonanno, A. Carotenuto, M. Dell'Isola, and D. Villacci, "Effect of radiative 
and convective heat transfer on thermal transients in power cables," lEE 
Proceedings-Generation, Transmission and Distribution, vol. 142, pp. 436-444, 
1995. 

195 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

[41] J. Nahman and M. Tanaskovic, "Determination of the current carrying capacity of 
cables using the finite element method," Electric Power Systems Research 
Volume: 61, Issue: 2, March 28, 2002, pp. 109- 117. 

[42] J. Desmet, D. Putman, F. D'hulster, and R. Belmans, "Thermal analysis of the 
influence of nonlinear, unbalanced and asymmetric loads on current conducting 
capacity of LV -cables," presented at Power Tech Conference Proceedings, IEEE 
Bologna, 2003. 

[43] J. J. Desmet, D. J. Putman, G. M. Vanalme, and R. J. Belmans, "Modelling and 
sensitivity analysis of the thermal behaviour of cables for different current 
conditions," presented at 11th International Conference on Harmonics and Quality 
ofPower, 2004. 

[44] S. W. Kim, H. H. Kim, S.C. Hahn, B. Y. Lee, K. Y. Park, Y. J. Shin, W. P. Song, 
J. B. Kim, and I. H. Shin, "Coupled finite-element-analytic technique for 
prediction of temperature rise in power apparatus," IEEE Transactions on 
Magnetics, vol. 38, pp. 921-924, 2002. 

[45] G. J. Anders, A. K. T. Napieralski, and W. Zamojski, "Calculation of the internal 
thermal resistance and ampacity of 3-core unscreened cables with fillers," IEEE 
Transactions on Power Delivery, vol. 13, pp. 699-705, 1998. 

[46] G. J. Anders, A. Napieralski, and Z. Kulesza, "Calculation of the internal thermal 
resistance and ampacity of 3-core screened cables with fillers," IEEE 
Transactions on Power Delivery, vol. 14, 1999, pp. 729-734 

[ 4 7] H. J. Li, "Estimation of thermal parameters and prediction of temperature rise in 
crane power cables," lEE Proceedings-Generation, Transmission and 
Distribution, vol. 151, pp. 355-360, 2004. 

[48] H. J. Li, "Estimation of soil thermal parameters from surface temperature of 
underground cables and prediction of cable rating," lEE Proceedings-Generation, 
Transmission and Distribution, vol.l52, no.6pp. 849- 854, 4 Nov. 2005 

[49] H. J. Li, K. C. Tan and Q. Su, "Assessment of Underground Cable Ratings Based 
on Distributed Temperature Sensing," IEEE Transactions on Power Delivery, 
Accepted for future publication. 

[50] Q. Su, H. J. Li and K. C. Tan, "Hotspot location and mitigation for underground 
power cables," lEE Proceedings-Generation, Transmission and Distribution, 
vol.152, no.6pp. 934- 938, 4 Nov. 2005 

[51] N. Kovac, I. Sarajcev and D. Poljak, "Nonlinear-coupled electric-thermal 
modeling of underground cable systems," IEEE Transactions on Power Delivery, 
vo1.21, no.lpp. 4- 14, Jan. 2006 

[52] N. Kovac, I. Sarajcev and D. Poljak, "A numerical-stochastic technique for 
underground cable system design," lEE Proceedings-Generation, Transmission 
and Distribution, vol.153, no.2pp. 181- 186, 16 March 2006. 

[53] M.A. Hanna, A. Y. Chikhani, and M. M.A. Salama, "Modelling of underground 
cable systems in non-homogeneous soils," presented at 35th Midwest Symposium 
on Circuits and Systems, Washington, DC, pp. 381-384, 1992. 

196 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

[54] M.A. Hanna, A. Y. Chikhani, and M. M.A. Salama, "Thermal analysis ofpower 
cables in multi-layered soil. I. Theoretical model," IEEE Transactions on Power 
Delivery, vol. 8, pp. 761-771, 1993. 

[55] M.A. Hanna, A. Y. Chikhani, and M. M.A. Salama, "Thermal analysis ofpower 
cables in multi-layered soil. II. Practical considerations," IEEE Transactions on 
Power Delivery, vol. 8, pp. 772-778, 1993. 

[56] M.A. Hanna, A. Y. Chikhani, and M. M.A. Salama, "Thermal analysis of power 
cables in multi-layered soil. III. Case of two cables in a trench," IEEE 
Transactions on Power Delivery, vol. 9, pp. 572-578, 1994. 

[57] M.A. Hanna, A. Y. Chikhani, and M. M.A. Salama, "Thermal analysis ofpower 
cable systems in a trench in multi-layered soil," IEEE Transactions on Power 
Delivery, vol. 13, pp. 304-309, 1998. 

[58] G. Gela and J. J. Dai, "Calculation of thermal fields of underground cables using 
the boundary element method," IEEE Transactions on Power Delivery, vol. 3, pp. 
1341-1347, 1988. 

[59] J. Lyall, "Two dimensional modelling of three core cable transient temperature 
rise," IEEE Transactions on Power Delivery, vol. 5, pp. 21-25, 1990. 

[60] D. S. Freitas, A. T. Prata, and A. J. de Lima, "Thermal performance of 
underground power cables with constant and cyclic currents in presence of 
moisture migration in the surrounding soil," IEEE Transactions on Power 
Delivery, vol. 11, pp. 1159-1170, 1996. 

[61] G. Bontempi, A. Vaccaro, and D. Villacci, "Power cables thermal protection by 
interval simulation of imprecise dynamical systems," lEE Proceedings­
Generation, Transmission and Distribution, vol. 151, pp. 673-680, 2004. 

[62] G. J. Anders and M. A. El-Kady, "Transient ratings of buried power cables. I. 
Historical perspective and mathematical model," IEEE Transactions on Power 
Delivery, vol. 7, pp. 1724-1734, 1992. 

[63] M. Sakata and S. Iwamoto, "Genetic algorithm based real-time rating for short­
time thermal capacity of duct installed power cables," presented at International 
Conference on Intelligent Systems Applications to Power Systems, Proceedings 
ISAP, Orlando, Florida, 1996. 

[64] J. A. Williams, D. Parmar, and M. W. Conroy, "Controlled backfill optimization 
to achieve high ampacities on transmission cables," IEEE Transactions on Power 
Delivery, vol. 9, pp. 544-552, 1994. 

[65] P. Slaninka and V. T. Morgan, "External thermal resistance of power cable in 
nonuniform soil," lEE Proceedings- Science, Measurement and Technology, vol. 
139, pp. 117-124, 1992. 

[66] G. C. Thomann, T. Aabo, E. C. Bascom, Jr., A. R. Ghafurian, and T. McKernan, 
"A Fourier transform technique for calculating cable and pipe temperatures for 
periodic and transient conditions," IEEE Transactions on Power Delivery, vol. 6, 
pp. 1345-1351, 1991. 

[67] T. L. Jones, "The calculation of cable parameters using combined thermal and 
electrical circuit models," IEEE Transactions on Power Delivery, vol. 4, pp. 
1529-1540, 1989. 

197 



PhD Thesis - M At-Saud- McMaster University- Electrical and Computer Engineering 

[68] J. Luo; Y. Liu andY. Luo, "Temperature calculation of power cable conductor in 
real time," Proceedings of Electrical Insulation Conference and Electrical 
Manufacturing Expo, 2005, Indianapolis, IN, USA, 23-26 Oct. 2005, pp. 26- 29. 

