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REVIEW SUPPLEMENT AND TRANS-
MISSION LINE CALCULATIONS

The REVIEW this month publishes asupple-
ment in which the mecthod of calculating
transmission line problems by the use of
hyperbolic functions is cxplained; two numer-
ical examples being given to illustrate the
method of working; 1.e., a 300 mile line opera-
ting at 60 cycles, using three No. 000 wircs
triangularly spaced 10 ft. apart; and a line
100 miles long operating at 23 cycles, using
three No. 0 wires equally spaced in a plane
with 8 ft. between centers. In the latter
case, approximate formule arc used which
have been derived from the hyperbolic cqua-
tions. The formule are given in the supple-
ment with explanatory notcs as to their use.
The constants and hyperbolic functions ncces-
sary for the evaluation of numcrical results
are also tabulated. No references need there-
fore be made to other publications or tables,
and the supplement is complete and sclf-
contained.

As noted in the first part of Mr. W.
E. Miller’s article, the mcthod followed is
Kenneclly’s, as given in McMahon's Hyper-
bolic Functions. The work was undcrtaken
in consequence of thc discussion on Mr.
Thomas’s paper, at Frontenac, reported in
the A.LLE.E. cecdings for November, 1409,
where more than onc speaker refeered to the
hyperbolic method as that best adapted to
transmission calculations, though there
was considerable divergence of opinion on
this question. Refcrence to the supplement
ought to recmove any doubt as to the sim-
plicity of thc hyperbolic mcthod, and to
convince engincers of its rcady application to
the solution of transmission problems when
the constants and hyperbolic functions arc
properly tabulated.

The sccond part of the article discusses at
somc length the physical aspest of corona
vicwed in accordance with onc of the modern
theorics of clectricity the contrast bLetween

corona and capacity currcnt being cmpha-
sized. The law connccting the no load loss
with the length of short transmission lincs
is also given.

It inust be understood that the formule
and constants given can be dircetly applied
to transmission linc problems only if the
generator current and voltage follow a simple
harmonic law; that is to say, only if harmonics
of considcrable magnitudc are absent. The
latter is generally the case, but occasionally
the capacity or cven the load current intro-
duces harmonics into the gencrator waves.
From oscillograph rccords these waves can
be analyzed into their harmonics, and the
formulc can then be applied to the funda-
mental wave and cach harmonic scparatcly.
The constants, of course, apply only to the
fundamental wave, and new constants jnust
be calculated for cach harmonic.

In the present state of knowledge, it is
impossible to include corona effect in the -
cquations. Where the corona current is con-
siderable, the no load loss cannot be obtained
from the cquations, but they arc sufficiently
rcliable in such cascs for calculating the clec-
trical conditions along lines under load.

The cquations and discussions refer to the
clectrical charactcristics of transmission lineg
after the normal statc has been reached, and
the transient phcnomena which occur when
the clectrical conditions are suddenly changed
are ignored. The method for calculating
these is given in Steinmetz’s *Transicnt
Phcnomena.”  These phenomena are under
certain circumstances extremely important
and it would be well worth while if numerical
results were computed for, say, two cases as
examples; f.e., a long linc on open circuit
operating at GO cycles when the generator is
connceted to the line at maxinmwm voltage,
and when it is connected at zero voltage.
The volts and current should be plotted for
cach casc for diffcrent points along the linc at
the moment of closing the switch and after



196 GENERAL ELECTRIC REVIEW

successive time intervals, until the normal
state is reached. The advance of the voltage
and current waves and their reflection when
they reach the end of the line would then be
graphically shown.

If the calculations werc made at many
points alonz the linc and at sufficiently close
intervals of time, and cach curve were photo-
graphed, the scries so obtained could be run
through a cincmatograph machine and show
a continuous rccord of the phenomena by
projection on a scrcen. This would be ex-
tremely valuable from an cducational point
of vicw, since such visual presentations help
towards a physical understanding of the chicf
phcnomena underlying the problem. Were
more of the abstruse, and for that matter
the simpler, problems which cnter into elec-
trical cnginccring treated in this manner,
much clearcr ideas would be formed
than can be obtained from discussions of
or calculations from formulm. The labor
and cxpense involved in the preparation of
these curves and their photographic reproduc-
tion are far from prohibitive, so that there
is no reason why such mcthods should not be
used occasionally as an auxiliary for college
training or lecture work.

THE SINGLE-PHASE INDUCTION MOTOR

The Review is fortunatc in being able to
present with the present issuc the first part
of an article on the single-phase motor, by
Profcssors Morccroft and Arendt of Columbia
University. This article, which the authors
have kindly given us permission to print,
was -written to form part of a treatise on the
subject ol clectrical motors. The book,
which will appear later, will include the
articles on the synchronous a.c. motor and
the d.c. scrics motor that were published
respectively in the May and June issucs and
the August and Scptember issucs of last
year.

Coming from this source, the cditors have
not presumed to pass upon the accuracy of
the statements in the article, which, consider-
ing the high authority of the authors, has
been left entirely with them,

As with the articles on the synchronous
a.c. and the d.c. scries motor, our readers
will find this discussion of the singlc-phase

motor of much interest and value. While the
mathematics employed is not difficult, the
authors have also presented their conclusions
and much of the reasoning in simple non-
mathematical language.

The article begins with a description of the
interaction between the impressed and in-
duced magnetic fluxes, which is followed by a
lucid explanation of how the revolving ficld
is developed and the torque produced.

The first part of the article closes with the
torque equations and a clear statement of the
conclusions to be deduced from their analysis.

The second part, which will be published
in the ncxt issue, opens with the subject of
the characteristic curves. A circle diagram
for plotting the curves is described and the
results in a specific case are tabulated and
discussed. The various mcthods of starting
are then taken up and concisely but amply
treated. This second portion of the article is
wholly free from mathematics.

UNDERGROUND ELECTRICAL SYSTEMS

Under the title Underground Electrical
Systems, Mr. W, E. Hazcltine has contribut-
cd a remarkably succinct article covering the
choice of conduits and cables for various
classes of work; the subjcct being trcated in
an cntircly practical way, without theoretical
discussion.

The conditions to be mct in underground
systems arc described; the material used for
conduits are then given, and the advantages
and disadvantages briefly stated.

The rclative utility of single and double
ducts, of single and double manholc covers,
the construction of manholes and the methods
of supporting the cables within them, are
given bricfly as are also the size of cables and
the several kinds of insulation employed
in dificrent cases. The cssentials to be
considered in drawing in the cablesand other-
wise installing the systems are also treated.

In short, the article forms a very complete
and practical summary of the subject of
underground electric systems.
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THE SINGLE-PHASE INDUCTION MOTOR*
. Part 1
By Prors.”]. H. MoRrECROFT AND M. ArexDT
CoLumsia Unrversity

In small single-phasc alternating current
plants, the constant spced motor that is
most extensively used is of the induction type.
Structurally it is very similarto the correspond-
ing polyphase machine; { in fact any polyphase
induction motor will opcrate as a single-phase
machine of somewhat smaller capacity and
lower power factor, if it is at first caused to
rotate at nearly synchronous speed by some
starting arrangement. The neccessity of
providing some such auxiliary device arises
from the fact that the single-phase motor,
per se, has no starting torque. That such is
the case may be readily seen without the
introduction of mathematical proof.

Absence of Starting Torque

Consider a bi-polar single-phase motor,
provided with a squirrel-cage rotor. The
distribution of current in the sccondary
at standstill is as indicated in Fig. }. The
current in bars aa' is zcro, hecause these
are equivalent to a closed loop the plane of
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Fig. 1. Distridution of Current in Ststionary Rotor

of Single-Phase Induction Motor

which is located parallel o the flux. The
maximum current is sct up in bars bb'.
However, this cquivalent loop, if it moves at
all, must move parallcl to the dircctinn of the
lines of force; hence it exerts no turning cffort.

*To nppu‘r iuter as part of a book,
tThe first successful motor of ths ty

was buslt by C. E. L.
Brown, Sce Londoa Klecrrictan, Vol X 3.

X, pages 338, 1803,

N

The bar m, carrying current as indicated,

will exert a torquc upon the rotor, as shown

by the arrow alongside it. Ifowever, owing

to the symmetry of the secondary winding,

for cvery bar m there is another m’ having

a current of cqual amplitude but of opposite
c

—
w
I

Fig. 2. Short Circuited Coil Inclined to Axis

of Oucillating Field

sign. This latter bar heing in a ficld of the
same strength and direction as that in which
m is located, will exert a torque equal to that
dc\'clcrcd by m, but in the reverse direction,
as indicated by the corresponding arrow.
In the same way the cffort exerted rfuc to the
current in any bar of the winding will be
neutralized by that of another bar symmetric-
ally located with respeet to the axis of the
primary ficld; conscquently at standstill no
turning cffort is devcloped and the miotor
fails to accclerate.

The above facl may be proved as follows:
Assume the rotor winding as composed of
symmctrically placed short-circuited coils,
and consider onc having its planc at any angle
a to the axis of the ficld VS, as illustrated in
Fig. 2. Further suppose the flux distribution
to be a cosine function of e; this is approxi-
mately the case with actual motors provided
with distributed stator windings: then let

B represent the maxinum flux density at

o, = U',
B cos pt is the instantancous flux density at
a, =y,

B cos pt cos a is the corresponding valuc al

the inductors sclected, and with .t as the arca
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of the coil the flux passing through it becomes
¢ -fa.-lB €0s pt ¢os ada= B cos pt sina.
0

The c.m.f. induced in the sclected coil is

e= —%-BA p sin pt sin a. @)
5|
Vel \\»
T R
4 O
T AR
\. e
— B /./\/,»‘»—#4-'_
1 [y S
[ A ot
B
l

Fig. 3. Main end “gludulure Fields, Single-Phase
Induction Motor

The instantancous value of the corresponding
current is
i=BA psin(pt— 0)sin a+2'. (3)

Naturally in the casc of a single coil this
current will recact upon the stator ficld and
produce flux distortion; but as we arc going
to sum up the cffcets of all the rotor coils the
individual rcactions balance and the field
distortion becomes negligible, It is to be
noted that the immpedance of a coil will be
modified by the action of the ncighboring
coils, consequently Z’in equation 46 represents
the cffective impedance. The angle o= cos™!
(r'+2’), whercin r’ is the cffective resistance
of the coil and Z’ the impedance as above
dcfined.

If there are # coils on the rotor equally
spaced [roin. onc another, the cffort of the
Kth coil will be

ty=IBAPsin(2 pt—0)+sin 6] X
8o
sin ‘..’l'\ +22, )
wherein ! is the length of onc coil,

The instantancous torque exerted by the
whole rotor is

T—."l-lB’flp[sin(.‘Z pt—0)+sin 0] X
.":sin'—"r-t—2 Z'=0* (5)

Development of Revolving Field

We have just shown that when we have an
oscillating magnetic field the rotor - placed
therein fails to cxert any starting torque.
Therefore, if a single-phase induction motor
does develop a turning effort after it is caused
to revolve, it must be because it has, by some
reactions of the rotor currents upon the
stator flux, provided for itself a rotating
magnetic ficld. That such is the case may be
shown non-mathematically. Assume a two-
pole motor (Fig. 3) the stator winding of
which is supplied with a single-phase alter-
nating current, producing an oscillating field
between the poles AA4’. The rotor currents
produce a field at right angles to the main
field, and for convenience we will assume this
to be represented by thc poles BB’. In
commercial machines no such empty pole
spaces exist, as practically all of the stator is
covered with coils.

The inductors of the revolving rotor have
e.m.f's., induced in them due to two actions;
namely, by motion through the field and by
the time rate of change of the flux threading
the coils. The first we shall designate as a
rotational c.m.f. and the sccond as a lrans-

- former e.m.f.

