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Mathematical model for evaluation
of overhead transmission lines temperatures

s 2
M. M. ABDEL AZIZ1 M. M. SALAMA™ 1. A. FODA™

ABSTRACT

The problem of determining the temperature distribution in tradial
direction of composite overhead transmission lines in steady state is
formulated. A mathematical model has been developed, vhen the heat
supplied to the transmission line is balanced by the heat dissipated,
to obtain the temperature of each layer of the line.

To obtain the change of the transmission line temperature with time
the line can be treated as a lumped body, subjected to convective and
radiative boundary conditions.

A test rig was constructed to supply and control a current to  the
test section of a transmission line, in addition to measure the
temperature of each layer of this sectian. Comparison between the
results obtained by the experimental work and Ly the mathematical
analysis shows satisfactory agreement.

The maximum current capacity of each standard transmission line
should be decreased by a factor, which can be called the derating
factor, to obtain an actual current capacity in order to that the

temperature of the transmission 1line does not exceed the maximum
permissible temperature.

1. TNTRODUCTION

The maximum load current that can be carried by a conductor is
designated as the conductor ampacity and is normally determined from a
single set of weather conditions in addition to an assumed maximum
temperature [1]. A steady-state thermal rating procedure, which
includes forced convection heat transfer equations taking into account
the effect of wind turbulence, wind direction, conductor hejght above
ground, the proximity of conductors in a bundle, and conductor pitch,
has been investigated before [2].

The transient current capacity of thick aluminum-clad As strands

~used as overhead ground wires for extra-high voltage transmission
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lines was discussed previously [Z].
l.aboratory results indicate that the tested | line hard-ware can
operate with conductor temperatures up to 200 °‘c [4]. In another
inwestigation an on-line method for transmission ampacity evaluation
was studied [5]. The thermal rating of overhead line conductors can be
determined by either deterministic or a probabilistic methods. The se-—
cond method is the preferred one, although it is more complicated [&].
The main object of this work is, therefare, to investigate the
temperature distribution in the radial direction of a composite
overhead transmission line at steady-state condition, to calculate the
difference between temperafures of different layers at steady state.
Also a transient study to calculate the transmission line temperature

at each time interval is presented.
2. EXPERIMENTAL WORK

The test rig is constructed to supply and control the current to the
test section of the transmission line and in addition to measure the
temperatures of different layers of the line [10].

The main parts of the test rig, as shown in Fig.(1), are :—

1. Test section :- A section of considerable length from an overhead
transmission line (Cardinal line) is suspended in the laboratory. It
consists of 7 steel strands surrounded by 54 aluminum strands, as
shown in Fig.(2). Thermocouples are inserted at various distances from
the center line of the transmission line to measure the temperature

distribution in the radial direction.

to data logger aluminum layer
Thermocouples steel layer

Test section )
= 2 ——3

current injector

Fig. (1) Experimental set up. Fig.(2) Transmission line

cross—section.
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2. Current injector :- The constant current used is supplied from a
current injector and it can be controlled by using a variac.
Z. Connectiaons :- The test section is conne&ted to the current
injector leads by two ciamps, one at each section end.
The instruments used are :-—

1. Clamp ammeter, to measure the energized current.

3]

. Thermocouples, to measure the temperature as a voltage difference

at their terminals.

e

. Data logger, to translate the voltage differences at the terminals
of the thermocouples to corresponding temperatures.
After the test rig is prepared, the current can be injected to the
test section and the corresponding temperature of each layer can be

recorded at each time interval.

3. STEADY-STATE MATHEMATICAL MODEL

The thermal state of a transmission 1line will depend on the load
current, the electrical characteristics of the conductor and the
atmospheric parameters, which include the solar radiation, the mean
wind velocity (direction and turbulence) and ambient temperature.

When the heat supplied to the transmission line is balanced by the

heat dissipated, the thermal state of the line is defined as steady

state. The heat balénce equation can be given by . [6],

+ + q. + = + +

9j m R H A 9con Arad 9eva 1)
Where qj . qm s 4y and a. are joule, magnetic, corona and solar
heating, while Aon ? 9-ad and . are convective, radiative and

evaporative cooling, respectively. .

