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P 1FACE 

During t he past year the rapid increase in the 

cost of copper and aluminum has led operating companies 

to investigate the feasibility of using iron and steel 

conductors for transmissiop and distribution purposes 

where small blocks of power are to be served . Tis 

tbes1s gives the results of tests on several sizes of 

iron and steel conductors suitable for transmission 

line pu:rposes . 

The authOl" wishes to acknowli?.dge t he assistance 

gj,ven by l\J'h'. Chas . E . Oakes , jn conjunction wit&i, whom 

the tests were made , and to Messers Sinks , Stoppenbach. , 

Kephart and Frost who rendered valuable ass stance in 

th e preliminary work . 

W. Eckley . 



INTRODUCTION. 

When an alternat:ing current is flowing thru a 

conductor the current thru out t'h.e cross section of 

the conductor wjll not be evenly distributed nor in 

p11ase. The currl:lnt dens.i ty will be greater near the 

sul'face of the conductor and is casued by the g1•eater 

impedance at the centel' than at the surface. This 

phenomenon is known as skin effect and varies with 

the frequency of alternations . 

The effective res:l.stanoe a.i."'ls inductance of the 

conductor as a whole are different for an alternatj,ng 

current than for a direct current , the effective res-

. istance increasing, for non magnetic materials , and 

the inductance decreasing with an increase in frequency . 

Vfuen the material of the conductor has constant per­

meability and the conducto .r is of simple shape the 

effective resistance and inductance may be computed 

in a number of cases . 1 However when the permeability 

is not constant or the conduc t or is made up of feri•o­

inagne·tic material the problem becomes so complex t1'lat 

a solution is apparently impoaai bl•;i. In such cases 

1Por r e ···f erence see , Scientific pape11 of the 

Bureau of Sta.nda1•d s , No. 252 , by J oh11 M. Miller . 
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the cvianges in effective resistance and inductance are 

very large and not only depend upon the frequency but 

also upon the cur:t•en t strength. 

No attempt has been made in this a:bticle to t~at 

the subject mathematically , but rather to gi ,ve the 

actual test results of a number of samples of various 

kinds and qualities of iron and steel wires. The theory 

of skin effect has been treated with various degrees 

of refinement by numerous authorities and the reader 

is referred to the bibliograph~ for a partial list of 

these references. 
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T•.IETHOD OF TI~ST. 

The wires tested were strung on insulato1,s and 

carefully spaced. '.l1he same kind and size of wlre was 

usnd far the return conducto1• making it posai ble to 

compute the externa l reactance. The two wires we1•e 

ah.oi"t-ci rcui ted at none end of the line with a heavy 

copper ba.J.~ . aving a negligible res:i,stance and react­

ance. At ·the other end of thf'l line a voltmeter, am­

metet• and wattmeter were connected in the circuit. The 

ammeter and cu1·rent coll of the wattme:ber were con­

nected i n sei .. ies with the line and the vol ·tmeter and 

potential coil of the wattmeter were saunted across 

the line. 

From the met':i od of testing it will be se ... n t at 

i t was necessary to ave a very accurate low reading 

voltmeter and a watt.meter with a low voltage potential 

coil as the resistance of each . l ine was low f or low 

cu.1·:rent densities . In orde1 · to obtain low voltage 

readings t he ruul tipli~r of a Wea ton vol tmete1~.,1 ' aving 

a 10 ·volt sea.le, was s :1u.nted w:l th a plece of copper 

wire and with this arrangement voltage. 1•eadings as lovr 

as O. 5 vol ·t, with an accuracy greater than o. 5 ~i, were 

obta:i ned . The vol trneter was cali bt'ated aga:l.nst a pot­

enti ometer, reverse readings bein g taken and the average 

of t he two assu med to be the correct l'e ading. 
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For the low read:lng wattrnetei' a Siemens Halske 

instru.men·t; was found havi.ng a 30 volt potential cotl 
thi S 

and a 2.5 amp. cur:t'ent coil. With." inst1'"uraent power 

losses as J.ow a 0.1 watt could be approximated as each 

scale division represented 0.5 watt. For the larger 

CtU'l'ent values precission inst:r.urnents were used thru 

out. 

