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PREFACE TO FIRST EDITION

Ta1s book is intended for electrical engineering students
and as a reference book for practicing telegraph and tele-
phone engineers and for others engaged in the arts of elec-
trical communication. It presents in a logical manner the
subject of modern overland and submarine telegraphy
from an engineering viewpoint, its theoretical and practical
aspects being correlated. No attempt is made to describe
all telegraphic devices and to explain their operation, but
rather to consider one or more representative types for the
accomplishment of the various desired objects, thus per-
mitting a presentation of the subject matter in proper per-
spective. The book is the outgrowth of the course in
Telegraph Engineering given by the author for a number
of years at the Polytechnic Institute of Brooklyn.

A knowledge of elementary electricity and magnetism
is presupposed. For understanding the mathematical
demonstrations a knowledge of algebra will in many cases
suffice, but in other cases, appearing toward the latter part
of the book, the calculus is a necessary adjunct, the study
of which frequently precedes or accompanies the vocational
studies of students and progressive telegraph workers.
That the use of higher mathematics is important in the
thorough pursuit of telegraph and telephone transmission
studies is evident from an inspection of the writings of
Lord Kelvin, Heaviside, Kennelly, Pupin, Campbell, Mal-

colm and others. Those not versed in mathematical
Vii .
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processes, however, may yet share in the value of the
demonstrations by an analysis of their conclusions and an
examination of the numerical illustrations based upon them.
The solution of practical problems appended to each chap-
ter will assist in a complete understanding of the principles
presented.

The author expresses his appreciation and thanks to Mr.
Herbert W. Drake, Apparatus Engineer of the Western
Union Telegraph Company, for making helpful suggestions
and for reading the page proofs of the first six chapters.
He also gratefully acknowledges the inspiration and en-
couragement in the preparation of this work derived from
his intimate association with Dr. Samuel Sheldon, Professor
of Physics and Electrical Engineering at the Polytechnic
Institute of Brooklyn.

E. H.

BrooxvryN, N. Y.
January, 1915,

PREFACE TO SECOND EDITION

IN this edition a number of changes have been made to
bring the text in accord with present practice, and a section
on carrier-current telegraphy has been added. The author
expresses his thanks to Mr. George W. Janson of the
Western Union Telegraph Company for suggestions in
the revision of the text dealing with apparatus used by
that company.

E. H.

BrookLyYN, N. Y.

September, 1922.
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TELEGRAPH ENGINEERING

CHAPTER 1
SIMPLEX TELEGRAPHY

1. Simplex Signalling. — The transmission of intelligence
between two points by means of electricity was accom-
plished in 1837 by Professor Samuel F. B. Morse of New
York University.* Seven years later he constructed the
first telegraph line in this country (Baltimore to Washing-
ton). The modernized system comprises a conveniently-
operated switch called a key, for opening and closing the
circuit at one place, a source of electric current, an electro-
magnetic receiving device capable of producing an audible
effect, called a sounder, at another place, and a line wire con-
necting the two places or stations. Signals are transmitted
over such a circuit by opening and closing the circuit by
means of the key for long and short intervals in ac-
cordance with a prearranged code, and are interpreted
at the other station by the sounds produced by the move-
ments of a pivoted spring-controlled lever actuated by an
electromagnet which is traversed by the current pulses
established by the key. In order to transmit messages in
either direction, the apparatus mentioned is duplicated
and connected with the single line wire as shown in Fig. 1.

The earth is generally utilized as the return path for the

* Earlier electric telegraphs are described in J. J. Fahie’s “ A History of
Electric Telegraphy to 1837.”

I



2 TELEGRAPH ENGINEERING

current, thereby saving the expense of another line wire
and also avoiding the additional resistance introduced
thereby. The resistance of the ground-return path GG is
negligible in comparison with the resistance of the line wire,
for in nearly all cases it is less than one ohm. This low
resistance is due to the enormous cross-sectional area of the
earth path, although the conductivity of the earth’s crust is
poor. Recent experiments, made by Lowy, indicate that
the specific resistance of a variety of rocks is greater than
10* ohms per centimeter cube, depending upon the amount
of moisture:in them. To attain low earth resistances it is

® ®

& gu upto

il:B l
L
: i
+
= ____
&“ ::’(ﬂ

L\

L. n

— -—
=G e=

Fig. 1.

essential that good connections be made between the line
wire and earth, by iron pipes driven in damp ground or
more usually by attachment to municipal water pipes.
When the line is idle the circuit of Fig. r is kept closed
by means of the circuit-closing switches s, s in parallel with
the keys K, K, causing a current to flow continually from
ground G at station A through switch s, battery (or
generator) B, sounder S, line L, sounder S, battery (or
generator) B, and switch s to ground G at station B. When
the operator at station A wishes to send messages, he
interrupts the current by opening his circuit-closer s (as
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shown in Fig. 1) and then establishes current pulses by
depressing his key for long or short intervals producing
respectively so-called dashes and dols, various combi-
nations of which constitute the letters and numbers of a
code. These current pulses flow through the windings of
both sounders, causing the armatures on the levers to be
attracted and released repeatedly and causing the other
ends of these levers to strike against lower and upper
stops, } and ». The long and short intervals between the
two different sounds produced by striking the lower and
upper stops are translated by ear as dashes and dots by
both operators. The sending operator therefore hears his
own message and is enabled to detect possible errors; it
also serves as an indication that the line is not open-cir-
cuited. When the operator is through sending signals, he
again completes the circuit by means of the circuit-closer,
thereby enabling the other operator to answer.

The system described permits of signalling in only one
direction at a time, and is therefore called a single Morse,
or conveniently, a simplex telegraph system. It is still in
use at present for short distances, and with more sensitive
receiving instruments may be used for longer distances.

2. The Use of Relays. — The lever of a sounder must
have a certain mass so as to produce loud and distinct
sounds when striking the stops. A definite magnetizing
force is required to move the lever with positiveness in
opposition to its adjustable retractile spring. This mag-

. netizing force is measured by the product of the number of
turns of wire on the sounder winding and the current
traversing it. Sounders of the usual construction require
from 150 to 500 ampere-turns for proper operation.
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On long lines having high resistance the current is
necessarily small for practicable voltages, and it would not
be feasible to use ordinary sounders wound with a great
many turns of fine wire to secure a proper magnetizing force
because of the additional resistance introduced. Instead,
more sensitive instruments, called relays, are used, which
have light armatures with contact points that open and
close local circuits containing sounders and local batteries.
Such relays for simplex signalling require a magnetizing
force of from 70 to 300 ampere-turns.

For a given impressed voltage E on a perfectly insulated
ground-return line of length / miles, having a resistance of
R ohms per mile, with two receiving instruments each of
R, ohms resistance, the steady current in the circuit is

I amperes.