The inductors aa’ will always have a
rotational e.m.f. set up in them cxcept when
the stator field passes through zero value.
The amplitude of this e.m.f. for any given
specd wiﬁ be proportional to the instantaneous
value of the stator flux. Conductors aa’ may
be considered equivalent to closcd coils, and
the current flowing in them will produce a
ficld in direction BB’. Neglecting tempor-
arily the IR drop in the rotor, the em.f.
induced in ae¢’ may be placed equal to dT.;,
where @, denotes the cross ficld developed by
the currents due to the motion of the rotor
in the main ficld. The rotational e.m f. is in
time phasc with the main field, hcnce the
cross ficld @ will be in time quadrature with
it. The dircetion of the main ficld and the
motion of the rotor inductors are such that
the e.mf. generated in ad’ is positive.t  The
rotor currents are in such direction that when
pole A is of north polarity and decreasing,
pole B will be of like sign but increasing,

*This same ;cwu is obtained (rom analyms of equa. 16,

tCurrents flowing awsy {rom the reades into the plane of the
paper are called positive.
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reaching its maximum strength onc quarter of
a period later. The strength of pole B
decreases after a similar lapsc of time, the
main field reverses and a north pole begins to
build up at JA’. That is, the main field and
quadralure field so combine that a narth pole
travels around the stator in the direction 1 B.1'B’
at synchronous speed. Hence, there exists a
rotating field produced by the combined
action of stator and rotor currents. This
simple explanation gives an idea of the
production of the rotating ficld in the single-
phase induction motor, but it docs not
consider all the reactions which occur.

The inductors 86’ moving in the quadrature
field have a rotational e.m.f. induced in them,
in the same manner as thosc passing through
the main field, and this is of maximum positive
value when the north pole at B attains its
highest value. In addition to thesc fiwco
rotational e.m.fs., the varying ficlds .{.1’ and
BB’ set up transformer e.m.fs., in coil groups
5%’ and aa’ respectively.  Conscquently,
there are four e.m.[s., to be considered before
the actual rotor currents which produce the
quadrature field can be determined.

The rotational e.m f. induced in inductors
aa’ is of maximum positive value when the
pole 4 is at its greatest north polarity, but
the transformer e.m.f. set up in these bars
by the quadrature field is at the same moment
of maximum negative value. Hence the
actual e.m.f. (Ee) existing in A4’ is the
algebraic sum of these two voltages. The
rotational e.m.f. due to the main ficld must
be greater than the transformer e.m.f. of
the quadrature ficld; in fact the latter is of
such strength that the actual e.m.f., Ea, will
be just enough to establish the current which
produces the field BB’. Since this quadrature
field is at right angles to the main field, its
m.m.f. cannot be furnished dircctly by the
stator magnetizing current, so we¢ must
investigate further to scc how it is taken, as
it must be, from the line. It must be re-
membered that the impedance of the rotor
coils is herc assumed to be such that the JZ
drop is negligible; if this is not the case, the
rotational and transformer e.m.fs. will not
be in time opposition and their veclor sum
instead of algebraic sum, must be considered.

The main field, by transformer action,
induces an e.m.f. in bars §b’, and this is
opposed to the e.m.f. developed in the same
inductors by thcir motion t'rough the
quadrature ficld. The resultant em.f. Eb
in these conductors scts up a current affceting

the main ficld and, consequently, the current
drawn from the linc. The current flowing
in inductors 5’ duc to Kb is cqual to
that cxisting in bars a¢’, which is that
producing the cross man.f. Morcover, the

e o,

~ /|
S — _//

\\i”///
S /

Fig. 4. Forms of Rotating Field at Various
Rotor Speeds

current 86’ is in such dircction that it in-
creascs the magnetizing current taken from
the line, the increment being that which
would be nccessary to directly magnetize the
guadraturc ficld. The reluctance of the cross
cld’s magnctic circuit is substantially the
same as that of the main ficld, conscquently
the m.m.f. required for both will be the same,
and obviously, thercfore, a two-phase motor
run on onc phase will draw twice its normal
magnctizing current.  This conclusion is
borne oul by actual practice, tests showing
that the magnelicing current of a single-phase
molor is double that taken per phase by a
two-phasc and three times that required by a three-
phase machine, the potential difference, frequency
and turns per phase winding being the same.
At synchronous speeds the two component
ficlds arc of cqual strength; accordingly they
combine to give a circularly rotating fiekd.
Below synchronous speed the rotating e f.
in the bars aa’ is reduced in inverse propor-
tion to the slip, and thus the quadrature
field diminishes, while the main field remains
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constant. Consequently the rotating field
developed below synchronous speed is of an
elliptical form, the shorter axis being in the
direction of the quadraturc field BB’. TWhen
driven above synchronous speed the field is
also of elliptical form, the major axis, however,
being in the direction of the cross field. The
field forms for differcnt speeds are as illus-
trated in Fig. 4, a, b, ¢, respectively, corres-
ponding to synchronous, sub-synchronous and
super-synchronous speeds. :

The maximum torque which a motor is
capable of cxerting, other things being equal,
depends upon the average value of the
magnetic field in which the rotor moves.
This mean value, neglecting /R drop and
leakage, is in the polyphase induction motor
independent of the slip, while for the corres-
ponding singlc-phasc machine the average
value of the ficld decrcases as the slip in-
creases; thus the pull-out torque of a poly-
phasc machinc connected single-phase will be
less than when normally operated.

Many interesting facts concerning the
rotor currcnts as well as the development of
the rotating ficld may be derived through a
simple mathematical analysis. Let us con-
sider the elementary bipolar single-phase
induction motor represented in Fig. 5 with a
coil at an anglc « to the main polar axis.
Assume as before that the flux distribution
i a cosinc function of time, and adopt the
following notation:

A =area of coil.

wm=angular velocity of the coil, or a= of.

A sina = sin ot = projected arca of coil
on planc CC’ perpendicular to the flux X'S.

B=maximum flux density, its instan-
tancous valuc being B cos pt.

Instantancous flux interlinking coil « is

®=.1B cos pt sin wt

=} AB(sin (p+ o) t=sin (p= )1); (6)

the e.m.f. induced in coil a is
cm=9%uy 4B (6= wreostp= )i~
di

(f+u)¢'03(p+a) I.) (T)

Let r, and L, represent respectively the
effective resistance and inductance of the
coils; the values of these constants being based
not only upon the character of an individual
coil but also to some cxtent upon the action
of ncighboring coils. With this notation the
current in any secondary coil can be considered
as resulting from the e.m.f. of equation 57, or

=05 lxs(zﬂm x

- - PHe
cos[(p— w)t— o1} (n’+(?i oL
cost(p+»)t—o,1);' ®)

X

wherein
n
e+ (p— LN

8= cos™!

and

- —1. ———'l

B W (LY
The flux produced by one rotor coil and the
main field will so react upon each other that
the value of the secondary current, if but a
single coil be considered, can only be ex-
pressed by an infinite series. It has been
experimentally shown, however, that the
flux-distorting reactions between primary and
secondary do not exist with a rotor winding
composed of a number of coils which are
divisible into pairs, the members of which are
placed at 90 degrees (electrical) to cach other.
The rotor winding of a commercial machine
substantially satisfies this condition; con-
sequently the higher harmonics of the rotor
current disappear and the current is correctly
represented by equa. given above. This
equation indicates that the rotor current

- consists of two parts having diffcrent fre-

quencics and amplitudes.

At standstill, any coil spaced an angle y
from the axis of thc magnetic ficld will have
a current of the following form:

any _ A Bp cos(ptty - 6,)

I (standstill) (rep L , (9)
which shows that the sccondary current at
standstill is of line frcquency. The current
component with frequency (p—w) decrcases
in valuc as the rotor speed rises toward
synchronism, being zero at that limit, and
the secondary currcnt then bccomes)

Ly _ABpcos(2 pt+y-osyn

I (syn) (242 pL) » (10)
which is of double-line frequency.

These variations of rotor current frequen-
cics as well as the presence of the differential
(p— «) and additive (p+ ) components may
be convenicntly obscrved by the application
of a reed frequency meter. Connect such an
instrument across the slip rings of the wound
rotor of a polyphasc motor, cxcite the stator
with single-phase current and then start
the machine. As the speed of the rotor
increases the frequency meter will indicate
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the presence of two currents, one increasing
and the other diminishing from the linc
frequency.

Let us now select a coil on the rotor dis-
placed any angle g from the loop « we have
just considercd, Fig. 3. The flux through
this new coil at synchronous speed (a= wl = pt)

N -4

Fig. 5.

will be, from cqua. G,
o= AB cos pt sin (pt+8),

-iff{sm(z p+8)+singl, (D

e.m.f. coil g=e= —%:—’- — ABp(cos

2 pt+5), (12)
current coil gami= — .‘45’?
N P (2pL)
cos(2 pt-+8—4), (13)
= Kicos(2 pt+p—e). (14)
The total magneto-motive force of all the
coils on the rotor may be expressed as Ay ¥i.
The maximum m.m.f. cxists in the plane of
the coil in which the current is cqual to zero,
and hence the poles of the rotor will be in the
same plane. Let 8’ be the angle of that
particular coil; then
im Kicos(2 pt+5 = 9).
But since 1 is equal to zcro,
Kicos(2 pt+8'—0)=0,
whence

2 pt+a’—o--;—

nd
p’-(§+o)—2 .
This means that the angle between the

reference coil and the magnetic pole of the
rotor changes at the rate of —2 pi. It also

indicates that the pole rotates backwards on
the rotor. The latter, however, is turning
forward at a ratc M, consequently the rotor
poles revolve backward in space at a rate pt,
and the cquation of this polc in space is

3= (;+ o) —pl.

-—0

Coils Inclined to Axis of Oscillating Field

If the equation for the current in the general
coil is referred to the magnetic axis instcad of
to the reference coil, we have

i-l\'mu{(:! pl+ﬂ—0)+(.:' +o—2 P’)'
=K tns(a+;',- 5

That is, referred to the magnetic axis of the
rotor the current distribution is constant;
hence the m.m.f. of these currents is constant
and rotatcs backward at synchronous speed,
as above proved.

The relative value of the stator and
rotor m.m.fs. may be derived as follows:
Assume the rotor stationary; this corrcsponds
to considering it as the short-circuited
sccondary of a transformer. Thus the
rclations existing between primary and scce
ondary ma.f’s. of a transfonmner apply or,
neglecting resistance and lcakage, the sccond-
ary m.a.f. is cqual and opposite to that of
the primary. The current distribution in the
bars on the rotor on the basis of the above
assumption is expressed by cquation (3) as
_ABp sin(pt—o)sin 8,

Vi pL? .
which upon neglecting » makes 9= jand

reduces to

LTS
lo=>= L cos pt sin 8;
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This, if =0, becomces

ivm=22in 5. (15)
It is to be noticed that when ¢=0, the equa-
tion of the rotor currents at synchronous

speed equation (13) reduces to

. ABp
frm— =2zl cos (3-0)
Ver@eply
which can be still further simplified, if r is
negligibly small with respect to pL, to the
following form

irm —él-%\'in 3. (16)
Comparing these values of i, and f, we sec
that these currents have the same distribution
in the rotor, but that amplitude of the latteris
only one half that of the former. Conscquent-
ly, since the m.m.f's, of the stationary rotor
and of the stator are cqual, the m.m {. of the
synchronously revolving rotor is one-half
that of the stator winding.

The magncto-motive force cffective in
devcloping the flux B cos pt. when the two fields
coincide. may be expressed as 1"— X, wherein
J° represents the maximum m.m.f. developed
hy the stator and .\’ that due to the rotor.
But, as above shown, X'=}"+2, hcnce the
cxcitation nccessary to produce the flux
B cos pt throughout the magnctic circuit of the

machincis G101 XL

The two magneto-motive forces acling al
any instant in this typc of machine are:

1" cos pt, stationary in space,

X, constant in value, but rotating back-
ward at synchronous speed. Since X rotates
backwards it may be written X=X cos pt
— X sin pt, and conscequentiy 1"—.X, the total
magncto-motive force acting at any instant,
becomes

17 cos pt— X cos pt+4 X sin pt= X cos pl +
X sin pl.
This mcans that the tolal m.m.f. acling al any
inslant is of constans value and rotales forward
at synchronous speed.

The magnetic reluctance of commercial
singlc-phase motors, duc to the use of uni-
formly distributed windings, is practically the
same, whatever the axis of the ficld; con-
sequently the reactions cxisting hetween
stator and rotor currents produce at or ncar
synchronous speed a circular rotating ficld,
and the fonnule which apply to polyphase
motors may be utilizedd.  The cffect of leakage
and rotor resistance will modify this rotating

field somewhat, changing it from circular to
elliptical form.