The load was vari,ed by the use of a lamp banl< con­

nected in se:r:i.es with the wire being tested. The power 

us ed was the commercial 60 cycle energy furnished by the 

Oregon Power Co. 

Temperature 111easurements were obtained by a ther­

mometer fastened to the wire. 

The direct current res:i ,stance was determined by 

the drop of potential method, corrections being made 

f or the current consumed by the voltmeter. Energy f or 

these measurements was obtained from a lov, voltage 

stoi-age battery. 

The length of each conductor was carefully measured 

,vi th a steel tape bef ore stringi .ng on the insulators. 

As an extra prP-caution the conductors were weighed to 

prevent any error being made in the size or length of 

wire. 
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Test data were obtained on the following · our 

sizes of wi1•e: 

7 st:i~aml 5/16 11 Ordinai•y Grade Galvani.zed Steel 

7 Strand 5/16 11 Siemens L'Lar ·tin Galvani.zed S:aeel 

3 Strands of No. 10 B.W. G. , B.B. G:rade Galvanized 

Iron 

lifo.6 B.W.G., B.B. G.rade, Solid , Galavnized Iro~. 

The data for these wires ara shown in curves 1 , 2, 3 & 

4. 

The following tables give the physJcal constants 

of the wires tested: 

7 Strand 5/16 11 Ordina1•y Steel Cable, 

Size of each strand - No. 12 B.W. G. 

Diameter 11 II 0 . 106 11 

Max. Diameter of cable - 0.318" 

Area of each strand - 11280 cj 1•. mils . 

Al•ea of cable - 78960 cir . mils 

r pacing of conductor - 3611 

Total length of wire tested - 950 ft . 

Wt. of 950 feet of cable - 193 pounds 

Wt. p~r mile 11 11 - 1107 11 

Resistance at 17 . 6 deg . C. - 6.9855 ohms, 

Res. par mile of conductor at 20 deg . c. -
5.56 ohms. 

7 Strand 5/16 11 Si,emens Martin Steel Cable, 

Size of eac strand - No . 12 B.W. G. 
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Diameter of ea.ch strand - 0 . 109 11 

Max . dia . of cable - O. 327 11 

Al.'ea of ea ch. strand - 11881 ci r . mils 

Area of cable - 83167 cir. mils 

Spacing of cond uc tor - 3011 

Total length of conductor tested - 1190 ft . 

Wt. of 1190 ft . of conductor - 263.5 lbs. 

1/t per rriile of ,, 1170 II 

Res. at 13 . 7 deg .C. - 1 . 618 ohms 

Res . per mile of conductor 20 deg . c. - 7.41 

ohms 

3 Strands of No . 10 B.W. G., B .B. Galv . Iron, 

Biz~ of each s t rand - No. 10 B.W. G. 

Di.a.meter of each strand - 0 . 134 11 

D:la. of circumscribing circle - 0.288 11 

Spadng of conductor - 24 11 

Area of aach stl.and - 17956 cir . mils . 

A.eea of cable - 53867 cir . mils 

Len gth of cond uctor tested - 998 ft . 

Wt . of 998 ft . of conductor - 143.5 lbs . 

t . per mile of conductor - 759 II 

Resistance at 13.7 deg . c. - 1.3612 ohms 

Res. per mile of cable 20 deg . c. - 7.45 ohms 

No. 6 B.W. G., B.B. Iron , Solid, Galv. 

Diameter of cond uc toi~ - 0. 2031 11 
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Area o·f conductor - 41250 ci1•. mils . 

Length of conductor tested - 1132 ft. 

it . of 1132 ft of conductor - 123 lbs. 

Wt. per mil of conductor - 375 lbs. 