[69] R. J. Millar and M. Lehtonen, "A robust framework for cable rating and 
temperature monitoring," IEEE Transactions on Power Delivery, vol.21, no.lpp. 
313-321,Jan.2006 

[70] H. C. Zhao, J. S. Lyall, and G. Nourbakhsh, "Probabilistic cable rating based on 
cable thermal environment studying," presented at International Conference on 
Power System Technology, (PowerCon 2000). 

[71] J. S. Lyall, G. Nourbakhsh, and H. C. Zhao, "Underground power cable 
environment on-line monitoring and analysis," presented at Power Engineering 
Society Summer Meeting, 2000, IEEE, 2000. 

[72] M. R. Sredojevic, R. M. Naumov, D. P. Popovic, and M. D. Simie, "Long term 
investigation of thermal behaviour of 110 kV underground transmission lines in 
the Belgrade area," presented at 14th International Conference and Exhibition on 
Electricity Distribution (lEE Conf. Publ. No. 438), 1997. 

[73] T. Saito, M. Nakade, T. Kano, and T. Ishikawa, "Development of a new program 
to estimate the conductor temperature of underground transmission cables in the 
buried ducts," presented at Transmission and Distribution Conference and 
Exhibition 2002: Asia Pacific, IEEE/PES, 2002. 

[74] B. J. Grotenhuis, J. E. Jaspers, A. H. van der Wey, F. H. de Wild, and A. 
Kerstens, "Increasing the capacity of cable systems using cable asset management 
based on thermal and mechanical properties," presented at 16th International 
Conference and Exhibition on Electricity Distribution, CIRED 2001, (lEE Conf. 
Publ No. 482). 

[75] J. A. Williams, J. H. Cooper, T. J. Rodenbaugh, G. L. Smith, and F. Rorabaugh, 
"Increasing cable rating by distributed fiber optic temperature monitoring and 
ampacity analysis," presented at Transmission and Distribution Conference, 1999 
IEEE, 1999. 

[76] M. Sankaran, C. Cooper, M. L. Dyer, and G. Karady, "Investigation of the heat 
distribution around cable ducts in a desert climate," presented at Power 
Engineering Society General Meeting, 2004. IEEE, 2004. 

[77] C. L. Cooper, M. L. Dyer, and G. G. Karady, "Investigation of the seasonal 
variation of ground thermal conductivity on high voltage cable ampacity," 
presented at Large Engineering Systems Conference on Power Engineering, 2004, 
(LESCOPE-04). 

[78] H. Brakelmann and G. Anders, "Ampacity reduction factors for cables crossing 
thermally unfavorable regions," IEEE Transactions on Power Delivery, vol. 16, 
pp. 444-448, 2001. 

[79] G. Anders, J. M. Braun, M. Vainberg, S. Rizzetto, and H. Brakelmann, "Rating of 
cables in a nonuniform thermal environment," presented at Transmission and 
Distribution Conference, 1999 IEEE, 1999. 

198 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

[80] P. Vaucheret, R. A. Hartlein, and W. Z. Black, "Ampacity derating factors for 
cables buried in short segments of conduit," IEEE Transactions on Power 
Delivery, vol. 20, pp. 560-565, 2005. 

[81] O.C Zienkiewicz, "The finite element method in engineering science," McGraw­
Hill, London 1971. 

[82] Jianming Jin, "The finite element method in electromagnetics," 2"d edition, John 
Wiley & Sons, Inc. 

[83] P. E. Allaire, "Basic of the finite element method, solid mechanics, heat transfer, 
and fluid mechanics," Brown publisher 1985. 

[84] G. J.Anders, "Rating of electrical power cables; ampacity computation for 
transmission, distribution and industrial applications," IEEE Press. 

[85] G. Myers, "Analytical method in conduction heat transfer," McGraw-Hill. 
[86] R. Haskew, R.F. Carwile and L.L. Grigsby, "An algorithm for steady-state 

thermal analysis of electrical cables with radiation by reduced Newton-Raphson 
techniques," IEEE Transactions on Power Delivery, Vol. 9. No. 1, pp. 526-533, 
January 1994. 

[87] J. Nocedal and S. Wright, "Numerical Optimization," Springer, New York, 1999. 
[88] D. P. Bertsekas, "Nonlinear Programming," Second Edition, Athena Scientific, 

Belmont, MA, 1999. 
[89] P.E. Gill, W. Murry and M.H Wright, "Practical Optimization," Academic Press, 

London, 1986. 
[90] D. Mushamalirwa, N. Germay, and J. C. Steffens, "A 2-D finite element mesh 

generator for thermal analysis of underground power cables," IEEE Transactions 
on Power Delivery, vol. 3, pp. 62-68, 1988. 

[91] j. E. Steinmanis, "Thermal property measurement using a thermal probe," 
symposium on underground cable thermal backfill, Toronto, Ontario, Canada, 
September 17-18, 1981, pp. 72-85. 

[92] H. C. Reader, R. Savo, S. Lorentz, and N. Iecler, "Time domain methods for soil 
moisture determination," presented at Ninth International Conference on 
Antennas and Propagation (ICAP '95), 1995, (Conf. Publ. No. 407). 

[93] D. Parmar; J. Steinmanis, "Underground cables need a proper burial," 
Transmission & Distribution World; Apr 2003; 55, 4; ABIIINFORM Global, pp 
44-51 

[94] S. Milun, T. Kilic and 0. Bego, "Measurement of soil thermal properties by 
spherical probe," IEEE Transactions on Instrumentation and Measurement, 
Vol.54, Iss.3, pp. 1219- 1226, June 2005. 

199 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

APPENDICES 

200 



PhD Thesis- M At-Saud- McMaster University- Electrical and Computer Engineering 

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 ofthe calculus of variations seeks to find a function u(x) 

that minimizes the integral 

L 

I= Jlp(x,u(x),u'(x)) dx (A. I) 
x=O 

In this section the prime on u' will denote differentiation with respect to x. Observe that rp 

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(O) =u0 and u(L) = u1 (A.2) 

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 I its minimum value. 

This set of possible functions may be represented simply by i1 (x, c: ), where 

u(x,c:) =u(x)+E:TJ(X) (A.3) 

The function u(x) is the desired function that will minimize I and eiJ(X) is called variation 

of this function. The function i1 and u are shown in Figure (A. I). The function 17(x) is 

completely arbitrary but smooth function of x except that we must insist that 
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1](0) =0 and 1J(L) = 0 (A.4) 

u 

Figure A.l Desired vocational solution u(x) and trial function ii (x, e) 

to ensure that all the ii will have the correct value at x = 0 and x = L. That is, we want 

u(O,t:) =u(O) and u(L,t:) =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 c = 0. That is, from equation (A.3) 

u(x,O) =u(x) (A.6) 

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

obtained by differentiating equation (A.3) to give 
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u'(x,O) =u'(x)+ crJ'(x) (A.7) 

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

(A. I) with i1 (x, c) and i1 '(x, c). That is, let us consider 

L 

I(s) = fcp(x,u(x),u'(x)) dx (A.8) 
x=O 

Observe that this integral is a function of c since it will still appear as a parameter after 

the integration over x is carried out. Also notice that when c = 0 the integral in equation 

(A.8) reduces to the integral we started with in equation (A.l) because i1 (x, c)= i1 (x) 

when c = 0 as given by equation (A.6). This means that we want J(c) to have a minimum 

whenc = 0. 

