Sags and Tensions of Solid Copper Overhead Conductors
under Indian Conditions.

By 8. V. Ganapati, with an introductory note by
Prof. 4. Hay, ». 5., U. I. B, .

The tables and curves which accompany the present
note will, it is hoped, be found to he of considerable use to those
who are engaged on the construction of overhead transmission
and distribution lines in India. Although there are a considerable
number of such lines in existence, no tables—so far as the authors
are aware—have hitherto been published for the guidance of engi-
neers in charge of overhead construction work, and asa result
each enginecr has had to work out for himself the correct sag
or tension to be used in each particular case.

The curves and tables give the correct values of the sags
and tensions fo be used at different temperatures in erecting over-
head lines in still air in order that the conditions laid down by the
Indian Electricity Rules (1911) may be complied with.

From many points of view, India is an ideal country for
overhead lines. It is true that owing to the ubiquity of the white
ant, the cheap type of construction represented by a wood-pole
line cannot be used. But apart from this disadvantage, all the
other conditions affecting the working of an overhead line are of
a bighly favourable nature. The temperature varies between nar-
row limits ; there is no snow or ice to form a coating on the wires
and load them beyond the limits of safety : and the wind pressure
never reaches the excessive values which occur in countries visited
by tornadoes.

According to the Indian Electricity Rules (1911), “ The
factor of safety of an aerial line including the supports thereof
and any guard wires or bearer wires in connection therewith,
shall be at least four under all conditions, the maximum wind
pressure being taken at 25 lbs per square foot. For cylindrical
bodies the effective area shall be taken as two-thirds of the pro-
jected area exposed to wind pressure ”.

The above extract from the Indian Electricity Rules
sufficiently defines the conditions which must be satisfied by a
properly constructed overhead line, with one exeeption : nothing
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is said about a lower temperature limit. In order to be on the safe
side, we have -taken this limit to be 50°F. Accordingly the
most severe conditions to which the line issupposed to be subjected
correspond to a wind pressure of 25 Ibs per square foot and a
temperature of 50°F, and under these extreme conditions the line
must still possess a factor of safety of at least four.

The tensile strength of different sizes of copper wire we
have supposed to be given by Trotter’s formula, namely,

T= 30—20 D,

where T= Tensile strength in tons per square inch
and D=Diameter of wire in inches.

Young’s modulus was assumed to be 16 X 10° Ibs ‘per
square inch, and the temperature coefficient of expansion of
copper to be .93 X 107 per °L,

The usual parabolic equation for the curve assumed by
the wire was_employed, namely,

_Pw
d-—— —8*?—-,
where d =Sag

=Distance between supports

w =Resultant total force per unit
length,

and ¢ =Tension

The method of arriving at the results given was as
follows :—

From the known weight per unit length and the wind
pressure of 25 1bs per square foot, the total load per
unit length of wire under the assumed most severe
conditions was calculated for each size of wire. Next,
assuming a factor of safety of four, the working
stress intensity was determined for each size, and from
1t the maximum working tension. Using the values
of the maximum load per unit length and maximum
working tension, the excess length—i. ¢., the difference
between the actual length of the conductor in the span
and the span itself (the horizontal distance between
points of support)— was determined for the various
sizes of wire and the various spans by means of the
formula

2
Excess length = 1w 12
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Next, from the known value of Young’s modulus and
the working stress intensity the extension arising from the stress
was calculated (in making this caleulation it is safe to take the
original length of conductor as equal to the span). By subtract-
ing this extension from the excess length under the most severe
conditions, the excess length of a conductor in a span was
obtained when the conductor is relieved of all stress. This
excess length was in somoe cases found to be negative—i. e., if
the conductor were allowed to contract by removing the stress,
the length of the unstressed conductor would be found to be less
than the length of span. Since the greatest wind pressure has
been  assumed to occur at the lowest temperature, the excess
lengths of the unstressed conductors calculated as above are taken
to represent these lengths at the minimum temperature (50°F)
assumed. If now the conductor is stressed, its excess length will
Increase in proportion to the stressintensity, and the relation
between stress intensity and excess length will be represented by a
straight line (the temperature being assumed to remain constant).

