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IIIPACTS OF TIIE EN\/IITONNIENTAL CONDITIONS ON TITE
C URRENT-CARRYIN G.CAPACIT}' OF O\/ERI{ EA D TRA N S I\I I SSI ON LINES

It.lt{. Abdcl-Aizt , lrI.trf. Sulunut2, S.A. Abdcl-I{orrcinr3 unrl llI.A. Foila{

I l'}ro/.. lllac. I'ovcr Eng. Dcpt.. f.'actrltt, ef l:rtg . Carro Ilnit..
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Ahslntcl
'!'ha tharmal cffact.s of the .flow o.f rhe elccrric cttrranr u'ith difftrertt itttert,sitics thnttryllt
lran'smis'sirnt Iirrcs have bactt int'a.rligtttcd ttntlar ttrc a:f ct of di.{fe t aitr u'etrtlrcr tuuJ tty,tr.srtntattl
crttrcliliott,s- 't'\rc uctuul waulhcr pelbrttuurce of tlrc trutt.ttrti.r.tiott litrc,s irrclttdes' tltc a./{act ti tltnt
accttntulation and ice formalion on the outer xrtface is also itn,cstigatetl. A .finite elemuil
techttirltte v'cts atloltletl .fttr lhe ltt,o-ditnensionel tran.siartt cotnluctiott eqrtotiotr to predicl tlta
lenry)erallre distributiott lhrough slranded conduclor.s at hoth tran.sictrt urul siearl1, state.
ctvulilitttt.v- The -finite elentenl analysis u'as det,elolted presented .frn' the lran.s.fttrmetj ha.sic
aqtrutittrt.s tt.sittg /ittcar triurrl4ttlut' alemant.;. 7'he goranting dif/aratrtiu! aqtrutiorts v,ith the
ctppropriate bourtdat)' qtd initial conditi6ns v,ere .fornrulatetl, ttsittg the (ialerkirr procedttre
v'ith interpolaliort .fiutcliotts as a u,eightcd resitltrcrl to provida the ./inita alentqtt etJrmtiurs.
A'foraovar, Ineasttrenents of thc te ntpct'alure dislrihtliorr throttgh the tretnsnt;r.riol, litrc y'er.a
carried ottl al drfferent operaling contlitiorts. Also, a cunparisott beiu,ceu tlte present
cxperimenlal cutd lhe lhcorelical resulls u'a.s crnnhrctctl to chack the cont,e rgence cut<J raiirlitl, ,t1
tlte presen{ ntarhenntical modeland the merl?od of colatlations.

KEI'TYORDS
Conductor ampacity-Loss of strength-Heat transfer-Therrnal rating-Transmission line ratings-
Thermal impacts on transmission lines.

