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The purpose of this paper is to describe the designs
of a few of the artificial power transmission lines now in
use in some of the engineering colleges and universities
in this country as laboratory epparatus for under;raduate
instructional experiments, as well as for research, and to
design & line for the Electrical Engineering Laboratory

at Throop College.

The lines herein reported on are of both types: the
smooth line type, and the "Luupy" type. In the first
type the chief advantage is that it can be operated with-
out a change of electrical dimensions at all frequencies
within & reasonable range, meking it possible to obtein
vseillogranhic records of surges and transcient conditions
in the same manner as they might occur on actual lines.
The "Lunpy" type has to have its electrical dimensions
corrected for lumpiness at frequencies beyond a certain
limit. On the other hand the Lumpoy Artificial Line is
a great deal easier to build and maintain in a good op-
erating condition, than is the smooth line, vwhich is hamnm-
sered in both respects by the large active conlenser surface
required. The lines considered will be reported on in the
following order: The Artificial Transmission Line at
Union College; The Artificial Power-Transmission ILine
at Harvard Universityy The Artificial Transmiscion line

at the University of Vashington; Characteristics of the

e

Artificial Transmission Line at llassachusetts Institute



o

I. ARTIFICIAL TRARSLISHSIOE LINE AT UHIOH COLLEGE.!

line was as follows: Tire of a suituble diameter was
wound oun glass tubes or eylinders which were lined with
tinfoil. In this way any relation desired between
resistance, inductonce and capacity was obtuined b sel-
egting the proper lencth snd size of wires to po with the
proper size of glass c;linder. Each section of line as
wilt represents a helf-mile line of o 1/0 B.& S. gusge
copper wire spaced at five feet, and has the following
constents: resistance, 0.25 ohms; inductance, 0.001

henries; capacity, C.007 nicrofarads.

In designing the section the following formula was

used 4o find the inductance:
L -4 Z2r2n2 x 2,54/1 x 10°

in which

t
H

inductance in henries.
r = radius of winding in inches.
n = number of turns.

1 = length of coil in inches.
The capacity was found in s similar manner:
’ 5
C=4.54x1rk/2dx9x10

in which

The method selected for securing a smooth artificial
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1 = length of glass ¢ylinder.

r = radius of glass cylinder.

>

d thickness of glass.

R-l
1}

specific inductive capacity of glass.

= 4,5 (shown by test to be high.)

. 1

The rost practicuble design required g ¢
inches in diameter, one-eighth inch thick, and four and
one-nalf feet long, would with 240 turns of Ho. 8 B.& S.

guage copper wire -- three inches at esch ond being left

=

free of winding. Substituting these values in the cbove
formulee gave L = 0.00104 henries, and C = 0.00748 unicro-
farsds. (0.00748 x 10‘5F.). The resistance of the 240
turns of wire is 0.24 ohms. VWith these constants each unit
represents one-half mile of To. CO 2B.& S.

(copner) ecpaced at Five to six feet.

Because the weight of each unit was high (40 pounds)

a rack of heavy construction was required, and =g the floor
space was limited these racks were coanstructed as nigh

as possible. DZach rack wes designed tc h:1ld 10630 tubes or

sections, ten in a row each way.

(@1
(=N

flficulty was encountered in winding

Q

Consideravle
tne wife on the tubes, as they were easily broken. finally
the wire was wound oxn woolden forms, six uaad cae-fourta
(6 1/4") inches in diameterj 230 turns were used (equi-

valent to 240 turns on *he gless cylinder). sfter being
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CIAL POWER-ITRANSMISSICL LINE

:;_;,
=

EARVARD UNIVERSITY. !

The artificial line herein described is of the
TLuupy" type, in sections designed to represent 49.7
miles of 3/0 A.W.G. aliminum stran@ed conductors, 0.47
inches in diameter (over strands), suspended psrallel, on

towers or poles, and spaced at 90.5 inches centcx

m

The corresponding linear constuants per wire mile are:

Reaistance gt 2889 0, =cscmcwm= 0.527 onms.
Linear Inductance (L) ---w--- 1.995 miliihenries.
Capacity (C) —-ommmoocenaaao 15.00 nillimicroferads.

?

The type of line section as originally constructed

(T

-

wes & T-line, but il was later changed to a -line.

It was desired that tne inductance coils of the

unit should hsve little or no :mutual inductive action.