Suppose next that the temperature rises by 10°F. The
unstressed conductor will expand and its excess length when
unstressed will inerease. If now the temperature is maintained
constant at the higher value and stress is applied to the conductor,
the new line which represents the relation connecting excess length
with stress intensity, will be parallel to the similar line for the
lower temperature. :

Thus if we assume equal temperature intervals of 10°F.
the relation conmecting excess length with stress intensity at the
various temperatures will be represented by a series of parallel
equidistant straight lines.

Take then any span length, and for it draw such a series
of equidistant paralle] lines: call this diagram A. Next draw for
the same span the curve connecting stress intensity with excess
Jength when there is no wind. Call this diagram B. This latter
curve will be the same for all sizes of wires for the particular span
selected. The scales for stressintensity and excess length must
be the same in the two diagrams. Make a tracing of the siraight
line diagram A. Two such diagrams for a span of 100 feet are

shown in figures 1 and 2.
‘We now have all the necessary data for determining, for

the given span and the various sizes of wire, the relation between
excess length and temperature when there is no wind.
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Phe actual procedure is then as follows :—

From the previously calculated table we find for any
given size of wire the excess length of the unstressed wire at 50°F.
We then superpose the tracing of diagram A on diagram B in
such a way that, the axes of the two diagrams being parallel, the
lowest (20°F) line of the A. diagram intersects the axis of excess
length of the B diagram at a point corresponding to the excess
length of the given conductor when unstressed and at a temperature
of 50°F. Then the intersections of the other straight lines with
the curve of diagram B immediately determine the excess lengths
at the various temperatures.

From the excess lengths (or corresponding stress inten-
sities) the sags and tensions at the various temperatures and for
the various sizes of conductors are easily calculated. ‘

Each length of span requires its own diagrams A and B,
but the same diagrams are used for all the different sizes of wire
in a given span. :

A few words of explanation may be desirable regarding
a peculiarity noticeable in the curves and tables. It will be
observed that as the size of the conductor increases the sag at first
decreases. This is due to the fact that wind pressure becomes a
smaller and smaller percentage of the total load per unit length
of conductor as the size of the conductor increases, and if the
tensile strength remained constant, the sag would steadily de-
crease with increasing size of the conductor. The curves, however,
show that beyond a certain size the sag, after passing through a
minimum value, begins to increase with increasing size of the
conductor. This is due to the fact that beyond a certain limit the
wind pressure load becomes relatively unimportant, while on the
vther hand with inereasing size the tensile strength continues to
decrease steadily. It is this decrease in the tensile strength that
necessitates the use of a larger sag for the same factor of safety.

DErParTMENT OF ELECTRICAL TECHNOLOGY,
InpIAN INSTITUTE oF SCIENCE,
BANGALORE.

1. 1. 8. No. 82,—R, P. B, ~1-1922.~-500,



TaBes I—Suz<uf wirs ininches, in <ill air, for a span of 100 {r.

Temp, F*°

BG°

a9°
100¢
110°
120°
130°

Sizes of wires, 8. W. (3.

e % T w5 s 8 2 1 g ag sy 4o
5 520 50| 48 #5486 40| 47 SIS TS .
620058, 36| sal 53 53 52 s 8353 33 54| | o7
691 66, 63| 61| 60, 60 53 55 39 50 60 61! g2l 64
T 75, 72| 69| 68! 65, 66 6| 67| 67| 68| 69| 70| o
90 8-5 81 78 77 77 ‘7-5 ; 75 7-6 76 77 7-8 80 §3
1034 96 93| 89| 88| 88| 86| 86| 87 87| 88| g9 92 | 94
161 110 1051 02| 100 | 100| 97| 97| 99 | 99 |100 | 102 | 104 | 107
128 | 128 | 118 | 115 | 118 | 108 | 100 | 120 | 111 | 111 | 114 | 115 | 118 | 12:0
161|185 | 182 | 198 | 197 | 127 | 124 | 123 | 125 | 125 | 127 | 128 | 130 | 183

493



Tasre I1.—Sags of wires in inches, in still air, for a span of 120 ft.