Torque Equations
It has been shown in the derivation of
equa. S that, when the secondary of a single-
phase induction motor is caused to rotate at
any rate , its current may be expressed as
]_.‘ié —(p—w) x

2 \ V¥ (- WL}
ot _

s G AL
m[(p+.)t—o,1).

cos[(p— w)t—01] - —

Inspection of this equation shows that the
rotor current is composed of two parts, onc
of a lower and the other of a higher frequency
than the rotating field. Ve may conscquently
consider that this current is set up through
the action of two synchronously rotating
fields, onc rcvolving in the same direction as
the rotor and thc other oppositely.* The
frequency of the rotor currcnt component,
due to the suppositional field revolving in the
same dircction as the rotor, is naturally less
(by the velocity of the rotor) than synchronous
value or it is (p— w). The component due to
the oppositely rotating ficld has a frequency
higher than that of the line, its value being
(P4 «).

The per cent. slip of the rotor with respect

to the feld first is (P —3—'—"-) 100, and referred

to the second ficld it is (%'i) 100.

The cficctive turning cffort of the motor is
the resultant of the interaction between the
rotor current and two oppositely rotating
ficlds. But, since the rotor and one ficld turn
in the same dircction, the torque due to this
latter ficld must be grcater than that set up
by the other. The torque developed by a
polyphasc induction motor may be cxpressed
by the following cquation:

- Naetsrs
wy (ra¥ s x®)
wherein s is the per cent, slip between rotating
ficld and rotor corc; .\, inductors in scrics
phase of the rotor; e, volts per turn; ry, resist-
ance; xs, recactance at standstill per motor
phase, and w = (. the angular velocity of
the revolving field. We may accordingly

. *G_Pecraris, Mcm. Reale Accad. d) Scienze Torino, Series I1.
Vol. XLIV, December, 1883, Eiwcirician, Vol. 33, pages 110,

128, 132, 184. London. 1804,
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write the two component torques existing in
the single-phase motor as

o N
wr(r? 4511 3gt)’
Tym— Nilesars
wr(rst st 29%)

,,_L:h_:_ Lld 4
e 2O
The total effective torque is

T=T\+T NBeTrasy -5 . )

3

, wherein

and

(17
wherein s,—s; is positive for speeds below
synchronism, while 5,53 is variable but never
greater than unity.

Analysis of this equation brings out the
following facts:

100y

=

Percent Synchronous Speed
& 2 8

® BB =0+ 25

than its resistance. Unless such is the case
5152 7% —re? will have a negative value, which
mcans that the machine would tend to
develop a negative torque or act as a gener-
ator. Fig. 6 indicates how the speed-lorque
curves of a single-phasce induction motor are
affccted by change in the value of rotor
resistances. Curves [ and B may be con-
sidered as representative of standard ma-
chines. Curves C and D indicatc the cffects
produced by inserting rclatively large resist-
ances into the rotor winding. 1t is apparent
from these curves that the introduction of
resistance into the rotor circuit for purposes
of speed regulation is attended by a marked
reduction of the overload capacity of the
motor, and cannot be usced as conveniently
or advantageously as with polyphase motors.
It is, however, employed to limit the starting
current.

50 75 100 125 150

Percent Rated Torque
Fig. 6. Speed.Torque Curves of Single-Phase Induction Motor, with Different Values of Rotor Resistance

1. That the torque of the single-phasc
machine varies as the squarc of the impressed
voltage, this being the same relation as
obtains in polyphase induction motors.

2, That the motor exerts no torque at
standstill because s, —s; then cquals zero, which
fact makes the numerator of the same valuc.*

3. The motor cannot operate at synchro-
nous speed, becausc this makes s, zero, in
which case the torque developed is of negative
valuc (5153 23— g2t reducing to—rs?), and the
machine tends to act as a gencrator. Con-
sequently the single-phase induction motor
must rotate at less than synchronous speed.

4. Thafactthat themaximum valneof 5;szis
unity indicates that the single-phasc induction
motor cannot operate unless t!'c rcactance
of its rotor winding at standstill is greater

4 See squations (5) and (6),

5. The torque developed by a polyphase
motor operated as a single-phase machinc is
less than that produced when normally
connected, because of the presence of the
counter torque Ty,

6. If we take the first differential cocffi-
cient of cquation (17) with respect to 7y and
place it cqual to zcro, we find that the maxi-
mum torque developed for any rotor speed
« exists when

rew (zasisa)t 4 ((sisa)142) |
and that the maximum torque

T pue = NaPets153( 52} — 518) 5 wrra. as)
This cquation shows that the torque at any
sclected speed is greater the less the value of 7y,

(Tu be tomtrnned)
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COMMERCIAL ELECTRICAL TESTING
Part VII
By E. F. Corrixs
ROTARY CONVERTER—(Cont'd)

D.C. Circulating Current
Fig. 32 shows thc connections for two
three-phase converters wired for a pump back

S | B 3t
4 d
NRINORILPr o E 1
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Fig. 32. Connections for Pumping Back Rotary Converters

Without the Usc of & Regulator

heat run without a potential regulator to
control the load. The corc losscs and C*R
losses arc supplicd from the direct current
end. " The diagram shows, also, the standard
starting pancl, which should always be used
when two converters arc tested together.
To start the rotarics, for instance No. 1,
close the shunt ficld switch and the switch K,
the latter short circuiting the armature of the
loss supply. Note that the shunt ficlds are
wired across the core loss .supply, which in
turn is wircd to buses B and C of the starting
ancl, and that the scrics ficlds arc left open.
hrow switch .1 to the lcft and slowly reduce
the resistance of the water rheostat until it is
practically short circuited, when the switch
S may be closed. The blade of the water
rheostat is now drawn out of the water and
the switch .1 thrown to the right. Mlachine
No. 2 is then started in a similar manner.

- — R
BSupply Coe L25585
-

The field strength of each machine is then
reduced until both machines run at normal
speed. Next connect a number of incandes-

cent lamps in series, the rated voltage

of which is equal to the sum of the
machine voltagesacrossrings 4 4; i.c.,

across switches located on the dyna-
mometer board. Two sets of lamps

\ should be provided, one being con-
nected across one of the switches while

= 1| the other is stepped across cach of the
| other switches in turn. Should one

| sct show a rise and fall in voltage
displaced in time with relation to that

of the other, the two phascs arc re-

g | versed and must be corrected. When

l all phases show a simultancous rise

and fall, the machines may be phascd

together and their specds brought to

the same value by changing the field

‘ on onc of them. When the time be-

tween rise and fall of voltage, asshown

by the lamps, decreases to a period of

five seconds or longer, all switches are

closed simultancously and the lamps
become dark.

During the period of starting and
phasing the machines together, the
fields of the booster should be opened
and the armaturc short circuited.
When the rotarics arc synchronized,
the switches across the armaturcs of the
boosters are opencd and a weak field applied,
the linc meter on machine No. 1 being
watched. The reading of this mcter should
reverse from that given on motor load, if
machine No. | is taking load as a rotary. By
reversing the booster ficld either machine
can be made to run as a rotary.

After balancing the current in cach phase,
full load phase characteristics may be taken by
holding the speed constant by means of the
field of the inverted machine, and the load
constant by means of the booster, the shunt
ficld of the rotary being varied throughout
its range and the current input rcad. Full
load voltage ratio should next be taken,
after which the heat runs may bo made.

A linc shunt must be used in each side of
the dircet current circuit, otherwise one line
will have morc resistance than the other and
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the currents flowing through them will have
uncqual values, the unbalanced current
returning through the alternating current
ends of the machines. The currents in thesc
lines can be balanced by decreasing the
resistance in the low rcading line.
The direct currents should be bal-
anced before attempting to balance
the alternating currcnt.

In running a pump back test there
will be a slight difference in the direct
current voltages of the two machines,
equal to the CR drop of the set. The
field of the inverted machine will be
less than that required for minimum
input and will carry the additional
current necessary for supplying the
core losses.

This mcthod of supplying the C*R
losses from a booster requires such a
large low voltage booster that it is not
often used, except for small rotaries.

With a Booster in the A.C. Side

A second method of pumping back
rotaries on full load heat runs is to
use an induction voltage regulator in
the alternating current sidc of the
machines, as shown in Figs. 33 and 34. The
regulator is connected with its secondaries in
scries with the alternating current lines and
its primaries across the alternating current
terminals of the inverted machine. It is
always preferable to conncct the regulator
between the inverted rotary and the dyna-
mometer board. The regulator takes the
place of the booster used in the previous
method, and is very satisfactory for supplying
the C?R losscs.

Starting the machines, checking the phase
rotation, phasing in, and other operations
alrcady described, are repeated with this
method. Always sce that the regulator is
sct at the no boost point before phasing in,
otherwise load will thrown on when the
switches arc closed.

Load is inereascd by turning the core of the
regulator in the direction of boost, the
ammeter of machine No. 1 being watched at
the same time. If the reading reverses from
motor load, then No. 1 is running as a rotary;
if, however, No. 1 docs not reverse, the
regulator should be turned in the opposite
direction, This shows that the regulator
is wrongly connected in rcferrnce to its
markings; there is no nccessity, however, to
change connections.

[
e B ||

Using A.C. Loss Suppy

If, instead of supplying the losses from a
direct current source of power, an alternator
is connccted across the alternating current
lincs, between the inverted rotary and the

r—’ — H
‘ i I B
vinliof i Vo lid

yr
/NP_m;ry Regulgler

-
| G

Fig. 33. Connections for Pumping Back Rotary Converters

with Regulstor

regulator as in the preceding method, the
losses can be supplied at the alternating
current end. When the alternator is large
cnough to start the rotarics, the wiring on
the dircet current end is greatly simplified.
The starting pancl is omitted and the shunt
ficlds are connected according to the print of
connections for the machine. Load is ob-
tained by mecans of the regulator as before
and the test carried out as alrcady de-
seribed.

If the aiternator is too small to start the
machines, the latter may be started singly
from the direct current side as before, and
the two phased together. The alternator is
then synchronized with the pair. If only onc
machine can be started by the alternator,
bring it up to speed, open all its circuits, and
let it run by its own momentum while the
sccond machine is quickly started. The
cxcitation is then removed from the alternator
ficld and the switches on the first machine are
closed. Excite the alternator field and bring
both machines up to speed together.  After
the machines are once started, they can be
brought up to speed without an cxcessive
current from the alternator.
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Alternating Current Generators

Complete Tests consisting of special tests
and temperaturc tests.

Special tests include saturation and syn-
chronous impedance, and from these the
regulation of the machinc is calculated as
{follows:

Let I"=normal voltage line, C=ampercs
line, R=hot rcsistance between lines.

Kw,
Voltage V3
___Kw.

2 Voltage

£, I
imrm o~ 2&«%
J X m

For threc-phase machines C=

For two-phase machines C =

m/’tﬁl Aer W% ot

Fig. 34. Table C

foc Rotery C Pump Back
For three-phase nmchincs, voltage drop in

armature, C\R; = - —3 g

For two-phasc machnncs C\Ry=CR.

Let a,=amperes field on saturation curve
corresponding to 1+ CiR, and apmamperes
field on the synchronous immpedance curve
corresponding to C.

The amperes ficld required to produce
normal rated voltage with full load on the
generator will be a, = Vai ¥ab,.

Let the voltage on the saturation curve
corresponding to ay,= 1'y.

Then the per cent. regulation --l-'; x

If it is desired to calculate the regulation
of the machine at any power factor, then C

becomes 4, fxp' and u,= Vi, +a’ + 24,0, 5in
o D,

when e is the angle of which the per cent.
power factor is the cosine.

Input-ocutput efficiency test is made by the
input-output method.

Standard efficiency test is made by the
method of losses.

The calculation of a standard efficiency
test is rnade as follows:

Let 1", =volts line

Wy=output= v31'y Cp for three-
phase and 2 1", C for two-phase

C, =amperes line R;=hot res. of
armature betwecen lines

Cy=amperes field

Re=hot res. of field

W=open circuit core loss corres-
ponding to 1", + CR on the core
loss curve

I's=short circuit core loss corres-
ponding to C. on the short
circuit loss curve

ii"y=friction and windage obtained
from corc loss test

C, is calculated for each load, as in the test
for regulation.

CRw=the drop in the armature= vj C. R,
for three-phasc machines and C, R, for two-
phase.

XM=ty W 0,+3 CL Ri+CP Ry
for three-phasc machines
="+ Wi+ 142 C2Ri+Ci'Re
for two-phasec machines
Watts mput- Wom i3I

Efficiency -l—'7

1y need not be considerced if the machine is
furnished without base, shaft or bearings.

The above method of calculation is used
when the machine is to operatc at unity
power factor.

1f it is desired to calculate the cfficicncy at
any power factor, the following calculations
must be made.