___E
IR+ 2R,
If Iy be the minimum current ‘which will actuate the

receiver, the limit of transmission for a given voltage E is

1/ E
e = =7 %) ®

If the electromative force E be developed by N, series-

connected primary batteries, each of voltage e and internal

resistance R,, then replace E in the foregoing equations by

Nb (6 - Imian)-

Thus, if two 20-ohm sounders requiring a current of
+ ampere be the receiving instruments on a 12.4-ohm-per-
mile ground-return line, the maximum length of line
operated on 140 volts would be

l,,u=l—::(?ﬁ%—z><2o)= 52 miles;
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whereas if 150-ohm relays requiring a current of o.04
ampere be the receiving instruments, the distance of trans-
mission over this line would be
bax = -I—(I—‘w— —-2X 150)= 258 miles,
12.4 \0.04

a distance five times as great as before. By the use of
lines of lower resistance per unit length, the distance of
transmission can be increased in both cases.

The voltage necessary for telegraphic transmission over
a given distance can also be found from equation (1).
Voltages over 200 are rarely employed in simplex signalling.

The windings of relays and sounders are generally des-
ignated by their resistance although the number of turns
is the important consideration; this is done because of the
ease in measuring the resistance of a finished instrument.

3. Closed- and Open-circuit Morse Systems. — The
simple Morse circuit of Fig. 1 is normally closed, that is,
it carries a current when no messages are transmitted, and
is therefore called a closed-circuit system. The connections

©,4,
R! $
L ﬁ

Fig. a.

of a closed-circuit system employing relays and local cir-
cuits at the stations are shown in Fig. 2, which also includes
an intermediate station. When the operator at station 4
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depresses his key the three relays R will be actuated and
their armatures will be drawn from the rear stops r and
strike the front contact screws f, thereby completing the
three local circuits and permitting the local batteries b to
operate the sounders. As many as thirty or forty inter-
mediate stations may be connected in series on a single
line, but only one operator can send at one time; all oper-
ators, however, may receive the message whether intended
for them or not. If another operator wishes to send he
must wait until the line is idle, or else, if the urgency of
his message warrants, he may interrupt traffic by opening
the circuit at his station with the switch s, and then trans-
mit. Such interruption also takes place when one oper-
ator wishes to verify a portion of a message transmitted by
another.

The closed-circuit telegraph system is used throughout
the United States. It is important that the relays on a
circuit be of the same type, or, more specifically, that they
have the same number of turns on their windings for the
same core construction, so that the common current in the
circuit will occasion the same magnetizing force in each
relay and insure proper functioning of the armature.

If primary or secondary cells are used as the source of
current, they may be grouped together forming one bat-
tery at one station, may be divided into two batteries
located at the terminal stations, or may be apportioned
among the various stations forming a number of separate
batteries, care being exercised not to have some batteries
connected in opposition to others. A single battery in a
circuit conduces to uniform care of all cells and to economy
of maintenance. On the other hand, should a circuit with
a single battery at a terminal station become grounded, all -
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stations beyond the ground would be rendered inoperative
and unable to communicate with each other. A ground
on a circuit with two terminal batteries prevents through
operation, but the stations on each side of the ground can
temporarily maintain local communication.

Another simplex telegraph system is used extensively in
Europe, namely the so-called open-circuit system, in which
the main-line circuit is really normally closed but does not
include a source of current when no messages are being
transmitted. The system derives its name from the fact
that all batteries are normally open-circuited. The con-
nections of two terminal stations and one intermediate
station using the open-circuit system are shown in Fig. 3,

L Oy

”®

. 0o,
71,
L (e
Fig. 3

the letters having the same significance as before. The de-
pression of a key at a station introduces the source of
current at that station into the circuit and causes the
operation of the relays at all the other stations. These in
turn operate the sounders through the local batteries, as
before.

In the open-circuit system the voltage of the batteries
or generators at the various stations should be the same
and sufficient individually to operate the entire circuit,
whereas in the closed-circuit system the current sources
may be subdivided arbitrarily so long as the aggregate
- voltage is sufficient to operate the entire circuit. Since
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current flows when no messages are sent in the closed-
circuit system, a greater amount of electrical energy is
required for the operation of this system than the open-
circuit system. When the connections of Fig. 3 are em-
ployed, the sending operator does not hear the signals
that he sends out on the line, but this disadvantage can be
avoided by shifting the relays from their present position
to the points on the line marked x and connecting the
back key contacts directly with the points a.

In the foregoing figures relays and sounders were rep-
resented as having a single core, while in rea.lity they have
two cores connected at the rear with a soft iron yoke.
The windings on the two cores are usually connected in
series. This method of graphic representatlon will be re-
tained for the sake of clearness.

4. Telegraph Instruments. — Keys. A key extensively
used on closed-circuit systems is the Bunnell key illustrated
in Fig. 4. It consists of a steel lever carrying a flat hard-

Fig. 4.

rubber knob at one end, and pivoted near the other end in
trunnion screws that are mounted in uprights extending
from the elliptically-shaped brass base. The movement .
of the lever is adjustable by the knurled screw at its rear
end. The other end of the lever is kept up normally by
means of the spring shown, the tension thereof being regu-
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lated by the knurled screw through the middle of the
lever. When the knob is depressed a platinum point on
the under side of the lever makes contact with a similar
point fixed in a cone-shaped cap fastened to, but insulated
from, the base. This latter contact point is connected
by a brass strip to the front binding post, which is also
insulated from the base; the other terminal is fastened
directly to the base and therefore is in metallic connection
with the contact point carried on the lever. An auxiliary
lever, called a circuit-closer, carrying a taller knob, is
pivoted on the base to move horizontally, so as to engage,
when pressed toward the key lever, an extended clip on
.the fixed contact point, thereby short-circuiting the key.
In holding the key for sending,

“the index finger should rest on the

knob, with the thumb and second

finger on its edge for steadying

the motion of the key. Depres-

sing the key closes or makes the

drcuit and releasing the key opens

or breaks the circuit.

Occasionally horizontally-oper-

ated keys with double contacts

are employed, requiring but half

the motions in the formation of

telegraphic characters that are

necessary with the usual vertically-

operated keys. Fig. 5 shows the Fic

Bunnell “double-speed ”’ key. The -8

lever is attached to a post at the rear end of the key by
means of a flat spring. It stands normally midway be-
tween the two platinum contacts that are supported in a
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U-shaped piece, mounted on, but insulated from, the base.
This connects with the binding post, the other terminal
being the post which supports the lever. In operating the
key, the knob should be allowed free play between thumb
and finger, and the hand given a sidewise rocking motion.
Moving the lever to the right or left closes the circuit.
Many semi-automatic key transmitters, called vibroplex
or mecograph transmitters, are used, and permit experi-
- enced operators to signal faster than with the keys already
. described. The horizontally-operated lever has a pendulum
- extension having an adjustable vibration rate. To form a
dash the operator holds the key knob to the left for a suit-
able length of time; to form dots the key is moved to the.
right and held there while the pendulum transmits auto-
matically any desired number of dots.