8

Closed circular solenoids, if properly wound, wouwld have

o

no externsl megnetic field and consequently would be devoid

I

Of mutual inductive action. Jor mechanical reasons
syuare form was adopted, the unit being made up of Lfour
coils wound on wooden forms which were securely Zfastened so

as to make a closed megnetic circuit. By assembling the

)

coils in the form of an sachor ring in building up the unit,

' Prom the Tlectrical Torld, Feb. 17, 1912.
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their internal magnetic flux ig relatively feeble but in
order to minimize the muitual indictive action of adjacent
vnits the colls of each line were umouanted on & shelf in
vertical planes alternately perpendicular to esch other,
the even-numbered coil units being parallel -~lanes, while
the odd-numbered ones were in & »nlane at right angles to the
former. The internal diameter of esch comgonont coil was
2.16 inches, the external diameter was abéut 2.87 inches,
while thé length was 7.88 inches. Tach coil was made up
of 1190 turns'of #19 d.c.c. wire the covered diameter of
which was 45 mils. After each coil was wound it was im-
nersed 1iua molten paraffin Vax. The welght of eacn main
coil, efter being assembled was 18.5 lbs., wiile the

2

weight of copper used in the entire line was approximately 270 1

The average resistvance of main ¢.il or unit was
24 .6 ohms at 289 C., miking the registance of ecch line
of ten units 246 ohus, and giving a nominul linear resis-

tance of 0.495 ohms per wire mile at 25 0.,

4

The aversge inductsmnce of each unit wes alproximately
90 millihenries, meking the totzl inductsnce of each line
of ten units C.90 nenries. The nowinel linezr constaut

represented was 1.82 millihenries ner wire uile.

-

Tie >undensérs were male up of $infoil and parsaflfin
peper set in a tinned irom box 7.¢ inches by 2.2 inches
L 5.6 inches; the space between the condenser and box was

e

£illed with paraffin wax. The average capacity was 0.75



microfaraeds or 15.1 miilivcicrolarads ner vwire nile.
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e ¢efinite pover loss ol these coundensers st g given

L

voltage corrcsponds %0 & smull nominul linesr leskage in

the actusl line.

At ordinary frequencies the correction factor of

line is C.07% increasing, however, with increased fregquencics

s0 that at 200 cycles per second it has to coasidercd iz

the caleuletions based on eny readings taken at

that or higher fregquencies.

g

II11. THE ARTIZICIAL IRAIS.LISSION LINE AL HE
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This line consists of twenty units connected in

series. Each unit is comolete in itself and repreosents

aporoximately ten mniles 0of nower-transmission lkne. It

an be adjusted to »nrectically eny

specing up to 120

&

Q

inches, to an, size wire upg to No. 4/0 hard drawn

copner, and may be converted into & standu+d telephone

line ©¥y inserting & 5C-olm non-inductive resistance bet-

The line is of the "lumpy" typ-, similar to *he

artificial line at Harvard Uniwersity, the condensers being

conaected at the middle point

(@]

Protection is provided for the condensers ag t

o
o<

X

voltage, under resonsat conditions, Ly means oI a suit

z (g, = el & e 20 8 ds
£ inductance of each uanitb.
ainst excescive

2ble
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SPaATK gap.

In order to fulfil the reqguirements of a unit ad-

Justable to represent any power-transuisesion line up %o
200 miles in length &t different spacings and of difflerent

hard-drawn copper wire up to No. 4/0; the linear

constants must be adjustsble within the following limits:

2.59 ohms.

3]

Resistance, ninimum value
Inductance, . " = 0.021 henries.

Capacity, = 0.1 %0 1.0 mn.7T.

The allowable resistance of etch coill in the unit
was fouad by dividing the minimum resistance by four
(2.59/4 = 0.65 ohms.). By selecting No. 14 A.W.G. cosper
wire the length per coil was liwited to 257 feet. Allowi-

ance we&s made for the resistence of connecting wires by

O

™o
<

using only O feet of wire for each coil. The high

(¢4}

“

resistance reguired to represeant lines .f the smaller
conductors is Obtained by =moving the short circuit clamp

on the loop of "Advence" resistence wire.

The inductance 1s obtuined bty using four short air-
core solenolds connected in series and arringed in a square.

By using Brook's forwmula the dimensions of esch coil were

(e}

bteined, all the cuils being similar. As constructed the

dimensions are:

' From Electrical VWorld, June 12, 19¢15.
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Mean radius ------------eo--oo 2420 inches.
Length of coil ----- e 2.15 inches.
Thickness of winding --------- 0.60 inches.
Length of wire ------------- 250, feet.
Nuwmber of turns ------------ 216

(Eight layers of 27 turns each.)