Kw.
CL= 1 x Vax % PF. 2™
Wyw V3X VL XCy X% P.F. for three-
phasc machines.

CL= v, x2x% PF, o
Wy=m2¥ X C X%, P.F. for two-phase
machines.

C; should be caleulated for various power
factors as given under regulation.

The change in the linc current will affect
Gy, Iy, Wy, and the C*R of the armature.
Sce Fig. 35 and Tablc XIII.

et e A,
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Non-inductive normal load heat runs con-
sist in running the machine under normal
load at unity power factor until constant
temperatures arc reached. These final tem-
peratures are then recorded and rcadings
taken of regulation with unity power factor.

Non-inductive overload heat runs consist
in bringing the machine to normal load
temperaturcs, applying the overload at unity
power factor for the speeified time, and
recording the overload temperatures. Read-
ings for regulation at unity power factor
should be taken.

Normal load and overload power factor
heat runs are made in the same way as normal
and overload non-inductive runs, cxcept
that the machine is operated at a specified
power factor. Wattmcters should be used
with the voltmeter and ammeters to deter-
mine the power factor.

SYNCHRONOUS MOTORS

The preliminary tests taken on synchronous
motors consist of drop on spools, air gap,
resistance measurement, balancing of phase
voltages, phase rotation and running free
minimum output.

Complete tests consist of special tests and
normal and overload heat runs.

Special tests consist of starting tcsts, open
and short circuited core loss, saturation,
synchronous impedance, no load and full load
phase characteristics, and wave form. The
method of taking phase characteristics has
previously been described.

Starting tests should be made both with
and without a compensator, if the motor is of
a new type and rating and is to be started
with a compensator when instailed. If the

207

motor does not form part of a motor-gener-
ator sct, it should be belted to & generator
so that it will have some load at starting.
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Fig. 35. Efficiency end Losses on & 5000 Kw.,
11000 Voit, 3.-Phase A.C. Generator

TABLE XIII—ESf. and Losses of a 5000 Kw., 11000 V., 28-Pole, 60-Cycle, 3-Phase Generator

Load i

"o
Volts Lince o

M ) " i

Vlann

[ REET] 3]

Ampa. Linc £

Amps. Fld adid) i
Ci 12 ()
V+CR t1o0k 12 1024
Core Loss IR IRETON i
{ Short Cir. Core Loss e o 200
CR Arm. . . . { 1330 5320
CR Fid, . 14500 15000 15600
Friction 5 25000 25000 25000
Total Losses 182300 184330 180220
Kw, Output 5 (1] 1250 2500
Kw.Ippat . . . . 182.5 1434 2080
%o Efficiency oo 5 (] 87.3 9

Res. Arm. (Line) .1927 Ohms 25° C. .207 Ohms 1lot.
Res. FId. .27905 Ohms 25° C. .3003 Ohma Ilot.
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The motor should first be tested for starting
without the compensator. The center line of
-one pole is placed in line with the center line
of the framc and 1804 electrical degrees

T

Fig. 36

marked off in a clockwise direction from this
linc on the head end of the motor. The
total length of this scale should be two-thirds
of the distance between the center lines of
adjacent poles for three-phase machines,
onc-half for two-phase machines, and one-
third for six-phase machines. The scale
should be divided into four equal parts, each
division linc being numbered. On each one of
these scale divisions, the center linc of the
marked pole should be placed and the motor
started. Thus five tests are made to insurc
that the motor will not stick in any position.
See Fig. 36.

With the pole A moved to position No. |
and the machinc at rest, sufficient current
should be sent through the armature to give a
rcasonable rcading of amperes and volts on the
various phascs, and induccd volts on the
ficld. The induced volts field should be read
by a potential transformer and alternating
current voltmeter. These readings are taken
to determine which phase gives maximum
readings of current and voltage.

The voltmeter and ammeter should be
placed in this phase and the armature current
increased until the motor starts. Volts
armature, amperes armature and induced
volts field should be simultaneously read.
The starting voltage is now held constant
until the motor comes to synchronism, and
the time required to reach this point recorded.
The machine attains synchronism when the
induced volts on the field fall to zero. The
machine is then shut down and the tests
are repeated for each of the other positions.

If a motor shows a tendency to remain at
half speed, the alternating current voltage
should be increased until the motor breaks
from half speed and comes up to synchronism,
the voltage required to accomplish this being
held until full speed is reached and then
recorded.

If the test is required to be made with a
compensator, the motor should be set with its
field in the position where grcatest starting
current is taken and allowed to rest in that
position for at least six hours until the oil is
well pressed out of the bearings. This is done
in order to obtain the worst starting condi-
tions likely to occur in normal opcration.
Conncctions are then made to the lowest
tap of the compcnsator, and with normal
voltage held on the linc the starting switch
of the compensator is closed. 1f the motor
fails Lo start, thc voltage must at oncc be
switched off and connections made with the
next higher taps on the compensator, and so
on until the motor starts. Recadings should
be taken on cach of the taps of the compen-
sator in the starting position, with the machine

TABLE X1V-—Starting Test on a 425 Kw., 11000 V., 8-Pole, 25-Cycle, 3.Phase S8yn. Motor

YOLTS LINK
12 2.3 13

Rest . . o . 1340 1430 1480
Start . . . . 2630
Syn. . 2650 2650 2630
Rest 1255 1340 1340
Start . 2560

Syn. . . . . 2560 2560 2560
Rest . . . .| N3 1300 1320
Start . : 2380
Syn. 2380 2380 2380
Rest . 1248 1260 1165
Start . 2590

Syn. 2590 2590 2580
Rest . 1400 1308 1302
Start . 2620

Syn. 2630 | 2620 2620

Is there any tendency to stick at half speed? No,

AP 11wy . .
- ——— . it 2 I
1 2 9 >
15 17.5 G 32
V0.7
9.2 « e o
15 16 15 7 2
il 8.3
9.5 t 0's
18 a7 4 3
20.5 87
10 0.2 0 0 Se
15 12.5 13.8 14 +
33 LA BS Sex
9 3 ¢
13 13.9 i 19
32 87
8.9 9.1 a3 44 Sec
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at rest, to determine the voltage ratio of
the taps of the compensator. All these tests
should be made with the ficld circuit of the
motor open, and enough time allowed be-

Laly(aasssnssnarsssr "i{’"'
} \ +-N- f g 4 B

Fig. 37. llcknl:,‘ and Losses on & 1070 H.P,, 13200 Vol.,
3-Fhase 8ynchronous Motor

tween trials to permit the compensator to
cool, since it is designed for intermittent
service only, Table XIV.

.specified power factor.

Input-output cflicicney test is made by the
input-output method.

Standard efficiency tests arc made by the
mcthod of losses. In calculating cfficiency,
the same nomenclature is used as that
cmployed for alternating current gencrators.
C, is cither taken from the phase character-
istics or is calculated in the same manner as
for alternating current gencrators.

Watts input Wo=1"LCr¥F Ci*Ry.

Watts output = [I"y= |1~ =1,

LYY

Wa

II"=open circuit core loss corresponding
to V. —~CR on the core loss curve.

Horse-power output = 7"“"‘

Sce Table XV and Fig. 37.

The non-inductive load hcat run is made
as follows: Run the machine under load at
unity power factor until it has reached
constant tempcrature and rccord temper-
aturcs. Take rcadings of regulation at normal
and no load and full 'load phase character-
istics.

The non-inductive overload heat run con-
sists in bringing the machine to normal load
temperature, applying the overload for the
specified time, recording temperatures and
taking readings of regulation at unity power
factor.

Normal load power factor hcat run is
similar to the normal load non-inductive run,
except that the machine is operated at a
Wattmeters should
be used as described for alternating current
generators.

Overload power factor heat run is similar
to the overload non-inductive run, cxeept
that the power factor is less than unity.

(To be Continnrd)

Efficiency =

TABLE XV—EHf. and Losses of a 1070 H.P., 13200 V., 6.Pole, 25-Cycle, 3-Phase Syn. Motor

% Load
Volts Line SLE
Amps. Line
Amp. Fld
CR

(V- CR) 10 0
Core Lo anp L
§ Shart Cir. Core L 17
CR Arm v
C*R P )

& m z [}
T

Kw. Input !

Kw. Output ) Jeu
H.P, Gutput ) .
% Efficien )

50,1 I

Res. Arm. (Line) 3.86 Ohms 23° C. 4.18 Ohms [lot 47.

100 v | 150
13300 |8 113200
5.5 8.0 37
5 .7 >
l 168 .
s 130482 x|
SHitH 13500 13400
19 310 i
M40 15100
0 a7
; ) 6272
L if 34172 HHH S
N Gt 70,05 1osu.8
[ K350 JUER
1121

(]
.3

1408
.3

Res. FId. 144 Ohme 230 C, 1.42 Olims ot 40,
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A MOTOR OPERATED BILLET MILL.
By B. E. SexrLE
The Indiana Steel Company, Gary, Indiana, proportions being extremely liberal. The

started its billet mill in August, 1900. This entire five motors represent a total weight of

was the sccond of the several large motor- 1318 tons, and will carry 314 times their
rated load before dropping
out of step.

The method of connect-
ing the motors to the rolls
in this mill differs consider-
ably from that employed
in the rail mill, except in
the case of the two 2000 h.p.
motors, which differ onﬂ'
in that thc gearing" is
located in the motor room
instcad of in themill proper.

The illustration on page
104 shows the cast half of
the south motor room, the
two motors in the distance
being the 2000 h.p. ma-
chines which drive the 40
in. blooming rolls. The
motor in the foreground is
a G000 h.p. machine, and
operated mills installed by this company for drives the five stands of 32 in. blooming rolls,
the manufacture of steel, that was put into each of which isconnccted to the motor driven
regular operation. shaft through bevel gears.

The principal workin this
mill is accomplished by five
25 cycle, 3 phase, slip ring
type induction motors, the
ratings of which are as
follows:

2 motors, 14 poles, 2000
h.p.,, 214 rpm, 6G6UQ
volts,

3 motors, 3G poles, GONO
h.p., 83 r.pam., 660 volts,

These motors are design-
cd to carry full rated load
continuously, with a tem-
perature risc not in cxcess
of 40degrees C.; 25 percent.
overload continuously, with
a temperature risc of not
more than 50 degrees C.;
and 30 per cent. overload
for onc hour, with a tem-
peraturc risc not in cxeess
of G0 degrees C. .

Like the rail mill motors described in the Fig. 1 is a vicw on the other side of the wall,
Review for Feb., 1910, they were purposcly showing in the lcft forcground the last two
designed for heavy rolling mill duty, their stands of the 40 in. mill, and in the

Fig. 1. Last Two Stands of 40 In. Blooming Milt Bhown in Foreground; Five
Stands of 32 in. Blooming Mill In Background

Pig. 2. Primary and Secondary Control for 5000 H.P. Moter
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background all five stands of the 32 in. mill; connections to the rolls arc made through
the former driven by the 2000 h.p. motors bevel gears, as in the cases of the other 6000
and the latter by the G000 h.p. motor. h.p. motors.

The west half of thc motor room contains Each of the five motors is cquipped with
another of the three 6000 h.p. motors. This a heavy fly wheel to assist in smoothing out the

motor operates thc 24 in.
mill, consisting of six stands
of rolls, each connected
to the motor driven shaft
through bcvel gears, and
drives from one end only,
instead of from both ends,
as in the casc of the first
mentioned GOUO h.p. motor.

Fig. 2 shows the primary
and secondary contro! for
the last named motor, the
6600 volt motor-operated
primary switch being locat-
ed in the rcar and to the
left, and the secondary con-
tactor panel in the front,
with the secondary resist-
ance directly behindit. The
master controller is located
to the left and in front,
directly benecath the panel
containing the instruments.

In this mill the motors

DT>

are started and stopped b)‘ Fig. 4. 6000 H.P. Three-Phase Induction Motor
the motor attendant rather ‘
than by the mill operators in the mill proper. peaks that would be demanded by the motors
Fig. 3 is a view of the 18 in.mill, comprising rom the gencrating station if the fly wheels
) were not used. The wheels
\ on the two 2000 h.p.

motors arc cxternal, as
scen in Fig. 6, while in the
case of the three G000 h.p.
motors, the additional
weight necessary to obtain
the desired fly wheel cffect
is added dircetly onto the
rotor. The fly wheel cffcct
of the G000 h.p. rotor is
cqual to 10,330,100 pounds,
and that of the 2000 h.p.
rotors, 4,720,000 pounds,
at a onc foot radius.