Fig. 6.

Sounders. Fig. 6 shows a typical sounder. It consists
of a horseshoe electromagnet with two series-connected
coils protected by hard-rubber shells, and a pivoted brass
or aluminum lever carrying a soft-iron armature properly
placed with respect to the magnet poles. The lever is
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pivoted near one end in trunnion screws mounted on an
inverted U-shaped standard, this end being held down nor-
mally by a spring whose compression is regulated by a
knurled screw at the top of the standard. The motion of
the lever is limited at the other upright by the two screws
at the left, their adjustment being fixable by the locknuts.
The parts mentioned are mounted on a brass surbase which
is in turn mounted on the wooden base carrying the bind-
ing posts that connect with the coil terminals. Perfect
sounders produce a clear loud tone and act quickly.
Sounders for main line use, that is for short lines without
relays, are generally wound to have a resistance of 20

Fig. 7.

ohms, but many have resistances up to 150 ohms; for
local circuit use they are usually wound to a resistance of
4 ohms.

For enhancing and concentrating the signals emitted by
sounders, these instruments are encased in resonators, such
as shown in Fig. 7. They are especially adapted for oper-
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ators located in large offices or in noisy railway stations,
and for operators using typewriters in recording received
messages. The type illustrated is capable of being turned
through three-fourths of a revolution, and is provided with
a message clip.

Relays. — A relay widely used is shown in Fig. 8. It
consists of a horizontally mounted electromagnet, the two
cores of which are joined at the back by a soft-iron yoke.
This electromagnet is movable longitudinally through the
bobbin guide by means of the screw at the right, so as
to vary the length of the gap between the magnet poles

Fig. 8.

and the armature, which is mounted in front of them.
This armature is pivoted at the lower end, while the upper
end or tongue plays between two adjustable screws, with
locknuts, supported on the bobbin guide. An adjustable
retractile spring suitably mounted keeps the armature
normally away from the magnet poles and against the
back stop screw which contains a small piece of insulating
material. When the relay is energized the platinum con-
tact on the tongue touches a similar contact in the front
stop screw and thereby completes the local circuit which
is joined to the left-hand binding posts. The right-hand
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binding posts are the terminals of the magnet winding, and
connect with the lines.

In practice, relays have resistances ranging from 20 to
300 ohms, but 150-ohm relays are the most extensively
used. A 150-ohm relay in considerable use consists of
6500 turns of No. 30 B. & S. single-silk-covered copper
wire and operates commercially on o.05 ampere, although
it can be adjusted to work reliably on a current as small as
o.oro ampere. The average distance between the armature
and pole faces of the magnets is about 0.03 inch. When
traversed by a 25 cycle alternating current of 0.08 ampere
the impedance of the relay is about 550 ohms.

The number of turns of copper wire which can be accom-
modated on any magnet bobbin may be quickly found by
multiplying the length of the winding space in inches by the
permissible depth of the winding in inches and dividing this
result by a winding constant for the selected wire size, values
of which constant are given in the following wire table;

Dismet Winding constants Diameter Winding constants
B.&S. | of bare Sinaloailk Bl.yfges' ;(“l:al:en Singeelll
gage | wirein | Single-silk- E led c inglesilk- | g1 eled
mils namele mils .
o::p‘:"'gm copper wire fc::;e?:;iire copper wire
16 50.82 | 0.00267 | ....... 29 |11.26 [0.000168 |0.000137
17 | 45.26 | 0.00214 | ....... 30 [10.03 [0.000142 |0.000II3
18 40.30 | 0.00173 | ....... 31 8.928 |0.000121 |0.0000928
19 35.89 | 0.00138 | ....... 32 7.950 |0.00010§ (0.0000767
20 | 31.96 | 0.00110 | ....... 33 | 7. 0.0000889|0.0000045
21 28.46 | 0.000884| 0.000845|| 34 | 6.305 |0.0000766/0.0000484
22 | 25.35 | 0.000708| 0.000673|| 35 | 5.615 |0.0000658(0.0000398
23 22.57 | 0.000568| 0.000534|| 36 | 5.000 [0.0000570]0.0000334
24 20.10 | 0.000458| 0.000413|| 37 4.453 |0.0000497/0.0000268
25 17.90 | 0.000370| 0.000327/| 38 | 3.965 |0.0000437(0.0000227
26 15.94 | 0.000299| 0.000267|| 39 | 3.531 [0.0000388| .......
27 | 14.20 | 0.000244| 0.000210|| 40 | 3.145 [0.0000348| .......
o.

28 | 12.64 | 0.000202
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When a constant electromotive force is impressed on the
terminals of a relay or sounder the current does not in-
stantly assume its ultimate value because of the inductance
of the electromagnet. As the inductance of a winding
surrounding iron depends on the current traversing the
winding and the position of the armature, it is difficult to
calculate the growth of “current as a function of time for
these telegraph instruments. The lower curve of Fig. ¢

Fig. 9.

shows the growth of current strength in a typical relay as
obtained experimentally by means of an oscillograph. Ab-
scissas represent time — one inch corresponds to 0.037
second; ordinates represent current strength — one inch
corresponds to 0.030 ampere. The upper curve shows the
current in the circuit controlled by the relay contacts. It
will be observed that one-thirtieth of a second elapses after
impressing voltage on the relay coils before armature chat-
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tering ceases and the local circuit is closed. This time,
with different instruments, varies in some way with the
ratio of the inductance to the resistance of the relay.

When the impressed voltage is withdrawn the relay
armature is not immediately drawn back by the spring be-
cause of the residual magnetism in the cores. To attain
quick release the armature when drawn toward the magnet
poles should not quite touch them. This condition is ob-
tained by the stop screws or else by the insertion of small
non-magnetic pins in the pole faces so as to project about
#1 of an inch.

Registers. — Where it is desired to record automatically
the received signals, as in small telegraph offices, or with

Fig. 10.

the District Telegraph Messenger Service, an ink-recording
sounder or register may be used. A register consists of an
electromagnet and a pivoted armature lever which presses
a paper tape against an inked wheel when actuated. Spring-
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driven clockwork moves the tape past the inked printing

wheel, the motion beginning at the first current impulse
and ending some seconds
after the last impulse. Fig.
10 shows a register and
Fig. 11 shows an automatic
paper winder used with it
for winding up the paper as
it is delivered from the reg-
ister.