It was found thet with the coils arranged in a
3quare‘the mutual inductince was approximately 8.0/ of
the total-self-induction of each uait. Variations in the
inductance is obtained by providing one coil with taps
at each quarter of the total auvmber of turns, and by

mounting one coil so that it can be rotated turu 180°.

The average maximum inductance for the whole line
1s C.021& henries for esch unit. Some of the vnits when
measured differed slightly, varying from C.C022 to €.0197

henries.

o

The capacity is obtained from type 21-4A, standard
telephone condensers guaranteed to stand 1000 volts. IZach
unit is provided with ten 1 m.f. condensers connected in
series, with taps brought.out at the Bth, 6th, 7th, 8th,
9th and 10th condenscr. Bach complete unit was calibrated
and the results were tazbulated for use when councections

are made for any of the many tests desired.

i1

Cf all the lines considered this type is the escsiest

and cheapest to construet; there is also practically no
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maintenance charges or upkeep to take care.

IV. ARTIFICIAL TRAUSUISSION LINE AT THE MASS-

ACHUSETTS INSTITUTE OFf TECHNOLOGY. !

=

The artificial transmission line at the llassachusetts
Institute is electrically eguivalent to 800 miles of sin~le-
phase 500,000 circular il copper conductor spaced at ten

~

fToot centers, or it may be used as a 700 wile three-

0

line with conductors spaced in an eguilateral friangle.
3y proper changes in the connections shorter lines may be

represented. The line is mede up of thirty sections

houged in & cabinet 12 feet long, 5 feet &inches high, and
2 feet deep, ecch unit occupying a compartment 20 inches
long by 12 iaches high. The line inductance 1s provided
by eight coils (per section) centered on & circular axis,
each co0il being o2 No. 12 wire wound t0 a diameter of 7
inches and a width of 1 inch. By this method mutual
inductance effects are secured. The €apacity is secured
by a condenser mounted on the side o¢f each compartuent.

4 great meny combinations of resistence, inductance and

cape city mey be secured and studied if the proper connections

sre made.

' Prom the Eleetriecsal “Jorld, iay 2, 1914.
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DESIGH CF Al ARTIFICIAL TCUER-TRANSLIISSIOHN
LIEE FCOR THROQOP COLLEGE.
In order that the 3enior Electricals night get a

Inore ¢

omprehensive ins

and underst:ind what

ght into

the »ohysicel phenomena,

4

actually tukes nlace in ‘the trans-

missgion systen, it wes considered that an “rtificial
Line wag necessary.

After having studied all of the designs used by
other Engineering Ingtitutions it was decided that the
"Tunpy" tyoce would fulfill the conditions of low first cost,
low muintenance, ease construction, snd adjustability.
The ten-nmile unit was selected as a sufficiently close

aporoximation to the uniformly

distribnted line consbtents

of actral nower-transmission lines,for ordinery frejuencies.
As 1t will be desiresble to study many stand:rd

transmission lines, the variations of line constants

will very over a wide range, consequently stendard lines

were chosen as the starting point. The voltages. considered

varied from 44,000 to 2CC,

Q0C volts.

The corresponding standerd spacings are given in
Table I; the corresponding standard length of line is
found by dividing *he voltage by 1000 (i.e., a drop of
1C0C volts is sllowed per milel.

Line resistince. In order to meet the requirenent
of being adjustseble to any size of condretor uged in



fd
A}

actual transmission line pructice
¢tandard ceble sr stranded conductors was iavestigated.
Culy the largest and smallest conductor of essh numver
s per conducter was taken, except in

e conductor with seven struands —here only the largest

=
(7]
L ]
3
0
o
D
o]
H

czble was conside

U

Tor sbove uentioned copner conduc
end 10 miles of 1line., The resistance varying from
i 4

8.554 ohms at 258° C. for 42 conductor to 0.285 ohms =t

25° G. for a co.ductor of 2,000,000 circular milsa

Table III was then msde up from vealues given in
Table VIII of circluar Io. 30 of the Buresu of Stendards.
Then by referriang to the Inductence Chart, #ig. 1llb,

n

given in Bulletin Io. 53 of the Uaniversity of Tllinois,

c+

it was found that the most economical wire to use was

lio. 20. It was calculated that 2.54 1lbs. vere necessary,

b

but 2.75 lbs. stere ordered Tor the first unit.