Spacing of conductor - 30" 

Res.istance at 16.6 deg. c. - 1.8482 obms 

Res. per mile of cond. at 20 deg. c. - 8.65 ohms 

F1•om the readings of vol ts, amperes and watts the 

values of 5nternal reactance , effective resistance, or 

a .c. res1stance , and permeability were cor.aputed:: _T, e 

derivation of the formu lae for computing t.he reactance 

of stranded conductors as given by Dwight 1 is given: 

Suppose that the cui~rent in each small wire ha s 

unit value. 'rhen the flux density due to that current, 

at a distance x fro r..1 th cente1· of the wire , is 2/x. 

If tis the distance between any two wires of the 

cable , the re quj.red voltage ind uced in the second by 

the first, per centimeter, is 

2 1t f r 
Jt 

2 x dx = 2 ft f x 2 loge s/t 

::: 2 11' fJ\n'. 

where f is the fre quency and Mis the inducaance for 

the ~air of wires. 

1The Reactance of Stranded Conductors, by II.B.Dw:t.ght, 

Elec. World, Vol. 60, No. 16, Apr.19 1 1913, page 828. 
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'l'he inductance of ~ wire due to its own current is 

given by the usual formula 

L1 = 2 loge s/ r -t ½ 
• 

in which r is the radius of the wire and in which½ 

expresses the effect of the flux inside the wire . 

·The inductance per centimeter of cable of a single­

phase circutt composed of seven-w:2.re cables(Fig . 1) is 

proportional to 

L' = 7L1 -t-- 121VI1 + 30M2 

where L1 is the inductance of each wire due to its own 

current , M1 is the inductance for pairs consistin of 

an outer wire and the center wire , and M2 is the average 

inductance for pairs consisting of two outer wires. 

Then, 

and 

A \ \ 
I I 

X --.-:;J k.-dx 
I I 

I I 
:B'ig. 1. 

!4---'-------- s --------,-.! 

M = 2 log (s/2r ) 1 2 
Fo.r "tl1.e th:i,l'd term 1 t is convenient to use t - e foJ.lowin. 

theorem: 

If a circle of radius a (Fi . 2) be divicied into 

m equal parts at A, B, C, D, etc. , t1en 
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AB, AC, AD, etc. ( tom - l factors) ~ mam- 1 # 

Thus the mean value of log t = log (1/aram - 1) 

The average value ofM2 is therefore 
s 

2 loge 2 :t• 6!1:/5 
Therefore , 

In the above th.e voltages ind uc ed in the seven wires 

have been add ed toget er and uni t current has been 

assum ed for each wire. Consider i ng the cable as as .ngl e 

conductor , its inductance will be 

L - l L 1 - 49 
Cha ng3,n g to p r act i cle uni ts and i•ef'e i•: ng to the 

max ·,mum radi us of the cable, 

Then, 

. an l.":·,ys., per mile of conductor. 
C · 

},'ig. 2. 

Applying the above me~bo(l to a strand of n wires 

composed of players around a center wire (Pi g.3, b & c), 

E.B.Ro sa , Bulletin of the Bureau of .Standards , 1907, 

Vol.IV, No.2, p~ge j35. _. 
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n = l + 6 + 6x2 + 6x3 + ••• + 6xp 

and 

::. 3 p2 + 3 p + l 

Fig .3. 

L ::: 2 log 8s~ + l/2n -t- 2 loge ( 2p -t- 1) - 2(11 - 1). log 83 
2 

- 24 + 4 loge2 -t- 2 x 13 log 6 4 t- 3 x 28 lo~ e6 + ••• 
n2 . 

..• + p (n - 3p)log e 2p (l) 

A th~ee st ra nd wire (Fi g .7a) is a special cases nee 

thera is no central wire . The ind uctance is 

pei• centirnete1 .. (20 

Ther efo re L : (125. 2 + 741.13 log 8 S/p )10- 6 he nr s 

pe1 .. mi l e , where p is t e radi us of the circum scri bi ng 

cil'cle of t he c§.ble . 