5. Best Winding for Re-

ceiving Instruments.— On a

telegraph line the windings

on the receiving instruments

Fig. 11. might have many turns of

small wire or fewer turns of larger wire for the same wind-

ing space. The former windings require a smaller current

than the latter for a given magnetizing force, but at the

same time have a greater resistance. On reflection it will

be observed that a best winding exists for each set of

conditions, which winding results in the greatest transmis-

sion distance for lines of given cross-section. The method
of determining this ideal winding is given below.

If A be the winding space on an electromagnet in square

inches and d be the diameter of the wire over insulation in

inches, the number of turns will be

n = (72’ (2)

which takes no account of bedding of wires in preceding
layers or of interleaving insulation. If D be the wire
diameter in mils, and z be the mean length of a turn in
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inches, the resistance of the copper wire forming the wind-
ing will be
R, = %ﬂ—z ohms 3)

at 20° cent., where the constant 0.87 is the resistance of a
copper wire 1 inch long and o.0o1 inch in diameter.

The steady current traversing the circuit of length /
miles with N identical relays in series for an impressed
unidirectional voltage E is

E
I= Rl + NR' amperes, (4)

where R is the line resistance per mile. The line is assumed

perfectly insulated from ground. Therefore the ampere-

turns are
EA

& (Rl + o.SUN zN) ’

nl =

from which
=4 (_E_ _ M").
Rd*\nI D?

Taking g as the thickness of insulation in inches,

d =-£-+ 2 g inches,
1000

and = A ' E 087Nz iles. (s)
D nl D?
R(—/— + 2g¢
1000

In order to find the maximum distance of transmission as a
function of wire diameter, this equation is differentiated
with respect to D and equated to zero. Whence

D — Luzllzv (D) , _ 1, 4oz2N (nI) _ o,
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which is of the form D3 — 3 PD - 2Q =o. To solve
this equation let D = K cos §, consequently

Kcos*6 — 3 PKcosf —2Q =o. 6)
Since 4cos*d — 3cosfd = cos 36, '

take K® = 4, and PK = 1. Herefrom K = 2V P. Sub-
stituting this value in equation (6) yields

2V P (4 cos? 6 — 3cosf) = 2Q = 2/ P3cos 36,
from which the value of 6 is found as
0
P

= } cos™!
Therefore the solution is
*
D= Kcosf =2VPcos (i cos™! VQ—F') mils. (7).

This result gives the size of wire to be used in winding the
coils of the receiving instrument, and substituting this
value in equation (3) gives the instrument resistance.
As a numerical illustration consider relays having the
following constants:
Sectional area of winding on both coils = 4 = 1.05q.1n.,
Mean length of turn = z = 2.4 inches,
Number of relays in circuit = N = 10,
Impressed voltage = E = 120 volts,
Ampere-turns necessary for actuation = nl = 200,
Thickness of silk insulation = g = o.co1 inch.
For these values P = 23.2 and Q = 34.8, and conse-
quently the wire diameter for the relay is :

D=2V23.2 cos (} cos~ 0.312) =9.632 cos 23657'=8.8o mils.

* If the fraction is greater than unity, hyperbolic cosines are taken
For cosine tables see the Appendix.
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The nearest standard wire size hereto is No. 31 B. & S.
gage, for which D = 8.93 mils. Using No. 31 wire, the
number of turns on both relay bobbins is
1.00 -
(0.00893 + 0.002)?

and the resistance of the instrument is

8360,

087mz _0.87 X 8360 X 2.4 _
R, = D (8.03)° = 219 ohms.

Thus the ideal relay winding for the given conditions
would consist of 8360 turns of No. 31 copper wire having
a resistance of 219 ohms. With 10 of these instruments
the maximum distance of telegraphic transmission is such
that the resistance of the whole line exclusive of relays is
(from equation 4)

En _ NR, = 120 X 8360
200 200

— 10 X 219 = 2826 ohms.

Using a 12.4-ohm-per-mile line, this means a transmission
distance of 2826 _ 228 miles.
12.4

The dependance of the ideal winding upon the impressed
voltage and number of relays used in the circuit, for
otherwise identical conditions assumed in the foregoing
illustration, is shown in the table on the following page.

The same method may be used in determining the most
suitable windings for main-line sounders.

In practice there are various standard relay and sounder
resistances, and for a given set of conditions, that type of
instrument winding is selected which will approach closely
to the ideal winding. Usual resistances of receiving instru-
ments are 20, 50, 75, 100, 150, 250 and 300 ohms. Main-
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line relays of 37.5 ohms resistance are also used on many
commercial and railway telegraph lines.

40 Volts 8o Volts
Nuzbu' Calcu- |Nearest| p 1., | Maximum | Calcu- | Nearest Maximum
relays lated | B.&S. re:lst): line resist- | lated | B. & S. 5:1‘:3: line resist-
wire di-| gage ance in | 30c¢ exclu- | wire di-| gage ance in | 20¢€ exclu-
ameter, | num- b siveof |ameter| num- b sive of
inmils| ber | ®™8 | relays |inmils| ber | °P™® | relays
2 6.91| 33 |500 1416 5.01f 36 |1700 4760
6 11.67| 29 |94 576 8.37 32 | 334 2036
10 14.94| 27 | 39.5 367 | 10.70| 29 94 1340
15 18.2 25 16.4 258 12.90| 28 61 949
20 20.9 | 24 10.6 198 14.94| 27 39.5 734
30 25.§ 22 4.36 137 18.20| 2§ 16.4 516
120 Volts 160 Volts
6 6.91] 33 |[506 4248 6.04| 34 | 762 7028
10 8.80] 31 |219 2826 7.68| 32 | 334 4740
13 9.99| 30 (144 2274 8.70| 31 219 3841
16 11.02| 20 | 04 1916 9.60| 30 144 3224
20 12.28| 28 | 61 1576 10.70| 29 94 2680
30 14.94| 27 | 39.5 1101 12.90| 28 61 1898

6. Sources of Current. — In telegraphy the current for
main and local circuits is furnished occasionally by primary
batteries (such as Gravity, Fuller, Edison-Lalande, Dry,
and Leclanche cells), more frequently by storage or second-
ary batteries, but is furnished chiefly by dynamo electric
machines. ,

Primary Batteries. — Primary cells consist of two dissim-
ilar metals (or one may be carbon) immersed in an electro-
lyte; and when these are connected externally by means of
an electric circuit, the chemical energy of the cell is gradually
converted into electrical energy, and a current is main-
tained in the circuit. By this action one of the metal
electrodes, the anode, is slowly consumed. To prevent
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the adhesion of liberated gas at the other electrode, or
cathode, during current delivery, a depolarizer is em-
ployed which combines readily with the gas evolved. In
some cells, as in the Fuller and Leclanche types, the cathode
and depolarizer are contained in porous cups. When com-
mercial metals containing impurities are used, the anode is
also consumed by local action without contributing to the
production of current in the circuit. This deleterious proc-
ess, which goes on whether the cell delivers current or not,
is minimized by amalgamation of the anode.

