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Abstract 

 

Open distribution line access and economic uncertainties are the reasons why many 

utilities are operating their lines at much higher loads than they were initially 

designed for. Because of this, the effects of higher operating temperatures on the 

safety and reliability of overheads lines were studied in this dissertation. 

 

It is observed that overloading of conductor usually occur during peak hours in 

according to the average daily load pattern of Sri Lanka. During this time conductor 

temperature reaches to its maximum. However, conductor temperature may not 

increase due to the cooling effect on availability of wind. The over temperature 

causes reduction of the tensile strength of the conductor. 

 

The work has been identified in significant areas where improved analytical methods 

are relevant. Several such methods have been created and their impact is discussed in 

this report. 

 

As such, present conductor ratings are studied in accordance to IEC standard [7] and 

IEEE standard [5, 6]. Wind data at four different sites have been collected and are 

used for the analysis. Current variations of three different sites are taken for the 

study. 

 

The probability of over temperature could be determined by applying Rayleigh 

distribution and cumulative frequency distribution respectively when the wind speed 

is below 1mls and the current rating is more than 202A. At the second stage, sag at 

maximum temperature has been calculated for each span. Finally,. Economical 

optimizations of losses are analyzed. 

 

In the first part, allowable loss of strength of Aluminium is analyzed through a 

probabilistic approach. Accordingly, it is observed that strength of Aluminium is not 



  

ever reduced below 90% of its original strength during the conductor lifetime of 50 

years. This reduction of strength is negligible. Therefore, effective wind speed can be 

taken as 1m/s. 

 

In the second part, sag variations were analyzed for each span which is presently 

used in CEB against maximum allowable temperature (90°C) in the absence of wind 

speed. It is observed that ground clearance is not violated when it is operated at 

maximum allowable temperature (90°C). 

 

Finally, under this method costs and benefits are evaluated with increase of losses 

against investment incurred in strengthening of the , CEB network. Net present value 

is analyzed considering present value of expenses (increase of losses of existing 

system) and present value of savings (investment incurred in strengthening of the 

CEB network). Net present value is positive for load patterns of Omara, Ratmalwala 

and Kudagammana. Therefore those projects are financially viable. 
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Chapter 01 

Introduction 

1.1 Background 

Recently. electrical utilities show more interest in utilization of distribution nct\\ork to 

their maximum capacity. Therefore an utility has to opeJ1 many accesses \\hich cause 

heavier and hca\ icr loads on distribution lines. But. economic uncertainties ha\ c made 

most distribution lines and utilities \Try reluctant to expend capital resources for 

network reinforcements and construction of new lines. Jn turn. this has resulted in a 

greater need to operate distribution lines at high currents and at high temperatures than 

initially designed for. Thus the assessment of the impact of these desired increase in 

power trans!Cr capabilit) on rcliabilitv and saiCt\ arc of increased and \ita! 

importance. 

Wind speed and \\ ind direction arc 1\\ o important \\ cather parameters \\ hich af!Cct the 

cooling of the O\ crhcad conductors. Rating practices and assumptions arc \ arying 

from utility to utility. The most of common practice to calculate line rating at highest 

ambient temperature. full solar radiation and ciTccti\c \\ind speed of 0.61m s. 

Nevertheless the IITF/CICJRL sunc) shows that mer the past decade. number of 

utilities has incrementally increased their line ratings by relaxing some of the rating 

assumptions. Some utilities nm\ assume that an ciTcctivc wind speed of 0.9Jmis. or 

ewn higher. 

This dissertation l'ocuscs on the improvement of power transfer limits on existing 

distribution lines\\ ith cflccti\c \\ind cooling. 

1.2 Objcctin 

To carry out an imcstigation for imprmcmcnt of pmvcr trans!Cr limits (mcrloading 

capability) on existing distribution lines\\ ith ciTcctivc wind cooling. 



1.3 Scope of work 

I he scope of this \vork arc given below. 

•!• I mcstigatc conductor rating and collect '' i nd data of several specific areas. 

•!• Find the possibilities to fix a 'v\ind speed to up rate the conductor rating. 

•!• Find the possibility to adopt a nc'v\ rating on probabilistic possibility on 

conductor racing()\ cr temperature. 

•!• To stud: ground clearance violations 'vvhcn operating '-m higher temperatures. 

•!• Possibilities to adopt the nC\\ rating considering related losses. 

1.4 Determination of maximum permissible conductor temperature 

,\s per the IH' Standard 1597-1995171 and 11·:1-.L Standard 738-200616]. maxnnum 

temperature limit is scleetccL 

•!• In order to minimize loss of tensile strength of conductor 

•!• ro keep appropriate clearance 

•!• l~conomical optimization of line loss. or a combination of abo,·e. 

.., 



Chapter 02 

Problem Statement 

Open distribution line access and economic uncertainties arc the reasons \\h\ man\ 

utilities arc operating their line at much higher loads than they vvcre initiall) designed 

for. Because or this. the ciTects or higher operating temperature on the sa!Cl\ and 

reliabi!ities of 0\ crhead lines \\ere studied. 

Current carrying capacity or conductor~. mainly depend on intensity or solar radiation. 

solar absorption cociTicient. emissi' ity coeflicicnt. ambient temperature. cunductor 

diameter. electrical resistance. \\ ind speed and \\ ind direction. 

Wind speed and \\ind direction arc t\\O important \\Cather parameters \vhich affect the 

cooling of the overhead conductor. Rating practices and assumptions v·ar: hom uti lit; 

to utility. The most common practice is to calculate line rating at highest ambient 

temperature. full solar radiation and ciTectivc \\ind speed or 0.() 11w's. 

It is noted that ACSR Racoon conductor's CCC become 202;\ at the temperature of 

80°( and at still air conditions. and 221 ;\ at the \\ ind speed 1 m/s and zero \\ind angle. 

Ilowever. in the absence of \\ind speed conductor temperature reaches to 87'C. Hy 

analyzing wind data of se\eral areas. it is obscnnl that most or time wind speed is 

more than I ms. ;\s such. probability or mer temperature could be determined b\ 

applying Rayleigh distribution \\hen \\ind speed is belo\\ 1 m/s. 

Further. it is noted that line is becoming mcrloadcd during peak hours. Probability or 

overloading could be determined by applying cumulative frequency \\hen it is more 

than 202;\. 

Over temperature of conductor can occur due to '' ind speeds belov, 1 mis and 

conductor loading more than 202!\. This dissertation focuses on the probabilistic 

approach for the impro\ emcnt of power transfer capability of existing Racoon 

., 
·' 



distribution lines up to 220;\ "'ith ctTcctivc wind cooling and to study the bchm ior of 

the conductor on O\ crloading and possible m cr temperatures that the conductor ma: 

undergo. Further the adnmtagcs and disachantagcs that might be experienced h) the 

supply authorit) on economic \iability hmc been studied. 

ACSR Racoon conductor is the most common!: used conductor in the existing 

distribution system or CFB. Therefore this conductor \vas chosen Cor the calculation in 

the studv. 

~ 



Chapter 03 

Maximum Admissible Loss of Tensile Strength 

The passage of electric current through a conductor causes a rise in temperature \\hich 

can hmc annealing ciTcct on Aluminium causing a loss of strength. The amount of 

strength that is lost depends on the temperature and_ duration. and the c!Tcct is 

cumulative. i.e 10 hrs each year of 10 years has similar effect to heating the conductor 

continuously for 100 hrs at the same temperature 171. It is a normal practice to limit 

operating temperatures to 80°C and cmcrgcnc: load temperature to 125"C for ;\CSR 

conductors. 

By analyzing load pattern of CEB network and '' ind speed data of Sri Lanka. it is 

noted that \\hen \\ind speed become below I m/s and current becomes more than 

202A. it causes O\ cr temperature of conductor. Since these t\\O events arc independent. 

probability of 0\cr temperature of conductor can be calculated hy multiplication of 

above probability of occurrence of the above l\\o c\cnts. 

This chapter describes the mathematical formulation to C\ aluatc the current carr: ing 

capacity of a bare conductor. l here arc many methods for calculation of line loading. 

Most commonly used method uses the conductor temperature to solve the heat balance 

equation to C\ aluatc the current carrying capac it). 

3.1 Units and identification of letter symbols 

-··· ,------ ·- ·- ------------ -- ---~ 

Symbol 

A' 
-··· 

c 
]) 

I!, 
--

f fe 

I 
--

Kunglc 

Description SI l 1nits I 

Projc 
·- -· ·-·----+---__,-
ctcd area of conductor per unit length m-/m 

! 

---- -·-·----

Solar a:timuth constant degree 
r----·-------- -------------· 

Com! uctor diameter mm 

/\JtitL de of sun degree 
1---· ------··--------- ------

I Jc\ ~1 tion of conductor abo\'c sea lc\ cl 111 
-+----------

Com! ;\ 
r-----

\\' ind 
·--

uctor current 

direction i~lCtor _-______ j 

Table 3.1 llnits and identification of letter symbols 
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i 

[ 
- ------

Description 
- --- -- ----------- -----------

1 Solar altitude correction f~tctor 

Symbol 

K\Di(/f 

··- - --------------

k; rh rmal conducti\ it) or air at temperature l"tiltll 

rat De _rccs or latitude 

/\' Da orthc \car 

1 SI llnits 1 

~--j 

i 
'(' l \V'm' : 

- ------j 

degrees ----~ 

I ----1 
q C/1• q cJ, q,:-. Cj, Co 1\ cctcd heat loss per unit length • . I 

~/m _j 

I 
q, 

"---

I L/s 

I 
Q, 

1 ... ~ 
I R{7~) 

T ,, 
·-

l; 

ltillll 

rlmt 

·--

I 

r/"1'.;, 

1'11 

--- --

Ra 
------

lie 

To 
--· 

To 
COl 

i\C 
··-

i\1T 
-------

Co 

(1 c 
-------

Tvli 
res 

. . 

iatcd heat loss rate per unit length 

tt gain rate ti-mn sun 
---~~--·· ---

dl solar and sk) radiated heat f1u:--: rate 

<tl solar and sky radiated heat Jlu:--: rate clc\ation 

-cctcd 

·-- --- I 
w m I 

\\m 

\\' im::r-

\\'im-

--- ·-----· -· -----1 
resistance or conductor at temperature. ~~ U/m , 

·----------

bicnt temperature 
------- -------- ----

1ductor temperature 

· l a )/.2 

-----1----· ----- __ ...j 

''C I 

--- --l-1 --C(' ---1 +-,T I 
I 

·1 

1imum conductor temperature !'or \\hich ac '\' I 
. . f" I I stance 1s spcc1 1cc ! 