.

Sizes of wires, 8. W, G.

10 9 8 7 6 5 4 3 2 1 l 0 2/0 \ 3/0 | 4/0
; .

91| 86| 80 76| 75| 73| 78| 1| 71| 71| 72| wvel| 78| 7&
103 96| 89| 85, 83| 82| 81| 79| 79| 79| 80| 80| 82| 83
1161 109 | 1001 95| 93| 91} 90| 88| 88, 88| 89| 89| 91| 93
130 123 | 114 108 | 106 | 104 | 102 | 100 | J00 | 100 | 101 | 101 | 10-4 | 106
Hed 1371127 ) 121 ) 119 | 117 | 115 | 118 | 118 | 113 | 114 | 114 | 117 | 119
159 1 15-1 | 141! 135 | 182 | 130 | 129 | 126 | 126 | 126 | 128 | 128 130 | 132
175 . 166 | 156 | 149 | 147 | 144 | 148 | 140 | 140 | 140 | 142 | 142 | 144 | 147
1907 181 | 173 166 | 1631 160 159 | 155 | 155 | 155 | 157 | 157 | 160 | 163
205, 196 | 186 | 181 | 178 175! 172 | 170 | 17°0 | 170 | 173 | 178 | 175 | 178

. 99¢



TaBLe I1I.—Sags of wires in ‘inches, in still air, for a span of 140 ft.

Sizes of wires, S, W, G.

. , : :
Temp. B> . 10 | 9 | B ! (O O I S O T A 0 ; 2,/05 30 | 4/0
50° 149 | 184 122 114 110 108 | 103 | 101 | 101 | 100 | 100 | 102 102 104
60° 165 | 18| 136 126 | 120 120 114 112 | 12l 111 1) 112 s | 115
70° 183 | 165 | 151 141 | 137 138 | 127 | 195 | 125 | 128 | 128 | 125 | 125 | 128
80° 199 | 181 166 | 156 | 151 ' 148 | 141 | 138 | 138 | 187 | 137 | 188 | 139 | 142
90° 206 1981 183 172 ) 167 | 164 | 156 | 154 | 154 | 152 | 152 | 154 | 154 | 158
100° 233 | 204 | 200 | 188 | 183 | 150 | 172 | 169 | 169 | 167 | 167 | 160 | 17:0 | 173
110° 252 | 252 | 218 | 206 | 201 107 | 189 | 196 | 186 | 184 | 184 | 186 | 187 | 101
120° 26'6 | 25°0 | 984 ) 229 | 218 | 213 | 206 | 203 | 20:3 | 20°0 | 200 | 208 | 204 | 208
130° 281 | 266 | 252 | 240 | 235 | 231 | 223 | 22:0 | 220 | 217 | 217 | 220 | 221 | 295

L9%



T4BLE TV.—Sags of wires in inches, in still air, for a span of 160 {it.

Sizes of wires, S. W. G.

Temp. ¥° 10 9 l 8 l 7 6 5 4 3 2 1 0 | 2/0 | 8/0 ] 4/0
50° 223 19-9" 178 | 16:3 | 155 | 150 | 148 | 138 | 137 | 1836 | 134 | 184 | 137 | 138
60° 24°3 | 216 I 196 | 179 | 171 | 166 | 157 | 158 | 151 | 150 | 148 | 148 | 151 | 153
70° 26:0 | 233 208 | 105 | 187 | 182 | 173 | 167 | 165 | 164 | 163 | 163 | 165 | 167
80° 1281 253 231 | 213 | 206 | 199 | 189 | 184 | 182 | 181 | 179 | 179, 182 | 18
90° 29:3 | 270 | 25'1 | 231 | 222 | 217 | 207 | 201 | 199} 198 | 196 | 196 | 199 | 20'1
100° S1:0 | 285 | 269 | 251 | 242 | 285 | 224 | 218 | 217 | 215 | 214 | 214 | 217 | 2118
110° 324 | 302 285 | 2677 | 26:0 | 254 | 244 | 237 | 235 | 234 | 281 | 231 | 235 | 237
120° 340 | 318 300 | 235 | 274 | 270 | 262 | 256 | 254 | 252 | 251 | 251 | 254 | 256
130° 35-5! 833 | 37| 800 | 293 | 286 | 277 | 272 | 270 | 26'8 | 268 | 268 | 270 | 272
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TaBLe V.—Sags of wires in inches, in still air, for a span of 180 ft.