The heating of the caﬁductcr due to the load current includes the
joule and magnetic heating. The magnetic heating is due to cyclic
magnetic flux which causes heating by eddy currents, hysteresis and
magnetic viscosity. Corona heating 1is only significant with high
surface voltage gradients and can be calctulated from an empirical
formula. The solar heating using global solar radiation can be written
as, [&6, 91,

q =a_ 5D (2)
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where o is the absorptivity of transmission line surface, ( 0.27 < o
g 0.95 or & = 0.50 ), S is the global solar tadiation and D is

‘the outer diameter of the transmission line.
Fhe heat transmitted by convection from the transmission line

sur face qcon is given by, [6 to 91

Qoo = B Nu KF ( T5 - Ta ) (3)

Where Nu is the Nusselt number, Nu = h D / KF » KF is the air thermal
conductivity (watt/m °k), Ts is the transmission line surface
temperature, Ta is the ambient temperature and b is the heat transfer
coefficient (watt/m® °k).

Substitute Nu in eqn. (3), 9.on €20 be rewritten as follows :

Y9con h As ( Ts - Ta ) (4)
g
Where AS is the transmission line surface area (m™) .
Nusselt number is given by, E71,
0.387 R_1/% <
a
Nu = 0.6 + (5)

L1+ (0.559 s pr ) 7/16 48727

Where Pr is Pramdtl number, Pr ="c:a u o/ KF s € is the specific heat

of air at constant pressure (J / kg °k), p is the dynamic viscosity of
air (kg / m s), and Ra is Rayligh number,

- _ 3
Ra = [ gB ( TS Ta ) D1 /v a (6)

Where g is the gravitational acceleration (m/s‘), B is the céEFFicient
of thermal expansion of air, B =1 / [0.5 (TS & Ta)] » v and a are the
kinematic viscosity and the thermal diffusivity of air (mz/s).

The heat radiated from the conductor surface q[_a is given by the

d
following equation, [6 to 81, .

=g o A_ (T = T ) (7)
S

Where £ is the transmission line surface emissivity, it depends on the

conductor surface, ( 0.27 £ &£ < 0.95 or e =~ 0.4 ) i and o is
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Stefan—-Boltzmann constant, o = 5.467 IO-B watt/m2 °¥4.

The radiation loss is usually a small fraction of the total heat
logs, especially with forced convection [B]. The evaporative cooling
effects can be generally neglected. As an approximation, the joule
heating of the conductor due to its vresistance will be considered
only. Therefore, the heat balance equation, in egn.(l), can be
modified to

qg. = g + I (8)

The composite transmission line can be considered as two concentric
layers. The joule heating qj in the transmission line equals the power
delivered in the steel layer plus that delivered in the
aluminum layer. The power in each layer can be obtained by calculating
the current in each layer and the layer vresistance, where the two
resistances are connected in parallel. Each resistance can be
calculated from the length of the transmission line, the cross
sectional area of each layer and from the corresponding resistivity of
each material. The cross sectional area of each laysr equals to the
tross sectional area of one strand multiplied by the total number of

strands in the layer.

Heat generated from the flow of the electris current through
resistive conductor is transferred by combined convection and
radiation to the surrounding environment. Generally, the temperature

distribution through the conductor material is given by the general

conduction equation, [71, as follows

a aT 3T
— (K )+ 4 =pc (?)
d r a r gt

Where K is the material thermal conductivity, T is the temperature and
4 is the rate of heat generated per unit volume (watt/m~ ) P is the
conductor material density (lg/m )y € is the specific heat of conduc—
tor material, t is the time and r is the radial distance measured from
the gecmetric center of the conductor (m)..