-- ---· - ------1 
Ma 
res 

:--:imum conductor temperature !'or which ac oc I 
stance is specified I 

Spc cd or air stream at conductor 
- -· 

/ A ·/i 

~
. ._,··· ~I , "·'muth or sun 

:\/imuth or line 

1 

Solar absorptiYity (0 . .23 to 0.91) 

degrees 

degrees 

f--~-· +----·-·-··------~--~-
1 r5 1 Solm declination ( 0 to 90) degrees 

--- ·--·------~-

0.2~ to 0.91) 
--

ccn \\ind and a:--:is or conductor degrees 
I 

----------

,. I missi\it\ " 
--------

rp ;1\nglc bet 

I 
fJ Angle bet ecn \\ ind and perpendicular to conductor degrees 

I 

a:'\ IS 
-·--------~ 

P; Dcnsit\ o kg.m' 111' 

--·---------· 

0 FfTccli\ e 1glc uf'incidcnce of the sun·s rays degrees 
---

flr l)ynamic scosit: of air Pas 

·---- ··-------------··-------

(J) !lours li·o 
----

I 
X Solar <vimL 

-------~~ 

dcor~'CS b 

----------4-------

-------

local sun noon times 15 

tth variable 

Table 3.1 ll nits and identification oflcttcr symbols (continued) 
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3.2 Current carrying capacity of ACSR Racoon conductors 

The CCC of a conductor is the maximum stead\ state current inducing a g1\ en 

temperature rise in the conductor. for gi\ en ambient conditions. 

3.2.1 Steady-state heat balance equation 

The steady-state temperature rise of a conductor is reached vvhenc\cr the heat gained 

by the conductor !i·om \ arious sources is equal to the heat lossc~. This is expressed b) 

equation gi\cn bclo\\ 161. 

qc + qr = Cfs + (l.RCJ~) (3 .I ) 

Cfc is the convection heat loss 

qr is the heat loss by radiation ofthc conductor 

q_,. is the solar heat gain by the conductor surf~1cc 

(
2 R(1J is the heat generated b) Joule cfTcct 

Note that magnetic heat gain. corona heat gain. e\ aporative heat losses arc not taken 

into account in equation (3.1 ). 

3.2.2 Forced com ection heat loss 

[ (
/) \ )0.:)2] 

qcl = 1.01 + 0.0:-372 
1
:;

1

11

v f<;f<un.c;lc('I~ - '(J (3.2) 

/Jp;V,v ,, '' [ ( )
().()] 

Cfa = 0.0119 -,~-~- k rl<,myle Uc- I a) (
., ., 
.L)) 

Equation (3.2) applies at lo\\ \\ inds but is inaccurate at high wind speeds. l~quation 

(3.3) applies at high \\ind speeds. being incorrect at lew. \vind speeds. At any \\ind 

speed. the larger or the two calculated convection heat losses is used 161. 

The convective heat loss rate is multiplied by the v\ind direction t~1ctor. K angt,, \\here o. 

is the wind direction and the conductor axis: 

KanglP = 1.19-1- cos qJ + 0.191 cos 2qJ + 0.36B sin 2cp (3Al 

7 



Alternatively. the wind direction t~1ctor may be expressed as a function of the angle. f). 

between the '' ind direction and a perpendicular to the conductor axis. This angle is 

complement of o. and the'' ind direction f~1ctor becomes: 

Kanple = 1.194- cos (J - 0.19!1 cos 2(1 + 0.36B sin 2{-J (3.)) 

This is the fonn of the \\ ind direction f~1ctor as originally suggested 111 Dm is \1:1\ and 

is used in the computer program listed in .\nnex A 

3.2.3 Natural Convection 

With zero wind speed. natural con\ ection occurs. where the rate heat loss is as shown 

in below l6]. 

({, = 0.0205/J O.:i /) 0 7 :; ('/' - '/' ) l.L:i 
Ln • J c u 

(:1.6) 

It has been argued that at lm\ \\ind speeds. the com ection cooling rate should be 

calculated by using a 'ector sum of the \\ind speeds or --natural'" \\ ind speed. 

llowever. it is recommended that only the larger of the forced and natural comcction 

heat loss be used at lo\\ speeds instead of their vector sum as this is conservati' e. The 

computer program listed in 1\nnex i\ takes this approach. 

For both forced and natural comection. air density (Pr ). air \·iscosity Ulr ). and 

coefficient of thermal conducti\ ity of air (kr) arc taken from Table 3.2 or calculated 

with the equations of :1.:2 at Tti/;n \\here: 

T;um 
Tc+To (:1.7) 

2 

3.2.4 Radiated heat loss rate 

Radiated heat loss rate is expressed by equation given belmv \6\. 

qr = 0.017B D [ r(Tc+n:l)1 - (Ta+2Tl)4j l 1 ()() 1 ()() 
(3.~) 
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3.2.5 Rate of solar heat gain (sec Table 3.4, Table 3.5, Table 3.6) 

Rate of solar heat gain is expressed by equation gi\cn hclov, 161. 

qs = aQse sin 8 !1' (~ ()) 

Where 

8 = arccosJcos(//1 )cos(/:1 ~~ 1 )1 (~.I 0) 

3.2.6 Conductor clcctl"icalt·csistancc 

The electrical resistance of bare stranded conductor \aries ·with frequency. average 

current density. and temperature. I· or 50 I Iz ac. at temperature of 40°C to SO T gi\ es 

calculated \a lues or electrical resistance for ACSR Racoon conductor. 

These calculated \ alues include the !icquency-dependcnt .. skin cf"fccC for all types of 

stranded conductor. but lor other than single layer !\CSR. do not include a correction 

for current dens it) dependent magnetic core e !Teets. '' hich is signi lie ant for i\CSR 

conductor ha\ing odd numbers or Ia: ers of Aluminium strands. 

In this standard. electrical resistance is calculated sole!) as a function of conductor 

temperature: ho\\ C\ cr. the resistance \ alues entered ma: be function of frequency and 

current density. For an L:xample. the \alues of conductor resistance at high 

temperature. '/'111 ~ 1,. and Jm, temperature. '/';011 • arc a\ ailablc for i\CSR Racoon 

conductor. I he conductor resistance at an: other temperature. /~. is found bv liner 

interpolation according to equation gi\en below 161. 

lui] ! c ~ low low 
[

f?('i' . I )-f?('Jlr!IV)l ('/' '/' ) + J?('l' ) 

R(Tc) = TliiiJI!-'I'lo\\ 
(~.11) 

This method of resistance calculation allows the user to calculate the high and ltm 

temperature resistance \'<.dues b) '' hatc\'cr means is appropriate. 
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3.3 Equations for ait· properties, solar angles, and solar heat flux 

In the follm\ ing section. least square polynomial regressions were performed on 

tabular data for thermal conductiYity (3.2.3). total heat l1u:-; (3.2.6). and solar heat 

correction for clC\ation (3.2.7) to lit an equation on the f'ollo\\ing form 161: 

Y = Jl + BX + CX 2 + DX 3 + h"X'1 + FX 5 + GX 6 

Algebraic equations arc gi,cn for \ iscosity (3.2.1 ). den-sit\ (3.2.2). solar altitude 

( 3 .2.4 ). azimuth (3 .2.5 ). 

I abies of typical \a lues arc prm idcd for comcnicncc. 

3.3.1 Dynamic viscosity of air 

The dynamic viscosit: of air is determined by the algebraic equation given below 16\. 

flr 

1 . ~; 
1.15fl, 1 o-(, Crrum + 27 3) 

Trum+:)il3.1 

3.3.2 Air density (Table 3.2) 

The air density is determined b; the algebraic equation gi\ en bclo\\ \6\. 

Pr 
1.293-1.525x1 o- 1 lle Hd7'Jx 1 o--') uJ 

1 + 0.00 3 6 Tr film 

3.3.3 Thermal conductiYity of air (Table 3.2) 

(3. J 2) 

(3.13) 

The thermal conducti\ ity o!' air is determined by the algebraic equation gt\cn bclm\ 

[6\. 

k1 = 2.121 x 10- 2 + 7/1-77 x 10 "'1/um -!J.!J07 x Hr<J·t/um (3.1~) 
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'I I --~- ------1- - ------- I Thermal l 
Temp. I Dynamk 1 Air density p1 I • • 1

1 

I 1 I I conductn 1h 1 

I Ttitm viscosit~ 1-lr I (klL'm') I . I 

I -, I ______ I-- ,--=p~ - _T ____ I ofa~~~ 
1 

'( (Pa~~) __ J_ Om j -~~~~- 2000m +---IOOOm W/m ( _ 1 

0 0.0000172 ll 2ln I 147 I 014 I 0.78." (l.0242 ~ 
5 00000174~ -1270---j- 1.126 0995 t 0771 00246 ! 