I. IA'TRODLICTIOA'
The maximum load current that can be carried out by the conduclor is designated as the conductor
ampacity and it is normally determined from a single set of weatl.r"r .onditions and an assumed
maximum temperature. A method of calculating the conductor ampacity by simulating the effects
of weather and load current on conductor lenrperatures and deternrininrr ih"-los of strength due to
annealing was presented in il]. The transient current capacity of thicl aluminium-clad strands as
overhead ground u'ires for extra-high voltage transmission line was invesrigated by tZ] In this
study a short-circuit current which was simulated as inducin-q fault current lrr real transmission
lines, was applied and the corresponding temperatures have been measured. Also. a steady state
thermal rating procedure, rvhich includes forced convection heat transfer equations taking into
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account the eflect of wind turbulence, *ind dir".tion, conductor surface. the proximity of
conduclors in a bundle and conductor pitch was presented in [3]. ln this work. the conductor
temperature was obtained directly without resorting 1o an iterative solution. The solar radiation
receivcd b-v an overhead transmission line rvas investieated by [4] and it u'as found that it is
cicpcndant on the conduclor sag and slope. Also, the eflcct of the conductor slope on rhe total
radiation was found more significant than that of the solar absorption conslant. A method for
determining transmission line ralings based on the relationship betrveen the conduclor's
tenrperature and its sag is presented in [5]. This nrethod is based on the Ruling span principle and
the use of transmission line tension monitoring systems. Jo calculate the radial current distribution
and core loss rvithin a concentrically steel-cored conduclor. the magnetic properties of the core
must be known. The effects of magnetic field strength, tensile stress and lenrperalure on the
nrodulus, real and imaginary parts of the complex relative permeability, the hysteretic an_qle. the
loss tangent, the total core loss and the hysteresis loss, are illustrated by comprehensir,e
measurements in [6]. The problem of deterntining the steady state temperature distriburion in
radial direction of contposite overhead transmission lines in steady state was mathemarically
Inodcllcd by [7.8] using tlrc Ilnitc diflbrcncc tcchniquc. In tlre case ol' lransient solulion llre
stranded transmission line \.{'as approximated as a solid and lumped body subjecred to convective
and radiative boundary conditions. I\4oreover, a test rig was constructed to supply and conrrol a
current to the test section of tlre transmission line and also the ternperature of each layer of tlris
section u'as measured. AJso, a coniparison between the measurements and theoretical results rvas
carried out and fair agreement was found. This mathematical model gives the radial temperature
distribution in each layer of the composite overhead transmission lines at steady-state.and can onty
give the centre line temperature at each time interval at transient condition. The results of this
study showed that the core temperature is higher than the surface tenrperature of the transmission
line. The difference between these two temperatures increases with time until it reaches a constant
value at steady state. Therefore, the core temperature should be considered as a base for
calculating the moiimum culrent carrying capacity corresponding to the maximum permissible
temperature of the transnission line. Tiie maximum current capacity for each standard line should
be multiplied b1' a factor called the derating factor, about 0.9. to obtain the safeti.raring current
capacity. This actual value u'ill notcausethetemperatureofthecoreofthetransntissionlineto
rise over the maximum permissible temperature, to limit damage in the transmission line and to
give minimum disruption of electric service.
The present investi*eation deals with the determination of the transient radial temperature
distribution in the transmission lines at different operating conditions. A finite element technique is
presented using linear triangular elements for the two dimensional transient conductic:: equaricn to
predict the temperature distribution through stranded conductors at both tranlient "rnC iiea,Jy stale
conditions. fhe actual rveather performance of the transmission lines include the eilect of dust
accunrulation and ice lormation on the outer surface is also investigated

2. EX PE RI TI { ENTAL IAI I/ES T I GATI ON
A test rig was constructed to supply and control a current to the test section of a Cardinat model
transmission line- The temperature at each layer of the transmission line cross-section u,as
measured via calibrated copper constentan thermocouples. The present transmission line is
composed of 7 steel strands surrounded by 54 aluminium strands as shown in Fig.(l). Details of
tlre test rig and the measuring instruments were presented in [7,g].
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3. LTATH E A TATI CAI- TI O D EL
In the presenl anall'sis the stranded transmission line was anal1,5sd as a two dimensionallransient
conduction problcm in x-y plane of coordinates and the following governing equation u,as

applied. 19;

e(. er) o(. (T) il
^ I k*^--l+ ^ I kr=--l+q. =pc ^cxU c:r( ) 4\'cY ) c\

(l )

{2)

Also. the transnrission line was subjected to the following boundary and initial conditions as shown
in Fig (2):

a-) lnitial conditions
at t:0;

T(x.y): To
b-) Boundary conditions:

1- At the surface f2.

Q.on.:hA(T-T-)
2- At the conductor oiis of symmet{ I'1.

(3)

r,- *l* * k, $t. = o (4)cx cy
The solution of this system of equations together with its boundary and initial conditions was
made through a numerical technique based on the variational methods (Ritz and Galerkin
methods) [10-12]. One possible u'ay of discretizing a body is to divide it into a smaller bodies or
units, fittite elements, the assemblage of u'hich represents the original body in one operation. The
solutioi is formulated for each constituent unit, and then combined to obtain the solution for the
entire body or structure. A geometrically complex domain of the problem is represented as a
collection of geometrically simple subdomains (finite elements) interconnected at nodes as shown
in Fig.(2). Over each finite element the approximation function is derived using the basic idea that
any continuous function can be represented by a linear contbination of algebraic polyngmials. The
volume of data to be handled is directly proportional to the number of smaller bodies required to
discretize the original body. This method can be extended systenratically to accept complex and
difticult problems involving nonhomogeneous, nonlinear behaviour and.complicated boundary
conditions.