The 2000 h.p. motors
were assembled and tested
at the works of the Gener-
al Electric Company be-
fore shipment, and the fly
whecls, which arc laminat-
¢, were assembled at the
five stands of rolls and driven by the third point of installation. The G0 h.p. motors
G000 h.p. motor, shown in Fig.4. The motor were entircly too large to ship, cven partially
is located in the north motor room, and the assembled, and consequently were completely

Fig. 3. 18 in. Blooming Mill Operated by 6000 H.P. Induction Motor
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assembled at the Gary plant by cxperts sent
from the Company's works.

All of the motors have water-jacketed
bearings, those for the GO0 h.p. being 30 in.
in diameter and 70 in. long and those for the
2000 h.p., 24 in. in diameter and 60 in. long.
However, water is not used on the bearings
excepting in instances of heating to such an
extent as to demand it; owing, for instance,
to the failure of the oiling system.

This mill was designed to roll 4000 tons
in twenty-four hours and is the largest
straightaway billet mill in existence; it is
strictly modern in every detail and its
operation throughout has been entircly suc-
cessful.

The rolling cycle begins with the receipt up-
on the approach table to the first pass, of an
8000 pound ingot from the reheating furnaces,
measuring 20 ft. by 24 ins. sq. section.
Twenty-onc passcs arc made in reducing

this ingot to either a 2 in. by 2in., or a 13{ in.
by 134 in. billet.

The first four passes arc made in the 40 in.
mill, driven by the two 2000 h.p. motors;
the next five in the 32 in. mill, driven by a
6000 h.p. motor; the ncxt six in the 24 in.
mill, driven by a 6000 h.p. motor; and the
final six in the 18 in. mill, also driven by a
6000 h.p. motor.

The apparatus for controlling the five large
motors in this mill is almost identical to that
employed in the rail mill. Reversing switches
arc provided in order that the motors may be
reversed if necessary, and provision has been
made to introduce a predetermined amount
of resistance into the secondary circuit to
incrcase the slip and thus allow the fly wheel
to share the load with the motor.

The feeder circuits entcring this mill are
protected against lightning and surges by
aluminum cell arresters.

THE ELEMENTS OF TRANSFORMER CONSTRUCTION
Part 11
By W. A, Har

As alrcady mentioned, the prime consider-
ation in the lighting transformer is insulation,
%rticularly between primary and secondary.

¢ material used at this point consists
principally of a hcavy layer of built-up mica,
augmented by high grade material carrving
varnished film, which is onc of the best insul-
ators. There is thus afforded a certain pro-
tection, not only under normal conditions, but
also under those of severc overload, short
circuit, or cxternal fire, which may com-
pletely disintegrate the internal transformer
beforc the windings come together and thus
allow the high potential of the primary to
pass to the sccondary line, with possibly
scrious consequences. \While the transformers
arc designed for operation at 2400 volts or
lcss, they are regularly tested by the manu-
facturer, between primary and secondary:,at
not less than ten thousand volts, the aver-
age breakdown strength being probably more
thandoublec that amount. Theotherinsulation
between turns, layers, sections and coils arc
gencrally fibrous, untreated matcrials, par-
ticularly adapted to receive and retain the
oil-proof insulating compound which is ap-
plicd by high pressure to the coils after they

Exxara: April Raview, page 182, 24 column, line 14,
should read Figs. 3, 4 and 3; page 1n4, 2d column, Juh line (rom
hotiom, should read Pix 4

have been subjected to vacuum and which
Permcaws the innermost fibres and interstices,
orming a compact structure. This serves to
preserve, protect, insulate and conduct away

* the heat gencrated within during operation.

The otherwise spongy mass of wire and insu-
lation is thus also made capable of resisting
the mechanical stresses. Fig. 11 shows a

group of transformers finished and ready for

test.  An intcresting comparison with the
design of a quarter of a century may be
had by referring to Fig. 10), which shows onc of
the first commercial transformers made in
this country.

Next in importance are durability, reliabil-
ity and longevity, to insure continuity of
service and low rate
of depreciation, These
features demand su-
perior insulation and
mechanical construc-
tion and_ modcrate
temiperatures, the lat-

ter  with particular
r(:fcrgncc 10 an even  Fig. 10. Transformer of
distribution thercof,  Qusrter Century Ago |

1t is now common

practice to make the case tight and fill it
with a specially prepared oil, completely
submerging the transformer. In operation,
the heat starts a natural circulation upward

P
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in the center, from thc warm transformer
outward to the sides of the case at the top, and
thence by contact with the cooler sides of the
case downward to the bottom, when it iscooled
ready for return through the transformer.
In addition to its cooling propertics, the oil

ossesses a very high insulating quality, and
in consideration is practically indispensable.

Small masses of coil must be opened by
ventilating channels which will direct the oil
to their innermost parts in the coursc of its
circulation; while the larger masses must be
subdivided into several coils interspersed by

as follows: These transformners are built
in sixtcen standard sizes ranging {rom
6/10 kw. to 30 kw., the average of all trans-
formers built being about 713, although as is
evident, sizes smaller than this predominate
in number. These small units are installed
on lighting circuits in vast numbers, and their
use is at present increasing at the rate of more
than 30,000 per annum. These circuits are
cxcited continuously night and day at normal
voltage, and since the core loss of the trans-
former is dependent only upon the voltage of
the system, it is constant for all loads on the

Fig. 11.

generous channels which will give the cooling
medium access to parts alike, thus main-
taining uniform low tempcratures.

The primary wires of small transformers,
which are of very small cross-section, arc
round, all other conductors being of rectan-
gular section. The latter improve the space
factor and afford ample bearing surfaces to
resist crushing of insulation through mech-
anical stresses, and operate in conjunction
with the coil filler to produce a solidity of
coil of even temperature to prevent uncqual
expansion and contraction. These pre-
cautions, well exceuted, insure reliability
and Jong scrvice.

Closcly following these qualitics in impor-
tance comes cfficiency. A coi ideration of
this factor must take account of a somewhat
unusual condition, which may be summad up

Group of Small Transformers Completed and Rerdy for Test

transformer, including no load. The copper
loss varics as the square of the load, and for
ordinary scervice is considered to be about
cquivalent to that corresponding to full load
for three hours, for cach day. From this
fact alone, the ratio of these two losses in a
well«designed transforiner might be expected
to be onc to cight. In operation, however,
the cost of supplying the energy for the two
purposes is not equal.  The core loss s
maintained largely during hours of light load,
when plant eflicicney is at a minimum. On
the other hand, the copper loss is largely
carricd at a time when the station is sperating
at highest efficiency. but when it is frequently
taxed to supply the demand for power, and
the loss then beenmes a limitation on  the
output. Jt woull be diflicult to fix the exact
cost of supplying this waste energy, but the
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mean of a number of values obtained from
many of the large stations places it at 1 cent
r kilowatt hour for core loss and 1 cents per
jlowatt hour for copper loss; whence, in
consideration of the time during which each
is maintained, the relative costs are as 2:1.
In designing the transformer, other factors
enter to gistort this relation. With existing
materials, cost of labor and present practice,
it costs more, generally speaking, to produce a
transformer with low core loss than one with
low copper loss. Coincident with high core
loss is likely to be high magnetizing current,
which is detrimental to satisfactory operation.
Opposcd to this, however, is the fact that the

sizes having a relation varying along a smooth
curve between these extremes. The full load
efficiencies vary from 95 per cent. on the
smallest to 98.5 per cent. on the largest sizes,
disclosing the fact that these small pieces of
apparatus, without moving parts, transform
energy at a very high efficiency.

A multiple transformer must not only
operatc continuously with good efficiency,
but at the same time must maintain a con-
stant potential on the secondary lines at all
ioads within rating. In other words, jts

regulation (defined as the per cent. of second-
ary voltage variation from no load to full
load) must be very low.

The principal

Fig. 12.

regulation—another measure of merit—varics
substantially in direct proportion to the cop-
per loss and shouid be kept low. Likewise,
the temperature during operation depends
primarily upon the copper loss and demands
a small value. Core loss also affects temper-
atures somcewhat, although to a lcss degree
than the copper loss, owing to morc ready
mcans of dissipation,

A compromusce between these many depend-
ent variables of manufacture and opcration,
as well as cost of depreciation, interest on
investment, and other fixed charges, has
resulted in a design which gives substan-
tially cqual losses 1 the smallest sizes, and
in the largest sizes a copper loss twice that
of the core loss; the losses of the interinediate

General View of Winding and Clamping Pancake Coils for Large Shell Type Transformers

factor affecting regulation is the voltage loss
caused by the ohmic resistance of the copper,
commonly termed the IR drop. In fact, the
other principal component, reactive drop,
need not be considered in approximations,
except under special conditions of load
involving low power facters, Since the IR
drop bears the same relation to the normal
voltage that the copper loss does to the
transformer capacity, the regulation of a
transformer may be cstimated with a fair
degree of accuracy by dividing the copper
loss by the capacity of the transformer, both
cxpressed in the same units. The actual
regulation can never be better than this;
in fact, it will be usually about 3 per cent.
higher.
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Now the evolution from this lighting
transformer to others in this group consists
merely in magnitude of figures and the
accentuation of certain characteristics, due
to either the physical proportions or a change
in the demands of service for which it is
intended. The same fundamecntal factors
enter into the design and construction of cach,
although their relative importance is modified.
For example, the output of transformers is
approximately proportional to their weights,
or masses; the losses, thercfore, are also
proportional to this factor. The only means
of dissipating these losses, however, is in form
of heat, through the surfaces of the trans-

o

Fig. 13.
formers. That is, the losses or heat units to
be dissipated incrcasc as the cubc of the
linear dimension, whereas the surfaces in-
crease only as the square. Obviously, then,
if the same temperature of operation 1s to be
maintained, a different means to the accom-
plishment of that end must be introduced as
the unit grows larger. Here, then, is onc
characteristic which, while negligible in a 6/10
kw. transformer, requires a few oil channcls,
then more, and finally artificial cooling in the
form of air-blast, forced oil -irculation, or
water-cooling coils immersed in oil, as the
size of the unit increascs.

Remdving Shell Type Coils from the Baking Oven in Insulation Department

213

In like manncer the mechanical strain,
which is always exerted in a transformer as
the resultant of the magnetic forces, and
which tends to tear asunder turns, coils and
cores, i quitc insignificant in thc small
transformer protected by its relatively large
surface and compact form; but in the large
power transformers, this item demands most
carcful consideration from the designer.
Think for a moment of the possibilities for
damage when 10,000 kw.—approximatcly
13,500 h.p.~~is suddenly short circuited on a
transformer, and it will not be surprising
to know that solid coils well constructed and
carcfully supported on cxtensive bearing

"=l E e

surfaces crush under the cnormous pressurc
developed.

Efficiency and regulation, so important in
the small lighting transformer, Lecome of
relatively minor importance. This class of
apparatus opcratcs contlinuously upon trans-
mission lincs, the load upon which varies far
less than that upon the small lighting trans.
foriner, or onc operating a small nrotor load.
The regulation drop cxtends over such a
comparatively narrow range that it can be
largely corrected by taps in the winding, by
means of which the ratio of transformation
can be changed,
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Again, the position of these large units on
long transmission lines, which are subject to
sudden excessive rises of potential from cither
lightning or line disturbances, makes it neces-
sary to strengthen the ends of the windings
by supplementary insulation of a very high
value; while rushes of current from short
circuits must be minimized by an amount of
reactance in the design consistent with the
best interests of all considerations.

All these requirements, for reasons aircady
cited, have led to the almost universal adop-
tion of the shell type for such service. The
air-blast and water-cooled types arc con-
structed much the same fundamentally,

ings, the primary and secondary being inter-
mixed and the whole interspersed by suitable
barriers of insulating collars. The various
groups are effectively encased in a box-like
structure which, while serving as an electrical
and mechanical protection, is so arranged that
it will nét obstruct the oil channels which are
found adjacent to every coil.