I 10 [ _oooool76 --~2~7- 1106 I o~nR \_0.757 

]151-o oooo!;~ ~-- 1 22Z- 1 oR7 I o 961 ~; 74-.1 

~ 0~~~-l- -1~-- ~20." -1 ~I( -~1 () 9~--- - 0 7-3-1-+-----

2) 0.0000 18-;-1 I. l 84 i IO.'i I I () 928 I () 7ll) 

30 o.oooo!sz----l~~-~~)5 1 -~--033 -~L ~l-9 1 ;--~--o-.7-0-7--+----
, I 

----------~- -------- ------------r----

35 0 00001~~----1 _116 1016 i 0.8lJ8- L:l.69_6_+----

40 0.000()~ ~~L 1.127 1000 I 0 88~- 0.685 l . 
45 () OOOOilJ' I I II() 0.984 0.870 _l 0.67-.1 I 0.027() ~ 
50 () 0000 19)--+ I ()l)'; 0.969 - 0.8.'i(J_J_ 0.663 I 0.0280 I 

55 0000019fl__i __ ~l76 0.9.'i4 t--(-l.~=-.1_-~- 0653 00283 -1 

f-------+-
1 
_o_(_H_l0020o~l- 0.9·.\0 o ~~~ o 643 0.0287 ____ 1 

I 65 I 0.0000202 1 0 '126 0.818 0.0291 ' 

60 

70 r· 0.000020-1 -~--- 0.912 ~06 1 o 62:" 0.029:" 1 
75 o 0000207- I o 14 o 899 ()795---r o 616 0.0298 1 

--· --~- ----- -- :--- --- --r--- ------j 

80 0.000020l) _1~0~ 0.887 0.78~~ 0 607 0 0302 ~ 

8." 0.000021 t__j __ (~86 0 874 __ 0~7_?3 +' 0 ."98 0.0306 ~ 
90 o.ooo0213 1 oY72 o.862 o 762 o.59o o o3o9 I 

1--------+-~------t--- --~-- --~- - - ---j 
I 0.0000215 ~) l):"9 . 0.850 () 752 I () ."R2 () 1)3 I) I 

f----~--Lf---.~-)~(-)(~_~)0(~2~7_=L (~0~-z- 0.8]9 on 1 ___ [ ___ ~~7c~--(~_o_, t ~ ___ I 100 

Table 3.2 Viscosit~, density and themtal conductivity of air 

3.3.4 Altitude of the sun (Table 3A) 

The solar altitude of the sun. llc:. in degree (or radians) is given by Fquation (3.15) 

\\here im ersc trigonometric li.111ction arguments arc in degrees (or radians) 161. 

1-l c ~c arc sin I cos ( I. at ) cos ( 6 ) cos ( 1 'l) I sin ( La t) sin ( 6 ) I (3 .15) 

!'he hour angle. C•l. is the number of hours ii·om noon times 15'\' (for example 11 a.m. 

-15°C. 11 a.m .. 2 p.m. is I 30°C ). 
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The solar declination. 8. is shmm in I quation (3.16) 161. 

8 = 23.11-583 sin [
2

B,·l:N 360[ 
,)h.) 

(~_]6) 

Where. the argument of the sin is in degrees. 

The equation is \a lid li.1r all latitudes w hcthcr posi ti \ c (northern hemisphere) or 

negative (hemisphere). 

3.3.5 Azimuth of the sun (Table 3.5) 

The solar azimuth./.(. (in degree) is shmm in J(11lowing equation 161. 

Xc = C +arc tan(x) (3.17J 

Where 

sin(w) 
X = ------------------------

sin(Lat) cos(w)-cos(Lat) tan(&) 
CUX) 

The solar azimuth constant. C. (in degree). is a function of the '"hour angle"'. ul. and 

the solar azimuth \ariab\c. x. a~ shcmn in the table 3.2161. 

C if x<O --~--~~ 

(degrees) I 

180 -----1 
360 j 

Hour Angle," --(•> ~--~ ~ C if x> 0 --~ 

>--------( (_legrees) ----+- __ -~ degre~~- --------- __ 1 __ _ 

___ -_1_8c_J ,~ <•l (J ____ 
1 

_ __ _ _____ o_____ _j 
c__ __ ()_< l•l < .!~ __ _ _L_-- __ ---· _ 1 g() _j __ 
Table 3.3 Solar azimuth constant, C (in degree), is a function of the "hour angle", 

w, and solar azimuth variable, X 
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----··-~ ---·~---· ·---·-··· ·r 

1 
Local sun time [ 

i
1 

Latitude l~ 10:00 a.m._l-__''ioon ~- ~~--~- 2:00p.m. __ l 
L (Degrees N ort!12_fi_I~--L~~ L ~+I -~~-- _LI( _ _l Zr II ~j 
I xo . '"1') I .,., I .,., IXO I .,; . "'27 -,-(} I 
I - j· ....:-'..:-__ I -~ ' ~+--- --+---:2.:::-_L _) I _)) l 
l ___ __:l_Q__ __ -~ t= 32_ (_-+3 __l_l~(~ _J_-+Q_ 1 323 1 35o l 
' -60 ___ L-+X __ i Q___;_53 : IXO __ ~-+X 317 350~ 
r---------5_0_ \_55 l52 -~-63 j_1~) _j 55 I 30X I 350 _j 

-411 I 60t 66_+ 72_ ~~ ISO_i 60 I 294 I 350 II 

-]0 I 62 L XJ I~-~~ 1- 180 I -62 277 ]50 

f-------20 ~ 62 ~--=-96 ~ <)()_ I XII l=62_1 ~64 _20_ll 
-1 () I 61 I l)7 L X8 1 xo ~ 61 263 50 

---(-) J-60-~~)1 L9o- -1xo~ -6() 269 
1 

801 
I 0 I 61 l- 85 I 89 I XII I 61 ' 275 I II() ! 

20 r 62 
1

_ 85 r__'JO __ 180 J ~ 62 
1 

275 
1 

14()_1 

f..----~~3_0_ l 62_\--~2__ +-8] ~ ~ 80 I - 62 I 261 I I 7()_ I 

r---~~4_0 . \ ~~ -~~ ~J_n_l _J_~o ___ l ____ ~o- I 245 i 170~ 
50 ---\-55--~-~~-. i _<JJ r 811 I "-.5-.-.r 232 I l!_(!_j 
60 J-~-_l~137 [ __ 53 -~X~l_j___!X_. i 223 170 ~ 
70 -+~)- L1-+3 -~ -+3 I 1 ~_j__40 I 217 170 i 

'--~~x_o_ 
1 

32 L_I:2__ L 33 ~~~-1_32 1 213 1 70 1 

Table 3.-t Solar altitude, lin and azimuth, Zc, at various latitudes for an annual 

peal\. solar heat input 

3.3.6 Total heat flux received by a surface at sea level (Table 3.5 and Table 3.6) 

The total heat flux density at sea lc\cl is dependent on both the solar altitude and 

atmospheric clarity. 

The heat flux recein~d by a surl~lce at sea level as shO\m in table 5 may be represented 

by the Colle)\\ ing regression equation 161. 

y- total heat !lux.(), (\\/m
2

) 

X= solar altitude. lie (degree) 

Qs =A+ BHc + CH/ + CH/ + CH/ + CHc
5 + CH/' (3.19) 
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~-- --Clear atmosphere-- ~~--~--------~~~~~ __ -~--------~---- ~---~ 
----- - -- -~ _ .. Q.2:i91 I 

'\ -- ---- --! ~---- --- --G -- --- --~- - - (;.1 XO..t-t i 
i ---~ -- c - ---- -- --1--~-- --- ---1 t) "l'l () ------ -1 
C --- 6-- ---t--=- -_--.1-.~!~~2l~J-(r- -j 
~-----·---- ~~- ------ - =t _ _ _ -.1.6111 X:-; I (f __ I 

- --- -----F. ----- I . -- 1~9..t1 lX:--;lO·: - ___ j 
~ - ---- ci -+--- --t.07WX:--;Hr _______ : 

r-- --Industrial atmosphorc. ---1 _ _- __ -~- 1 
L----------~- -- 5.., J8'1J I 

~ ~-~\~3 - - --- --- _1~:2-(]o I 
' ····- -c-- - 6.61 .1 8:--; 1 o· , 
1 D ~ _ -3.I_h?_?:--; Hr- 1 

- -~ 

i -----~- i--- ---_ -. -~ru ~~(::~~~/~', -~ 
- () --- -· i 1.3236x10' _j 

-------·---- __L__ ------------ --------

Table 3.5 Coefficient for equation (3.19) 

Degrees solar altitude I Cle~;;:·atmosphere 1 Imlust~ial atmosphere I 
f--~--- +--------- ·--, --- ___ ; -- - - --- ~ 
>----- llr(d~~------- l- ___ Q,(W/m-) Q,(W/m-) I 
I .::; ,.., -f ]..,( ~ I • __ ) _)) i 
f---~~~-------- ----- --- ---------- - --~ 

10 433 2..t0 ! 

f--~~~~- - -- -~~~-- ------- - . --- ________ ------j 

----
I e.-
! 

15 I -v-, .., 1 v 1 
)o.) .LO / 

40 

..ts 

50 

60 

70 

80 

-----i 
693 422 ! 