To find minimum of l(c) we must first differentiate it with respect to c. Since the limits of 

integration are not functions of c, we may use Leibnitz's rule to write 

df(B) LJ a 
= - cp(x,u(x),u'(x)) dx 

ds X=O as 
(A.9) 

The chain rule of calculus may now be employed to give 

di(s) = J [ acp au + acp au'] dx 
d& x=O au as au' as 

(A.lO) 

From equation (A.3) and (A.7) it follows that 
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au 
- =1J(x) a& and au' =1J'(x) = d1J(x) 

a£ dx 

There for equation (A.l 0) may be written as 

df(£) = 
1

f" [ arp (x) + .£!f_ d1J(X)] dx 
d£ x=O au 1J au' dx 

The second term may be integrated by parts to give 

L d [ arp J xi 1J(x) dx au' dx 

(A.ll) 

(A.l2) 

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 

(A.l3) 

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

Thus 

dl(£)1 = J 1J(x)[ arp _!!__(.£!f_J] dx = o 
d£ t:=O X=O au dx au' 

(A.l4) 

Observe, from equation (A.l) that u has become u because e has been set equal to zero. 
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Since 17(x) is arbitrary, the term in brackets must be zero to ensure that this integration 

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

ecp _!!____( ecp J = 0 
eu dx eu' 

(A.15) 

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. 

y 

k 

X 

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 = J(l) + ](2) + ...... J(e) •.•••• + J(E) = L J(e) (A.16) 
e=l 

In order to evaluate the elemental I (e), the temperature T within each element will be 

approximated using unknown node temperatures. If linear triangular elements are used, 

the temperature T within each element varies linearly in the region defined by the three 

comer temperatures. This may be expressed as 

T e ( ) e e e x,y = c1 + c2 x + c3 y (A.17) 

or in a matrix form 

(A.18) 

where 

and c' =r~J 
consequently, the integral] (e) over a typical finite element e is given by 

(A.19) 
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The coefficients CJ ,C2 and C3 may be evaluated by insisting that r be equal to the node 

temperatures T,, 1'; and Tk at the vertices of the element. Thus we would have 

Te = pe ce (A.20) 

where and 

The constants ce may then be found by multiplying equation (A.20) by the inverse of pe 

which will be assigned as Re = (Pe) -l 

(A.21) 

where 

where we have adopted the shorthand notation that Xy = x, - x1 • 

This result may be substituted into equation (A.l8) to arrive at the following expression 

for the temperature distribution within the element 

re = PT ReTe (A.22) 

It can be observed from equations (A.l6) and (A.l9) that the integral I which has to be 

minimized is a function of nodal temperature. Consequently, to minimize I we have to set 

its derivative with respect to each of the nodal temperatures to zero: 
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di dik dig 
-=---=0 
df df df 

(A.23) 

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

~ 
dl 
dT1 

T, dl 

di 
dT, 

T= TJ and dl - = dT
1 df 

Tk 
dl 
dT, 

TM 
....11_ 
dTAf 

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

and could be written as 

di E df" =I-
df e=l df 

(A.24) 

0 

0 
dl' 

dl" 
dT, 

where dl' = dT
1 df 

dl' 
dT, 

0 

0 

208 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

For a particular element specified by nodes i, j and k, it can be deduced that he and Ige 

will be functions of the three corresponding temperatures T1, T; and Tk. Consequently, the 

partial derivatives of 1/ and lge with respect to all other nodal temperatures will be zero, 

and to avoid working with all these zeros we will consider an Mx3 displacement matrix 

and a 3 x 1 column matrix containing only the particular element nodal temperatures. 

0 0 0 

0 0 0 

1 0 0 ~ithrow l ~·l dl" = =~ De= 0 1 0 ~}throw and dfe dT1 

0 0 1 ~ kthrow die 

dTk 

0 0 0 

0 0 0 

We can then write 

dl" dl" -=De __ 
df dfe 

(A.25) 

and equation (A.24) can be rewritten as: 

df E df" 
=IDe-

df e=] dfe 

E df" E df" 
= LDe_k_LDe_g 

e=l dfe e=l dfe 
(A.26) 

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 I{ 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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(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 

1; = k; If[ (p~ ReTe Y + (p: ReTe Y ]dxdy 
fl' 

where 
dpT 

p~ = dx =[o 1 o] and 
dpT 

PT =-=[0 0 1] 
y dy 

This can be differentiated with respect to each of the three comer temperatures 

(A.28) 

(A.29) 

We may interchange the order of multiplication in equation (A.29) and then take the 

transposes of p} Re and p/ Re to arrive at 

dT
di;e = k" If[ ReT PxP~ ReTe +ReT PyP: ReTe ] dxdy 

fl' 

(A.30) 

In equation (A.30), Re and Te are independent of the space. Therefore they may be 

factored out of the integral to give 
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ReTe (A.31) 

and ne represents the element area. 

This integral can be multiplied by ReT and postmultiplied by Re to give 

(A.32) 

where the element conduction matrix is given by 

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

(A.33) 

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

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

(A.34) 
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and by substituting (A.34) into(A.33) we get 

It is now convenient to define a global conduction matrix as 

E 

K = I DeKe neT 

e=i 

Then equation (A.35) may be simplified to 

dik = K T 
df 

(A.35) 

(A.36) 

(A.37) 

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

be written for element e from (A.l9) 

I;= Qe Jfre dxdy (A.38) 
Q' 

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 

I; = Qe ff p T ReTe dxdy (A.39) 
Q' 

This can be differentiated with respect to each of element nodal temperatures Te 
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(A.40) 

Transposing pr Re and recognizing that Re is independent of the space, the following is 

obtained: 

(A.41) 

where p; ~ [ I 

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

(A.42) 

Equation (A.42) may now be substituted into the equivalent second term of (A.26) 

dig ~ = L..Dege 
ar e=l 

(A.43) 

If we now define a global generation vector as 
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(A.44) 

equation (A.43) reduces to 

(A.45) 

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

dl 
-=KT-g=O 
df 

(A.46) 

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

214 



PhD Thesis- M Al-Saud- McMaster University- Electrical and Computer Engineering 

APPENDIXB 
Sample of experimental results sheets 

Experiment #4 
Filled container /loaded cable 

Figure; 

Notes 

G .stef Cl2 
Jwi.l-Ck 87\ ~ '. ?~ a~ ~Pf?.K A ? d. 

I we -:;. 

J 'Ip -; ~3.6 A s J \.Vf""'t? 

; 1'-f.oE .J "r 

Exoeriment #4 Filled container !loaded cable 
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Depth )oO·S"Il ~t>'1..1A zq?,gA ~'tc.'/A t1f.r 301-'4 ]01-llo 16~,1 A ~J.2.A 
... 

level :Z.'I·DA 1Jj.2A U-<tA Dl.S.SA 2-.:J,~A 'l..t(./A "t-ll~t>lr Z4·U~ 
?lrl., .. 