Cells such as the Gravity, Fuller and Edison-Lalande
types are suitable for closed-circuit work, while the Dry
and Leclanche cells are suitable for intermittent service.
. Of primary batteries the Gravity cell is the most exten-
sively used in telegraphy. Fig. 12 shows the Crow-foot
gravity cell, the copper being placed in
the bottom of the jar and the zinc sus-
pended from the upper edge. Zinc
sulphate (ZnSOy) is the electrolyte and
copper sulphate (CuSO,) is the depo-
larizer of this cell, which yields a volt-
age of about 1.0, and has an internal
-resistance of approximately 2 to 3 ohms.

When a battery furnishes current to
several circuits, its internal resistance
causes the current in each circuit to become less as the
number of circuits connected in parallel to the same bat-
tery increases.

Storage Batteries. — Storage or secondary batteries are
reversible cells which can be charged from some source of
direct current and later discharged. Charging increases
the chemical energy of the cell, and this energy reverts to

Fig. 13,
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electrical energy during discharge. The usual form of
storage battery consists of a lead peroxide (PbO,) positive
grid and a spongy lead (Pb) negative grid in an electrolyte
of dilute sulphuric acid of specific gravity 1.2. During
discharge these electrodes are gradually changed to lead
sulphate (PbSO,), a poor conductor of electricity. Re-
charge converts the electrodes to their initial states. The
voltage of the cells when fully charged is 2.5, and the voltage
beyond which it is inadvisable to discharge them, because
of otherwise excessive sulphating, is 1.8.
The rating of these storage bat-
teries in ampere-hours is based on
a uniform 8-hour discharge. A more
rapid discharge results in a lowered
ampere-hour capacity. The capacity
of a cell depends primarily on the
size and number of plates and their
character, and is generally from 40
to 6o ampere-hours for each square
foot exposed surface of positive plate.
Fig. 13 shows a s6o-ampere-hour
storage cell made by the Electric
Storage Battery Company.

The Edison storage battery is also
suitable for telegraphic purposes. Its positive electrodes
consist of grids of nickel-plated steel supporting nickel
oxide intermixed with flakes of pure nickel, and the nega-
tive electrodes consist of similar grids containing iron
oxide. The electrolyte is a 21 per cent solution of caustic
potash in distilled water and is contained in a nickel-plated
sheet-steel case. )

The ampere-hour capacity of these batteries is based on
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a s-hour discharge rate. The voltage of a cell is 1.2 at
normal discharge; for charging 1.85 volts are required per
cell. Fig. 14 shows the appearance of an 8o-ampere-hour

Fig. 14.

Edison storage battery, and also the positive (at the right)
and negative plates.

Storage cells may be charged directly from direct-current
service mains or through boosters and motor-generators.
If only alternating current is available, it may be changed
into direct current for the charging of storage batteries by
means of electrolytic or mercury-vapor rectifiers, or by
means of converters or motor-generators.

Generators. — Electric generators are extensively used in
large telegraph offices for the operation of long lines and
local instruments. They may be driven by steam or gas
engines, but more generally by electric motors which re-
ceive either direct or alternating current from service
mains. For the operation of telegraph circuits of all types
different voltages are required from about 25 to 400 volts.

The voltages now considered standard for main-line
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operation are 8o, 110, 1b0, 240 and 320 by the Western
Union Telegraph Company, and 85, 125, 200 and 385 by the
Postal Telegraph-Cable Company, while for local circuit
operation they are 8o and 110 with the former and 40 volts

———
& A- AF A= A ‘— #4- r
-
Fig. 1s.
with the latter company. The generators for the two higher
voltages are generally duplicated so as to permit of re-
versal of potential, as necessary in duplex and quadruplex
service (see Chapters II and III). With printing tele-
graph systems 110 volts are generally used.

Fig. 16.

The arrangement of generators at a telegraph office is
shown in Fig. 15, the voltages indicated being those of the
Postal Telegraph-Cable Company. Protective resistances,
7, in series with each telegraph line, are used to prevent in-
jury to the machines in case of short-circuits, etc. Fig. 16
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shows the appearance of General Electric Company motor-
generator sets each composed of a direct-current motor
and generator. The 220-volt 3-wire direct-current system
with neutral wire grounded is sometimes used, where avail-
able, for telegraphic purposes. Dynamotors and rectifiers
are also frequently employed.

It is common practice to have a source of electromotive
force at both ends of simplex lines instead of a single
source of equal total voltage at one end, because of better
line operating characteristics during wet weather.

7. Telegraph Codes. — Telegraph codes consist of vari-
ous combinations of dots, dashes and spaces for the rep-
resentation of letters, numerals and punctuation marks.
Two codes are in extensive use, the American Morse, or
simply Morse, and the Continental Morse, or simply Con-
tinental. The Morse code is used throughout the United
States and Canada for overland signalling except in print-
ing telegraphy. In punctuation, however, the Phillips
Punctuation code has generally superseded it because of
its greater completeness. The Continental, or so-called
universal code, is in use throughout the world for sub-
marine telegraphy and also in almost every country except
those mentioned for overland signalling. The codes are
given on the two pages following.

In the code characters the length of a dot is taken as
the unit of measurement of dashes and spaces. The ordi-
nary dashes are three times as long as dots, the long
dashes for letter / and cipher in the Morse code are re-
spectively five and seven times as long as a dot, the spaces
between the elements of letters are equal to dots, the
longer spaces in the letters C, O, R, ¥, Z and & of the
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Morse code are twice as long as dots, and the spaces be-
tween letters and between words are respectively three and
six times as long as dots.

The Continental code, having more dashes than the
Morse code, requires a little longer time in the transmission
of any given message expressed in that code than when
expressed in Morse code.

A partial list of abbreviations used in commercial teleg-
raphy follows:

Scotus — Supreme Court of the United States
Bk — Break

Ck — Check
Fm — From
Ga — Go ahead

Min — Wait a minute

Nm — No more

No— Number

x (placed after check) — Get reply to message

XX X...— Omission

4 — Where shall I go ahead?