-~~~~~-~ 

so2 1 -829 571 I 

-----------

X77 

91:) 

--1 ---- ---- --
1 

I 

------ I 

941 I ----------- t ------·-

%9 
--------·- -----··- ------t---

1000 

1020 
----------

1030 

1040 
~-----

619 

662 

694 

727 

771 

809 

833 

I 
i -----, 
I ---1 

___j 

I 

J 
90 L 

- -------- ---··· 

X49 _j 
------ ---~------·--

Table 3.6 Total heat flux received by a surface at sea level normal to the sun's 

rays 

14 



3.3.7 Total heat flux elC\ation correction factor (Table 3.6) 

Q1·e = Ksolm·Qs 

'A' here 

K1olar = !1 + Bflc + Clle
2 

.\ 

B l.l..fgx I (r 1 

C -1.108x10.s 

Elevation aht~c--,;ealcvcl H,(,.;)- I M "Jtiplicrs- r~r values in Table 3.5 

0 I 00 

~- --~ .. ~~:~-:::-) -_ •. -.-- ~= I ------. ·-. ~ :-::: 
~- 4000 1.2R 

' --------·- -~---- --··-· , ______ ____] 

Table 3.7 Solar heat multiplying factors, /( 111tar fot· high altitudes 

3..4 Sample calculations 

3..4.1 Steady state thermal rating 

The calculation of steady-state thermal rating gi\cn a maximum allowable conductor 

temperature. \\Cather conditions. and conductor characteristics may he performed hy 

the computer program in c\nncx A \5\. llcmc\CL since the process docs not require 

iterative calculations. it can he done hy hand. Doing so demonstrations the usc of the 

formulas and yields some insight into the calculation process. 

Note that in the following. the number of significant digits docs not indicate the 

accuracv () f the formula. 

3.4.2 Problem statement 

Find the steady-state thermal rating (CCC) for ACSR Racoon cond' 

following conditions. 

a) Wind speed (V") is lms perpendicular to the,. 

b) Fmissivity(f:l is OJJ 
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c) Solar absorpti\it) (u) is 0.5 

d) /\mbicnt air temperature is 30°C 

c) Ma-.:imum allrmahlc conductor temperature is~()'(· 

f) Conductor outside diameter(])) is 12.27mm 

g) Conductor ac resistance I R(J ell is: 

R ( ~ooc) 0.4310 (k~2im) 

R (80°C) 0.5192 (k£2/m) 

h) The line runs in an1;ast-Wesl direction so a/.imuth of line. / 1 90° 

i) Latitude is 1 0'1 North 

j) The atmosphere is clear 

kl Solar altitude Ole) ror 12:00 1\oon on 

l) /\ \crage conductor elc\ at ion 1OOm 

3..t.3 Convection heat loss (q,) 

The natural comection heat loss is calculated by means of equations (3.6). Sec 

Where 

D 12.27 mm 

rc- 80°C 

Ta- 30°C 

BO + 30 
'I[um = 2 

= ssoc 

Pt 1.076kg/m' (Table 3.2) 

q en = 0. 0 2 0 5 X (1. 0 7 6) 0 
'i X 12. 2 7 ° 7 5 

X ( B 0 - 3 0) 
12 5 

qcn = 18.5~ W 1m 

Since the \Vind speed is greater than /.ero. the forced comcction heat loss for 

perpendicular \\ind is calculated according to equation (3.2) and (3.3). corrected Cor 

wind direction and compared to the natural and forced heat convection is used to 

calculate the thermal rating. 

Where 

D ~ 12.27 mm 

V,, 1m/s 

lc 80 °(' 
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1,. • 30 oc 
BO + 30 

Trum = 2 = 55 oc: 

flr 1.98 x ](r' Pas ('!able 3.2) 

Pt- 1.076 kg/m; (!able 3.:?.) 

k1 0.0283 'N/(m °C) (Table 3.:?.) 

From equation (3.2) 

[ 

12.27 X 1.076 X 1 O.SZ] 
qc1 = 1.01 + 0.0372 ( " ) 0.02B3 X 

1.9B X 10-' 

• :?.2.36 \V 1m 

From equation ( 3.3) 

0.3BB X (BO- 30) 

· = l0.0119 (lZ.'2.7Xl.0 7 (,xJ)o.r,] X ().()2B3 
qcz l.'JHX10-' 

X 0.3BB X (BO- 30) 

20.-1-0 w 111 

As instructed in 3 .1.2. select the larger or the t\VO calculated convection heat losses. 

q, - 22.36 W/m 

Since the \\ind speed is along the axis of the conductor. the \\ind direction multiplier. 

ICuate is 0.388. and the forced comcction heat loss. I herd(H·e. the !(need comection 
" 

heat loss \\ill be used in the calculating ofthennal rating. 

3AA Radiated heat loss (qr) 

The radiated heat loss is calculated\\ ith equation (3.8). 

Where. 

D = 12.27mm 

E - 0.6 

Tc ~- sooc 
Ta 30'T 

qr = 0.017B X 12.27 x 0.6 x ~-(BO + 27:1)1- _ (30 + 273)1-] 
100 100 

qr = 9.30 \V 1m 
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3.4.5 Solar heat gain(q,) 

l he conductor is at 1 ooc North latitude: Approximate values o!' I l, and /, can be 

obtained li·om Table 3.3 and 3.-1-. From Table 3.3. the solar altitude. I I, and the solar 

zv:imuth. /,can be determined as follows: 

ll, at 12:00 noon H9c 

/,at 12:00 noon 1 XO') 

I rom table 3.5 for II, Xl)u \\ith clear atmosphere: 

(), ~ 1039 \.\'1m2 (By interpolation) 

/ 1 · 90° or 270° 

0 arcosjcos (X9°) cos ( 1 X0°-90°)j 90° 

\\'here 

u. c 0.5 

A' · D/1000 12.27'1000 0.01227m 

K, 0 Jar· 1.0 

Cfs = 0.5 X 1039 X sin(90°) X 0.01227 

q~=6.37Wjm 

3.4.6 Steady state thermal rating 

Using Equation (3. I). the thermal rating can be found \\here: 

CJc = 22.:16 W jm 

q, = 9.30 W jm 

CJs = 6.37 W /m 
R UW°C) 5.192 X 1 cr1 £2/m 

/22.36 + 9.30- 6.37 
I- I -J 5.192x10·'l 

l = 221 A 

!'he program listed in J\nncx J\ can also be used to calculate the steady-state thermal 

rating. 
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3.5 Input data 

Careful selection or input data for current-temperature relationship is as important as 

the method of calculation itself. and requires considerable engineering judgment in the 

selection or\ alucs I(H each of the \ ariables. These \ ariablcs arc discussed separate 

heading. with suggestions given on hem to select \alucs to suit particular 

circumstances. Some suggestions arc give as to \\hat f~tctors should be considered 

when it is nccessan to make decisions. 

3.5.1 \Vind and ambient temperature 

\\'cathcr conditions hmc a considerable cJ'fcct on the thermal loading of bare overhead 

conductors. The \\Cather provides cooling principally by means of convecti\e heat 

loss (cicl to surrounding air. The degree of cooling depends on the air temperature and 

the wind \clocity component perpendicular to the conductor. 

The effect of wind direction relati\ c to the conductor is concluded in this standard as 

equation (3.4- and 3.5 ). For a given\\ l!ld speed. \\inds blmving parallel result in a 60°/c> 

lower comcctive heat loss than winds hlcming perpendicular to the conductor. 

!Ieight or conductors abmc ground Js signiticant in terms of \\ind shielding. 33kV 

lines (\\here the ground clearance is greater) may be expected to be less shielded by 

trees and terrain than lm\ -\ oltagc lines. 

i l
-~~- \Vind direction relative to conductor axis 

Wind speed (m/s) 
(degrees) 

~ -·--------~-~-~-

0.6 90 

0.8 -+5 
I ~---

c~~~~· = 
------

22.5 
-~----

0 

Table 3.8 Equivalent combination of wind speed and direction for equal 

com ectivc cooling 

945~5 
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3.5.2 Air density. viscosity and conductivity 

The density. \iscosit: and conducti\ity of air arc used in the calculation losses and 

can he obtained from I able 3.2. 

3.5.3 Emissivity and absorptivity 

Fmissi\ it~ and absorpti\ ity increase !"rom about 0.2 to ()l) \Vith age. !he exact rate (1r 
increase depends on the Jc,cl of atmospheric pollution and the line's operating \oltagc. 

Values of 0.5 for solar absorpti\ity (u.) and 0.6 for I.missi\ity (i:). has been used for 

/\CSR (Racoon) Conductor. 

3.5.4 Solar heat gain 

i\ simple method for the calculation or solar heat gain is proYidcd b: equation (3.9) 

and (3.1 0). The most conscn atiYc results arc obtained by assuming an angle or 

incidence of 90°. '' hich \\ill gi\ c the lowest value or current carrying capacity and 

will be appropriate !"or many purpose:;. 

Solar heat input to bare o\·crhcad conductor can cause a conductor temperature rise 

above air temperature or up to 15°C in still air. llo\\C\cr. more typically. periods of 

maximum solar heat input arc associ~11cd \Vith signilicant \\ind acti\ it: and the actual 

temperature rise measured !or bare conductors in O\'Crhcad transmissiOn lines seldom 

exceeds 5 oc to 1 ()"( ·. 
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Chapter 04 

Probabilistic Approach to Allow for Maximum 
Admissible Loss of Tensile Strength 

.t.l Probability of over tcmpcntturt 

-
The probability or o\n temperature could be determined by applying Rayleigh 

distribution and cumulati' e ti·cquenc\ rcspecti\cly ''hen \\ind speed is below 1 m/s 

and conductor current rating is more than ::?.02!\ . 

.t.l.l Rayleigh probability distribution 

The probability theory and statistics. the Rayleigh distribution is a continuous 

probability distribution. 