Prop number Temp Temp Temp Temp Temp Temp Temp Temp 2.1.( . I ~.1 ~ 

'f::J" 
.,..__. P~"'"" 

wo:- I' ... »,., , ... 
ll:l.f& g;t\ , : 'lO q: 2o ~·.oo )(): Oti r .)c S; ~ 

A ').6 .() U.l ~6.1 ~6-l.f 26-b :J-.6.6 ~t.~ :z~. o 27.5 ::z:~. 5" 

9 B ';1.6 . ro ~6 · f 2CI ~6.9 ~1-.0 :1.1.3 21· ~ 1..7-6 P..1 .f 28. ( 
c ').6.~ :L' ., ';¥.] ')6. ~ '2.G.6 :z(. 1 26-'f 27.1 27 -3 ;l.t. b" 
A ~t-3 ').. 7. 'f 'lt· ( il7 -8 :Z$0 ~g., .22-3 '18.~ ;28.8 ;i.'f,f 

10 B 30.1 3 0 . 1- 36-2 JO·S 30.6 --y;.{J ?,().1 ~1-0 31. '3 3 1.!;1 
c :21.3 z?.J. .. :J-1·5" :21·1 ?.--:t.tj [).'6 . 0 J,g.?_ :z E. 3 ;< g. 5' )..~."f 

A 2f5 ·I n ' . J ;2.8.4- ..2&·' ,2.8.8 .2g.~ 2-9. I ;29. ,_ ~9.> ;;..?·? 
II B 21./ ·1 3'-l-1- >'1-4 34.6 '3.'-/ ·1- 1/.f.g '3'1- 'I :£./ 3.r. s- 3r., 

c ,..7.6 2.f· ~ :2.1·7 ~8 . 1 P-8-:Z 'J.-8 .lf u. ~ .21. ~ :Jf-1 :1.~.?:, 

A :26- l.f z£.(, 2b -~ 26.8 ;J.. 6. CiJ 2-f-:L 2.1. 4 ~ 1. e:; .Z?-. ~- 2€ . .:1 --::-- -12 B 21-3 '1.( ·6 zt.'f :<1.9 ').8.0 :28-~ '2K-'-1 Z-i·4 ;z.s. {, 2 cr. 1 
c ;2.6.2 z6. s-- U.6 ~.g :n-.o 2/.9 .2?. 2.- :l1.'f> :z.-::;,q. -8.0 
A ;r.o 1.r.r !) ~-. 6 Q.(.8 '2../. 0 ~6.1 26.'?. '}..b. '!) :>..6 · 7 • :1-r-o 

13 B 'J.~-1- 't(. 'j ;26.0 a6-z. .:ZG.3 2~·3 26.6 26. g ::I'J.o 2..1. 4 

c ~)."$ 2\.( ;J). 9- :<S- 1 ~r:.9 ;2.6.0 u. ~ ::J.6.H .26.~h~ 
A ;2.) . .;- .,s_, :2S"·1 :zr.'l .:Z6 .(... 26.;;2 2.6- ) '4 ·6 U-1 1 ;J.'?.I 

20 B ;).o;-.1 t. \. '1 ;J_C,.] :1.6. 3 2.6. 5" :2P.6 ')..6.t ;}_q,q :2.1 -2 2."f·> -c ~):) -zr., 1-).i ~-'I ~6. 1 ~·3 ')..(;. ~ ?..6·b ~.8 ' :1.."1-.1 
A ~)'. 5' ;'{-f "L(". $ ~).8 ;2.6.;1. ~·3 :lb·4 ;1(- .1_ ,U. 'f 21.1 

27 B ~.1 ?f·"' :zG- fJ ~6. 1 :Z6.?; :2b.] 2.6.s- :26.t' ~7- f .:s 
c Jl.:;. Lf 'J.\ '{ 7S', 1 :1.\-8 z6.tJ '16.1 ')..,,;1. 26.') ~ ~ ;t-=t-.o 

A ;:g,, 1- 1..6.r :L,'}.O ;[}.I ~?- 3 ;;..?·4 ~=~·t ~-7. 8 ~2. o I :zgo. · 
26 B 2. 't. 8 t.f. .tt 2g. t ~·l- ;< g ·lf ~ - ~ 28 -1- 28. '1 :;J..9.:l. : :l.f.r 

c :J..C;.I-j 2£, (, 2.f. 8 'J-6. 'I ~]-.0 ':L1·1 'J.'::I-3 2.-=i .) '21. 7- l -;2.0 

' A 2'6 ·3 2f·l.f :ZZ -5' ... ~ .1- 2'8·1 ~1. () 2.'f,2. ':1..9.:> ~£ ' 3o-o 
25 B $5-:3 JC4 ~s-:6 J\.~ ?,). 9 ~S'.<J 36.0 ~-~~ ]6.Z ~?-:J_ 

c ~?-. 7- ~+- K zg.o ,g., ;2..8'. 3 :28.3 ~-& 2.~.1 2 9. 0 :S.!, 
A '2.1· J '2-f·) :1.1 -6 ... 1.8 28.0 :ll. J 2.~·3 .'-!. <j_ :28-7· 29:.0 

24 B ';l..q.? . y;.o 'St1 · 1.- 3~.)... 30-6" 'S0 -6 ?,0 -8 30-t $/. _I 3 1.:_6 
c <J..f-. ~ 2-1-1 27-·6 1.-j. 7 'J-7-. 'I :;g.o zg,z.. .n' . .> :Z..8 . 6 :2i.1 
A :J..6.o ,6, 2 :1..6.3 -z.6. '1 ;J.b.5 26.8 'l.r·O zj-.J '2..7/.3 'l.ij 

23 B .26.6 26. e :n.o l-t•O ;1_-.,.;;._ :l":t'· '] 2-71·5 2 ":f- . /, :2..r.'f ?.8.,1. 

c 2/.1 '2.6.1.. •u.<:J 16 .} ?..6.1- :2C·8 2"'1·0 ,;:r., 21.J 2..?.1-
A :<~1 l.~.l .26. ,_ ·uf.3 :;J..6.C u .-r ~-" 21.0 21-.?, :2.1.6 

16 B ~b·b ' ·l-6.8 :z--r.o 7,?-.0 ?.r-::2 :L-1·3 'J..t·S' 2-'1-· 6 7-.t- 7 I ;2f· ;l. 
c 26.a_ Z6.] :2.6.5 ').{;.~ ~6.8 :L6. 9 1. -q ' I E ·'l- ~:r- . Y 21·f 
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A ~=f.8 ?.1·'l 28·1 'J.S·_'"J.:_ '1-fl·.'/; _Jg.r z8.$ Z2·'1 ~'t I -j~·~ 
17 B Jo.3 J.ll.lf 30-1- ~.1_ 31·0 ?.1·0 31. '1... '].). ~ '5.1.' . ;)'%~_ 

c n.~ ~1·' 'l-1·'h 7-1·' ?.E.D ,Lg.~ tg . .., 2.t._s :;l,J. g I 2'f, 0 

A rM·.;' 26·8 ;2b.9 2-1·0 :L:t-. 3. 21-.1.1 n·> 1-1·1'- P-J.o \ .:t6'.3 
19 B ! 

i --~- -----
I c U.l u.r- ;l6.1f 'I-1•D ~'1.~ ~l.J Z-t·'S' 1-'f., 1?/j i ~g.;l 

I 18 A 2Z·If 2-(·6 ,.., ·8' z_g.'f :L'f. ')_ ::J...Cf • .J 21/.,- a-f.C ,_q,c' }1'>. !__ 
B 3'1·3 rl/·5 '?.t/-.'6 stf."f 3$'·0 j~.C) -s>.2 l>. ~ ?S.t- 36'. 0 

c :z.:'}-.8 -z~ . ., :;$.0 z.'t·l- ).8 ·S' ~&.;- z:i.r- zg .t:'f ~ltf.O ';1<1. 3 

B-near wall :u.; '2.6· ~ :tf-1 ~-' 1-Ttl p_).'). 2."t· :J 1.1-. '"' t:t·?- 2g.(J _........__........,- -- -

B-inside :26.~ <-6.) ~~.1- lb·<f 2t,J t,.';J,l... ~f·J n·.r 71·1 ·;28.0 . ,_ 

Cable surface I 4"2-·S lf2.·1 41.-·=1- l.f'l-·'t 'tl.O '11-~ 'f~·D li}· b tt4_.o :44.'t_ 

Cable 4ll.'i" 1.{1./.1 4!-/.1 lflf·1 lf~J.8 4~-. ~ "S'". D 4<;." 46_·~- Lf6.J 
insulation 

--------
1 :f. r 7 ~ • 

l.) lf-1 us· u.'l.- Z6-6 z#.rJ ,~.r 'Lf.o . 'L1·lf 

217 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

t1f' '1"1 "·.a 'Z!!tl-' It 29S:JA 'l.ttr.rA ~oUA ,3A)i.lll1 -50\.~.\ ?DI·1A 
;t ·"l A -...1.TA 1l•5A a3·NJ U·:t.l\ 2.'/,z A 2.11. a.,.. 