8 — Wait, I am busy

Thus, in case of doubt as to the accuracy of a transmitted

message, the receiving operator breaks and sends the let-
ters bk, ga and the last word correctly received; whereupon
the sending operator continues from that word. Abbre-
viations used in differentiating the various classes of tele-
graphic service are given in § 8 of Chap. V, and of cable
service are given in § 10 of Chap. XI.

8. Telegraph Lines. — Galvanized iron, hard-drawn
copper and occasionally steel wire are used for telegraph
lines. The sizes generally employed on overhead lines are
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from No. g to 14 B. & S. (Brown & Sharpe) gage copper
wire and from No. 4 to 12 B. W. G. (Birmingham Wire
Gage) iron wire. The increasing use of hard-drawn copper
wire for telegraph lines is due to its having a lower resist-
ance than iron for the same tensile strength, and to the
fact that it is practically non-corrosive. Telegraph con-
ductors in cables for transmission over relatively short
distances are of from No. 14 to 19 B. & S. soft copper.

The weights, diameters and resistances of telegraph line
wires are given in the following table:

Hard-drawn copper wire Galvanized iron wire (E. B. B. quality)
B.aS. | Weight in | Resistance Diam- | Weight in | Resistance
Diameter ds at 60° fahr. | B.W.G.[ o0 "ds at 60° fahr.
Qoo | s | sounda o | el | No. | Sten | Pounde e | fr e
9 | 114.4 208 4.22 4 238 787 5.97
10 | 101.9 166 5.28 5 220 673 6.98
11 90.74 132 6.65 6 203 573 8.20
12 80.81 105 8.36 7 180 450 10.44
13 71.96 83 10.55 8 165 378 12.43
14 64 .08 65 13.29 9 148 305 15.41
10 134 250 18.80
Soft copper wi 11 120 200 23.50
i 12 109 | , 165 28.48
14 64.08 65 13.12
15 §7.97 52 16.54
16 50.82 42 20.67
17 45.26 32 26.55
18 40.30 25.6 33.60
19 35.89 20.7 41.47

Temperature rise increases the resistance of copper
0.24 per cent per degree fahr. and increases that of iron
0.35 per cent per degree fahr. reckoned from o° fahr.

Copper-clad or bimetallic wire is also used to some extent
for telegraph lines. It consists of a steel core to which is
welded a coating of copper, forming a wire of high tensile
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strength and fairly low resistance. Several grades are
available that differ in conductivity, depending upon the
relative amounts of copper and steel used.

Bare overhead conductors are supported by glass insu-
lators mounted on wooden, or sometimes concrete and steel
telegraph poles. These points of support offer leakage cur-
rent paths from the conductor to ground. Even in dry
weather the insulation resistance between the conductor
and ground is not infinite, but of the order of 10 to 100
megohms per mile of line, while in wet and foggy weather
the insulation resistance may fall to a fraction of 1 megohm
per mile.

In the foregoing pages only perfectly insulated lines were
considered. On actual lines, because of the distributed
nature of the leakage paths, it is more difficult to determine
the exact relation between the various factors involved.
A rough approximation on lines of short or medium length
to the actual conditions is obtained by considering all the
leakage paths to be grouped into one equivalent path at -
the middle point of the line, as shown in Fig. 17.

g - i
ty | po

Fig. 17.

It is evident from the figure that even though the circuit
is open at one station, current flows from the battery at the
other station through the relay, part of the line, and the
equivalent leakage path to ground. It follows, therefore,
that at no time is the current flow in the receiving in-
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struments wholly interrupted; and consequently their re-
tractile springs must be adjusted to release the armatures
on a certain minimum current strength. In damp weather
when the insulation resistance of the line is lowered the
relays must be more delicately adjusted, because the
currents flowing in the circuit when one switch and when
both switches are closed are more nearly equal.

Thus, on a 6oo-mile No. 9 B. & S. aerial copper line
having a 250-ohm relay and an 8o-volt battery at each’
end, and having an insulation resistance of 1o megohms
per mile, the steady current traversing the relay when one

key is open is

8o
I= = 0.0044 ampere,
10,000,000
250 + 300 X 4.22 +
and when both keys are closed the current is

I = 2 X8
2 X 250 4+ 600 X 4.22
On the other hand, if the insulation resistance be taken as
one-half megohm per mile, the current when one key is
open would be

= 0.0528 ampere.

I 8o
= =0.034 ampere,

250 + 300 X 4.22 +5°—;;%°-°

showing that under these conditions the relay must be
adjusted to operate on 0.0528 ampere and release the
armature on 0.034 ampere. If so adjusted and if the in-
sulation resistance falls still lower, the line would be ren-
dered inoperative.

With assigned insulation resistance, terminal resistance
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and relay adjustment, it is possible, on the basis of the
foregoing paragraphs, to determine the maximum permis-
sible length of line for line conductors of any size. Let

! = maximum length of ground-return line in miles,

R = line resistance per mile in ohms,

R, = resistance of each relay in ohms,

N = number of relays in circuit (assumed uniformly

distributed between terminal stations),

R, = insulation resistance per mile in ohms,

E = voltage impressed at each end of line,

I, = current in amperes necessary to actuate relay, and
Iy = current in amperes which will Just cause release

of armature,
E
then I = T T (7
NR, +R1 + & l
2E
and IL = NR+ R (8)

Eliminating E from equations (7) and (8), and solving for /,
there results,

NR, [ 2 IR,
R R, - 1)
from which the maximum transmission distance is

NR NR 2IzRg
b=- +V(2R) YRL-1)’ O

an expression not mvolvmg the impressed voltage.

As a numerical illustration, consider a No. 9 B. & S.
copper conductor having a 250-ohm relay at each end
which is adjusted to operate on 0.06 ampere and release

P+

=o,
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on o.04 ampere. For an insulation resistance of 4 megohm
per mile, the maximum permissible length of line is

[=_2 X 250 + (250)’+2 X 0.04 X 500,000
2 X 4.22 4.22 4.22 (0.06-0.04)

= — 59.3 + 691.0 = 631.7 miles.

The voltage of the battery at each end should be

E =£2‘-(NR,+RI) =&:—6(2 X 250 + 4.22 X 631.7)
= g5 volts,

as obtained by using equation (8).

This approximate solution of the telegraph circuit will
be referred to again because it is less involved than the
exact solution which is considered in Chap. X. Experi-
ence has proven that the maximum distance of trans-
mission on long aerial lines is limited principally by line
leakage.

9. Speed of Signalling. — The speed with which signals
may be transmitted over a telegraph line depends upon
three factors, namely the speed of the sending operator,
the nature of the line, and the responsiveness of the receiv-
ing instrument.