Rayleigh probability density function (pdf) is \16j 

f x (-x2

) (x: 0) = 02 exp 2CY2 

for x E I 0, oc). 0 > 0 

Cumulative distribution function (cdl) is \16\ 

1-exp (;~:) 

.4.1.2 Cumulative frequency 

The cumulative frcq uency is the frequency \\here the 'alue or a variable Y is less than 

a reference \aluc X. The cumulative l'rcquency Fe (Y<X) is found ti·om Fe (Y<X) 

Mx/N. \\here Mx is the number of data Y with a \·aluc less than the reference value X. 

and N is the total number of data. Considering X as a\ ariablc. Fe (Y<X) can be called 

the cumulative iicqucncy function ur cumulative l'rcqucncy distribution of Y. The 

previous expression may be brictly '' ritten as Fe MIN. As the minimum value of M 

is zero and the maximum is N. the \aluc of l·c ranges bcl\\ecn 0 and I or 100% 
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I he cumulative frequency can also he called the frequency of non-cxceedance. The 

lrcqucnc) ofexccedance leis found !rom 1 Fcl17! . 

.t.2 Calculation of probability of" i;al speed by appl~ ing Rayleigh distribution 

Wind data at 10 m abmc ground lc\ cl of fc\\ sites has been collected from Lnergy 

Purchase branch. CTB and those data ha\e been used !'or the probabilistic analysis. 

Actual ti-cquency or \\ind speed f()r a period of one ycar-(2001) at Narakkalliva is 

indicated in figure 4.1. 

4000 

3500 

>3000 
u 

~ 2500 
0" 

~ 2000 
u.. 

~ 1500 .... 
u 
<( 1000 

500 

0 

Actual Frequency Vs. Wind Speed(m/s} at Narakkalliya 

0.5 1.5 2.5 3.5 4.5 5.5 (j 5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 

Wind Speed (m/s) 

Figure .t.l Actual frequenc:, vs. wind speed (m/s) at Narakkalliya. 

By applying Rayleigh distribution l"l1r abO\ e v, ind speed data is indicated in figure 4.2. 
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Figure ..f.2 Probability density YS. wind speed (m/s) at Narakkalliya 

CumulatiH~ distribution for wind spe._:d data is indicated in figure 4.3 by applying 

Rayleigh distribution. 
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Figut·e ..f.3 Cumulative frequency vs. wind speed (m/s) at Narakkalliya 

Figure ·-1-.3 shows that the eumulatin· !intuency or\\ ind speed belm\ 1m/sis 0.0518 at 

\farakkaliya. i\bme calculations \\CIT repeated for a few sites or Sri Lanka and 

summary of probability is given in Table 4.1. 
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-----,-- -~~- ------

Site I Variance of normal ( u) 

Narakkalliya 3.07 

I Sevanao--l-1' --l--~:::-'d --

Kaju\~~~tt~l -

2.81 

2.00 

IriJ.l a\\ i l~a~~L M .... - .., I} 
_) . .:...~ 

---------

0.051 X 
-~----

0.0()12 

Table .t.t Rayleigh probahilit:• distribution fo•· "ind speed below lm/s 

It is noted that the highest probahilit: of wind spec.d below I tnls is 0.1178 at 

KajLI\\ atta in Hambantol<t District. 

.t.3 Calculation of probability of mer current 

Average current distribution for 24 li1s of three sites in llambantota District is indicted 

in figure 4.4 and those arc taken as current distribution pattern or CEB. ;\ \Trage 

current \\as multiplied by l~1ctor in o:der to reach maximum \aluc as 220A. 

---- -f--Min. -,---\ Max. 1- Min. Min. 

\'oltaoe I I 
,_., AYg. 1 Avg. Multiplication Avg. i 1\\g. 

len:! 1 I 
1
1 cut-rc;.t I <current factot· current I cm-rent( 

(V) i I 

I (A) (A) I (;\) I A) 

230 -r------s- -
1 

131 I 7(7---r- 13 219 

no __ t 11 124 • 1.77 I 19 m 
2311 

1 

_- 4R ~±-~~ 79 r 18 219 

Site 

Omara 

Ratmal\\ala 

\ Kudagammana 
~~~_L__-

Table .t.2 Voltage level, . ~'g. current and multiplication factor 
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- 1\atmalwala 
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/ A, .... ro ..... 
Q) 

> 
<1: I '\'~ 

50 P ····~·· v' / ... ~'.J.f" •... • . v 
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0 
ooooooooooooooooooooooooooooo 
C) Lf) 7 rY! N rl 0 Lf) 7 rY1 N rl C) Lf) 7 rY1 N rl 0 lf) 7 rY1 N c-l Cl lf) 7 rY1 N 
o o rl N m ~ Lf) Lf) ~ ~ oo m o o ri N m ~ Lf) Lf) ~ ~ oo m o o ri N m 

rl rl rl rl rl rl rl rl rl rl rl rl 0J N N N N 

Time (hrs) 

Figt;rc 4.-l Av~ragc current vs. time (24 hrs) 

Actual li"cquency \ s. average currcm distribution for abtn'e three sites is indicated in 

figure 4.5 

Actual Frequency Vs Avg. Current 

80 

70 
Omara 

60 
Ratmalwala 

> 50 
u 
r::: Kudagammana 
Q) 

40 :::l 

~ 
Q) 

30 LL. 

20 

10 

0 

10 20 30 40 su 60 70 8:; 90 100 110120130 140 150 160 170 180 190 200 210 220 

Average Current(A) 

Figun~ ..t.5 Actu:;l frequency vs. average current 

Probability density ror ~lbO\C currc:l1t \ariation data is indicated in figure 4.6.lw 

applying Rayleigh distribution. 
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Figure -L6 Probab:;ity density vs. avcntge current 

Cumulati\C distribution ror abo\"C l"ilTCnt \ariation data is indicated in figure -l-.7 by 

applying Rayleigh distribution. 

> u 

1.2000 
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~ 0.8000 
::J 
0"" 
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:> 
·.;; 
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Figure -L 7 CumulaL, e frequency vs. ~n erage current 
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- .. , frequency l . . I Curnulatn e ! 

- b·ththt\ I A) I -- ,)r 1. aylcigh pro ' . ( I >202 I I Variance ol . . 202A) I 

! Site I nor~,a~ (q) - ().(1(10'\t==·- (l.0590 __j ( I> \\(\3J,~ 
~-.---+ .t9.ll_1 o.ooo94 . ·- - o.o139_ I 

OmaJcl _ 53.97_ ().00001 - ·--Ratmal\'.ala ~.94 -

Table "'·3 Probability ( :.,trihution for load more than 202A 

It is noted that Rayleigh probabilit, is IO\vcr than cwm~lative frequency. Thcrcf"orc 

cumulatiYc frequency is taken as IY tsonablc \ alue of probability ur above 202/\ for 

more accuracy. Howc\cr. the hii:_'t:cst value of probability occurs at Ratmah\ala 

as 0.0590. 

4.4 Probability· of over tcmpcratu .-.·up to 87 °C 

Over temperature of /\CSR ( Racoc . J conductor ma: iwcome due to the combination 

o[ 

• Wind speed should be belo\\ 1 1:. sand 

• CCC should be more than 202!\ 

• Since \Vind speed and ccc· arc independent e\ents. probability of 0\er 

temperature (P 1 ) can be cdculat. i b) multiplicatim1 o!"thc two probabilities. 

• P; ( 1\,- 1 1111~; '-; ( I > 202/\) 

0.11 7S x (U590 

6.95 x ](r' 

• Time period of O\ cr temperature per) car 

6.95 x 1 o-'· '4x365hrs 

(J 1 I ;1'-; 

• Time period ofo\·cr tempcratur, ·or liiC time (50 )''~lr) 

61:-;5() hrs 

30:0:.() hrs. 

• Time period of O\ cr tcmpcratur.· per year \Vith sa!Cty margm 

6lhrs.\2.:' 

152 hrs 

• Time period ofo\cr tcmpcratur,· :iJr life time (50 ye~\r) with safct) margin 

305;) hrs .\ _ ) 

7CJ2:; hrs. 
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The percentage reduction in ten~ ~' strength of' ,\luminum type ,\1 at di!Terent 

temperature and durations h sho'. ,1 figure 4.8. These figures arc based on data 

assembled from \arious snun>..:s ami :•:st results 171. 

100 _.""~·80 "( 

-
"*' 95 -.l: ..... 
b.() 90 t: 
Q) ,_ -i~-100"( 
..... 85 VI 

b.() 
t: 
t: 80 
ro 
E 75 125 "C 
Q) ,_ 
..... 70 t: 
Q) 
u ,_ 65 Q) 
a. ~~-150"( 

60 

0.1 1 100 ll uo 10000 

:ime {hrs) 

Figut·e .t.S Loss of strengC1 of A:. ,ninium type At :l~; a function of temperature 

According to the abO\ c fig me. it is ,lSCrved that loss nl strength or Aluminium is not 

ever reduced belo\\ 95% in the Iii time and it is not reduced bclm\ 90% \vith 2.5 

said) margin. 

4.5 Method of line tension c:lcul:: .m 

Stranding Diameter .. 1-.() 9 m m 

no of strand steel 

no or strand Aluminit:t~l 6 

Minimum L JTS or.\ I \\ire 165 N/mm · 

Percent remaining ~trc:1gth ol 

Aluminium 

Minimum lJ Is at 1% C:\.tensi, . or 
steel 1 1 00 N/mm 

7[ 3.14 

UTS ol' Racoon Conductor 

UTS or Racoon Conductor 

1 (J5 . 7t X ( 4.09/2)2 
X (J 11 ()()x 7t X ( 4.0912/ 

274 l N (taken as 2705 daN) 
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\he t'tlllo\\ing table indicaks the IS of Racoon conductor against percentage of 

remainmg strength of Ahtr.linium htrther. it has he,~n calculated that conductor 

tension for temperatures from 15 c( to 65 oc and its rekYant percentage of aYailablc 

l'TS. llcnce. it is obsen ed that ll -; of strength of .\luminium up to 90 ~~() can be 

alllmed. 

,----------

: 16~\ 