'rh e above f o mula e wet•E~ de1"i ved for non-magnet i c 

mat eria l and .the permea bi l it y is' assum ed as unity. For 

magn etic materials the s e f ormula e must be modified i n 

that the permeability mu st be intr oduc,~d int o the te:r -n 

fo.r in tel. .. na l l"ea cta nce . Form ula (1) thus modified i s 

L = 2 logeS / p -,- .-!:!:,_ + 2 log 8 (2p + l) - 2(n - l)log 6 3 
r 2n 2 n 

- ~ { 4 loge2 t- 2 x 13 lo g0 4 + 3 x 28 log 8 6 f ,;., 
m, . ; 
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... + p(n - 3:p) log~2p J 
and formula (2 ) is 

L :: 2 loges~ + 1 1- 2 log 8 (21/3 -t 3)/3 - 4/3 log 8 2 

per centimeter ~ (4) 

where, _µ is th permeability for circular magnetization, 

the other factors h.aving the same values as i.n equa·tlon 

(1) 

The reactance per mile of single conductor is 
' 

X = 2 '/f f L x 5280 x 12 x 2.5 4 x 10-9 ohms 

per mile , where , L is the ind uctqnc ,3 per centimete1.· and 

f is t.he fre quency in cycles pe1· second. 

The exte1·nal reactance may be computed by leav ing 

out the term for internal reactance. From the computed 
~ 

valuea ~external raacta.nce and the measured values of 

total :beac ,ance t . e ' nternal reactance may be found 

and from these volues of internal reactance the per­

meability computed. 

A:f'te1• determining the internal reactance from the 

experimental data the pei~eability was found by s~lving 

for _µ • For the 7 Strand 5/16 11 ordinary steel cable 

equat ion (3) reduced to the following fol"m applies,for 

a length of 950 t. and 3 0 inch spacing, 

X - 0.1243 
0.0078 

where xis the total :ceactance of the cable for 60 

cycles • .. 

In a like manner the per:meability for the 7 Strand 

~/16 11 Siemens Martin cable, aving a length of 1190 ft . 
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.and. 3011 spaci.ng , was computed from the fo llowing 

formula; 

X - 0 .1 Q r.:' 

0.00097 

The forrn ula for determining the :permeability of 

the 3 Strands of 1~·0. 12 B. W. G., B .B. iron was obtained 

from equation (4~ and is 

X - 0.1244 
0 . 00191 

for a length of conductor of 998 ft . and 24 inch spac-

The formula f or computlng the pe1. ... .meab 1 ty o· 

the solid No.6 B.W.G,, B.B. iron wire was obta ined 

from t.he Standard Handbook , 4th Edition , Sec . 2, Art.7'? 

and is 

L .:::: 0.1403 log 10 D/r + 0 .0 1524 ,A. 

millihenrys per 1000 ft . 

where , Lis the nductance, Dis the spacing in in ches 

and r is the radius of the conductor in inc . es . 

The 1--eactance pei- 1000 feet is 

X =:. 2 1r fL ohms per 1000 feet 

whe1•e, f is the frequency in cycles per second and L is 

the ( .total · i nductance per 1000 feet . 

For a length of 1132 feet and 30 inch spacing the 

form ula for permeability is 

li _ X - 0.1483_ 
,-· - 0 .065 

The valu~s o. permeability determined by these 
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formulae are not strictly true as the current 1s as~ 

sumed to be uniformly distributed through out the con­

ductor and the magne ·tic path in the conductor is as­

sur.aed to be composed o one mat~rial , 1 . r;i., not stranded 

noi· h avi .ng a layer of non-magnetic material perpendicu­

lai· to the magnetic flux. 

Referring to curves 5, 6, 7, & 8 compar·sons can 

be made between the diffe:i:·ent conductors t ested . The 

values given on these curves were computed from th .e 

actual test data and are given per mile of conductor . 