These windings are then set up vertically
in the bottom frame and the magnetic circuit
built around them in the form of rectangular
sheets of stee] (Fig. 15). The top frame is
next added and securely clamped to the bot-

_tom, compressing and securing the core. After

connection board, leads, etc., arc added, the

PFig. 14, Assembling Coils for Large Shell Type Transformers

although they differ materially in details and
external appearance.  The coils, both primary
and sccondary, are wound in the so-called
pancake type (Fig. 1215 i, they cmploy
flat rectangular wire and are wound one turn
per layer. in_many lavers, forming a spiral,
the insulation between  turns  consisting
of paper, inica or varnished cambric, or
all three together, as conditions demand.
These thin coils are treated with coil filler
and wound with a number of lavers of tape,
depending upon the voltage for which they
arc designed, cach layer being given several
coats of insulating varnish, baked on (Fig. I3),
Thesc coils are then assembled into groups
(Fig. 14} and the groups into complete wind-

transformer is rcady for its casing. If of an
air-blast design, the casing is arranged to form
a blower, receiving air at its base through
a conduit in the floor. The circulation is
through channels about the coils and iron,
the air gaining access to all parts and convey-
ing heat out through the discharge at top of
casing.

If the transformer is designed for water-
cooling, it is hung to a heavy cast-iron cover
or cap fitting on a tank of boiler steel, and a
coil of water pipe placed around it near the
top. The wholc is then lowered into position |
in the tank. In opcration, these water coils,
which are located in the upper or warmer
strata of oil, cool the oil so that it falls along
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the outside, near the walls of the tank, aiding
the natural circulation to the extent that all
parts are kept at a substantially uniform
temperature.

e air-blast type is used for moderate
voltages where cooling watcer is expensive or
unavailable, and has been built for voltages
up to 35,000, in sizes up to 5000 kw, The
water-cooled type, which is better adapted
for high potentials by reason of its superior
facilities for insulation afforded by oil im-
mersion, has been constructed for voltages up
to 140,000 and capacities up to 10,000 kw.
The general construction of this interesting
class of apparatus is shown in Fig. 16.

Between these two divisions of the multiple
transformers, falls a class of moderate capacity
and wide range in voltage. This class demands
many turns of small wire and gencrally follows
the core type in design. The units .of this
class are nearly always installed in buildings
or sub-stations where power is generated or
received and transformed for testing, for mill
work, or for supplying rotary converters for

PFig. 15. Bailding Up the Core of a Large
Shell Type Transformer

raitway work. They differ from the lighting
transformer only in that, because of capacity
and voltage. they require a greater sub-
division of coils, the proper supporting of
which demands a more complicsted mechan-
icalstructure. Fig. 17 shows a representative
type of this division.

This class of multiple transformers is
compieted by a multiplicity of miscellancous
styles to which this paper can only bricfly
refer, such as sign-lighting, individual incan-
descent lamp, telephone line invulating, bell-

Fig. 16. Traosparent View of 2000 Kw,
Water Cooled Transformer

ringing, wircless tclegraph, signal, instnunent
or switchboard, and railway transformers.
The wircless and signal transformers arc
examples of designs employing active cle-
ments other than steel and copper; the former,
intended for very high frequencics, substitu-
ting air for steel in the core, whilc the latter,
for certain rcasons, is wound with high
resistance wire,

The prime function of thc multiple trans-
formers so far described, is to transform
clectrical energy at a fixed ratio of voltages;
and that of the scries transformer now to be
considered is to make the transformation at a
fixed ratio of currents.  These two classes, as
a matter of fact, perfonn both of these
functions simultancously, the essential differ-
ence being that the relative importance of
certain characteristics differs in the two cascs.
For example, in the multiple transformer, any
loss of current in magnetizing the core is
important only su far as it afTects the voltage
regulation or the power factor of the circuit
upon which it operates. On the other hand,
a considerable loss of this nature in a scrics
transformer is prohibitive. Conversely, the



218 GENERAL ELECTRIC REVIEW

voltage loss in a series transformer is of
importance only so far as it affects the
current regulation, while in the multiple
transformer, it is of the greatest moment.

=
b B
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Fig. 17. H! "degﬁn?ﬁ Trml‘lotmhr

By far the most common form of the series
class of apparatus is that gencrally styled
*‘currcnt transformers.” These transformers
arc mounted on the framework of switch-
boards and introduced into a main bus or
feeder as a multiplier and insulator for the
instruments that mcasure the current or
power in the feeder, or to operate the pro-
tective devices which open the switches in
emergencies.  Their use with meters measur-
ing large amounts of power dclivered to 2
distributing company or large consumer im-
mediately suggests thenecessity of arefinement
in accuracy, not required or attainable in the
ordinary transforiner.

They arc called upon to dcliver but a
fraction of a horsc-power; vet, controlling
the protective devices, they are by far
the most important clements in the struc-
ture, assuming a promincnce out of all
proportion to size or cost. The ratio of test
to opcrating voltage is,on thisaccount, gener-
ally three mnstead of two as in other trans-
formers. Considering the remarks inade in
the carly part of this paper concerning space
factor and its cffcet upon cfficiency, it may
be rightly inferred that the additional insu-

lation necessary imposes a serious obstacle to
accuracy, especially in those transformers
that have been built for circuits of 110,000
volts. Fig. 18, which shows a transformer
constructed for this voltage, is impressive
when the 40 watt output is contrasted with
the total height of about 9 feet.

Up to the t time, the best trans-
formers of this class have been made on
either a ring core without joints, or of a shell-
type design, with joints in the magnetic
circuit. The former economizes material at
the expense of labor, particularly in winding,
where the wire is threaded through the center
of the ring—a laborious process for skilled
labor. The latter design, necessarily demand-
ing lower magnetic densities and consequent!
more material to compensate for the detn-

Fig. 18.  Current Transformer for 110,000 Voit Circuit

mental effect of the joint in the circuit upon
accuracy, is less expensive in labor as the
coils may be machinc wound and subse.
quently assembled.

The only other examples of this class of
transformers requiring mention here are those
used in compounding sclf-cxcited generators,
and those inserted in series lighting circuits




ELEMENTS OF TRANSFORMER CONSTRUCTION 219

carrying arc orincandescent lamps of a certain
current rating, for the purpose of operating
a local circuit carrying series lamps of the
same or different type but of different current
capacity, The first of these is inserted in the
line from the generator and transforms a
portion of the current, which is then rectificd
to direct current and sent through the ficld
coils of the machine. Necither requires the
extreme accuracy of the switchboard or
current transformer, although the capacitics
are much larger and opcrating voltages
moderately high. In construction and ap-

arance, they resemble small multiple trans-
ormers.

Thus far we have considered transformers
with stationary parts and fixed character-
istics. We now come to the third general
class of apparatus, in which, by means of
moving parts, a combination of the properties
of the two previous groups is acquired. The
constant current transformer, by which
name this third class is usually known, is
made upon a long slender shell-type core with
pancake coils. In the simplest form, there
is one primary and one secondary coil,
occupying not more than a quarter of the
length of the core window. The primary is
fixed at the lower end of this space by means
of a suitable clamping device attached to the
core clampss The secondary is hung by
flexible cables to rocker arms and counter-
balanced by weights, so that it is free to move
throughout the length of the window; al-
though it naturally rests upon the secondary
becausc heavier than the counter weight.
The primary is connected in multiple with
the line supplying encrgy, and the secondary
in series with the lighting line of serics arc or
incandescent lamps.

If the coils are separated as far as possible
and the circuit closcd, the magnectic field
established by thc primary is opposed by
that of the sccondary, and the coils arc
forced apart by this clectromagnctic forcc.
Most of the lines of force are driven back and
cross the windows, or “lcak” to the outer
legs, while a small portion thrcads the
secondary, producing voltage and current
in the line, Now, if the counter weight is
lesscned, the weight of the coil causes it to
overcome the repulsion and to scttle nearer the
primary, embracing more flux andd thercfore
devcloping more current and voltage and re-
ducing the rcactive or Icakage f-ux. By a suit-
able adjustment of the weights, any current
value within the limits of the design may be

obtaincd. The number of lamps on the line
may vary at will, demanding more or less
voltage, but the coil will always float upon
the lcakage flux, threading cnough to give
the voltage necessary to maintain constant
current on the sccondary lines.  This action is
not unlike that of a floating body, which
always displaces its own weight, regardless
of the specific gravity or density of the
supporting medium,

The fourth or final group, as we have
classified them, broadly designated regu-
lators, performs a function quite similar to
that of the apparatus just considered, but in
a different manner. The sccondary voltage
rather than the current is the factor regu-
lated, although the same apparatus may be
adjusted to control current under certain
special conditions of load.

The principal pur, of these devices is to
receive a voltage wm, although nominally
of constant value, nevertheless varies exces-
sively, duc to poor regulation of generating
and distributing apparatus under hecavy or
changing loads, and convert this into one of
constant value. They are generally installed
in a gencrating or sub-station, on feeders
supplying energy to the centers of hcaviest
load upon the system, that the proper vol-
tage may be maintained at these important
points.

These '‘feeder regulators,” as they are
commonly called, are designed in two general
types, both of which are made for cither hand
or automatic control. The simnpler form of
this device consists of cither a core-type or
shell-type transformer, the sccondary of
which is subdivided into scveral cqual coils
successively cut in or out of circuit by means
of a switch. The other, or induction type, is
in rcality a gencrator of spccial design, in
which the rotor is connected in multiple with
the primary line, and the stator in serics with
the feeder.®

In conclusion, it should be observed that
this paper presents only a very general view
of transforming apparatus, dwelling relatively
upon the salicnt points of the prevalent type,
the multiple transfoniner.  Again Ict it be
pointed out that all of the other classcs, types
and forms possess inherently the same char-
acteristics of design and operation, which
differ only in relative importance, depending
upon the requirements of the service for which
they are intended.

SNuTp. Descriptions of these regulatoes will be foum) in the
ivones of thy Revigw for July, 1005 and June, 1900 —f.ditr,
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HYPERBOLIC FUNCTIONS AND THEIR APPLICATION
TO TRANSMISSION LINE PROBLEMS
Parr II
By W. E. Miriezr

Sign Convention

The positive direction of rotation has been
taken as contra-clockwise, as this is the
convention usually employed in mathematics
including trigonometry. Steinmetz uses the

Z e

So > W4

Fig. §
opposite notation which has advantages also.
In the clockwise rotation impedance is
written r—jx; in the contra-clockwise rotation
it is written r+jx.

A Icading current is represented in the
contra-clockwise notation, i=a-+jb; e—jb
representing a lagging current, jb being drawn
downwards as shown in Fig. 3.

Fig. 6
¥ If a vector is multiplicd by Jj, it rotates it
contra-clockwise through onc right angle.
For instance, if the vector a £jb is multiplied
by j, the result is jaF b, which mcans that a
has twisted forward through onc right angle
and b also, which now lies in the opposite
dircction to the original direction of a. If a
further multiplication by j is performed, the
result is —~aFjb and the veetor has been
rotated into the third quadrant, and so on.
Similarly, multiplying by —j rotates the
vector clockwise or in the negative direction.
Sce Fig. G.
Forms Used for Complex

The complex a+jb is often written Vi + 42

- . .
|2 where 0 =tan (‘-,1) . Another forminwhich
the complex is written is A ‘a? + & (cos# + jsinfh

this form being immediately obtained from
inspection of Fig. 5. This method of writing

the complex is very useful in many cases,
for instance, when it is required to write down
the complex of a current which lags or leads a
voltage taken as the standard phase, and the
power factor is given. Inthiscase, §=Va'+&
(PF¥j v1-PF*). For example, if the power
factor is .00 lagging and the R.M.S. current
is 120 amperes, then { = 120 (.90 -V _19)
=108 -52.3/.
Meaning of Va+375
The value of this quantity is required later,
hence, the following method is given to show
how to extract its square root:
Let A/ +j8 =¢+jd then a+jb = ¢ —d'+2jcd
Then, since the rcal parts must be equal to
onc another, and also the unreal,
0 =c?—d? and b =2¢d. hence c* +4d* = \/ai +b?
Now c-}l-zd = A/cTd (cos ¢ +jsin 81) where 6
= fan -
[

And a+jb =\/a3+b (cos 8+j sin 8) where 8
“'(6 b
= lan ;)orlan o=

29
b 2cd 3 2an 0
But fan 8= =570 g1 = [ lamip
1-5
;
=tan 2 6

Therefore ' = 3’ hence, as ¢ +jd = \/ct4-d? {8

N0

and 244t = \‘a*Fband 0'-% or ——

[T 4 )
it follows thatv/a +jb = (a* 457! i (;)
2

or Va+jb
-1 g H =14
-(u'-Ht')l(u'm" o(;) +§ sin fan _2(‘,)) (16)
Hence, the rule is as follows: Find the

fourth root of the sum of the squares of ¢ and
b. Find the valuc of the angle whose tangent

is e , then halve it and find the cosinc and sine

of half the angle. If this angle is ¢ the
resulting complex can be written
@'+t [cos o+ sin o)
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If the original complex was +/j5—a, the
angle whose tangent is -:b; liesinthcsecond

quadrant, halving it, however, brings it back
into the first quadrant, where the sine and
cosine are both positive. EHence, /fb=ga
must have the positive sign.placed between
its components. Similar rules apply for any
root, and in general

Vet
= (a? +M)EIT.(“" Ian-,:(?b) . lon I(-3))

Division by Complex

If the value of:—"'ﬁ is required, multiply both
numerator and denominator by ¢ —jd; then

a+jb - (a+jb)(c = jd) - ac+bd +j(be ~ad

c+jd  (c+jd){(c—jd) ct+4d?
which eliminattes the j term from the denom-
inator and brings the result into the form
p+jg. If the denominator had been ¢~jd,
the multiplier should, of course, be ¢+jd in
order to clear the dcnominator of terms
involving j.

