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ABSTRACT

Nowadays, blackouts or sags of a conductor areattméng the safety and stable run of the power
transmission lines. These phenomena happen dueetertvironmental conditions which change over the
time, such as aging or temperature variations,ipitation and hotspots of power transmission liassa
result of extreme weather conditions. A precipitatcondition result loses of heat from transmisdioe.
Besides, the conductor aging and hotspots of ainasion line can lead to the loss of conductansgth,
which may increase the probability of blackoutd. tAe damage suffers by the transmission line eélise
the service interruption and required high costefmair. Consequently, appropriate methods are med|to
monitor the condition of power transmission linelsene the segment of the power transmission linehvhi
requires more repair or reinforcement can be ifleditearly. This research work introduces the newehto
identify the critical aging segments and the hdtgmmwer transmission lines. This method dependshen
information about the power transmission line atwl @nvironment such as temperature variations and
characteristics of the conductors. Besides thateffect of the weather and radiative parameteti@oonductor
temperature are being considered as well in tisisarehThe results in this research work had discovered th
most significant impacts the conductor aging behawvas conductor temperature. Convection heaidasere
consequential that radiation heat loss in terntietdrmination the conductor temperature.

Keywords. Conductor Aging, Emissivity, Hotspots, RadiatedatHleoss, Thermal Rating

1. INTRODUCTION The thermal behaviour of a conductor has been
studied in several papers beforehand. One of the
The electric transmission system is more complek an important parameters is current-carrying capacity o
dynamic as compared to the other utility systenms. | known as thermal rating of a conductor that strgngl
composite power transmission systems, the amount offfects the performance of the overhead transrmidsie.
power from a line at any given moment is depending  H€nce, thermal models were proposed (Robertal.,

. - . 2008; Pytlak et al., 2009; Yang et al., 2009;
the generation production and transmits, custonsage, Heckenbergerovat al., 2010a: 2011; Krontirist al..

the .status of other transmission lines and thec&gsd 2010; Abu Zarim, 2011) for determining the steats
equipments and even the weather as well. Envirohmeng rant_carrying capacity of overhead transmissioes.
stress which changing over the time affects thetrédal From the studies, found that the changes in wedities
performances of the transmission lines, such as thetrongly affected the conductor temperature, esfigci
blackouts of a conductor which are threateningstéifety  the wind parameters which may increase the heat los
and stable run on the power transmission lines. due to convection and thus increasing the therataigs
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of the transmission line. Besides, precipitatiopoahas Hence, the heat balance equation takes the form
major effect on the heat transfer by evaporatione T Equation (2):

results provided by (Pytlakt al., 2009) show that the

thermal rating of a conductor is always higher thlam  Q -Q.- Q- Q,+ FR(T,)=0 (2)

dry conductor. The values of the radiative paramaits

influence the conductor temperature because tHegtaf Where:

the amount of absorbed solar energy and the anafunt Qs = The heat gained from solar radiation

radiant energy emitted from the surface of the cotmt  Qc = The heat lost into the environment due to
(Michiorri et al., 2010). Furthermore, the current-carrying convection

capacity of an overhead line conductor is often Qr = The heat lost due to radiation

determined by the loss of its tensile strength assalt W = The heat loss due to evaporation

of cumulative annealing during its planned lifetime !“R (Tc) = The joule heat gain of the conductor.

Thhus, rt]heh b((ejhawoqr of the]rcmal aging was computed  Tpe joyle heat gain in the conductor depends on the
through the determination of current-carrying Calyac  ayerage temperature of the conductor while the
and also the conductor temperature (Ceal., 2003;  ,nyection, radiation and evaporation heat lossgeind

I\Hﬂgslfgrrl(l;ear‘ggrol)vlggﬂ?gg& 0%01(;)%%; 15;‘;”‘3”6"" 2010 o the temperature at the surface of the conductor.

In this study, methodology for evaluating conductor 2.2. Conductor Aging Behaviour
thermal aging is summarized briefly. The main part
this study describes a case study that determine%O
nominal constant load current and the conductor

temperature is calculated based on (IEEE, 2007) ang,nish due to high line temperature. Annealing i th