'-'i·l.1zit·l,. 
Prop number 

Depth 
Temp Temp Temp Temp Temp Temp Temp Temp 

level - ...... ,... 
""' 

i't>' (!!. .... ...._ ... flo., i'"' 
8: ro to:~• It: ':lo 2.: 1o r: :r• f; 30 ro "-l~> IZ:~ 2: 16 ~:oo 

A '-lf. :J. S2li.J, 1Jt,z- 1lf. 2 lut.u. .2'1.0 n.'f ~~ . ., ~3 ·1 ::n.1 
9 B ;J.I.f,, :>..1..1.1- '-4·1 '-"·' ~'#. 'i .'llf.l :2).1. ~ ~.l J~.~ ... 'J ~ 2zt. 3 

c 'J.4.8 :z4.€ 'ltl.8 ~1/.b ~~~.s- :1.1./._3 'J..L#. 'I 12"1· > :J.I.f.JI : 'lt/.Lf 

:1.3·'8 
. ......_...._. 

A 2L/.I 24~0 ~.1.) ~3."f ~lf·3. 2."#. 2.. ,_tf. I 'J.'f.J., !24.5' 
10 B ~'t·'-' ~tf.. t;; 'J.J.I._'f 'l-'1· ,.. 21./.8 ~S'"-t 2£.0 :Ll;.~ -2,~f :.?£-:' 

c ).LJ. s- 24-'-1 ~.~ 11ll· :t 21#. z 2JI•'$ 21/,) '2.!1.~ ~ :I'f.) 'l.."/.'=1-

A :L3· 7- ~l.l ~J.f :l1.1.f 23·1 :1'f.1 :ZI.f.lf il.{. Lf. Lif.!;" •211.8 
ll B :23·1 ~lf.6 .:lS'. 't ~.~ t?·'l :;J.'f.J '.1-li.J.. 1.-q.LJ :tf3:_~:'3Cb·a · 

c 2lf.o :;tl.<J '-Lf·' :n., .23. i ~'1./J. 2-'/ ·l '2..1.{·'-t ~Lf. > :l.l./. 6 
A :23.$" !:2'3. !1' 2~.$' 23.5' ;tj,3 ~l.S' :u.s 2..1·1. .23 ._'f ,2$.'6 

12 B :l'?.·S" ~1.g- ~s.& ;>.?. .,- ;1.3 ·.3. ?..3 . ., ~n .. 1 ~1.8 ~l.f.O 24.1. 
c .23.$" 1;.1., 11., ~n.l -~1.5 :2.>4 ,n.;- ~l., :zi~? i;3.6 
A :n.,. .21· 3 :2,1.1 ::n..;l .2.!. ·0 )! •• ;21.1 ~l.·l . ~}:! I ~3. o 

13 1:23. '1 ~~·3 ;l_3.3_ ' -· 

B ;23.3 ~3.3 ~J,.). ~·:L .2:;.J .n·> ;21.:, 
c .;~..I.3 l.:n.~ ~t·l ;l.j..t ~.c :n.l ~.3 ~s.:;. -23 . .:tl2:a:i-
A ;;t'l • .l. a.l.~ .)l.'~ ~~. 2- ;u.a :13 .2._ :g.~ ::1.1-1 ~1..1 .. n . .2.. 

20 B ~j • .;l. n.1 ;1.~. ). !!z.1,J :n.' ~.13 .2'3.2 .n.l -~-;~a .2J,.J-
... ,..__.. ~-

c ~J.l :n. J .u.J :tl.J. ~l.l ;t~.} ~3- • .J :<s. :s ~·3 il3 . .., 

A :u .l ~"I .• :21. '+ 2~.4 .,13.! ;.?. ~ :13 .. .,_ '2-3 ,z. ~s..~· .n.; 
27 B ,2.~.,1. :1.?..~ 2.1.7 l.:z..1.z :n.a ~~·B ~'l.) .,n.J :l'l·.l .Jij.s 

c Q.S.·'l .11. 2. 2-1·1 1..<1· 1.1 23.1 ~~-.:Z. .13.,. jq •. "l- ~r~.l .n~ 
A ~3S ;ll.S' \.3..' ;.3.6 :J.],, 4 .:t.l.i; ~l·~ Z'l.G .. l"!>~(_i!._!!L 

26 B .?3·' 2-l·o t,l· r- :g.~ ~.~ 2.1/.' 2.4., ;.J.f./ ~.!.:f.6 
c :1.3.' .ll.6 l-1•5" :n., 1.23.$ ::2.1., J..1.G z~.b :13 •• 6 2.4·0 

A ;J.;.s :u. r n.g :z:J.ft :2~.'1 ~'t.S .3!1_.~ 2.4·> 2/.f.$ .I).S'• I 

25 B ;u.l:f ~r. ,_ '-'.J l,t.l. 2- ,2_8' • .l 30.0 3o./ ?0-S JO~ V --'il:i ----c 2J .. , ~1., I.JJ.I.o :tl/./ ;3.9 2J/.3 ~'1.3 2'1.3_ 21f. 2- 2.'-f·"l-
A 2lf. I 3.tf.J1. 1.1./.7., 2.1f,2... :l.I.J," ;LY. z.. 'J..l/.J 'll/.1 2.1f.J 'LI.f,£ 

24 B J..4S 21./.~ 1.1.f.) 2.1.f..' :l$".0 ;/$'". 8 ~s-.. , u..o ~6. I -- .?6.6-
c ;2..'1.~ 2.'1.5' 2J1.6 ~IJ. 5" 2.Y.I.J :lq..~ ~·J.!> 2-lf.£. 2lt.r--z:y.·, 
A :Lif.~ lf/·/J.. 2.1/· t. '-lf·l 24./ 2y.o· 2.'f.ll ~:~,tt . .<~ .. ? .},..t!;.-9__ 

23 B 2.'1·6 1'1·1 ,.y, s :u./.1 2.'f.' .v.,.., 2.Y,.' ').)/. s=. '--Y ... : 2-:!_:!_ 
c 21/.8 :J-1./.l ,_.,,, 2-lt.l ~'f., 2.4/.~ l.J.I. 5" 1..'/.tl 2.!!·.1.1' P-4· ~ 
A :ll(. 3 '-if· 7 ~'f·l 2J.I,lj ~4· 2.- 2."1,0 l.'f, 0 .:z~ . .; .. ~l·tj : 2.~. I 

16 B ~I{·'- 21/.1 ,_ 1/. 'I 2«f.! 2.l./. + :l.tf. 6 U/.6 '-lf,) -~':l·C:j/ c 2-V. 1 ""~'' l.'l·' 12.4 .. • ' 2.!f. -::f 2-lf. J' 'l-1./. I '-'1·5 2-y.}:l. ·' 

Exneriment #4 Filled contaL •.. ----- ----- • . -.-- --,.-.--.- -
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. 
I 