Sizes of wires S. W. G.

Temp. F° 10 i 9 { S 1.7 61 5| 4| s34 2| 1! 0] 20/ s0]| 40
500 316 | 280 | 253 | 29:6 | 214 | 206 | 108 | 187 | 185 | 181 | 179 | 179 | 180 182
60° 332 298 | 278 | 247 | 234 | 224 | 211 | 205 g2 | 197 | 196 | 195 | 196 | 199
70° s34 | 318 | 202 | 268 | 254 | 245 | 228 | 22-4 | 220 | 216 | 214 | 213 | 215 | 217
$0° 372 | 336 810 | 288 275 | 264 | 249 | 243 | 240 | 235 | 234 | 234 | 234 | 236
90° 390 | 854 | 325 | 306 | 208 | 234 | 270 | 262 | 260 ) 254 | 258 | 252 | 254 | 258
100° 408 | 374 347 | 823! 310 ] 302 | 288 | 288 | 279 | 975 | 278 | 2ve | 214 | 276
110° 426 | 304 | 366 | 342 | 327 | 318 | 307 | 303 | 209 | 29:3 | 201 | 201 | 292 | 295
120° 136! 411 885 | 861 847 | 340 | 323 | 818 | 315 |-311 | 309 | s0-8 | 81-0| 313
130° 457 | 427 | 403 | 382 | 366 | 358 | 342, 835 | 335 | 832:8 | 325 | 324 | 32:8 | 330

69¢



Tasre VI—Sags of wires in inches, in still air, for a span of 200 ft.

Sizes of wires, S. W, G,

Temp. F° 10 9 8 7 ] 5 4 3 2 1 0 | 2/0 | 80 | 40
50° 425 | 373 | 832 | 303 | 284 | 268 | 252 | 242 | 236 | 232 | 228 | 22'5 | 225 | 228
60° 45°0 | 894 | 857 | 324 | 305 | 291 | 273 | 26'8 | 258 | 252 | 248 | 246 | 246 | 248
70° 474 | 418 | 879 | 846 { 326 | 315 | 202 | 285 | 277 | 272 | 270 | 267 | 267 | 270
80° 493 | 443 | 39-8 | 86-8 | 348 | 337 | 315 | 804 | 299 | 293 | 0289 | 287 | 287 | 291
90° 512 | 465 | 42:0 | 389 | 87-2 | 859 | 835 | 327 | 821 | 814 | 310 | 308 | 30'8 | 310

100° 524 | 485 | 444 | 414 | 391 | 881 | 858 | 351 | 340 | 887 | 331 | 329 | 320 | 835
110° 533 | 50°4 | 472 | 437 | 414 | 402 | 381 | 372 | 365 | 358 | 852 | 349 | 349 | 356
120° 54'8 | 522 | 48'9 | 458 | 440 | 425 | 403 | 392 | 386 | 379 | 873 | 371 | 871 | 878
130° - 56'1 | 529 | 505 | 483 | 46°2 | 448 | 425 | 418 | 406 | 402 | 39:7 | 39-2 | 39'2 | 89-9
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Tasre VII.—Tensions of wires, in pounds, in still air, for a span of 100 ft.

Sizes of wires, 8, W. G.