The following example is given here show-
ing the application of this rule. Take the
ordinary equation connecting volts and amp-
eres in an inductive circuit

v-u’+L:—:, i being cqual to I sin pt where p =2xf,
Then this equation can be written v=ri4jLpi or
PO S ey Lp
YT kil TIAELp
which immediatcly solves the problem and shows
that the current lags behind the e.m.f. by an angle

,,,,.1":2.

Hyperbolic Complex

These functions are involved in the solution
of transmission line problems (with distrib-
uted capacity, self induction and lcakage).
They appear in the form cosh (x+jy) and
sink (x45y).

By the addition and subtraction formule
(14 and 15) which must apply generally, the
following formulx arc at oncc obtaincd:

cosh (xjy) =cosh x cosjyssink x sinjy and
sinh aijy) =sink x u.l_:,ty;tcub x sinjy

Now cosjy=1 +U§)’+({{)'+cm. -l -2'21+|{-'
— cte. =cosy

Procceding in a similar manner sinjy =jsiny (see
formule 12 and 13).

Therefore cosh (xtjy) =cosh x cos y+ an
Jsinh xsiny

and sink (xtjy) =sink x cos y+j cosh x sin y (18)

from which formulee the hyperbolic complexes have
been calculated.

Thus if cosh (x +fy) =a +jb and sink (x+jy)
w=c+jd

Then a =coshx cosy and b =sinhx siny

c=sinhx cosy and d =coshx siny

Equations (17 and 18) show that coshu and sinku
are periodic with an imaginary period of 2xj. since
cosh (8 4+2xf)=mcoshu cos 2x+7 sinhi sin 2x mcosh »

Similarly sinh (1 +2#j) msinku. These functions
change sign when u is increased by jr whenee
cosh (u+jw)= —coshu, and similarly for sinku.

Again by substitution in the addition formulae,
the {ollowing holds

cosh (u +j-2:) =jsinhy and sinh (u +"-2—') =jcoshu

also cosk (u +§"2—') w —j sinhu and sink (u +32')

- — jeosht,
If it is nccessary, as in long tclephone lines,
to calculate the hyperbolic functions in which
the j term is greater than +-, a great saving in

labor can be effected by using the above
results. For example,

cosh (1 +2.57 j) mj sink [u +(2-57"'T::‘) j]
=5 sink (k+1.0j)
cosh (n+3.42 j) w —cosh (n+(3.42~1x) 7]
= —cosh (x+.28 j)
cosh (u+6.00 §) = 3 sink u+(ﬁ.00 -3.7" j]
= —j sinh(u+1.29 j)

cosk (¥ 4+7.00 j) =cosh [n+(7.00—-2x) j]
wcosh (8+.72 §)

Similar formulic hold for sink (x+4jv)

The real part of the complex cannot, how-
ever, be reduced, only the unreal or j tenmn.
Hence, if large values of the real term x or «
arc required, they must be calculated from a
serics, if no tables are available, or from the
exponcential values of the hyperbolics.

Tr ission Line Equati

Let r = resistance per mile, L = sclf induction
per mile measured between line and ncutral,
C = capacity per mile mecasured between line
and ncutra), and g=cocflicient of diclectric
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conductance per mile. Let x be the distance
to any point of the line measured from the
receiving end in miles, ¢ the voltage at any
point, and i the current. Then the following
equations give the relations between “‘¢”
and “i"":

L et (19)

provided that the value of g is indepcndent of the
voltage ¢, which is not true of corona effiect; or pro-
vided that the voltage is practically constant along
the line.

And
de . . di
i mri4 L?T (20)

That is to say, the increment of current at
any point per infinitely small length equals
the vector sum of the leakage current (or the
leakage conductance multiplied by the volts
at that point) and the capacity current, which
is at right angles to the leakage current. In
the same way, the increment of voltage at
any point per infinitely small length, equals
the volts consumed in resistance added
veetorially to the inductive volts at right
angles to the resistance volts.

Now C %:— = jpCe, since %is at right angles to ¢

di - di . . .
And L i =jpLi, since i at right angles to ¢
Where p=2xf

Therefore, !':" = (g+jpCle and %. (r+jpL)i

Whenee, §-5 = (- +JpL) (£+ipC)e @n
And $E = ( +ipL) e +iPCli a2

Henee, the solution is hyperbolic, because
in both cquations, the second differential is
proportional to thc quantity itself, a law
which sinhu and coshu both follow,

Thercfore, the solutionis;
ew= A coshmx+ B sink mx

And: i=F rosh mx+D sinh mx, of which only
two of the constants are arbitrary.

And m*=(r+jpL) (g+ipC)

If the recciving end terminal values of ¢ and § be
L, and 7, respectively, the general solution is

e=E, cosh mx+m I, sink mx (23)
=1, cosh nu'+;'E-5 sinh mx (24)
1

Where x =distance in miles, measured from the
receiving end, and

e —jpl) 1 _etieC
my POy Tal and — 5

It E;and [, are’d‘iven at the sending end, and
the line is measured from that point towards the
receiving end, equations 23 and 24 become

¢=E; cosh mx—my I, sink mx (25)
f=[;cosh nu—-f—’ sinkh mx (26)
L]

Where x is the distance in miles measured from the
sending end.
Calculation of Constants

As already stated, mt== (r+jpL) (g+jpC)

In the majority of lines, except those
using wires of small diameter at very high
voltage, where corona cffect is noticeable, g,
the leakage conductance, can be neglected.

Then, m* = (r4jpL) jpC=pC (jr—pL)
.-

ifr
Therefore, m =+/pC ("-i-p'L')l — (-Ei
I—

~if p
- /PC (’I+P!Li)’ (“Jlau (_-—L- ’
2

an (S
an (-
+4 sin 2 cpL ) 27

The above is, of course, of the form a--yb=m

ince mym M 2 HI0) (=) _ b—ja.
Since my e o »C (28)
Ao pC__ pClb+je)
and PR LF'-{--' (29)

The tables for m, m, and mi' in the

Supplement have been calculated from these
formulx, C being given in farads per mile
and L in henrys per mile,

Volt and Current Phase Shift and Power
Propagation Velocity

Equations 23 and 24 prove that when
there is no load current, there is a complete
reversal of phase in volts and ampercs along

e (A n =
a transmission line in a distance x = 3 where

(a+jb) = m because both sinhmx and coshmz
change sign every half period zj. Inadistance
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m
% the amperes and volts are in the same
phase respectively as they are at the
receiving end. Hence, if the frequency
be f, then the velocity of propagation of the
voltage or current wave along the line will be
L2t
5

This must not be taken as the velocity of
the power wave along the line, as the apparent
velocity of the current and volt wave vary at
different points from the receiving end and
the shift of phase does not vary uniformly
along the line, owing to capacity current,
the current leading the volt wave 90 degrees
at the receiving end. If a lagging load
current, however, is taken at the receiving
end, the power factor can be approximately
unity along the line, in which case the volts
and current are nearly in phase at every point
and the velocity of either gives the velocity
of the power wave along the line. In the
majority of lines used for long distance work,
the resistance is not large enough to affect
the velocity and in such cases the velocity
of power propagation is practically equal to
the velocity of light. For r=o, the velocity
is

25f - 1
#VIC VIC

or independent of the frequency. From this
formula, the formula for the natural period of
a transmission line can be derived equallto
Ui where ! is the length of the line; Ve
being the velocity of light nearly, the ex-
pression only representing the velocity of
light when the self induction inside the wires
is negligible, which is true of very high
frequencies, practically perfect conductors,
etc. The natural frequency of the funda-
mental wave, for a transmission line 400 miles
long is about 113, the vclocity of power
propagation being approximately, 1.8 per
cent. less than the velocity of light. The closer
the wires are together or the larger they are,
the slower does the power travel, and the
velocity can be taken as lying betwcen
1.5 and 2.5 per cent. Icss than the velocity
of light. For transmission lines, 184,000
miles per second can be taken, as an average
velocity,

It must be remembered that power is a
double frequency quantity and caunot, there-
fore, be represented vectorially in the samc
plane as a vector of different frequency;

hence, if the power wave is obtained by
multiplying the complexes of current and
volts together, difficultics are cncountered.
The best way to obtain the clectric power is
to plot the instantaneous valucs of the
current and volts along the line, the valucs
of which are immediately given by equations
23 and 24. Then multiply the instantaneous
values together and plot the power curve
from the result. The distance betwcen the
maxima, minima, or corresponding points
on this curve multiplied by double the line
frequency gives the velocity of power propa-
gation along the line; the distance betwcen
the maxima on this curve will, of course,
be half that between the maxima on the
current or volt curve, provided that practi-
cally unity power factor obtains through
the distance taken.

The shift of phase of volts or amperes
along commercial transmission lines is not
large, since the maximum frequency used is
only 60 cycles and with this frequency the
half period length is about 1500 milcs. In
long telephone lines, on the contrary, shift
of phase is very large and will amount to a
number of complete reversals along the line
owing to the necessarily high frequency used
in speech, SO0 per second being a represen-
tative frequency.

Approximate Formula for Short Lines

uou
Since cosh w =1 +ﬁ+ l_‘"+
for small values of u
1
cosh u-l+l'-'5 nearly

Similarly sinh u w u nearly.
Hence for short lines. if mx —x(p+jq)

=B (142 jurpg )bl (p+ia) 125)
i 1,(1 +‘:£f2'7”+ix'pq )+ f—i—l (p+in (24

and

em E,(n $EE= | eapg )-ml.(p+iq) (@3

)
= I.(l +x'(—°,,~9’—’+ix=pq ) = (P+ijg) (28)

nh
These formule arc accurate to 1 per cent.
for lines, 120 miles long at GO cycles and 130
miles long at 25 cycles, greater accuracy
being obtained [or shorter lincs.

Corona Effect

The ecscape of electricity through the
atmosphere from one wire of a transmission
line to another is an example of the incrcase
of conductivity of a gas due to high diclectric
stress.  The conductivity of gases is enor-
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mously augmented under special conditions;
such as, when subjected to radio activity,
when the tempcraturc is raised above a
certain valuc, when drawn from the neighbor-
hood of flames or electric arcs, or after being
in contact with incandescent metals or carbon,
ete. A gas through which an electric dis-
charge is passing is also affected in a similar
manner, this being the causc of the increase
in conductivity of the air between trans-
mission lincs when the voltage rises above a
certain critical value. The physical aspect
of thesc phecnomena has been studied by
many scientists, notably by Kelvin, J. J.
Thomson, Rutherford, Hittorf, etc., and a
very full discussion of the whole matter has
been given in Thomson's work **Conduction
of Electricity Through Gascs.”