aging due to the loss of a conductor tensile stfefy  rocess where the tensile strength of a coppdomtimium
estimated at each tower along the transmission line gndquctor is reduced at the sustained high tempegat
Subsequently, the spatial series of a conductasesl for  Aithough the conductor strength is reduced grayuttie
identification of critical aging segments and ldzafion  reduction due to conductor aging, which is accutadia
of hotspots. The effect of weather conditions and over time is increasing the probability of blaclkeout
radiative parameters on conductor temperature and The loss of the tensile strength is caused by the
thermal aging of a conductor is then evaluated. recrystallization process in aluminium strands. idt
This study is organized into five sections. Sect®on operated at elevated temperatures depends on the
provides the background information on a conductortemperature and the time duration at that temperatu
thermal state and aging behaviour. The methodology(Ab-Rahman and Shuhaimi, 2012a; 2012b). Since the
being used for evaluation of thermal aging is desct  strand conductor used in ACSR is aluminium, the
in section 3. A case study involving a sample percent loss of tensile strength of an aluminium
transmission line is presented in section 4. The la conductor strand is defined as Equation (3):
section provides major conclusions.

Conductor aging is an obvious process affecting all
mponents of electric power transmission systems.
ajor factor that causes conductor aging is anngali

L, =100-k, - 01'6 (0.001.T - 0.095) (3)

2. BACKGROUND 630r
- Where:
15 required (0 calolat 15 (el oad. T = The sirand diameter (mm)
nie e et ' t The exposure time (hrs)

2.1. Calculation of Conductor Thermal Load Tc = The conductor temperature (°C)

The study that outlined by (IEEE, 2007) is referfed k=134~ 0.240T
thermal ratings of the conductors. In steady statelition,
the heat balance equation can be expressed irothe f Equation 1 is only valid in determining the loss of
Equation (1): strength for a single aluminium strand. The totes| of

, tensile strength in an ACSR conductay,id. determined as

Q,-Q.-Q +IR(T,)=0 1) Equation (4):

For precipitation condition (Pytlakt al., 2009), the | _S=S' @)
evaporation heat loss is having effect on the cotudu ° s
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Where: e Computation of the value of mean, p and standard
S = The total strength of conductor before anngalin deviation,s, of the series . .

S’ = Total strength of conductor after annealing + Standardized of the aging series Equation (6):

2.3. Current Rating L L,.—H ©)

Current rating is defined as the maximum amount of o

electr!cgl current V\.'h'Ch a_conductor can carry_t[ef(_) Determination of critical aging segments along the
sustaining immediate or progressive  deterioration i, a5 sets of towers whose loss of strength éstgr

(Hayakawaet.al., _2Q11). The current rating of alumir_wium than or equal to a given threshold, e.g., Equa@in
conductors is limited by the conductor's maximum

operating temperature. In order to avoid the happen LS5 @

annealing, calculation of current rating is reqdir® ¢

ensure the current passing through the transmidsien

does not cause it to exceed its limits (Sdval., 2013).
Current rating of a power transmission line depends

on the physical and electrical properties of theemial 4. RESULTSAND ANALYSIS

used in the conductor, ambient temperature and )

environmental conditions adjoining to the conductor

Besides, current rating is computed from Equatiand 4.1. Case Study

Localization of hotspots by finding maxima of each
critical aging segment.

can be defined as Equation (5): A sample of transmission line in Kluang, Johore,
Malaysia has been chosen in this research works Thi

_RtQ-Q 5) transmission line is supported by 77 transmissmwets.
R(T.) The conductor used is Aluminium Conductors Steel

Reinforced (ACSR) conductor “Batang” with outer
diameter 24.16 mm (Industries, 1957) and a measured
3.METHODOLOGY nominal current of 600A. The emissivity and solar
In order to compute the reduction in tensile stteng absorptively of the conductor are measured corretipg
of the conductor, a number of factors must be toa conductor that has been in operation for 2@sysvhich
considered. There are: are€ = 0.85 ands = 0.99 respectively (Abu Zarim, 2011).
- Characteristic and material of the conductor such a Weather information about the sample line has been
the type and size of the conductor used, theirsProvided by Meteorological Department, Malaysia KIM

location and height above ground 1958). The data of information consist of monthitadof
«  Weather information: Current and historical records ambient temperature, wind speed and humidity fogeth
of environment and ambient weather conditions years, from 01/2008 to 12/2010. At first, all the

The f b d . h d meteorological variables were used to calculate the
_The factors above are used to estimate the conducto,, oy temperature. All the results computed are
aging at each tower along the transmission linee Th

methodology for computing conductor aging consigts illustrated at tower 53.

following three steps: 4.2. Results for Spatial Analysis of Conductor
« Determination of the conductor temperature using Thermal Aging
measured load current and weather data Two circumstances have to consider in this study,
» Determination of cumulative loss of tensile stréngt ihere is a steady-state condition without consigeri
due to annealing, 4. _ _ precipitation and with considering the precipitatio
* Determination of the combined loss of tensile condition. This is illustrated iFig. 1 and 2, which
strength, I, for composite conductor show a frequency histogram of conductor operating

temperatures for the sample transmission towery ove

three-year periods. Besides that, spatial distidiuof

conductor thermal aging {} is shown inFig. 3 and

« Determination of the spatial series of conductor the standardized thermal aging series L with
aging, {L}, along the power transmission line critical aging segments and hotspots is plotteliga 4.