Temp. F° i W os 8 7] 6| 5| & 8| 2| 1| oz |8 |40
50° | 187 | 182 | 32| 209 | 852 | 430 | 529 | 628 | 735 | 868 | 1000 | 1150 | 1280 | 1450
60° | 120|161 208 | w0 | sua| ses | ars s55| 650 | 702 895 | 1020 | 1140 | 1280
70° | 07| 12| 185 | 231 279 840 419 | 494 | 588 | 688 | 794 | 904 | 1010 | 1140
80° 94°0 | 126 | 163 | 204 | 246 | 300 | 870 | 487 | 517 | 606 | 700 | 800 | 892 | 1000
90° 828 | 111| 148 | 160, 217 | 265 | s27 | 385 | 455| 534 | 618 | 704 784 | s80
100° 7911 980 | 125 | 158 | 100 | 231 | 286 | 337 | 898 | 466 540 | 616 | 685 | 770
110° 644|860\ 111{ 138 | 167 | 204 | 251 | 205 | 851 | 411 | 475| 540 | 04| 679
120° 580 | 769 | 086 | 123 | las| 180 | 222 | sez | 311 | 64| 420 | 480 | 533 | 606
130° 526 | 69-5 | 88'5 | 110 | 136 | 163 | 199 | 234 | 279;| 826 | 879 | 481 | 484 | 548
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TaBLe VIII.—Tensions of wires, in pounds, in still air, for a span of 120 ff. -

Sizes of wires, S. W. G.

Temp, F° . 10 9 8 7 6 5 4 l 3 2 l 1 l 0 | 2/0 | 8/0 | 4/0
50° 117 | 187 | 210 | 266 | 324 | 401 | 485 | 586 | 705 | 882 | 956 | 1100 | 1230 | 1410
60° 104 | 141 | 187 | 238 | 290 | 360 | 435 | 526 | 631| 736 | 858 | 1000 | 1110 1260
70° 92:8 | 125 | 166 | 213 | 259 | 322 | 390 | 471 | 563, 668 | 768 | 887 | 989 | 1120
80° 824 | 111 | 147 | 187 | 229 | 284 | 344 | 418 | 502 | 594 | 680 | 785 | 875 | 991
90° 743 | 992 | 182 | 167 | 202 | 252 | 306, 369 | 443 | 524 | 600 | 693 | 776 | 880
100° 673 | 900 | 118 | 130 | 183 | 226 | 274 | 331 | 397 | 470 | 537 | 620 | 695 | 792
110° 614 | 818 | 107 | 136 | 164 | 204 | 246 | 206 | 356 | 420 | 484 | 559 | 628 | 711
120° 566 | 749 | 97°0 | 123 | 148 | 184 | 292 268 | 322 | 381, 487 | 504 | 565 | 641
130° 524 | 692 | 900 | 112 | 186 | 168 | 203 | 244 | 294 | 347 | 396 | 457 | 518 | 589

oLe



Tapre IN.—Tensions of wires, in pounds, ia still air, for a s yan of 140 ft.

R RN

Yizes of wires, S, W. G.

Temyp F° 10 a 6 7 3 3 L3 2 10 2 3/0 ! 1/0
[ — e N J
au® 972 134 156 I 243 : 209 : 872 167 553 671 ; 800 { €8S | 1070 | 1210 E 1380
60° ; 88-0 120 168 218 i 2649 ; 335 ‘ 422 : 801 605 ; 721 S02 | 061 | 1090 : 1240
70° T9% 113 iaO 1951 2101 300 878 EECTE T | 647 | S00| SG5| ©70 | 1130
so® = 134 103 137 176 217 271 S—LOE 408 | 430 58k | 721 7781 830 1010
ae i 641930 120 ] 160 197 245 | 308 867 441 | 524 © 647 | 00| 7oL 905
160° lo2a | 8o | 110 1 1m0 s 279 | 834 00| 77 | 500 | 036 | 120 | sa3
110° { 50| 00| 1050 1347 163 203 254.3 S03| 364 432 | 534 570 | 36 | 748
120° CaeT!1is ! 070 3 124|151 1SS 2% 275 | 834 895 490 | 531 | 601 086
1200 i 51:8 | 700 | 005 | s, Mo 13| w5 957 | ses | seo | a5t | 400 | 58| 035
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TasLE X.—Tensions of wires, in pounds, in still air, for a span of 160 ft.

Sizes of wires, S. W. G.