~~~ I 1 ()() 11<1 95 % 90'1<) 

,-- I 27·170 N 26R 19 N I 26169 ' 

I 
_\_-_--IR-_- ~ 19 _ 19 j 

-1 16 __ : 16 i_ 17 _I 
1 12 12 1 12 ! 
' I I 

t 9 -\ 9 I q ' 

I I --1--6---- --- I 

I -E=E------5 - 5 
-- ---- +-----~~ 
_____ s ___ s J -~ 

Percentage of remaining:; ren,_',l 
---------

I 

\ AluminiurH 

~ailablc UTS ol' ~cou~~( ~~c. 
r----( ,mductor 1 ('o;;duct,l< 

\ temperature (°C) \ tcn;ion (1'\; 

I 15 t-- --\992 __ _ 
I I 

1 - r--
20 1 

I I 10 1 - - 22(1-
1 - ! 
I 1---·- ~,-, -.-----
\ --1-0 i _)--1-~\ r- ----5-0 -----j --- - ~-77-5 -

~-=-__: :~----1- _- .- I;;)~ 
______ L ___ ---- ----

1Yo UTS o;;) UTS % UTS 

7 7 

Table -t.4 Conductor L .1sio:1 ,r various temperawres as a percentage of 

'> ailahlc lJTS 
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Chapter 05 

Ap. · ropriate (;round Clearance 

5.1 Introduction 

Maximum allowable conductor kl:. 1crature is typical!; selected so as to limit either 

loss of strength of the cor.ductor iue to annealing u:·' Aluminium or to maintain 

adequate ground clearance. 

5.2 Sag and tension. 

Conductor sag on a J1at terrain ism: <imum at mid-span. h1rtheL this sag will increase 

with temperature and be a maximu1. ~lt maximum operating temperature. 

5.2.1 Equivalent span 

The equivalent span is calculated i1: lrdcr to usc sag and tension charts. The tension is 

uniform between t\\O section pt) ·s and supported <ll1 intermediate poles. The 

equivalent span that results li-om t., s uniform tension i,; calculated \\ith the t<.mmda 

below. 

Se 

Where: 

Si' + S}. + S:~ + etc 

S1 + S 2 + s·, +etc 

S1. S2. s,. etc arc the indi\ idual sp~: lengths between section poles. 

(5.1) 

Having determined the s~lgs a1~· tension on the cquin1lcnt span at \ anous 

temperatures. the sags on the acttwl .pan can be determittcd from the formula: 

. Sag on cquiv<.1! 1t Span x (Actual Span Lcngth)
2 

Sag on any span = ·· . 
(c(: :valent span lcnglh) 2 

(5.2) 
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While fixing the spacing. it shmtl ;,c as uniform as p()ssiblc subject to maintain or 

minimum ground clearance. The .1aximum sag for different pole heights can be 

obtained rrorn the sag table. 

5.2.2 Selection of tension 

Conductor sag and tension 'ary in: :ordance with the r,>l!ov,ing parameters. 

• The maximum sag \\ill occm:- L dcl"ined maximu111 operating temperature 90 'T 

\\ ith no \\ind. 

• The maximum tcnsioll \\ill oc .rat the defined COltductor \\ind luading or 0.575 

kl\ 1m 2 and minimum tempera\\ :or 15°C 141. 
• Constant conductor tension o~: .c~·s at the defined normal everyday temperature or 

30°C. This tension is termed c:~,cryday tension (! ~DT) and the corresponding 

stress is c\cryday strc~s (ED~; 

• i\' cragc tension of the cond': · ors shall be limikJ to 17(1;;> or the UTS of the 

conductor 141. 
• l'vbximum alhmablc st:·css \', \\ ind and lm\ temperature shall be limited to 

40% UTS 141. 

5.2.3 Sag and tension for:n .lla 

The sag and tension rclatiom:hip is· 'en by: 

To X [cosh c;/ - 1) I 
s = () -

w 

Or approximate formula 

wl2 
5=-

B'/' 

Where: 

S issag(m) 

To is initial tension at lov,cst point· . ) 

11' is conductor weight ( N 1111) 

1 is span or horizontal dis~,u~ce be ... ·en tv,o supports 

(5.3) 

(5.1) 
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T is conductor tension 

After a conductor has been !ixed : .. o a position. the u:nsequcnt variation in sag(~) 

due to \\iml pressure and temperaL ·variations can be calculated from: 

Tl x [T1 - CTc- xi\EC01 - Oz)-. ·:F21 2 /24Tn I = I (/\EFfl
2

) l/24 (5.5) 

Tl x ITr- CTc- xi\E(0 3 - 02)-: ·:Fil 2 /24TnJ = [ (/\EF~l 2 ) l/24 (5 .6) 

Where: 

T 1 conductor tension in initiai ,mdition (daN) 

·1 c conductor tension in cv·en. \ condition (daN) 

T
1 

conductor tension in final·.· .1dition (daN) 

X cocf"ficicnt of thcrmd cxp:. 10n 

i\ conductor area (mm ~) 

E Young's modules (chN/m: 

E-) 1 conductor tempcratL!rc in 1. ial condition (°C) 

02 conductor tcmper~1tuc in v -ryday condition (' ( ·) 

0~ conductor tcmpcratue in l .. :l condition (°C) 

F
1 

resultant wind and \\eight :cc in initial condition (daN/m) 

h resultant wind and \\eight! :c in everyday condition (daN/m) 

Fl resultant \vind and \\eight • . cc in final condition ( daN/m) 

5.2.4 Design criteria 

r Clmductor tension 

• Ate\ cryday temperature tl. :onductor tension shall be 1 ]0/o or l 1TS. 

• !\t these tensions at I DT tl. ~cnsions applicabk at the lovvcst temperature and 

maximum wind calculated .I checked with the maximum pole top loading 

,..- The ground clearance is check with the specified minimum clearance 

,. Soil type of foundations has b 1 taken as good soil for the above calculations 
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5.3 Sample calculations 

Consider the follo\\ing pole spaci1 ~hart: 

-~>~e no=l 

--C=-1 
----~-~ 

-+ t 

iative span 

70 

120 

180 

.;pan ] Cumu 

~:: I 
50 
~--1-~~--

60 

) I 
----c;----1 

---1 ~ --7 ___j 

2f0 

250 
290 40 

30 
~-+---~-

40 

Tabk _ i Pole spacing chart 

Equivalent span: 

Using Fquation (5.1 ). the equi\ak <,ag can he calculated as: 

Se 
\j 

2 X 3 0 3 + 3 X 1· 0 3 + 50 :l 

2 X 30 + 3 X 10 +50-

Se = 15 m 

Calculate evuyday tension (Te): 

Now assume the FDI at :10 oc as 

Take l IS 

EDT (I,:) 

27050 N 

27()5() X 0.17 

4598.5 N 

Gravitational force 

Young's modulus 

Thermcd expansion cocl'ficient 

Cross section area 

Weight of conductor 

Diameter of conductor 

Temperature at initial condition. ( 

Everyday temperature. Cc 

,·,o:' 
0 

;) ofUTS. 

9.80665 m/s2 

7946 daN/mn,:' 

0.00001908 ;oc 

" C) 1. 99 mm~ 

0.3129 kg/m 

12.7 mm 

l5°C 

30 oc 

"'"' _, _, 



Temperature at final condition, C1 

Wind pressure 

90°C 

57.5 daN/m
2 

Weight or conductor ''eight o: · mluctor x Cira\'itational force /10 

0.3129 k ~ x 9.80665 m/s
2 

0.30685 '· .im 

Wind l~ll'CC at initial condition v\'ind pressure\. di~lmetcr or conductor (m) 

57.5 daN/m2 x 0.0127m 

0.73025 daN/m 

Wind l"orcc at e\·cryda) condition 0 (da~lm) 

Wind force at final condition 0 (daN/m) 

Resultant \\ind and \\eight force" . 1 condition 

((Weight . conductor2 
\ \Vind Coree at initial condition

2
))

1 2 

h ((CU068. 
l ' 

0.73025 -))' 

0.79209· ) daN/m 

Resultant '' ind and \\eight force <: Weight or conductor 

h 

Result<mt \\ind and \\eight force< 

i' -~ 

0.30685 daN/m 

Weight or conductor 

0.30685 daN/m 

Using equation (5.5 L the initial at 1 1 can be calculated. This is a third order 

polynomial in terms oi" 1 1. The 1-. ol· this polynomial can be calculated by soh·ing 

this cq uation by itcrati \C method: i1c Fxccl program listed in J\nnex B can be used 

to calculate the 1 1• 

T 1 716.865507399581 daN 

Using equation (5.6 ). the final s~ : t 11 can be calculated. This is also a third order 

polynomial in terms ol· i 1. The r, ·t:. of this polynomial can be calculated by sohing 

this equation by iterati' c method. l :1c l~xccl program listed in 1\nnex B can be used 

to calculate the Tr. 