A 2Zt·o ~H.~ 2u.'1. '2-tf. 1. ?-Lf ·I :ly.r 1-1.{.) ).If,';" fl.l{ .;: Uf ,., 
17 B 2L/·b ?-"( • -:J' ,_q, r :l~.o ~.).I 26.> )..6.'1 ~-> ~.s-· 21.0 

c 24·.,. 'l.LJ,' .2.£1.6 ')J{.~ 'l-t.f.~ ,_,.,.., 1-J.I, r '1.'1·6 ~.,:~)'.~-
A )..'?.·(, ~a.-' 2}. ?- J:J.a "->· S'" ''l·' ~3.~ !l'l."l-" 

~.:1:: 19 B 
c .2?•¥ ~1- -~ '-3.i ~il l:r~., 11.1.6 .:ls.r ~l·C 

18 A 24·0 ~1(. 0 211. ~ ~.'(} ~1.1·0. ,tq ·S 2H., ;ur.t -~~IJ~.~ B 2.4·0 ,J.lf.~ 2!':' ~.'} ,.,..,,. 
~.I 2q.2- "'·J :211.. ]::1. 2. 

c I? Ll, 2.'1·1 '2.L/. 0. '"" .J. 'J.-1./ .f l.lf' 'I "4·4 ?.,.!f. 'i a.l/.s l).'q .. tt 
B-nearwall 12?·" :lj.' :43.' ~}.6 1.21. 5"" ~l.S n.c '2.1·' "2·' ::tl·f_ 

B-inside i2s· s- ~.t :n., ":23---:6 ;}.3,..s-- :n:€ ~.3.~ 2.$., ~3:.!. 2$.1 

Cable surface )_Lj.~ lt. D '32..1- 33.-:t- ~r.r '3,. 8 :,1 . .J l~.R ~._0,38,, 

' 
Cable ;24.).. 12·1 '1-"1· ~ fS:i' 3 -:;. ~ '3S·& J<:f.3 '$r.s --~~p_l_..,.Jt 

insulation 

~.~ ~.~ Z2.) .a.o ~-~ ~u· ~.6 .:{?., Vf.o; £.'2 ·3 

Exoeriment #4 Filled container /loaded cable 
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~ 
Experiment #3 ._/ 

Filled container /unloade cableffherm ~ gradient driven by heat 
d11C'it sink 

Figure: 

Notes 

-:. I I ( -4 {' 
I VI 

I ' ' 

Experiment #3 Filled container /w1loaded cable!fhennal gradient driven by heat source 
and heat sink 
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Depth IWt,~oti - ,-
level k<;,iA( --

Prop number 
~w 

Temp Temp Temp Temp Temp Temp Temp 

' [ I 

~ " A :21.~ :74.) !21+. J. f(U.~ ~s.o 1.1tt.4 ;l..J.I.'] ~.3 ;;ll.f.~ 

9 B 27.6 ~6. 4 %.(, .?b.~ '-1·0 ~.s- ~·? 26·S' 'j.h.~ 

c ~f.b 2.6 ~ :fP.<f 21'.1 11.3 :a.o l~h., 21-0 2-1.6 

A ~3., ;z Lt-.\ ~If. J 1#.5 2'1·5 .2..¥.3 "-'1-.lf. :2.4 •• 2.A.f) 
10 B )8.o :u·.s 'J.-1.0 1-=1-'l. ~" :21~ ~,-1 _U.9 2~-&' 

c :L'=r.l.f 26.-=1 26.'f .21'. fJ et'l.l) ~.c:; !,%.i %.1 ':.?&· 8 
A .n.8 :2"/. 2 :JJ/.t+ ~~.~.., ;JH.1- .2J.f.'i)" ?..1./.lt/' '-4.l-. ;2.4.~ 

11 B Pt.~ 26.'i ;U;.~ ~~.o =z'l.:L .<G. 'i; ~.6 2.l.l :J',.'i 
c :Z1.3 :2b.£ ~6.g :.r:f.O :l1. (J u.s I26.E ~6-3 ;1..6·8 

A .n.g Zlf,1.. ,.4.:;!. ~.£ 1.'/,"f- P..l.f. s- '2J+o.s ;J./.l.s- 2.Lf. r-
12 B :J!J.; 2'1· 1 ~1.2 ~1-> ~1; S). ;2. 'l. :z ;:&1-.1.- 1.26'.1 ~.~ 

c :.F1. I :21.f :26., ;1.6.9 a6., I;{,. 8 u.s %.6 .:u;.s 
A ~~·1 ;).t,J.'l 3.4./f 2'f.t:l R'f.r :1..'+~ tJf.t./ a.'f.3. ~'-/.3 

13 B 2€·5 26.8 IJ.-=J.o l7.a... ~"1·~ Ab·f :J.7f.() 2_b.1 JJ>.1 
c .~.f? 26.'1 :16.2_ :Jb,":l J(;,, i~·:> !/.b. s 2o& ~.~ 
A n.5 ~LI.l :lJ./.5 2Lf.S' ~"·' ;1&.J,.$" 3't· S' !ll/.l '}.~.J 

20 B 2~·3 :26.' ;fM 21·1 :r~.' ·~.1 Jlb,, ~6.& :zf>.? 
c ~.'2. :26.1 16 ·?> J£,.3 :lh,'J $. f :J£~ fi6,' ftr., 
A :ll..f.\ Q.4.5 2~-b ~~.~. 7f ;J.lf, 8 21../., 2."#.6 )liS 2..~$" 

27 B :2!·, 2h.6 ;~.,.s :lb.B U.'f l;\6·1 'U).6 tl6..S ~-~:' c :zs.' .:lS.'j' :1.6-0 ;;~CJ 2,,/ :)6.() ~~~" ;2S:g ~S.7f 
- < "'·~-

A :lJi. '2 :21J.. '5 ,.~.b QJ.t.. ":1- :2. "f~ g ~fl. I t)JI.""ff. ,.~.t :l~-3 
. 26 B :a.s ~6.7 2tL~ 26.g Q6.1 ;¥. fl ~.~ :16.5 ~6.6 

c .2S"·' :25.8 ~6-o 1.:26.6 ~6.1 Slf.f ~._q I.2J'.~ ~S'".'f 
A :U.Cf 2'1.] :2.1+5 2l.l.lf ~'f-.5" j.Qy, 5'" l..2lt-.s- ~'1·4 )..If.-;' 

25 B :21.2. ,2..6.:} :1/,.5_ ;u.q 26.~ 1~'-U ~~ :2~-~ .!6.3 
c ~5.5 ~t;'.~ l:lh.~ :<6.o ~~- ~ P,6.~ {).I,, 6lS.. <j ~).'1 -A .23.~ :tLf. ')_ ;24. 't 2"1· ~ :J./.J.'f. ''~·'-~ !"li_s- 2-l.f.J :JI..Ja 

24 B ~1. {, i:l6.6 ;lb.'l :Jt;.~ :U,g :!6~$ :16.' u.~ .21.~ 
c .as-:~ ;:)5;,"1 J.6." !!l.b.2 !16. ~ :16.r ~.A- ~~-? 12'·6 

fl'J., ~~.~.~ ~'f.'J ~~ AI./ '.!I._ ;l'fJl 
--

A 2H··~ ~'f·Lf :l!f.t. 
23 B '2.1,, :J.6.r ()_{.g 2.1.9 ~1-.lJ a_6. 1- J,2..,.1 1).6 • .6 :J.6.c; 

c !{'. 5" 26.~ ~6. J.f ~6. 4- ':Jh,t; ~.3 .;M.r;- ~., l26.L. 
A RJ.:> 2'+·3 ;2'1-.q. :J.."f.s- ;;.If, '3 1'/.11 :2./.J •• Pl/.1 ~'+.CJ 

16 B n., :l6.q 21.fl .2.'f.~ ~-~·, :t6.e ~·.d. ~.1:_ ;26.1-
c Zf.r :l6.8. %~.i 2.1.0 ~1-.(J 26., .2(._! JJ..lfJ,_ '2.1·6 . 