4. FIAIITE ELETII EA,T Fo RII{T]LATI oN
Because of its capabilitl' 6g6.utingu'ith severaltypes of bcundary conr-ii{icng. i,a;-:at!cn in material
prropenies and also the meshes can be divided anel gracieil accordrng to the regr{rr} uf inier esr the
finite element method r,r'as used in the present analysis.
The differential equation, Eq.(1) with its boundary and initial conditions, Eqs.(2)to(4), were
formulated using the Galerkin procedure, [10-ll], with interpolation functions asau,eighted
residual to derive the finite-elements equations. The finite element discretization in a two
dinrensional domain as shown in Fig.(3) is caried out using linear triangular elements as shown
in Fig (a)
The temperature inside any element, can be represented in terms of the nodal temperature by a
simple polynomial as follows:
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\\/here.

A_

t.i
T": f N Tlrmm

I
Nr= 

- 
(a,+brx-cl )')2A

Ii.\2=:- (az+bzx+czy)
2A

(,s )

(6)

N,= * (a:+bix+c.ry)
2A

area of the triangle 123 which can be obtained from.

A: 1/2

?t = X2 )': - X-:!2

br: Y:-),-r
ct: X:-Xz

?2: X-r jr - Xr)-r

bz: Y-; - Yr
C2: X1 - X.r

3i: Xl !z - xzlr
b-:: )l - !z
C3: XZ - Xt

(7 -a)

(7-b)

(7-c\

The problem of finding the solution of Eq.(l), which satisfies the initial and boundary conditions
can be u'ritten' after a u eighted integration over the two ciimensional domain and an application of
Green's theorem [12], in the equivalent matrix form as follows:

lKle {T}e * [Kc]e {T}e: {F}e
\\'here.

IKJ anci [Kc] are the elentent stifiness and capacity matrices. respectivelv.
{F } is the equivalent model influence fbrce vector due io heat .qeneration alrd

. the diflbrent boundary conditions

The global characteristic-matrices and the global characteristic- force vector can be obtained from
an appropriate assembly of Eq (8), to form the system of equations of the entire domain. The
procedure of assembly is based on the requirement of compatibility at the nodes, i.e., at a given
node common to a set of elements, the value of the unknown variable is the same for all the
elements, which are joined at that node.
When the generalised variables are matched at a common node, the nodal stiflness, capacitance
and force lor each of the elements, sharing the node are added to obtain the overall stiffness,

I
1

I

X1 Yr
Xr Va

X3 Y:

(8)
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capacitance and iorce vector at that node.
identical to the nunrber of unknowns. The
obtained by algebraic additions.

aT = 10.7 x l0 I2.re oC

The total number of ecluations on the global level is
global characleristic of ntatrices arrd vcclors can be

A popular procedure 1o solve the time-depenclent model equations ancj ro obtain llre valr-res .f theutrLnou'n Variables at each point in tinre, can be obtainerl by approxinration of t6e time rjeri'atir,,esusing a finite diflerence scheme. The assenrbled system consists of a ser of lineai;;;;;;;; 
';solved b1'the Gauss elimination method.

5. RES L' LTS A A'DDIS'CU.SS7OA/S
The present theoretical model u'as tested and evaluated by comparing the theoretical results u,iththe present experimental data at the same operating conditions. Figure (5) shows the experimentalobservations and the theoretical predictions at zoo a and at tlre roonr conditions(U,,=0) It isnoticed thar' with the increase in the operating time the remperature difl'erence bet\.\een rhetransmission line centre and its surlace incleases approaching a steady srare 

'alues. 
Thecomparison shou's a good aqreement and assure rhe validity ind reliabilitv of the presenttheoretical model and rlre methoJ of calculations.

Figure (6) shou's the effect of rransmission line loading current on the transient ten.rperaturedilrerence between tlie centre line and surface of the transiission rine. The tenrperature diflbrenceincreases r'r'ith the increase in the roading current increases.
The effect of the u'ind speed on ii.",.u"smission line perlormance at a fixed ambient temperatureand at different values of the. loading currents is shown in Fig (7) Both the centre linetemperature and the outer surface lemperature decrease with the inciease in the wind speed. Also,the rate of the temperature drop of the transmission line due to the w.ind effect decreases withfurther increase in the rvind speed. The present prediction for the temperature difference betweenthe corc and the outer sul face of the transmission line. ar, and the loading current, I. rverecorrelated using the reast square merhod and the fouowing 

"";;;;; ";;;;;;il;o
(e)

Fronl'Eqs (9) it can be indicated that the temperature difference ar is approxinrately linearlydependant on the rate of heat generated inside tire transmission line. Figure (g) shows the model

lt;[ij]""' 
and the correlation Eq (q) ana it *us-r,'unJ i"rrri eq tn) is varid within an accuracy ot