T1 106.582234917787 daN 
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Using equation ( 5.::1 ). the sag at c~ :h condition can he calculated as: 

,1, : 1 (wl 1)\ 
1 X \COS 1 "2'G -

Equivalent sag at 'I\ (m) vv 

. . 716. :655 x [cosh (0.792099x!J.5 )j 
l~quJvdlent sag at 'I\ (m) = __ 2x 7\ A.BA55 -

1 

0.792099 

Equiv~lienl sag at T1 = 0.29 l 111 

Equiv~lient sag at Tc(m) 

Tcx co~;h(~-1)j 
w 

Equivalent sag at Tc(m) 

o.306n:;x~-5 ) [ ~59. lS >~[cosh ( 2x !J.59.B5 - 1 

0.30685 

Equivalent sag at Tc = () .17 .) 111 

Equiv;lient sag at T1 (111) 

'fj Y lcosh (TJ;- 1) j 
w 

l ( o.:~06B5x~5 _ 1) [ 
1 OG )8223 x cosh 2x1 06.5B223 

Equivalent sag at T1 (m) 0.30685 

Equivalent sag at T1 = 0.7(;; 111 

Sag on any span 

Using equation (5.2). the equi\a~ :1t s~tg on an; span can be calculated as: 

Initial sag at T1 

Initial sag at T1 

c 0) :_ 
0.291 >< ( S)L 

0.1293 111 

c:; 0) ' 
Everyday sag at Tc = 0.176 x ( iSr:--

Everyday sag at Te = 0.0782 r~·. 

Final s;1g at T1 

Final s:1g at T1 

:.iO) 
0.75B ~<- !Sf 

o.:-neJ r., 
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Vertical sag at initial conditioll :m) 

. , , Jnili~; sag ~1t T1 x weight of conductor(daN/m) 
Vert1cll sag at I = ---------------------

1 resultant· ;ind and weight force at T1 conditon(daN/m) 

Verticll sag at T1 = 
C.l293 x(L306~l5 ( daN/m) 

0.792( 99(d~1N/m) 

Verticcd sag at T1 = 0.0501 m 

Vertical sag at cvcryd:t:. condit .m (m) 

. , , lniti< sag ~1t Tc x weight of conductor(daN/m) 
Vert1cal sag at I, = -------~---------------

c P,csultant vind and weight force at ED conditon(daN/m) 

0.07B2 xO 306:l5(daN/m) 
Vertical sag at Tc = 0.306 l5(daN/m) 

Vertie<li sag at Te = 0.0782 m 

Vertical sag at final ccEdition (u) 

Vertical sag at Tr = ~.: ;ultant \ ·ind :.nd weight force at'!\ conditon(daNjm) 

c.:\369 X ( .33C) (daN/m) 
Verticc1l sag at Tr = 0.3369(d<~f'-J/m) 

Vertical sag at Tr = O.:n69 m 

As per Lksign criteria. l 11c maxin:um l\~nsion occurs at l5°C and given maximum air 

pressure conditions sh< ::be limit< d to .;()0;(J lJlS. 

716.~ 65: 
T1 as percentage oftr::· = ----

27l5 

T1 as percentage of lJT~; = 27% < 1\l)(YcJ 

Averai:'-c tension or tk conducors shall be limited to 17% of' the UTS of the 

conductor. 

459.~:5 
T as ncrccntage of UT:: = ---

c t 270) 

Teas percentage of tn·~: = 17% = 1·.'% 

106.5822 
Tf as percentage of lJTS = ----

2705 

Tr as percentage of Ln:; = 4% 
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SA Clearance from tl;,' Ground 

()\erhl·ad line conduc\ ·:·s shall lc S() located that their ground clearance !4] in any 

directi<m from any po:;;'ion after sag c:nder the influence of load current shall not be 

less them the distance (l. :·ollows. 

~1aximum allowable S:·!' Pole l !cigl:t- Buried Length- Clearance 

. pe of grJun!l 
1\'oltage 

f---. ·· \ ;\en : ; the road or 
I • 

clearan :e 

strcc'' 

Clearance (nr) 

6.1 

Max. allowable 

sag (m) 

1 0 m pole - 2.2 

11 m pole 3.1 

650V to 11 k V ~1 a; other places 

-· --+--- ---I 
. ) __ 

f-----
Plac: inaccessible to 

4.() 

\Chi· dar tratTi . .: 

!\ere: ; the road or 
10m pole 1.9 

i r-
\ 

strc' · 

6.4 
1 1 m po lc 2. 8 i 

------~ 

Tab\ · :;.2 Maximm.: allowable sag for each pole 

ll:~o mv 

f..--- -----
1 n a1 · other places 

l------- -
Plac · inaccessible u 

ychi · :lar traffi: 

6.1 

4.9 

5.5 Maximum sag for CSR R~H~OOL .:onductor 

Using dbOYC Cormula. :g and tcnsio:1 were calculated in each equiYalcnt span and 

summar) is gi\en bclo· 

[ L' I '":1i .\alent 

1 

__ an (m) 

~==-f') 

t=-= ')() 

C .Juctor 

ter. .\.'rature 

Joe 

. ;) oc 

30m 

\_ 0.34 

60m 

0.76 

Conduc tor sag (m) for span 

4( m 50m 60m 

0. 60 0.93 1.35 

7( lm 80m 90m 

1. 03 1.35 1. 71 

Table 5.3 CoL .ctor sag for each span vs. conductor temperature 
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It can be: obscncd that :c maxtmum ;~1g 1.71 m is less than maximum allcmahlc sag 

l.Y m lur I 0 m pole. : :refore. the t.<ound clearance is not \'iolatcd \\hen operating 

on higher temperature, · ()0°C. Also s~.g may increase on wind speed bclovv 1m/sand 

maximum loading mor :han 202.\. P:.1bablc occurrence of this is gi\cn in chapter 04 

as 3050 hrs for a comh: ()J" life time. 
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Chapter 06 

Economical Optimization of Losses 

Costs and hen eli ts shall be e\ aluated \Vith increase 0 r losses against im estments 

incurred in reconstructing or the CFB net\\ork. It is noted that imestment can he 

postponed at least 4 years \\hen annual grc)\\ th rate is considered as 2.5°1
o. This 

simulation is done by using SyncrGEF sotiv,are \\hich is presently used !'or 

distribution planning of CFB. 

6.1 Energy losses due to increase of CCC 

If it is required to replace Racoon conductor. next a\ailablc conductor or CLB is I .ynx 

conductor. ThcrcCore. loss comparison has been calculated by simulating Racoon and 

Lynx conductors for llambantota F3 (ionnorU\\ a line. 
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\ 1IJ-!J '''1 
:::-11/1<1-·11·1 

.\1111'1 .-j 

~~ r·w: .·L 
,11 I':' IJ 
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IJ :· _. 

u .. ·_, 
: J':·~"\ :-: 

\, 1 1.' II 
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\ _ ;;~;~r' 1 ~ 1 , 1 J · 
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Figure 6.1 llamhantota F3 Gonnoruwa line 
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6.2 Present value of losses 

Following data arc used to calculation of present \ aluc of energy losses 

0\ er current time per day 

Unit cost 

0.84 hrs (taken from load pattern of Omara) 

14.00 LKR/k Wh 131 

Annual tariff increment 10 (Yc) 

Discount rate 15 °itJ 

~-

Total loss - PVof 
Additional llnit cost Total cost 

Year per yea1· PVF expenses 
loss (kW) (LKR) (LKR) 

(kWh) (LKR) 

1 163 49976 14.(J0 699.661 0.870 608.40 I J 
I 170 52122 15.40 802.679 0.756 606.940 I 

I 
--

, 
178 54575 16.94 924.497 0.658 607.872 

,) 

4 189 57947 18.63 1.079.792 0.572 617.374 I 

I 

2,-!40,5~ 

Table 6.2 Present values of expenses (losses) 

6.3 Estimated cost of reconstmction 

Next proven method for increasing the line capacity is reconstructing. Racoon 

conductor can he replaced by Lynx conductor. I lcncc. it is required to estimate cost of 

reconstructing. Reconstructing cost has been calculated as follmvs using CLB 

standard rate [21. 

• Lynx line cost for construction per km LKR. 3.140.000 

• Rcmmal cost for existing lines per km LKR. 75.000 

• Scrap cost per km (Assumed as 1 0%) LKR. 222.400 

• Total actual cost of reconstructing per km LKR. 2.992.600 

• Reconstructing line length 4.3 km 

• Total cost for 4.3 km LKR. 12.868.180 
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6.3.1 Present value of savings 

Due to the economic uncertainties. estimated cost can be taken Crom loan with interest 

rate 15% and loan period is 4 years. Then. total present value of interest has been 

calculated as follows. 

·-

Project cost 13.824.500 LKR 

I Loan 13.824.500 LKR 

Loan period 4 Years 
! 
1 Interest rate 15 % 

I Year 1 2 3 -t 

[ Opening balance 12.868.180 9.651.135 6.434.090 3.217.()45 

l Interest 1.688.949 1.206.392 723.835 241.278 

I Loan repavment 3.217.045 3.217 .()45 3.217.045 3.217.045 
f.--- . 
\ Closing balance 9.651.135 6.434.090 3.217.045 0 

I PVF 0.870 0.756 0.658 0.572 
' 

Table 6.3 Present value of savings 

6.4 Economic viability of the project 

Case I: Using existing line 

Year 1 Year 2 Year 3 Y car-t 

Extra cost of 
699.661 802.679 924A97 1.079.792 

losses 

PV of cost 608.401 606.940 607.872 617.374 

I 

I 
I 
I 

I 

Total cost (C) LKR. 2,-t40,588 __ j 
Table 6.-t Present value of extra cost of losses 
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Case 2: Constructing new line 

I Salv<l 
Year 1 Year 2 Year 3 

I 

Year .t 
vatu 

Capital cost 3217.045 3.217.045 3.217.045 3.217.045 11.838 

-

~ 
Interest 1.688.949 1.206.392 723.835 241.278 

Total cost 4.905.994 4.423.437 3.940.880 3.458.323 11.838.726 ~ 
-~ 

PV of total cost 4.268.214 3.344.118 2.593.099 1.978.161 6.Ti 
-

Total cost (B)= (Year l+Year 2+Year 3+Year ~-Salvage value)= LKR. 5,-tl ~ ' n '' j 

Table 6.5 Present value of constructing a new line 

I 

Present value of Present value of 
Net present value I 

Load pattern expenses (C) LKR. savings (B) LKR. 
(B-C) LKR. 