An experienced operator can send from 30 to 40 five-
letter words per minute by hand transmission. Semi-
automatic devices may be availed of to raise this sending
speed. Much higher speeds are attainable by automatic
transmitters, as described later (§ 1, Chap. IV).

It was pointed out in the last section that the current
through the receiving device connected to a leaky line
does not cease altogether upon opening one key. It is
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evident that the greater the line insulation resistance the
more rapid will be the current change in the relay coils
with movements of the key, and consequently the quicker
the actuation and release of the relay armature. On a
long line with considerable leakage, rapid signalling may
cause the duration of contact for dots to be so short as to
prevent the current in the relay from attaining a value
sufficient to attract its armature. More deliberate or
“heavy ” sending must then be resorted to, implying
slower signalling speed. Thus, the shorter the line the
higher may be the speed of signalling.

Further, the line itself, especially if a cable, limits the
speed of transmission. As most large telegraph offices are
in the business centers of cities, short sections of nearly all
long aerial lines are placed in cables under ground and there-
fore the speed of signalling on these lines is limited by the
cable sections. In cables a conductor is very near its
return conductor or the grounded sheath, and conse-
quently its electrostatic capacity is high. It will be
shown in § 4 of Chap. XI, that the signalling speed over
cables (having negligible inductance and leakance) is in-
versely proportional to the product of total line capacity
and total line resistance. That is, if C be the capacity in
farads per mile of conductor, and R be the resistance in
ohms per mile, then

Signalling speed » m) % C-‘_II!?-I” (10)

where / is the length of the cable in miles. This propor-
tionality shows that for a given size of cable the signalling
speed varies inversely with the square of its length.

It is safe to say that the speed possibilities on long
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fairly well insulated aerial lines even with short cable sec-
tions is greater than the operating®speed of the receiving
instruments. In § 4 it was stated that the time of current
growth in a relay depends upon the ratio of its inductance
to its resistance. Rather than increase the relay resistance
to obtain rapid response, it is more advisable to reduce its
inductance. This may be done by decreasing the number
of turns, by connecting the two coils in parallel instead
of in series, by increasing the reluctance of the magnetic
circuit either by removing the iron yoke or by lengthening
the air gap between armature and magnet cores, and by
using a shunting condenser. Some of these suggestions,
however, conflict with the conditions for maximum mag-
netization with a given current.

The necessary mass of the relay armature should be
apportioned in such a way as to possess the least moment
of inertia about the pivots so as to acquire a high velocity
under the action of a given force. The greater part of
its mass should therefore be aear the axis. The contact
points, however, are preferably placed far from the pivots
in order to reduce the angular motion of the armature and
permit signals to follow each other in rapid succession.
By embodying the features mentioned relays have been
constructed which respond to signals senf at speeds as
high as 400 words per minute.

10. Simplex Repeaters. — It was shown in § 8 that
leakage is the important factor in limiting the distance of,
telegraphic signalling. Using a No. 9 B. & S. copper con-
ductor with two 250-ohm relays with given adjustment
(which implies a given signalling speed) it was found that
the maximum permissible length of line is 631.7 miles
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when the insulation resistance is assumed as $ megohm
per mile. If a No. @ wire, which has double the cross-
section (R = 2.09), were used instead, the. maximum length
of line under otherwise identical conditions would be 865.9
miles. Thus, using a conductor of twice the size and
costing twice as much would only increase the distance of
transmission 37 per cent. It is apparent from this illus-
tration that the cost of transcontinental telegraphy over a
single continuous circuit would be prohibitive.

If such long lines are subdivided into several shorter
sections, say from 300 to 600 miles in length, each section
terminating in a relay, signals may be automatically trans-

® K o
:{Lﬂ th::: cl::::a
1 | Fig. 18.

mitted thereby into the next section, and so on to the
terminus of the line, without requiring unduly large line
conductors. The speed of signalling will then be that of
the section which allows the slowest transmission less the
speed loss in the relays. Two-line sections of such an
arrangement are shown in Fig. 18, from which is seen the
possibility of transmitting toward the right, but also the
futility of endeavoring to transmit in the opposite direc-
tion. In order to permit of signalling in either direction,
the intermediate relays Rz, R; . . . are replaced by re-
pealer sets.

A repeater set consists of two relays and two transmit-
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ters which are electrically and mechanically arranged to
allow signalling in either direction and in such a way as
to automatically prevent one transmitter breaking at the
repeater station the line circuit which it controls when
that circuit is repeating into the other. Two standard
closed-circuit repeaters which accomplish these results will
now be described. :
Weiny-Phillips Repeater. — The connections of a Weiny-
Phillips repeater set are shown in Fig. 19, in which 7" and T”

Fig. 19.

are the transmitters, and R and R’ are the relays. Each
relay has an extra magnet, H or H’, called a holding-coil,
mounted above the ordinary magnets so as to act on the
same moving element, as illustrated in Fig. 20. Its wind-
ing has a tap at its middle point, so that if current enters
at this point, it will traverse the two parts of the winding,
a and b, in opposite directions, and consequently produce
no magnetization in the core. The transmitter T has a
small auxiliary lever m, insulated from and controlled by
the main lever, each lever making contact with a platinum
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contact point when the magnets of the transmitter are
energized. The switches s and s’ on the transmitters

Eag. ave

enable an operator to sever the two circuits, leaving each
complete in itself for simplex operation. Fig. 21 shows the
Weiny-Phillips transmitter.

Fig. ar.

Normally, when both the eastern and western circuits
are closed at the distant stations, current flows through all
magnet windings of the repeater set. Thus, normally,
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current flows from the western station through the main-
line coils of relay R, circuit-closing switch of the key K,
and contact ¥ (which is closed) of the transmitter T, to
ground at G'. Similarly, current flows from the eastern
station through R’, K’, and y to G. Both relay armatures
are therefore attracted and keep the transmitter coils
energized through the batteries B and B’. The contacts
z, y and 2/, y’ are thus normally closed and currents from
the batteries B, and B; flow t.hrough both windings of the
holding coils. Generators are very frequently used instead
of batteries.

When the western operator opens the circuit preparatory -
to signalling, the main-line coils of relay R are deprived of
current and the armature is released, inasmuch as the hold-
ing coil H exerts no attraction due to the neutralization of
magnetizing forces developed in the two windings. This
results in opening the circuit of the magnet of transmitter
T and the release of its armature. The positions of the
moving elements of the instruments at this instant are as
shown in Fig. 19. The circuit of the winding " of the
holding coil H’ is broken at x and consequently the un-
interrupted current flowing through its associate winding
d’ holds the tongue of relay R’ against its contact stud
irrespective of current condition in the main-line coils.
This in turn maintains current flow through the winding of
transmitter 7’ and prevents the opening of the western
dircuit at 4/, and the opening at &’ of coil b of the holding
coil H, which is therefore not magnetized. In this way
the continuity of the western circuit is preserved at the
repeater while repeating eastward. A moment after
breaking the circuit at x, the eastern circuit is broken at
¥ and the distant relay releases its armature.
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When the-western operator depresses his key, relay R
will be actuated, and then the transmitter 7 closes the
eastern circuit at y, which is followed by the closing of
coil ¥’ at x. The distant eastern relay is thus energized.
Signalling in the reverse direction is accomplished in the
same manner.