The temperature distribution will be in the radial direction
considering infinite conductor length and no variation in the awxial
direction. If the thermo-physical properties of the conductor material

is constant and with approximation to one-dimensional steady-state
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conduction, eqn.(?) can be simplified to

I (r ) + —— =0 (10}

When a transmission line is composed of strands of two different
materials, two layers of uniform sections can be assumed to overcome
the discontinuity of eqn.{10). Then the transmissiaon line can be
considered as two-concentric cylinders closad to each other or
separated by an air gap. The temperature distribution thirough both the
steel layer ard the aluminum layer of the trsrsmission line can be
obtained by integrating eqgn.(10) taking into consideration the
appropriate boundary conditions for each layer. The following equation

can be obtained for the steel layer :

TSt = ( - ¢ ¥ / 4 kst ) + EI In v + CE (11)
Where TSt is the temperature of the steel layer at a radius r, (0 < r
< rl), g is the rate of heat generated per unit volume and C1 s C2 are
the integration constants.
At r = 0 , TSt = TD * C1 = 0 then TD = CE and at r = Ty s TSt = T1
then
. 2 3 : i 2
Ty = A vy /8K 6y sar G =Ty - (=g /8 Kgyd

Therefore, egn.(12) gives the temperature at geometric center of the
transmission line TD,

: T =T, + ( r /A K

o "y ) (12)

t

Substituting the values of Cl and C2 in egn.(11), the temperature
distribution in the steel layer of the transmission line js obtained
as follows

o
(r -7y /4 k_, ) (13}
=

t

Integrating egn.(10), the temperature distribution in the

aluminum layer of the transmissicon line is obtained as

v (d Tal 4 dw) = (= iy 1 r 2 Hal ) o+ C3 ' (14)



Then at r = r1
(d T, 7 d F) = (- 4 ry 72K ¥HU5 /o

a1 "1 $a1 ) (1)

1

Thes, flow of heat 9.t between the steel layer and asluwainum layer resul-

ts 1n a direction opposite to the temperature grsdient. This heat flow

can bz aobtained from the rate of heat generated per unit volume, ast’
as follows
. d Tal
gy = Ogg W rI“ 1/72nmnvr 1= ést ry /2 mtog_ o= - Ky
- = =N dr.
then (d Tal S dE ) =— I / 2 Kal (16)
From eqns. (15) and (16), C, can ke obtained as
C.=-¢,"(&_,-8.,1) /2K (17)

3 bi

al

Integrating eqn.(14) to obtain the temperature distribution in the

aluminum layer, we get
=(-q_, v /4 Koy ) +Colar +C (18)

Tal al 4

Substituting the boundary condition, r = Fo s Tal = T5 (surface

temperature), in eqn.(18) the temperature of the transmission line
surface is obtained as

. 2 "
T = (-4 v /4 ha

i T ) +C, inr_ +C (19)

1 3 z 4

From egns.(17) and (19), C, can be written as follows

4

)+ (v Sr2 K

4 s 1 L a1l

B, = T, + 1§, rz‘/4 M 1

) (& = §_,) Inm o (20)
5

The temperature distribution in the transmission line corresponding
to a certain current can be evaluated from the mathematical model as
follows -
1. Pead the input data (transmission 1line geometry, atmospheric
parameters, ambient temperature, electrigal characteristics, the
urrent Flows in the fransmission line...).

i
2. Calculate the heat generated in the transmission line.

£

Nesume  an initial value of the surface temperature of the

transmission line Ts'
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4, Calculate the heat convected Bewn and the heat radiated from

q._
the surface of the transmission line , eqns. (3} to (7). rad
5. Substitute from steps (2) and (4) above in the tieat balance equa-—
tibn (eqgn. (1) for exact solution or eqn. (B8) for approximate ane). The
final corrected value of TS cann be obtained by using an iterative
procedure.

4. Calculate €, , from egn.{17), and C from eqn.(20), then

substitute their values in eqn.(18) to gbtain the temperature
distribution in the aluminum layer of the transmission line.
7. Substitute r = ry into eqgn.(18) to obtain Tl'
8. Substitute T1 into egn.(13) to obtain the temperature distribution
in the steel layer of the transmission line.
9. Substitute T1 in egn.(12) to obtain the temperature at the
geometric center of the transmission line, To'
10. Go to step (2), if a new operating condition is occurred.

A

4. TRANSIENT MATHEMATICAL MODEL

The change of the temperature with time is the main objective of this
section. The heat conduction equation, eqn.(?), shows that the
temperature of the transmission line is a function of both radial
distance r and time t, i.e. T =T ( r, t). The following simplifying
assumptions are considered to solve egn. (?)