(Case 1) (Case 2) 
---

Omara 2.440.588 5.411.841 2.971.253 
----

1 Ratmalwa1a 4.125.756 5.411.841 1.286.085 

Kudagammana 958.802 5.411.841 4.453.039 
----- -"" 

Table 6.6 Net present value of each project 

In this case study. present \'alue of expenses means energy losses due to 0\ er current 

or existing line (Case 1 ), Present Yalue of sm ings means cost incurred in constructing 

a new line (Case 2)_ 

It is observed that present \ alue of sm-ings larger than Present value of expenses for 

all load patterns_ ThercCore. constructing a ne\\ line is more expensive for load 

patterns or Omara. Kudagammana and Ratmah\ala_ ln other words. implementation of 

above three projects is financially \iable_ 
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Chapter 07 

Conclusions 

The objective of this project is to Ji:\. the merhcad line power transfer limits, with 

effective wind cooling through the probabilistic approach. The analysis consists of the 

maximum temperature limit of ACSR Racoon conductor that is selected in order to 

minimize loss of strength, sag. line loss, or a combination of the abm c. 

In the first part. allo\vable loss of strength of Aluminium was analyzed through the 

probabilistic approach. Loss of strength of ACSR Racoon conductor can occur due to 

\\ind speed below 1 m/s and CCC more than 202A. During the study. it is obsencd 

that strength of Aluminium is not reduced bclo\\ 90<1<1 of its strength during the 

lifetime of 50 years. This reduction of strength is negligible. Therefore. cJTcctiw 'v\ind 

speed can be taken as 1 m/s. 

ln the second part. sag \ ariations were analyzed in each span which \\as presently 

used in CFB against maximum alh1\\ablc temperature (90°C) in the absence of \\ind 

speed. It is obscncd that ground clearance is not 'violated \Vhcn operating at higher 

temperatures. 

Finally. Costs and benefits \\ere c\aluatcd \\ith increase of losses by this method 

against inwstmcnt incurred in strengthening of the C FB network. lt is noted that 

inYestment can be postponed at least 4 years \\hen annual growth rate is considered as 

2.5°/(J. 

Net present Yalue \vas analyzed from present value of expenses (due to loss increase 

of existing system) and present \·aluc of saving (postponement of imestment incurred 

in strengthening of the CTB network). Net present value is positi\'C for load pattern of 

Omara. Kudagammana and Ratmalwala. Therefore project is financially \ iablc. 

Sometimes in unavoidable circumstances. CI~B is forced to delay the augmentations. 
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The reasons may he as follows. 

1. Diniculties in raising funds l'or the augmentations 

2. Delays in planning and designing 

3. Expected major changes that might take place in near future. hence the 

planning or augmentation is delayed 

Whatever the reason. this study gin:s a guide to the extent or possible merload of the 

lines without \ iolation or technical limiting parameters and the cost benefits/losses in 

such operations. 

Finally. the results shovv that in some cases. postponing of investment. incurred in 

strengthening or net Yvork instead of replacing conductors. to the extents in time and 

current limits as studied. is economically viable and beneficial to CEB. 
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Annex A 

The follovving computer program is used to calculate thermal rating of bare overhead 

conductors. 

Annex A of IEEE stamLrd 738- 1993 

Listing of the "RATEL:EE" program for steady-state and transient calculations of 

temperature and therm:d rating for bare overhead conductors. 
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Annex B 

Third order equation fot calculatin~ T 1 

VIS Tt (daN) 

.115 Tc(daN) 

$B$5 Young·s mod: :Ius (daN/mm2) 

$8$6 thermal exJXll: ,,ion 

$8$7 coefficient (/l~·.:g c) 

KIS temperature <t initial condition. C 1 (deg c) 

L 15 everyday temperature. C: ( deg c) 

T 15 ·. resultant wim: and weight force at l 1 condition ( daN/m) 

I I 15 - equi\alent sp: :1 

S 15 c. resultant \Vint: and weight force at l 1 condition (daN/m) 

Solver(T 1) POWI~R(V, 5.3)- J 15-SB$Y '£B$6*$B$7*(K 15-I. 15)­

$B$7*$B$5*POWER(! 15.2)*PO\\ ER( I I 15.2)/ 24*POWLR(.II5.2 l )*POWER(V 15.2)­

$B$7*$B$5*POWER(S 15.2)*POWER(I I 15.2)/24 

Third order equation for calculating Tr 

X I 5 .C. T1 (daN) 

M 15 =temperature at final condition. C 1(deg c) 

L 15 ~c everyday tem] .~rature. C ( deg ':) 

U 15 ·.··.resultant \Vind md weight forCl: at final condition (daNim) 

II 15 ~·· equi\alent SJX:; 

Solver(Tr) POWER(X 11.3)-(J I V£13$5*$B$6*$B$7*(M 15-I. 15)­

$B$7*$B$5*POWERCI 15.2)*PO\\'ER(l I 15.2)/(24*PO'fi'ER(J 15.2)))*POWER(X 15.2)­

$B$7*$B$5*POWER( l. I 5.2)*PO\\'ER( I I 15.2)/24 
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$8$3 ··Gravitational ;(Jrcc (m/sls) 

Equivalent sag at T1 (m l 

- (VI 5 * I 01 (S I:~ :· I 0) )* ( CC )S 1-1 ( S 15 * I 0* 1115/ (2 •:• V 15 * $13$3) )- 1) 

Equivalent sag at Te (m 

·· (J 15* I 01 (Tl :' I O))*(COSII ('I 15* I O*H 151 (2*.1 15*$B$3 ))-1) 

Equivalent sag at T1 (111, 

~·· (X I 5''' I 0 I ( U I :· I 0)) * ( C C S I I ( l J I 5 * I 0 * Ill 5 I ( 2 ''' X I 5 * $13 $ 3 ) ) - I ) 

$7$15 

C16 

($1-1$15 

Initial sag (m) 

$AA$15 

cquiv~: ,;nt sag at i 1 (m l 

Span(. 1) 

equiv:J:_:nt span 

· S/S IS*POWI:R (C 16. 2), POWLR ($H$15. 2) 

cquiv<l:_:nt sag at lc (m) 

l.._vcryday sag (m) ··. $:\.\$15''PO\VER (C16. 2)/POWLR ($11$15. 2) 

$AB$15 

Final sag (m) 

AC16 

$N$15 

$S$15 

cquiva: .:nt sag at Tc (111) 

·~· $i\ ~~$15 ''POWER (C 16. 2)/POWLR ($1-!$15. 2) 

Initial 1g (m) 

weigh: or conductur (cLlNim) 

resultc:;:t wind and wci~'ht force at T1 condition (daN/m) 

Vertical sag al initial Cl' dition (m) AC 16*$N$151$S$15 
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cvcryc: ) sag ( m) ;\[)16 

$T$15 Result 1t wind and \vci :;ht force at ever~ da) condition ( daN;m) 

Vertical sag at cveryda:. condition (m) AD 16*$!\S 1St£ I $15 

tina! s:>.!. (m) ;\[ 16 

$U$15 result~· t \\ ind and \\Ci!c'ht force at final condition (daN/m) 

Vertical sag at !ina! cot~ .ition (m) AE 16*$NS 15/$U$15 

51 



Annex C 

Definition for Economics Evaluation 

C.l Interest Rate and Discount Rate 

Interest Rate 

The percentage increas1.: 111 the value or money over a pe~iod of one year. In addition to 

the time value or mone\ . interest rate inc I udes the effect or inflation and escalation. 

Discount Rate 

The time value of mom:). as perceived by an investor. Usually expressed in percentage 

per year. 

Salvage Value 

Assume that salvage value is remaining life time value as follo\\s. 

Salvage value Capital cost x 46/50 

Where 50 is life time am! ~t6 is remaining lite. 

Present Value 

Discount Rate r% 

PV Factor 
-· 

Year 
I 

\":due 

1 
0 I Vo 

I 

+--
(1 +r)l 

1 

(1 + r}' 
1-' ·~ . 'v l 

2 I V;c 

1 
" J (1 + r}i 

! 

I 
i 

T 
1 
I 

--~ 
I 

Present Value 

Vo 
(1 + r )O 

V1 
(1 + r)l 

Vz 
(l+r)Z 

vl 
(1 + r)3 

c\-:-1_ .. ~ Vg ---i 
.... 

9 (1 + r)9 

1 V1o 
10 V1o (1 + r)10 (1 + r)10 
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Cost- Benefit AnaJysi ;, 

0 

~ _'"'~ ~Benefit 

I 1 t---+ 
c-_e-l~- ~:~ 
1-~J 1--
~-- c,, 
-~-n J L" 

-

- I 

Bo Co 
I 

Bo 
I 

131 c:1 I 
131 

I 

--~ ------~ 

132 C:z Bz -
13:1 cl 

I 
B:J 

~---

\ 

.. ... ... ... ... ... ......... 

Bn- 1 C:n-1 Bn-1 

en C:n 13n 
-

~---P~·csent Value . 

t--- Cost I Benefit 
j 

Year 

C = "n C = '\' n - ri) 
> L.t=1 I Li=1 

(C I) 

I ll ,: 
1l ~ - _!__ 

B = " . Bi = r. , ri) L.t=l i=1 '. 
(C2) 

Net Present Value(NP\'~· = 8- C (C3) 

Project Accepted If N P \ 0 

.~ . ~\ 

<'> 
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