' 
Exneriment #3 Filled container /unloaded cable/Thermal gradient driven by heat source 
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A n.1- :J.I.f.~ IJ.~:b ~~- .{, all. G. Jt'f, 1 fir~ ~lf.6 ~.!;) 
17 B 28.0 ~".i ~7.1 ,-:;r. ,'\ :n. ,_ l.':J-.:.1 !)_':f-.~ Jl(.'f 126'.&/ 

c I ?.6 .!J ~., I~·" ! 2- 0 :l6.8 ').'1-.o :J.~~~ !26.i 126.6; 
A ~3.q .2~.z., '.).Lf-.1- 2,.U.~ ?iii.~ --

1.~ f :2'1.1- :llf.1 Rlf.t .. 
19 B .• ><. 

c %".! {)6. s- ~.!, '-h·.S" :u,,, ~.tl ~~ !26.~ l.u.J. 
18 A .2'+.1> 24·15 ';.lf..g ':iii.~ ~Jf.'! 2l./,g :J.)I..' .4q., i ~! 

B J."f.lf ~1.b ~1.1 :;1:~.0 !1.1. I :1.1-.e :J.':/; n :¥JI 26.6 
c ~·l 1-<·, ,.,,b lu.~ I !l.6. -:r U.5" ~.~ 26.~ 2J.tf 

B-near wall lz-. 2- 2.5 • .1 I ~'5.(; ~). ~ ~s:s- 62.1"':~ fo'2$7fl aS:3 ~~"' 
X .. 
)( 

B-inside !25":3 Js.3 ~s.c p.). ~-I 2.f. .;- --~~r SS.'I cQ)._g -?S:.!!. 

.H'O;'<I!<>"-·~--·~· 

Cable surface ~1.3 j~.t ~·' ~.G .QI.6 1~.,<; 'ii, s- ;u.LJ. '-£,J. . 

"...,,...---

Cable !:.~.1 2.~·1:. .lb:tii ~;; ~., l~s- IMs- ~-:~ ~~1 
insulation 

---~~ 

- --- .. -· - -·-- ·~ -

Rxneriment #3 Filled container /unloaded cable!fhermal gradient driven by heat source 
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Laboratory Setup Photos 
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APPENDIXC 
Saudi Electricity Company Data Sheet /Riyadh cable 132 kV 

PHONE NO. Rug. 15 2000 02:22~1 Pl 

Spec -SIH\ 

••! 
·- -~ -=-=-~~ .-TECHNICAL OAT liQft_~----·--

132kV 1000mm2 XLPE CABLE 

1 Current carrymg capacity under 
following installation and operating 
conditions; 

Unit SCECO 
Requirement 

- Max temperature on msulation "C 90 

- Ground temperature •c 35 

- Ground resistivity •c cmfW 200 
. Depth to top of cable em 150 
- Cable spacing (axis to axis) em Max.40 
- Load factor 1 00% 

______ - ~~<lk_!il_!~e~~~~i\)'_ -------- .• ------- __ "g;..~_l----___ 2_99 __ _ 
2 Maximum d.c resistance of conductor 

per 1000m of completed cable 

-at 2o•c 1000mm2 

______ -~~~~~--------------}E~Q~T~----
3 Minimum a.c resistance of contuctor 

per 1000m of completed cable at go•c 
- -4- - - ln-ductan~e-when -laid in-Ci;se -trefOll-~~rmation-

Inductance when laid in flat forma\ion spacing 

______ a~p~~~~~-----------------------
5. Equivalent st<~r reactan<;:e per m of 

three phase circuit at 60Hz 
6 Norriinai eiect~o-;;tatJC "C;P,"a'Citance to neutral --

_____ jp~r:_ '!. 0_0.9!!1_ oJ ~J!lel~~~ ~~~~ !!~ !!q_o_9 _____ _ 

n o o177 
n o.o227 

n 
mHII<m 

mHII<m 

F 

- 717 ·4-S-03 f 2 

Technical 
Data 

90 

35 

;zoo 
150 
40 

100% 
-----~Q ____ _ 

0.0177 

0.0227 

0.0235 
0.39 

0.70 

147 

7. Maximum charging current per 1 conductor 
per 1000m of completed cable at nominal 

______ vQI!aJl5' ___________ · ______________ _ __ t ___ ~-------- -----~~-----
8 Maximum drelectric loss of cable per m of 

3-phase circUli when laid direct in the ground 

------ a~ c:'.~~i~~l_y~~~~!. r:!~i~l !~9':!~"~ ~~~erg-
9 Sheath loss of completed cable per m of 

3-phase circuit at nominal voltage, nominal 
frequency at curtenl rating given in Item 1 
above 

227 

w _____ '!._~-----

w 37 



PhD Thesis - M Al-Saud- McMaster University- Electrical and Computer Engineering 

PHONE NO. 

Spec -5116 

... Jtem-No 

10. Total losses when cable loaded as in item 1 
above . 

--11- -- M~;;~-u-;; ~a~~~-;f t;ge~t ;f-di~;ctric-l~;s--- -

angle of cable at nominal frequency of 60Hz 

- at 2o•c at nominal voltage 
· at 90QC at nominal voltage 

______ · ~I_ ~o_:g _a! ~@_o/?. s>!_r!_o_~']_'!! ~!?l!_ajl~ ______ _ 

12. MaJ<imum change in tangent of dielectric loss 
angle between nominal voltage and 200% 

------ N_p!!Jln_a_!_ Y~~9~ ~L~.O~g ______________ _ 
__ :!. ~ __ ~La!iYE;. ~i~l~~~~ ~~~a!'~ !!V.s>:~ _______ _ 

- _:!_'!_ -- A_y!!~.9~~~5:tri~!t~s~- ---------------
15. Conductor short circuit cu~nt carrying 

capacity for 1 second when cable loaded 
as in Item 1 before short circuit, and final 

______ C~J!C!._U~\_0!: te_!n_p=~~f! _?~ ?~_Q~Q _________ _ 

Unit 

kA -------

Aug. 15 2000 02!23AM P2 

SCECO 
Requirement 

717-4-S-0312 

0 
Technicai 

Data 

53.8 ------------

01% 
0.1% 

_ ___ Q.j~-----

_ ___ q,q~~----
2.5 ------------_____ '!.,~-~:-

16 Minimum insulation resistance at 20°C MOikm 2650 ------ ------------------------------ ------ -------- ------------
17 Minimum insulation resistance at 90°C MQ/km 

__ !~-- v~~!l'~.!~~~t~~~~t_2_o:~-- _ ____ _______ o.cm 
__ !~- _ V_?~!!':_r~~~~!:'~t~t-~~~ _ __ ____ _ _ __ ___ n.cm 

_ _ ~~ __ A"-~ ~!!l}_s_!~'!._d -~~~t_o!:' Ji!:'~lJ~d-<?J.Ple_I~J!Q_U} ___ ( !<YL~'!-_ 
21. Measured discharge leyel on finish~d cable pC 

______ leJI~th __________ ~-- _ _ _ ___ __ _ _ __ ___ ---- __ 

_ 2~ __ A& ~'=.e_?~c!_~_n _v_9_l_t~SK ~n-~~t_s_§Jpp~ _ _ _ _ _ _ !<Yf£llir:_. _ 

__ ?.L _ lr!_11?_l!!~e-~~'!1<.99~ _y<z~!aJJ!l_o!_l _!~s_! ~'!'LIP..'!:!___ _kY{n_o..:. _ 
24. Metallic screen short drcuit current carrying 

capacity for 1 sec cable loaded as in Item. 1 

before short circuit, and final sheath 

------~~~~e!~~~~l?~~f _________________ --~--
25. Cable embossing 

- Manufacturer's name 

· Year of manufacture· 

·"Electric Cable 132.000V"' 

• Maximum siJ::e of charac!Ns mm 

228 

Min 40 --------

13 

1.06 

2.5x1015 

------------
1.0x10'2 

____ 1JQ~Q ___ _ 

less than 5 

--~q_OJ<Y L1~~~--

-- _9§Q's'{(1 ~- - -

Yes 

Yes 

Yes 

13 
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PHONE NO. 