The values of permeability given on the cui'ves show 

that. the ordinary galvanized steel cable h as the 

1ighest permeabilit y wh le the Siemens Mart n cable 

h as the lowest. The 1 emens },[art.in cab l e being of a 

harder mater.ial than ordinary steel should show a 

lower value of permeability , however , sinceboth cables 

are stranded any tifference in thickness of the zinc 

coating would affect the permeabil:L ty . bt~ined by the 

formulae . 

The softer matet•ials , B . B. grade iron , show very 

low values of permeability . The 3 Sti~ands of No. 10 B.W. G. 

B. B.iron show a higher permeability than the No.,2 B.B. 

iron. This difference is probably due to the greater 

c oncent:rat i on of cu1·1·ent nea1.· the surface of the solid 
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conductor than in the 3 stral'ld cable, thus thei~e would 

be a greater flux concentration . at the surface than 

near the center of ,the conductor. 

Another factor that affects the skin effect , inter­

nal reactance and alternating-cu.llrant reaistance, in the 

stranded conductors, s the spiraling of the wires of 

the stl•and or cable. 

A considerabJa decrease :in t he s1dn effect and 

internal reactance can be affected by properly stranding 

the conductor and reversing th.e direction of twist of 

each layer of strands •1 

The method of manuf'actui•e makes it difficult to 

lay down any data that will apply to any particular 

grade of iron or steel. Since these materials are 

manufactu1~ed from a mechanical standpoint rather than 

from an electrical and a slight change in ingredie nts 

that would not change the mechanical properties might 

make a material difference in the magne·tic and electri­

cal charact~:r1st1cs . The number of times the material 

was drawn after annealing also affects the l1ardness 

and thus the conductivity and permeability are changed. 

Thus any test data obtained on a smnple of wire would 

only give approximate results :J.f used for a sligh.tly 

di.fferent s:1.ze of wire or wira of another manufacturer. 

1 Elektrotechnische Zeitschrift , Jan. 1915 • 



For convanience th.e following formulae were der­

ived from formulae (3) and (4) . These formulae gi.ve 

the reactance per mile of single conductor . 

Reactance for 60 cycles . 

No . 6 B.W. G. Solid B.B. Iron. 

X .:: 0 . 27941 log 10 0 ~l0!)5 -t--x' 

5/16 11 7 Sti""'and Siemens 1'Kart n or or<lin a1•y g1•ade 

steel cable . 

X ~ 0. 27941 log 10 

3 Strands of No. 10 B.W. G., B.B. ir on. 

X _,. 0 . 2'7941 log10,__~D~--
0 . 144 

- 0 . 0371 -t x' 

where , X is the total re actance in ohms per mile of' 

wire , x' is the internaJ. reactance f l"Om curve and D is 

the spacing in inches. 

The following table gives the constants per mile 

lengt h of conductor; 

Mater :tal Size 

Gal.Solid No. 6 
B. B. B.W. G. 

Gal.Steel 5/1611 

Ord . Grade 

Gal . Siemens 5/16 11 

Iii!artin 

3 Strands No . 10 
Gal . B.B. B.vV. G. 

Ult . Res . per 
Strength Mi l e 
Pounds 20 deg .C. 

1652 8.65 

3800 5.56 

4800 7 . 41 

2166 7 . 45 

Wt. Lbs . 
per I ile 

573 

1107 

1170 

759 

Actual 
1.iax .Dia . 
Inches • . 

0 .§03 

0.327 

0.327 

0.288 
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T e effective ; ·, a. c . res stance was computed f1•om 

the watt curve , values being taken directly from the 

curve rather than using the readings. The a . c . resis­

tance is a value such th.a·~ when multiplied by t.he 

square of' the cu:ri·ent the powe1• loss in the line 1·s 

obtained . This i·esi stance is composed of theee factors; 

l¾fsteresis : , eddy currents , and skin effect , alt~o 

the last two named factors may be assumed as composed 

only of skin effect. The a . c. res st,ance is affected 

in the same manner as the reactance by the permeability . 

t 
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