Resistance: I: order to o¢btain the resistande

f )
necessary to represent any line larper than #2 A.7.G.
copper conducetor it will be necessary %o use & resistiince

3 y 4

in parellel with the inductsance. Because 0of the fact

)

that

("

k3

t is considered best to muke two sen-

Fte

Mt a 5o rma 7 2,
nig ig & "I Liage

K

rate sections of ecch unit and tie the resistance in &t

the point from which the ccnnection to the condensers and
newtral wire is tuken. That being the case, the maximun

resistance in the ccils on either sile of the neutral



point will be ©8.554/2 or 4.277 olus, and as the unit

waes designed to represent a ten mile section of
AeiieGe cOpper conductor it will not be necessary to use
the resictonce loops in naralliel for that line, but to

Ll

represent the larger conductors the eguivalent resistance

re uired in esch helf-unit will vary from 6.3811/2 %o

0.285/2 ohus or Z.,405 to 0.1425 onms.

Reguired resistance in parallel with esch helf-unit:

1/r = 1/2.405 - 1/4.277 (maxinum).
= 16,67 ohms.

o

(With a waximum of 15 ohms *he egquivslent resis*ance

1711l be 6.667 ohus.) ' .

1/r

1]
.
ey
(@]
]
N
lav
(&1

|
-

=
o
lav}
Q
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i3
’—lo
=
5‘
=
=
>

0.1475 onms.

From the above calculations it is seen that tuc
units of the slide-wire tyne, 0f at least 17 ohms, will

be required.

Inductence: In determining the maximum andé ninium

inductance required for a ten mile section only the
smallest and largest conduetors were gonsidered, the in-
fuctance being caleulated for esch stendard spacing.

o
o i

The formula used was,

L = s(ky x log D/R - kp) x 1079

L = inductance in henries.
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s = length of line = 10 miles.
kl = leoln)- kz — 87 n,(_[)

D = 1.264 or effective spacing in i:ches.

R = radius of conductor in inches.
The results arec sinown in btables IV and V.

Four snort air-core solenoids arrsnged in a square
give the induetence, The resistunce required
limits the maximum length of wire avuilable for each unit

to 822.5 feet of To. 20 d.c.c. copper wire. The liength

find the dimensions of each c¢oll in oxder to give its
proportion of the total inductance of each unit, Brook'
formula vas used. As the inductance of egenh unit is
to be 0.02608 nenries or less (no allowance bein~ made

1

5
i

for mutual inductance!, the given inductance per coil

is 0.02608/4 or 0.00652 henries. By referring to figgre
15b, v. 55 of Bulletin Zo. 80 of the Tniversity of Illinois
it was found that the radius of the core would be cbout

.70 1nches. With this a a basis the dimensions of

coll were found:

L]

& = mean reaius 1.05 inches.

.84 inches.

H

b = coil "width

1]

¢ = coil fthickness C.72 inches.

R=1r~-~0¢ = 2r = 1.40 inches.

Stbstituting these values in the formula



Values of F' and ?" are as follows:

g1 = 10b - 12c - 2R
10b - 10c - 1.4R

14R )
2b - 3¢

o
[a]
i
k=g
i

Substituting the above values in the egquation, L
was found to be 0.00573 henries, vwhich is too low & value.
After seversl attempts it was decided to let ¢ = 0.76 in.
-R

or 19 layers (as the dismeter of the wire was given as

0.04 inches) and b = 0.80 inches or twenty turns, making

b4

the totel number of turns 18 20 or 380. Then by

nowing the number of turns and the length of wire the
mean radius 'a' can be Zound by substituting in the formula,

feet = 2 al/l2, frowm which 'a' was found to equal 1.0R25
inches. The rodius of the coil was then found by sub-

tracting C.76/2 from 1.025, which is C.645 inches.
By substituting the sabove dimensions in Brook's

Ay

formule the induvuetonce 'L' was found to be C.00589 henries.

s

Formula IJo. 20, on page 28 of Bulletin Io. 5Z of the

University of Iliinols was then uced giving C.00605 for
the inductance. Then the mutual indictince of +the unit

is considered “he inductance is sufliciently close to

.00652 henries.

2

Four coils of 19 layers with 20 turns per layer were
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wound cn & ¢ore, the diameter of which was 0.65 iaches.