Sp<'C -5116 

·:coNSTRUCTION QATA-FOR-
132kV 1000mm2 XLPE CABLE 

Item No Description U!"llt 

1. ~~ai_'!_~IJ~_9!3_._P.h.§!se to phase ky_ ------
2. Conductor 

- Matenal 

• Cross section area mm2 

• Form and shape 
- Outside diameter ~-mJ!l ___ _____ .. _ 

·---------· 
3. Minimum thickness of conductor screen mm 

4. Minimum thickness of XLPE insulation mm 
5. Minimum thickness of insulation screen mm 
6.1 Swellable conductive tape 

• Material 

-Thickness mm 

62 Metallic screen 
- No. of wires 
- Dia. of wire 

-Material 

- Cross section mm2 

6.3 Swellable conductive ta~ 
-Material 

-Thickness ,., 
mm 

6.4 Aluminium fo1l barrier •' 
-Thickness mm 
- Cross section mm2 

- DC resistance at 2o•c nlkm -- ------· 
7. Nominal thickness of ove.r;;_!lealh __ mm 
8. Overall diam~~~r of ~ble mm -·· ...... -· 
9. NetJ: weight of cable kgtm ·-·-
10. 

Aug. 15 2000 02:24AM Pi 

717-4-S J313 

SCECO iechnical 
ReQuirement Data 

132 132 

Copper Copper 
1000 1000 

Compacted s~gnwnt 
Nom. 38.5 

1.2 
17.0 17.0 

1.2 -
Swellable Polyester 

Tape 
05 

65 
2.3 

Copper 

270 

Swollable Polyester 

Tape ,_/ 

0.5 

0.2 
Approx.60 

0.473 

4.5 
17.0 Approx.105 -

Approx.18.0 

soo·2 Nomil'l~l drum lenQ!tl ___________ ____ ,,!!!__ ---11. Minimum radius of bend 
- Laid direct or in air m 20 

.. ;~in ducts m 2.0 

229 



N 
w 
0 

No. ~ 
1 C<lnductor 

2 Conductor Blnder 

3 CondOJctor Screen 

4 lnsulatioo 

5 ln3~latlon Screen 

6 Longitudinal Weter Bamer 

7 Metallic Shiekl 

'8 Longitudinal Wllter Barrier 

9 Radlel Water Barrier 
10 Outer CoYering 

(Ref. Org.No. 717-4-C-5327) 

Matenal Thtckness(mm) 

IAnneale<l copper IMres Nom o<l!> 
(4 Segmental Compacted Round) 

Semi-ConductM> Tape 0.5 

Semi-CondUctl\le XLPE Nom 1.5 

XLPE Nom.190 

Sem~-Conductl\le XLPE Nom.1.5 

Swe llabfe Poly&ster Tape 0.5 

Copper Wtres(2.3f x 65) Nom:2:J 

Swellal:lle Polyester Tap10 0.5 

Both$1de PE coated AL.Fotl 0 35 

HDPE(81ack) wrth Graphite Coating NomA 5 
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... 

FROM_:_ PHONE NO. Aug. 15 '2000 02:27AM P1 

Ul 

a: 
'S 
"-.. 
E 
E 
Q 

11: 

w 
--' 

!/) m 
!/) w <t 
--' 

__J u 
::! Ol 

w <t cr. 
0: c. ... rJ> t) 

w <I z w Ww 

~:.. !;; .. ---' w ""--' -"" --' ;: 0. "- <l ;;; --' __J ... ;;: X ..Ju e 
" 

w <l,_ 
w z u --' > l.?o <( I() 

"' cr. (J) ~ - <( 
~ 

<t <I ... --' N a. -w > 
m "" '-' ~ 0"-

u I 
ft. ,-., 
tt - <( !:) 

"' 
:.~;·'' 
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(/) 

<t 
:t z c. 
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<t t-

'• •, (.) UJ 
.J 

w <l 
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VI 
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Saudi Electricity Company Data Sheet /Jeddah cable 380 kV 

~ 
FOR 

?agE 5/6 

:·:o l~-7723J 

CONSTR.UCIOf\l DI>TA FO", 380 kV OIL-Fk~ED PO'NER CABLE 

---------------
b h etween p ~ases kV 380 l i Rat('d Vo:-:.age 

/ Nurr-ber of core 1 ~ /Sectional area of conductor sq mm 1600 

J Plain annealed copper 
Conductor 

I Material 
! Shape 

(nom.)mm I 
6-segmental wtth hollow 

detatls 
Dtameter of conductor 53 3 

Conductor Material 

binder Thtckness 

Conductor 
Thtckness screen 

Thtckness 
lnsulat1on 

Number of papers 

:ns\l!a~1on I 
screen / Thtckness 

/Metal 
Matenal 

Thickness 
j Sheath i D,a.,..,et~?r ovPr c:heatb 

Matenal I Retnforce-
ment Bedding matenal 

Thtckness 

Anti- Material 
corros1on 
jacket Thickness 

, Dtameter of completed cable 

j Weight of completed cable 

roc. res:stance of conductor 
at 2D'C 

CapaCitance at 20'C 

(nom.)mm 

(nom)mm 

(min.)mm 

(approx.) 

(nom )mm 

(mtn.)mm 

(nom )mm 

(nom )mm 

(mm.)mm 

(nom )mm 

(app'ox )kglm 

(max ){"L.':.C~,~ 

(max ),..,F!km 

233 

Statnless steel tape and 
carbon black paper 
Statnless steel tape : 0.10x1 
Cat bon black pa[Jer . 0 15x1 

·Carbon black paper 0 1Sx1 
0 1x1 

20 

144 

'Carbon black paper 0.1 
Metaili>ed paper 0.1 
Carbon black paper 0.15 
Copper·woven fabnc tape· 0 s 

Lead-alloy sheath 

3 7 

106 

Stainless steel tape 

Non-woven fabric tape 

Stainless steel tape 0 15x2 

PVC 

3 1 

119 

<l1 l 0 01 '2 
----1 

0 3564 I 

l 

I 
I 

7 ' 

P• { 1 .. 07¥ 
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~------- FUJ 1 K\JRA 

3BOW lxl500~ COPPER-CONDUCTOR. PAP ER·-1 NSU!.ATED. 

LEAD-·1\LLOY SHEATHED AND PVC JACKETED Oll.·FlLLllD Ci\IJLE 

I 

I 

I 
I 

I 
I 

I 
I 
i 

\ t.__ ______ _ 

Conductci 

Sta.1nless steel tt;\pc 

----------~-~----,.----- Cc.l[\xm black pnper ---------------
..- ~lSlllf!t_I~_g'-"pn::tpc::',_l __ _ 

_j 

, 
01 
lO 
ro 

o> 