Temp, F° 10 9 8 ‘ 7 ] 6 5 4 3 2 i 0 | 2/0 | 3/0 | 4/0
50° 855 | 122 | 167 | 222 | 276 | 348 | 488 | 519 6'&7] 771 | 903 | 1040 | 1170 | 1340
60° 785 | 112 | 152 | 202 | 251 | 316 | 899 | 497 | 589 | 700 | 823 | 950 | 1070 | 1220
70° 784 | 104| 140) 185 | 220 | 288 | 363 | 445 | 536 | 633 | 749 | 865 | 973 | 1110
80° 678 | 953 | 120 | 169 | 208 | 263 | 331 | 414 | 483 | 580 | 681 | 787 | 835 | 1010
90° 650 | 893 | 119! 136 | 1893 ' 241 | 308! 879 | 445 | 529 | 623 | 720 | 809 ' 926
100° 815 | S+6 | 111 | 144 177 | 222 279 | 348 | 409 | 487 | 370 | 658 | 743 | 850
110° 588 | 798| 105| 185 ] 165 | 206 | 257 | 321 | 877 | 448 | 528 | 609 | 685 | 782
120° 56:1 | 757 | 990 | 127 | 137 | 194 | 239 | 297 ! 849 | 415 | 485 | 560 | 634 | 726
180° 537 | 724 | 940 | 120| 146 | 183 | 226 | 280 | 328 | 889 | 455 | 526 | 595 | 684

TLE



TaBLe XI.—Tensions of wires, in pounds, in still air, for a span of 180 ft.

Sizes of wires, S. W. G,

Temp.F° ' 10 | o ' 8 7 6 5 4 | 3 2 1 o | 20 | 3/
\ |
50° 764 109 % 149 202 253 322 410 499 810 735 865 | 1000 | 1140
60° 727 103 138 185 232 295 376 456 559 672 792 915 | 1040
70° 632 | 96-2 | 120 | 170 | 214 | 270 | 346 | 417 | 512 | 615 | 725 | 838 | 948
80° 649 1 911 122 159 198 251 319 385 470 565 664 767 870
a0° 61-8 1 863 115 149 185 [ ‘233 294 357 434 522 613 709 805
100° 592 | 817 | 100 | 142 | 175 | 219 | 275 | 330 | 404 | 482 | 567 | 655, 744
110° 566 | 776 103 134 166 208 258 309 ar7 453 531 613 ‘ 698
120° 553 | 744 | 978 127 156 194 245 294 358 428 501 578 ‘ 9@9
130° 52:8 | 716 | 936 | 120 | 148 | 185 | 283 | 279 | 338 | 405 | 477 | 550 | 624

4/0

1300
1180
1090
998
922

854

800

754
716

aLe



TasrLe XII.—Tensions of wires, in pounds, in still air, for a span of 200 ft.

°

Sizes of wires, S. W. G.

Temp F° 10 9 8 7 8 5 4 3 2 2 1 0 l 2fu | 3,0 | 4/0
50° 70-1[ 11| 140 | 186 | 236 | 302 | 389 | 476 | 586 | 707 | 838 | 676 | 1110 | 1270
60° 662 | 958 | 130 | 17+ 220] 281 | 359 | 439 | 538 | 650 | 769 | 894 | 1020 | 1170
70° 62:8 | 903 | 123 | 163 | 205 | 260 | 834 | 405 | 501 | 600! 709 | 22| 940 | 1080
80° 605 | 850 | 117 | 153! 193 | 243 | 311 | 379 464.l 559 | 661 | 765 | 875 | 1000
90° 58:2 | 81+l | 111 | 145 | 180 | 228 | 292 | 353 | 452 | 521 | 6i5 | 7i%| 815 | 928
100° 569 | 77-8 | 1Ub| 186 | 171 | 215 273 | 329 : 407 | 485 | 576 | 668 | 765 ' 869

110° 55:9 | T49| 986 | 120 162 | 208 | 257 311' 850 | 456 | 542 | 630 | 720 | 816
120° | B4 | 728 958 J23 | 132 | 192 | 23| 204 | 339 | 431| 11| 593 | 678 | 769
130° 53:0 | 718 | 922 | 117 | 145 | 183 | 230 | 280 | s41| 407 | 480 | 56.| 642 | 729

913
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