The methodology for partial analysis of conductor
aging is included of the following steps:
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Temperature frequency histogram (without rain)

Frequency

Line temperature (°C)
Fig. 1. Temperature frequency histogram for tower 77 owerd-year period

Temperature frequency histogram (precipitation)
600 -

500

400

Frequency

54 56 58 60 62 65 68 73 75 78
Line temperature (°C)

Fig. 2. Temperature frequency histogram for tower 77 olve¥e-year period

In the meanwhile, the summary of critical aging completed with basic statistical parameters (mpan
segments and their hotspots with correspondentndder 0.8090 and standard deviatior= 0.0064). For tower 53,

aging of sample transmission line is provided ibl€dl. the total loss of strength of the compound ACSR
. . . conductor is L= 0.81% (over the 20 year period).
43. Arr]lalysasj for_ Spatial Analysis of Conductor After determining the loss of tensile strength ot
Thermal Aging towers, critical aging segments and hotspots veeraired

FromFig. 1 and 2, clearly show that the temperature using methodology mentioned in section 3. Then,
of the wet conductor (under precipitation) is lowlean  standardized aging series{f} is determined. According
the temperature of the dry conductor. to methodology in section 3, the loss of strengtigreater

Since ACSR conductors have steel cores, theirthan or equal to a given threshold in order torddtes the
overall loss of tensile strength is substantiaifuced.  aging segments of the transmission line, whichLi§%}>1.
The ACSR conductor “Batang”, considered for this From the graph plotted iffig. 4, there are nine critical
study, has 18 aluminium strands with the diamefer o aging segments in the transmission line. This eashown
4.78mm and steel core of 7 strands with the dianafte in Table 1. In order to determine the hotspots of the
1.68mm. Thus, loss of tensile strength of aluminium transmission line, the maxima of the critical agiegments
strands is computed as shown Fig. 3 which was  has been identified accordingTable 1.
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Tablel. Summary of critical aging segments and their irreversible and also cumulative. In other wordsstle
hotspots with correspondent thermal aging of sample strength is lost when the conductor achieved high

transmission line temperature. When the conductor cools down, tensile
No. of segment  Tower Hotspots St (%) strength does not increase again and when the ctordu
1 18 - 1.07 temperature becomes high the next time, tensiégngth
2 25-27 27 1.43 reduction continues from the previous reduced tzda
3 34 34 1.49 was caused by earlier exposures extreme high
4 39-41 41 1.72 temperatures.
° 49-51 51 177 It clearly shows the temperature of the conductor
S gg:gg gg 122 decrease;d regularly as the increases of wind spsed
8 65 65 136 shown Fig. 6. Thus, the conductor temperature cools
9 71 . 111 down significantly at high wind speeds. However th

heat loss due to convection is increases with the
increases of the wind velocity. Hence, currentngti
44. Results for Environment Effect on increases also as the convection heat loss increhse
Temperature and Aging Segments of the to the increases of wind speed.
Conductor The calculation was carried out with constant
i _ conductor characteristics or properties and ambient
First of all, the effect of ambient temperature on temperature and frorfiig. 7; it shows that changes in
conductor temperature is shownHig 5. BesidesFig. 6 wind speed only have affected the heat loss due to
shows the effect of wind speed on conductor conyection. For this reason, the heat loss in gtetate
temperature. Effect of wind speed on the heatdwst  ongition increases and thus, rising in thermahgaof
heat gain of the conductor and the effect of cowec  the transmission line which provedFig. 8.
heat Ioss.on. thermal rating _of transmission line ar In the meanwhileFig. 8 shows that current rating is
|Ilustrat§d InFig. 7§nd§3accord!ng|y. . greatly influenced by wind direction, resulting the
. Besides, Fhe direction Of. wind mamly plays theerol changes of conductor temperature. However, this
in current rating as shown Fig. 9. Figure 10 shows the dependence disappears as the wind velocity is eetitac
computation of __conductor temperature fc_>r the zero. During the situations in which the wind direc
precipitation c;on_dltlons._ The _therm_al rating witinda changes rapidly, the conductor temperature can be
without precipitation which varies with wind spee@s expected to refle;:t these changes. The actual nespuf
illustrated inFig. 11. =
Clearly in Fig. 12 shown that the effect of ambient the_ cpndu<_:t0r temperature W'". _be postponed from th
variations in the weather conditions due to thertta