In winding the laost ceoll, taps wers wrow

sixth, eleventh and fifteenth layer from

All of the eoils werc Lupregnated with & Ligh grade in

sulabting vernish and wrapped with 2/4 inch linen tape.
o te have been made on gny 0f the coils.

the same de
except that

smalies

considered.

tne

Tables VI and VII celculated from

Tavles IV end V,

the result shows the capacity of the largest
t cable conductors et the standard spacings
The following formula was used:
58 872 -2
C = 7 75) x 10
log (D/R - R/D
D = 1l.2064
R = radius of the conductor.
C = capacity in ulpruLu”aTs.
' R 1 4 T E el sy ] cme e 3 a1
n by the above-mentioned tables tho axinmunm
0420 mefs and the nminimum capacity is O.11

vari c For obtainis

Pl ious meuns considere o S
capacity and at the suvme tiwme gelting different steps the
liwits of C.20 and G411 mef., the telephone condenser was
chosen as the mogt ecoancuicual 1.strwaent. ix condensers
of type Noe. 21 U tested at 1200 volts 4.C., and of

Ce05 m.f. canacity were ordered for the first unit.
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Table II.

AvioG. To ) 1 a/0 - - -
STRAKDS Vi 19 19 3 37 61
AREA 66.40 83.70 212.0 250.0 500.0 B550.0

R/1000 £t.  0.162 0.129 0.509 .0431 .0216 .0196
R/10 miles. 8.554 6.811 2.688 2.276 1.141 1.035

STRASDS 61 91 91 127 127
AREA 1000 1100 1500 1600 2000
R/1000 ft. .0108 .0098 .0072 .0087 .0054

R/10 miles. 0.570 0.518 0.3

C}‘l
9]
O
O
L ]

[oN
e
(o3}
(@]
L ]

AV
@
Lo}

In the above table the ares is given in thousands
of eircular mils.

R eguals ohniss



Resistaznce
Length

Welght

B«& 5. Ho. R

14

20
21

TABLE III.

8.554.
8.554/R/1000 = 8.554 x 1000/R

Length x /1000

W/1000  Length  Weight

12.40 3315.3 41.10

2.86 2651.9 23430

7.82 2091.3 .40
4.92 15159 6450
.09 BEL+D . Reb4d
2e45 653.C 1.60

20



TABLE IV

Bl

Inductance for #2 - 7 strand conduchor.

R =

175
200

»148 inches;

120
144
210
240
300

1.264

0.148

510.81
6le«87
715.14
817.30
1021.62
182549
1787.83
2043 .24
2554.1

ky = 741.13;

log D/R
2.70826
2.78744
2485459
2.91238
3.00933
5.08845

[$]

(O]
oo

v

[$M]

185

o

(&N

40723

1> Py

*;2

2396.9
2455.6
2577.0
261987

2608.49

oL
O e

e
-

z 10~

[
B4

02174
02232

02282
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CTABLE

Inductance of 2,000,000 Ceiiis 127 gb.and cuble.

R = 1.632/2 = 8165 kq =

.
s a L1.26D log D/R x k1-k, x 10°
.8155
44 60  92.7056 1.967097  1541.2 0154
55 72  108.154  2.034043  1590.8 .01591
66 84  129.785  2.1123225  1649.5 01649
88 96  148.3257  2.17117 1692.53 .01692
110 120 185.4072  2.26811 1764 .8 .01765
138 144  222.4886  2.34729 1824.3 01824
150 210 324.463  2.511162  1944.4 01944
175 240  370.814  2.569156  1987.4 .01987"
200 300  463.518  2.666068  2059.2 .02059

=



60
T2
84

120
144
210
240

Capacity for #2

TABLE VI.

Conductor

Smallest.

R = 0.146 inc.

D D/R - R/D
75.60 517.8063
90.72 621.3682

105.64 724,930
120.96  828. 492
151.20 1025.615
181.44  1242.728
264.60 1812.23
302.4C 2070.27

578.0 2589.04

log
/R - R/D

2.714167
2.7933489
2.860296
2.9182883

2.413138¢8

Capacity

0.14206

0.139008
0.125755
0.133057
0.128781

C.12E486

0.119175

0.117C%ah
0.113766

0o
(6N

O
1
&
[e2]



TABLE VII.

Capacity for 127 strgnd conductor. R = 0.815
Largest.
D D/R - R/D log Capscity.
D/R-R/D
75.60 92.69308 1.967047 0.1974cCZ
9C.72 111.2358 2.046245 C.189762
105.84 129.7777 £2.1122011 0.183749
12098 148.7194 2.1711¢68 (.178841
151.20 185.402 2.20681144 ©.171199
181.44 222.484 2.7472988 C.165424
264 .6 324 .4¢€L 2.51116258 0©.154625
20244 370,815 2+.5691549 0.,156115%
ST8400 40634517 2466060607 0.145045
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