1. The transmission line is composed of uniform material with mean
properties between that of steel and aluminum.

2. The transmission line can be treated as a lumped body, T =T(t).

%Z. This body is subjected to convective boundary conditions.

4. A correction due to radiation effect +From the transmission line
surface is considered r71."'

From =qn.(9) the stored heat within the lumped body, which

q
sd
represents the transmission line material, is given by

Gog = P cv (6T /adt) (21)

Where v is the volume of the transmission line.
Thisz stored heat is the difference between the generated heat g _— and
the convicted heat g X

can

i.e. q_dA= q - q (22)

s3]
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Where 9.on Was given in eqgn.(4) and qgen = q V.
Substituting Aoy » qgen.and con 1N eqn.(gi). the <following equa-—
tion is obtained
(dT/d,t)=[c'1"h(T—Ta)/I.'»J,’,rc (23)
Assuming that & =T - Ta s then eqn. (23) can be rewritten as
(d8/dt)=(c'1/pc)—(h/pcD)8 (24)
The solution of this equation leads to, [7].
s=c,e” ME/P D 4p (25)
To obtain the integration constant C1 s the initial values, t = 0 |,
T = 1i and Oi = Ti = Ta y are substituted in eqn.(25). Thus
C,=8. - (gD / h) (26)

1 i

Substituting Cl and & in eqgn.(25), to obtain the swface temperature
of the transmission line T, we get

- _ -ht/pcbhD
T = Ta + [ ( Ti Ta ) e B/

+[8§D(1-e NE/PCED

Y / h 1] (27)
A correction to eqn.(27) due to radiation effect must be carried out
to get more accurate value of the temperature. The corresponding heat
balance equation is given by
v q +q

gek = Oon * =4 rad x (2B)¥

Where qrad was given in eqgn. (7).
The correction was done by replacing § in eqn.(27) by a net value of
the rate of the heat generated per unit volume anet « where

q =g-0g. _4/Vv) (29)

To obtain the temperature of the transmission lire at a certain

time, the previous mathematical model can be used as follows :
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1. Read input data, 'as mentioned before in section 3.
2. Calculate the heat generated in the transmissién line.
. Specify the initial value of the temperature fi . to calculate the
trencsmission line temperature T from egn.(27).
4, Calculate
5. IF | énet | .
replace § by anet and go to step (3) to obtain a corrected value of T.
6. IF |

9 ad °* from eqn.(7), and et *

is greater than the specified tolerance value,

frrom egn. (29) .

Qe

= Bk | is equal to or less than the tolerance value,

e

increase the time by a time step and go to step (Z) to obtain a new

temperature value corresponding to the specified time.
5. RESULTS

The experiment was carried out in a closed room and the results give
the temperature-time relation for the aluminum layer and for the steel
layer of & transmission line, as shown in Fig.(Z). The temperature was
reccorded every 5 minutes for injected current of 200 &. The temperatu-
re of each layer increases each time interval till it reaches a steady
ctate value when the cooling rate is equal to the generating rate of
heat in the transmission line. Also in Fig.(3), the difference between
the temperature of the steel layer and the temperature of the aluminum
layer ic calculated and plotted each time interval.

Fig. (4) shows the steady—-state temperatures of the core TD, of the
surface of the steel layer T1 in addition to the temperature of the
inner surface of the aluminum layer T, and of the surface of the line
TS at different values of transmissin; line current. The difference
betwesen the temperature of the core and the temperature of the surface
of the transmission line increases with the increase of the current
value, as shown also in Fig. (4).

Fig.(S) shows the steady-state temperatures at the Core‘énd of the
surface of the line at different values of currents for various types
of standard transmission lines ( Waxwing, Cairdinal  and Bluebird ).

Fig. (&) shows the difference between the core temparature and the
surface temperature of each line of these _ tranzmission lines versus
current. Fig.(7) shows the temperature of the Cardinal transmission
line, which was calculated from the transient mathematical model, at
different values of the transmission line current, versus time. When

the current increases, the temperature of the line increases and when
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the current decreases, the temperature decreases but still higher than
the correspbnding values at the first part.