temperature on radiation heat loss. In additieig, 13 ) ,
shows the effect of radiation on conductor tempeeafThe ~ capacitance of the conductor. In Malaysia, thees zr

effect of radiative properties of the conductorperature is ~ Majors of vibration damage on the conductor. They a
illustrated in Fig. 14 which plots the temperature of a Aeolian vibration and sub-conductor oscillation, igth
“Batang” conductor of tower 53 for different value§  cause by wind parameter (JMM, 1958).
emissivity and solar absorptivity for solar coratit. For the analysis of the effect on the precipitation
. . conditions on conductor temperature, the data ased
4.5. Analysis  for Envw_onment Effect on taken under precipitation procedure. Typically,
Temperature and Aging Segments of the  onquctors are attached to their support by anlatsu

Conductor unit which is usually made of wet-process porcelain

The temperature of an exposed overhead-linetoughened glass with increasing use of glass-reiatb
conductor may depend on few factors. There are wind polymer insulators. Hence, under the rainfall ctiodj it
air temperature, the intensity and direction of the Wets the porcelain insulator and produces a thin
radiation from the sun, the conductor charactessti conductor layer most of the time. Thus, it may kthe
precipitation in the form of rain. By referring tiiend  flashover voltage of the insulators.
line of the conductor temperaturehfig. 5, the conductor By referring the trend line of conductor temperatur
temperature is increased gradually. There is a tdss in Fig. 10, it clearly shows that the conductor
tensile strength when a conductor is exposed td hig temperature decrease slowly as the increases énofat
ambient temperature. The loss of tensile strength i precipitation.
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Loss of tensile strength (%)
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Fig. 3. Spatial distribution of conductor thermal agingf{L
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Fig. 4. Standardized thermal aging seriesS{§ with critical aging segments and hotspots
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Fig. 5. Conductor temperature of tower 53 against amh@nperature
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Conductor temperature Vs wind speed
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Fig. 6. Scatter chart of the conductor temperature agaiimst speed

Effect of wind on heat balance equation
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Fig. 7. Effect of wind speed on the heat lost and heat gathe conductor
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Fig. 8. Effect of convection heat loss on thermal ratifigg@nsmission line
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Fig. 9. lllustration of effect of wind direction on currerating

Conductor temperature Vs precipitation rate
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Fig. 10. lllustration of effect of precipitation on condoctemperature
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Fig. 11. Effect of precipitation on thermal rating
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Radiated heat loss Vs ambient temperature
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Fig. 12. Effect of ambient temperature on radiation hess lo

80.0 Radiated heat loss Vs conductor temperature
= 75.04
£
% 7004
S
k=
2 65.04
=]
=
= 60.04
<
(a4
55.0+4 g Conductor temperature
2
(32l O o o O [on) = [op) ] o ] [
no 8 xS =~ o & B oS A 0
< < & wnownm owm wm o 6 e
Conductor temperature (°C)
Fig. 13. Effect of radiation on conductor temperature
Effect of radiative properties on conductor temperature
34.000 -
3 \
% 33.000 -
I
|53 \
o
5 32000
g e
é \ €=02
£ 31.000 - €=03
© =05
e=07
e=09

30.000 - . .
0.1 0.3 0.5 0.7 0.9
Solar absorptivity (ot)

Fig. 14. lllustration of effect of radiative properties oanductor temperature

////4 Science Publications 348

AJEAS



Goh, H.H.et al. / American Journal of Engineering and AppliedeBce 6 (4): 340-351, 2013

It means that the conductor temperature may beghbtou
down to ambient temperature by the rainfall cooditi
However, there is a decrease of the effect of pitation
rate, which reducing the conductor temperaturehas t

loss much influences the conductor temperatureuseca
they affect the amount of absorbed solar energythad
amount of radiant energy emitted from the surfacihe
conductor and can be observed frBig. 13. Emissivity

ambient temperature increases. It means that thgs changing over the time which based on the domadr