Front-contact Shunt-locking Repeater. — The repeater set
used by the Western Union Telegraph Co. consists of two
relays R and R’ equipped with locking magnets L and L',
and two transmitting relays T and 7’ having main and
auxiliary contacts M, 4 and M’, A’ respectively; the con-
nections are shown in Fig. 22.

{
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Fig. 2a.

The contacts of the transmitter are so arranged that
when the armature is released the auxiliary contact opens
a little before the main contact, and when the armature is
attracted by its magnet it closes a trifle later than the main
contact. The auxiliary contact 4 is bridged across the
locking magnet L, similarly contact 4’ is bridged across L’.
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Normally, when no messages are being transmitted, the
windings of the relays and transmitters carry current, but
the locking magnets are short-circuited by the auxiliary
contacts. Thus, the western line current flows through
relay R, traverses contact M (which is closed) of the trans-
mitter 7, and passes through generator G to ground.
Similarly, the eastern line current goes through relay
R’, contact M’ and generator G’ to ground. Both relay
armatures are held in their forward positions and as
a result contacts x and " are closed. In consequence,
local battery (or generator) B energizes transmitter T
through contact x’, and also energizes transmitter 7’
through contact .

When the western operator opens his key prior to signal-
ling, relay R loses its magnetism and its armature falls

back, thereby opening the magnet circuit of transmitter 7
at contactxz. When the lever of this transmitter is released,
contact A" opens and then contact M’ opens. The former
action removes the short-circuit around magnet L’ and
current from battery B energizes it; the circuit includes
retardation coil ¢’ which helps to speed up the action of
the locking magnet. The armature of the right-hand relay
will therefore be kept attracted even if current flow through
magnet R’ should cease, thereby keeping the magnet of
transmitter T energized and preserving the continuity of
the western circuit at contact M. The opening of contact
M’ above referred to, causes the relay at the eastern station
to release its armature, which action was desired by the
western operator when opening his key. The operation
of the repeater when closing the western key is easily

traced.
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Signalling in the reverse direction can be traced through
the repeater in the same manner.

Other Repeaters. — Many other closed-circuit simplex
repeaters are in use, among which may be mentioned the
Milliken, Ghegan, Horton, Neilson and Toye repeaters.* {
They all differ in the methods employed to prevent one
* transmitter breaking the circuit, that is repeating into the
other circuit. Repeaters may also be arranged for re-
peating into two or more circuits; the Maver multiple
repeater * is one of this type.

For the satisfactory operation of repeaters, attendants,
each in charge of a certain number of sets, are required to
supervise the working of the repeaters and make such ad-
justments as are necessary to maintain uninterrupted
service despite changes in weather conditions and irregu-
larities in sending. With several types of self-adjusting
repeaters, such as the Catlin and D’Humy repeaters,} this
supervision may be dispensed with.

There are various types of open-circuit repeaters, the
simplest of which, employing only two double-contact re-

lays, is represented in Fig. 23. When no messages are
being transmitted, no current flows through the line wires
and repeater relays, and consequently both relay arma-

* For description sec Maver’s “ American Telegraphy.”
t Described in McNicol’s “ American Telegraph Practice.”
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tures rest against their upper contact studs. When the
western operator depresses his key, relay R’ attracts its
armature, and current, supplied by battery B’, flows over
the eastern line. At the same time the magnet circuit of
relay R is broken at the upper contact point so that the
continuity of the western circuit remains uninterrupted.

PROBLEMS.

1. How far would it be possible to telegraph over a perfectly
insulated ground-return line having 8.36 ohms resistance per mile of
length with an impressed voltage of 120, if the current necessary to
actuate the two 75-ohm relays is 0.07 ampere?

2. How many gravity cells, each having a voltage of 1.0 and an
internal resistance of 2.5 ohms, would be required to transmit signals
over an 8o-mile telegraph line which has a resistance of 5.28 ohms per
mile and is equipped with two 150-ohm relays requiring a current of
0.04 ampere?

3. Three relays are adjusted to operate on 250 ampere-turns,
and have the following constants:

Relay No. 1 20 ohms resistance......... 2400 turns,
Relay No. 2 75 ohms resistance......... 4500 turns,
Relay No. 3 150 ohms resistance. ........ 7500 turns.

If these relays were connected in series across 20-volt mains, which
relays would operate? What voltage would cause all three to oper-
ate?

4. What is the best winding for four main-line sounders operating
on 400 ampere-turns when used on a telegraph line which requires
40 volts? The sounders are of identical construction and have a
winding cross-section of 0.9 square inch and a mean length of turn
.of 2.2 inches; double-cotton-insulated wire to be used, the insulating
covering being four mils thick.

5. Over how long a line, having 13.3 ohms resistance per mile,
could the four sounders of the preceding problem operate when the
impressed voltage is 40 volts?

6. Four separate telegraph lines, each having a total resistance of
1000 ohms including receiving instruments, are supplied with cur-
rent by one battery of 100 gravity cells, which has an internal re-
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‘gistance of 220 ohms. Determine the current strength in a circuit
when only one circuit is closed and also when all four circuits are
closed.

7. Read the following message:

———ee W Ee ww oo - -—-ee e ® ® o w—————
meree com wme ee a- - - emes e e ® cmm eme—- -
e T -- e e emee ® .- ecece - e e

8. What would be the costs per mile of two telegraph lines of
standard sizes having approximately 10.5 ohms resistance per mile,
one constructed of galvanized iron and the other of hard-drawn
copper wire? The costs of iron and copper may be taken as 4} and
16 cents per pound respectively.

9. A goo-mile No. 6 B. W. G. aerial iron line, having a 250-ohm
relay and a 120-volt generator at each end, shows an insulation re-
sistance of 1 megohm per mile in wet weather. What currents flow
through one relay when the key at the other station is open and
when closed ?

10. Calculate the maximum permissible length of a No. 10 B. & S.
copper telegraph line having six 250-ohm relays which are adjusted
to operate on o.05 ampere and release on 0.025 ampere, if the in-
sulation resistance of the line be taken as } megohm per mile. Com-
pute the proper voltage to be impressed at each end.

11. If the speed of telegraphic signalling over a 1o