From the steady-state calculations it is noticed that the
temperature gradient in the radial direction of a transmission line
results in a temperature difference between the core and the surface
of the line. This temperature difference should be taken as a base for
determining the actual current capacity which can be carried by the
transmission line.

A modified analysis is carried out to obtain a new factor to reduce
the maximum current capacity of a transmission line to an actual one.
The maximum current capacity of a line is corresponding to the maximum

permicsible surface temperature, but we havz =zeen thabt tbh

= temperature

af the core of the line is higher than the =urface  temperatures
therefore the maximum current capacity of the linme zhould be reduced
until the core temperature will be equal to or iessz than Lhe value of

the maximum permissible temperature.

The rated current for each transmission line siz8 Can be found from
standard tables. The core and surface temperatures can be calculated
as mentioned before in  the theoretical model of the steady-state
condition. The difference between these two values  eqguals AT
Eqn. (30) gives a new surface temperature TE e at which the caore
temperature of the line does not exceed the permissible temperature

T_ .
=

=T_ - AT (30)
s new s

The convective and radiative hesat corresponding  to T:_]_N can be
shne

tutirg these values 1in

calculated from egns.(4) and (7) and by subs
thz heat balance equation the corresponding value of the actual
current ceapacity of the transmission line can bz obtained by using an
iterative procedure. )

The transmission line should not be loaded more than this actual
value to prevent the increase in the core temperature to be more than
the permiscsible temperature of the line and tu increas=s the life time
of the line.

The ratio between the calculated current capacity and the maximum
current capacity can be called the derating factor.

The same procedure is repeated for different sizes of transmission

lines and the corresponding derating factor foi: =ach line can be cal-
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culated, as given in Table (1), from which an average value for this
factar can be taken as 0.9 . Therzfore, for each standard transmission
"line the maximum current capacity chpould be multiﬁlied by the average
demating factor to obtain an actual current value, which will not
cause the temperature of the core of the line to become higher than

the maximum permissible temperature.

Table (1)
code stand. core surface | actual cure sui F. derating
woid current | temp. tgmp. current | temp. temp. factor
(A) () ( ) (A) [ { &)
Waxwing 750 114.06 | 103.09 670 100.45 | 91.469 | 0.89333
Linnet 00 112.33 | 101..91 810 99,85 | 91.29 | 0.90000
Cardinal 370 110.55 | 100.49 875 98.68 | 20.49 | 0.90206
Bluebird | 1060 111.16 ] 101.09 gon 27.07 | 20.8% | 0.90094
fverage derating factor = 0.90
SQDE Steel layer
u ]
0 .
40.0 3 . .
3 Aluminum layer
Fig.(3) Temperature ]
) 3
of steel layer and - 3
=2y aye 330'0 =
aluminum layer of a o E
transmission line 8_ g
versus time. g2&o§
= 8
10.0 3
E Temperature diffarence
ooo—,..,[s

Time (min.)

6. CONCLUSIONS

The proposed model at steady—-state conditians can give the temperature
distribution in each layer of compasite ovaerhead transmission lines.
The line temperature at each time interval camn bs calaulated from the
model of the transient condition.

The comparison between the experimental reszults  and  the results
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obtained from the mathematical models shows satistactory agreements.
The difference between the obtained temperatufes may *be attributed to
“the instruments errors and to the taken assumptions in the
mathematical models (the difference is about 7.2 “¥s

The core temperature is higher than the surface temperature of the
transmission 1line. The difference between these two temperature
values increases with time until it reaches a constant value at steady

te. Therefore, the core temperature should be conzider=d as a bhase
for calculating the maximum current carrying capacity corresponding to
the maximum permissible temperature of the tranzmiszion line. The
maximum current capacity for each standard lins zhould be multiplied
by & derating factor, about 0.9 » to obtain the actual current
capacity. This actual value will not cause ths tempeEirature of the core
of the transmission line to rise over the maximum permissible tem-—
perature, to limit damage in the transmission line and to give minimum

disruption of electric service.
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