precipitation is expected to have the same temperais
the surrounding air mass. Thus, warmer precipitatio
will not gain as much heat as cooler precipitatiwhen
the temperature during precipitation is being btdugp
to the line temperature prior to evaporation.
Furthermore, thermal rating of a wet conductor is
always higher than the dry conductor, due to the
evaporative cooling for the former (Heckenbergereia.,
2011). Thus, the rain has a major effect on thet hea
transfer by evaporation. In order to verify thiatetnent,
an analysis was carried out.
From the result ifrig. 11, it is clearly proven that the
thermal rating with considering the rainfall comalit has
a higher rating current. When there is a furtherease
in wind speed, the amount of precipitation cooling

increases because the moving air mass helps water
thus

evaporate faster from the conductor's surface,
increase the thermal rating current (Ahiktral., 2009).
The temperature of the conductor then increases als
which may cause the annealing, resulting in the lofs
tensile strength. Hence, precipitation will afféleé heat
transfer from the conductor which increasing thathe
transfer by conduction and evaporation.

Radiation plays a secondary role in establishirgg th
conductor temperature. For this result showrFig.
12, ambient temperature only has been slightly
influenced on the radiated heat loss (less powss lo
from the conductor) but the radiated heat loss
increasing as the ambient temperature increasds. Th
is because the conductors for transmission tower ar

exposed at a moderated temperature which in theradiation heat

range of 24 to 30°C. This can be clearly observed
from Fig. 12 where there is a small amount change in
the linear trend line of radiated heat loss.

When there is an increase in radiated heat loss, th
conductor temperature computed also affectédure
13 indicates the graph of radiated heat loss agaivest
conductor temperature of tower 53 in the transroissi
line. Temperature of the conductor is increaseglrap
when there is an increase in radiation heat lofés T
can be clearly observed from the trend line of the
conductor temperature. Hence, the conductor

period of a conductor that had been energizedhim t
study, the emissivity of the conductor used is G977
towers because they have been installed and erdrgiz
around 20 years (According to TNB) (Industries, 195
The results irFig. 14 showed that the magnitude of both
a and O have a strong influence on the conductor
temperature with the temperature decreasing foeasing
values oflJ and decreasing valuesamfOnce the conductor
temperature was reduced, it decreases the prdipadifli
annealing which damage the aluminium strand in ASCR
conductor, thus decrease the critical aging segmbnt
reducing the loss of tensile strength in ASCR cotaiu

5. CONCLUSION

This study presents the analysis of spatial thermal
aging of the power transmission line and also fifiece

of weather environment on conductor temperature and
thermal aging of the conductor. The methodologyduse
for analyzed the spatial of conductor aging is base

the characteristics of transmission conductors ted
weather data. In this study, the most importanapeter
that influences the conductor aging behaviour wees t
conductor temperature. The increases in conductor
temperature to elevated operating level causing
annealing, resulting in the loss of tensile strengt
aluminium strands of the conductor along the lifteus,
conductor aging takes place. As a conclusion, ¢selts
show that the convection heat loss more importent the
loss in determining the conductor
temperature. The wind velocity and direction are tio
most important factors which specify the convectimm

the surface of the conductor. Therefore, dataHerwind
velocity and direction at the line location is resay to
predict the conductor temperature accurately.

The limitation of this research work is the weather
environment. The main reason for specifying thisaas
limitation is because Malaysia is a tropical coyrand
hence there are no seasons in Malaysia. Theretfuoee,
results are just mainly focus on 2 conditions which

temperature computed may be brought to elevatedconsidering the precipitation and without precifata.

level, which may cause the loss of tensile strerajth
the aluminium conductor.
In addition, the radiative parameter in radiaticrath
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environmental parameters and loads informationels w  Bhuiyan, M.M.1., P. Musilek, J. Heckenbergerova &nd
Environmental parameters will more focus on theteou Koval, 2010. Evaluating thermal aging
of the transmission line in terms of latitude and characteristics of electric power transmissiondine

longitude, evaluation above the sea level and eigtt Proceedings of the 23rd Canadian Conference on
above the ground. Moreover, the loads informatian c Electrical and Computer Engineering, May 2-5

be achieved from historical records collected by IEEE Xplore Press, Calgary, AB., pp: 1-4. DOI:
Supervisory Control And Data-Acquisition (SCADA) 10.1109/ccece 201d 5575137’ B ’ ' '

system. These_ extensions will  provide more Chen, S.L., W.Z. Black and H.W. Loard, Jr., 2003.

comprehensive information on hotspots and critical Cl “High t t it del f

aging segments within the transmission corridortfe osure on “Hig eerera ure ampacity mo (,3 or

local transmission operators. overhead conductors”. IEEE Trans. Power Delivery.
DOI: 10.1109/TPWRD.2003.809739
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