The effect of the pollution of the en'ironment and the actuar wealher perlorrnance cf ihelransmission lines inihice ;ire effec1- oitiust acclrmulation and ice fbr;nation on the outer.!ur-i-acr:are shown Figs'(9).und (10). Figure (9)showstheresultsatdrfferentvaluesofloadingcurrenr.
different wind speeds and I mm* dust laver. Also, the effect of dust layer thickness is alsoin'estigated within a range up to 4mm ior cement pollutants and the results show that thetransmission line significantly increases with the increase in the pollur""i r"y., irrickness. This infact due to the thermal insuraiing effect of the poilutant ir;;;For transmission lines that paising through very cold zones at which the ambient temperaturedrops under zero oc' a.layeioficJ*ut b. formed around the outer surface of the lines rvith lay,ertltickness depends on theambient temperarure, moist conrenrs and rhe ,"ind spei.'i"it,.'or.ri",study a thin ice layer of lnimthicknesswasconsideredandtheresuhsareshowninFig.(10)at
different u,ind speeds and at different loading currents.
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N.loreover, a comparison betrveen Cardinal and Hen designs lbr iransmission lines at two different

operating conditions was performed within the presenl stud\,. Figure ( I l-a) shou's the results at

loading current of 200'{ for the two dill-erent designs. These results shou,lhat. at lhe same loading

currcnt llte surface lemperature of Hendesignrecordsahighervaluecomparedrviththatofthe
Cariljnal design. This ntay be attributcd to the liighcr value olthe hcat uenctated per unit volunte

ibr tire smaller size, Hen, transmission line conrpared rvith that for the Cardinal design. Figure

( I I -b) shou's the comparison betu,een the trvo designs at the same value of the heat generated per

unit volume. A higher value for the surface temperature of the Cardinal design rvas observed

conrpared u'ith that for the Hen design. This may be,attributed to the higher value of the volume

co-surface ratio, V/A, for the Cardinal design. This parameter is proportional to the transntission

line size and it rvas simply calculated by, V/A = Dl4 u'here V is the transntission line volunre. A is
'the transmission line surlace area, and D is the transntission line ntean diameter. In fact this

parameter (r,olume co-surface ratio) is a measure of the heating to cooling rate ratio lor the

transrnission lines.

6. c0Ncr-u.t7()^is
The results of the present study leads to the following conclusions:
1- . Through the comparison between the present experimental data and the theoretical results. it

can bc concluded that tlrc prcscnt thcorctical nrodcl. is a satislactory rircans lor prcdicting thc
thermal behaviour of the stranded transrnission lines.

' 2- The effect of the actual weather (dusty and /or very low temperature conditions) is found to
be more effective on the transmission line rating especially at high loading capacity

3- The wind speed is an effective parameter on the transmission line teniperature level although. it
has no effect on the temperature difference between the centre and surface of the transmission
lines.

4- The temperature difference betu,een the centre and surface of the transmission lines is found to
be dependent only on the loading current and the transmission line geometry.

5- The comparison between Cardinal and Hen designs for transmission lines at trvo different
operating conditions showed that, at the same loading current the surface temperature of Hen

' design records a ltislrer value than that for the Cardinal design. Also. at the sanle value of heat
generated per unit volunte a higher value for the surface temperature of the Cardinal design
was predicted compared with that for the Hen design.

6- The contparison betr.r,een Cardinal and Hen designs shows the importance of the volume co-
surface ratio as an effective parameter in transmission'lines design and operation.

7. NOTITEA'CLA.T'URE
SI system of units was applied for the whole parameters used in this paper.

A element area, TL surlace area per unit length Suhscripts
a.b,c coefficients of interpolation function 0 initial value
c specific heat I,2,3 triangular element nodes
D TL outer mean diameter x x direction
d strand mean diameter y y direction
{F } force vector nratrix
h convective heat transfer coefficient
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-1

lKl stiffness marrix

IK,] capacity nrarrix
k thernral conductivity
I direction cosine of the outu,ard normal to the

clentcnt surlace
interpolation function
boundarl,heat flux due to conduction
heat generated per unit volume.

lemperature
ambient air temperature
time
wind speed
transnrission line volunle per unit lengrh

,\u pcrscripts
e

E

Grcck Ictlcrs
c[

A

p

fr.fz, f..

elentent number
tolal number ol elements

thernral difiirsivity
diflerence
density
donrain boundaries
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