According to onc of the modern theories of
matter, cach atom or molecule is composed of
or associated with negative and positive ions
or minute clectrified particles, the ncgative
ion possessing a mass small comparcd to
that of the hydrogen atom, and the positive
jon a larger mass than that of the negative
jon. The clectric charge of thesc jons is a
constant. On this assumption, the following
discussion may help to picture what happens
when the voltage stress is increased in
the diclectric between two conductors, beyond
the diclectric strength and the gas becomes
jonized. It can, howcever, only be regarded
as a rough approximation to the phenomena.
Capacity Current

Suppose that a potential difference is
applicd to two clectrodes separated by
an air space, the potential being gradually
increased. At first, the current passing
across the air, which completes the clectric
circuit, is exceedingly small and consists of a
displacement or charging current in the sur-
rounding diclectric. The greater part of this
current is due to an cther displacement,
but part is caused by a displacement of
the ions, which arc elastically attached to
the gas molecules. The strain or displace-
ment of the ions in cach molccule is greatest
when the voltage stress is at a maximum,
the jons then being at rest and the current
zero. If the voltage is alternating, at the
moment the voltage passes through zcro, the
ions in the molecule are in midswing and
move at their highest velocity; and the dis-
placement current is then maximum. Thus
the clastically controlled displacement current
in the air constitutes a small part of the ca-
pacity current between the clectrodes and isin

quadrature with the voltage. This is, of
course, also truc of the ether digsplacement
current. As practically no friction enters
into the motion which beats rhythmically
with the voltage, no energy loss occurs in
the dielectric, the energy being alternately
potentially stored in the dielectric and
kinetically released in the moving ions.
Corona Current

1f now the voltage is further increased, the
electric stress at a certain critical point be-
comes sufficiently great to tear off some of the
ions attached to the gas moleculcs. This
disruption occurs first, in a layer of air a
short distance from the gurface of the elec-
trode or conductor, since although the elec-
tric stress is greatest at the surface of the
conductor, it has been found that the die-
lectric strength of the air immediately
surrounding the conductor is considerably
higher than that further off. For small
conductors, the breakdown point is approxi-
mately .07 inches distant from the surface,
Here the ions are first relcased and are then
frce to move under the force of the electric
field in the same way as an clectrically
charged pith ball moves in an electrostatic
field. At the moment of rclease, the inertia
of thesc ions is small and, thercfore, their
speed is rapidly accelerated until they are
stopped by collision with other gas molecules
or jons. If, at the moment of collision, the
kinctic energy of the ion is above a certain
value, it may shake off other ions, and in
this manner the whole space between the
clectrodes becomes filled with  cleetrified
particles or jons, the positive, on the average,
all moving in one dircction, and the negative
in the opposite direction. Of these collisions,
some may cause jonic rccombinations and a
neutralization of the electric charge, the
number of recombinations increasing if the
gas pressure is raised. Hence, a transfer of
electricity occurs from one conductor to
another, the carriers being the jons torn off
the molecules, either by the cleetrie stress or
by collision, the current at any point being
proportional to the number of ions passing
per sccond. At every collision molecular
vibration is started and part of the cleetric
energy is transformed into heat. If the
voltage is still further increasced, a larger
number of ions arc rclcased which attain a
greater velocity between molecules and cause
more heat waste and current. It follows,
that this current is independent of frequency,
and has, therefore, the same valuc at a given
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voltage, whether the voltage alternates or is
held constant.

Directly the voltage falls below the critical
value for ionization, all action ceases, only
to begin again when the voltage riscs to its
proper value in the opposite direction. This
is practically true, except that 2 minute time
lag exists, which is short comparcd to the
period of commercial frequencics. It will
be readily secn from the above that the
current is & true convection current and is
in phase with the voltage. It is, thereforc,
at right angles to the capacity current.

If the pressure of the gas bc diminished,
the number of gas molecules between the
conductors is proportionally decreased, and
therefore the distance betwcen the gas
molecules is correspondingly increased. Under
such circumstances, the ions have, on the
average, a longer path to travel before
collisions occur and, therefore, their speed
and kinetic energy are greater at collision.
Hence, each collision is more likely to tear
off other ions from the molecules, and as
the number of rccombinations producing
neutral ions is diminished, the current is
increased. If the gas pressure be further de-
creased, the ionization current, for a given
voltage stress, increases until at a certain
critical pressure where the number of mole-
cules per unit volume has becen very much
reduced, the current becomes maximum,
that is, the space is saturated with ions and
on a further decrease of pressure, the current
falls.

Under the conditions which cxist in high
voltage transmission lines, it is found that &
decrease of pressurc ncar the atmospheric
pressure causes a distinct increase of corona
loss, and when pressurcs as low as 20 in.
are cncountered, the loss is considerable. As
the hcight of many transmission lines excceds
8,000 ft., the highest point rcached by the
Central Colorado Power Linc being 13,700 ft.,
it is abundantly evident that thc rclation of
pressure to corona lossisof the first importance.

Since the critical voltage for No. 2 wire
is in the neighborhood of 90,000 volts eficctive
or 126,000 volts maximum, only a small part
of the cycle is eficetive in producing corona
currcnt at ordinary transmission voltages.,
If very much higher voltages were employed,
not only would thc corona current be enor-
mously increased (so long as the saturation
point is not reached between the conductors),
but also the loss would last duriny the greater
part of the period. If the no load current

oscillograph record is taken, a kick in the
curve at maximum voltage is very apparent
at high voltages when corona is present and
the shape of the current wave is considerably
altered.

When ionization takes place, a brush dis-
charge can be observed ncar the surface of the
wire, where the greatest number of ions per
unit volume occur and the current density is
at a maximum. The resistance, thercfore, of
the air layers surrounding the wire is consider-
ably decrcased, and the effective conductor
diameter can, thercfore, be regarded as greater
than that bounded by its metallic surface.
This increase in conductor diameter increases
the capacity between the conductors and,
therefore, the capacity current. Thus, if
the loss at no load be mcasured on a trans-
mission linc subject to a large corona loss, the
capacity loss cannot well be calculated from
formula and oscillograph records should be
taken if the corona and capacity loss require
separating. Thc high inductive capacity of
insulator material incrcases the voltage stress
ncar the wircs where they are fastened to
the insulators, and hence the corona loss is
incrcascd at these points as well as the
capacity loss.

Mr. 1. J. Ryan considers these matters
in his paper before the American Institute
of Electrical Engincers, February 26, 1904,
and a considcrable amount of work has been
donc by Messrs. C. F. Scott, R. D. Mershon
and others, cspecially in connection with the
effcct of the baromctric pressure on corona
loss. Many morc experiments are, howcever,
nceded, before the phenomicna can be con-
sidered as subject to calculation. The varia-
tion of corona loss with voltagc, size of wire,
spacing betwcen conductors, atmosphcric
pressurc, statc of atmopshere and wire
surface, and many othcr conditions must be
determined before cquations can be formed
to give reliable results.

Capacity Loss

The cxtra current carried by the conductor
duc to corona is exccedingly small and can
be neglected; in consequence, the #r loss in
the conductor is negligible. The loss all
occurs in the diclectric between the conduct-
ors. Thus, for constant voltage along the
line, which will obtain at no load in lincs up
to 200 milcs long at 23 cycles, the corona
loss per mile is constant along the line; it
being, indcpendent of frequency. The ca-
pacity current loss, on the other hand, all
occurs in the conductor, the current varying
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directly as the voltage and frequency. Inthis
case, practically no loss takes place in the
dielectric between the wires.

In lines, up to about 200 miles long at 25
cycles, and in slightly shorter lines at 60
cvcles, the capacity current along the line
follows practically a straight line law, being
a maximum at the generator end and zero
at the recciving end. Hence, if 7 is the
resistance per mile of wire, / the capacity
current per wirc at the gencrator end, and
! is the length of line, the current per mile

i-%-constam, and the loss for a line ] miles

in length is 3 ['raPdi=itP. The total
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the current at the generating end, and pre-
vents it decreasing as fast as it does near the
receiving end. The total loss, however,
with a given voltage at the receiving end,
does not vary-as rapidly as the cube of the
distance of the line length, since the drop in
voltage, at the generator end reduces the
capacity current correspondingly, which more
than com tes for the slower drop of
current along the line. See Fig. 7.
Calculati of Diel ic Cond C

The curves, Fig. S, showing corona and
capacity loss, have becn obtained by substitu-
ting a value for g in the transmission line
cquations. This value was derived from the
observed loss along a 30 mile line operating
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Fig.7. Copscity Current at 60 Cycles along Three-Phase Line 400 Miles in Length, Using Three No. 0000 Wires Spaced
10 ft. Apart, 104,000 Voits between \Vlrtll ot Receiving lnd.' °

loss is therefore AP where A =7, which is
a constant at a given frequency, for a definite
size of wirc and given line capacity. Hence,
the capacity loss for a given transmission
line varics as the cube of its length up to
the limits of length just given. Above this
length, the voltage rises from the gencrator
end toward thc receiving ond, and the
capacity current does not fall off uniformly
from the gencrator ¢nd but more gradually;
that is, the curve of capacity current along
the linc is concave towards the abscissa
represcnting linc length, provided the line
resistance is not too high. The rcason for
this is that the increasc of voltage holds up

under similar conditions and using the same
sizc of wire and spacing. As, thercfore, the
voltage is nearly constant, the corona loss
may be regarded as approximating the real
value provided the capacity current is not
scriously altered by the corona loss and that
no appreciable insulator loss cxists. Note
the change in phase at gencrator and receiv-
ing ends duc to corona indicated on Fig. 9.
The diclectric conductance cocfficient was
calculated as follows: The total loss of a
50 mile line at no load was experimentally
found to he 23 kw., of which 3 kw. was
calculated as capacity loss, and the remainder
assumecd as corona loss. The voltage was
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110,000 volts between wires. Then the loss

o
per mile cquals '—2%9 =438 watts per mile.
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Fig.8. Amperes, Volts and Power Lowses (: city and Corona)
at no Loed nm‘_‘mo Mile Three-Phase Line using Three
No. I Wires 8 Ft. Apart, Operating at 25 Cycles, with
110,000 Volts between Wires at Receiving End

Then since the dielectric conductance is
1 . g g 5 ;
- where r is the dielectric resistance per mile

*2
between wires, and sinct%~ = the loss per mile,
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Power Factors Due to Corona and Capecity
oases along 200 Mile Line at 23 Cycles

Fig. ’i.
Corona cffect is less masked by capacity
loss at 25 cycles than at 60 cycles, and the
example was, thereforc, chosen at the lower
frequency. The constant m in the trans-
mission linc cquations, where g is included is

VAT P g1+ pCn) | cos' @ 4 j sinte2 !
VI pL (g +p M jsin G
g PLEHCN
where tan~'e 7¢—p'LC
Prom these values m; and -:Tl can be readily

calculated. (To be Continned)
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UNDERGROUND ELECTRICAL
DISTRIBUTION
By W. E. Hazermine

Svery DEPT., GExeraL Erectric Cospany

The ungainly appearance and danger of

measure been accountable fur the adoption

3 of the underground system of distribution.

While the first cost of an underground
system cxceeds that of an overhead, security
of operation tends to counter-balance this
difference, for underground conductors are
entircly free from the cffcets of storms and

secoivine £00 Weather conditions.

Onc of the carlicst attempts at placing
wires underground was over fifty years ago
when Professor Morse of Boston undertook
to install a telegraph line between Washington
and Baltimore. His method of laying was
by mcans of a large plow drawn by sixteen
yoke of oxcn, the cable being placed on a reel
sccured to the plow and played out in the
furrow as the plow advanced. It is well
known that this attempt proved unsueccssful.

Sevcral years after, the so-called “pump
log” was brought into usc. This consisted
of cight-foot lengths with a 3-inch bore, the
ends butting togcther with socket joints and
laid dircctly in the trench. Logs were
sometimes of plain wood and, again, treated
with tar or creosotc as a preservative.

The cement-lined iron pipe was also used
to a considcrablc cxtent, but this type of
conduit proved unsatisfactory, onc disad-
vantage being that the pipe was affected by
clectrolysis and that the inside coating of
cement somnctimes caused corrosion.  Both
types proved inadequate to the requirements
of an underground conduit.

The theorctical conduit should be onc that
in itsclf posscsscs high insulating propertics;
onc upon which the action of water, gas and
chemical clements have no cffect, and onc
which is permanent and practically indes-
tructible. These requirements arc found in
the vitrified clay conduit, which is hest
adapted to the purposc and in addition is
comparatively low in first cost and in expense
of installing.

Another type of conduit, which isat present
used to some cxtent, is the fibre conduit, It
is made from wood filbre treated withanasphalt
compound which the makers claim renders
it water,acidandalkalineproof. Thestandand
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length is about five feet, with a 3 in. bore and
is smooth inside; therefore, cables are safe
from injury when being drawn in. This type
of conduit is usually laid in concrete and
lengths are joined by a butt joint which
keeps them in alignment.

'!%sretum to the vitrified clay conduit, this
is without doubt the most popular typein use.
Duct sections are supplicd with one, two,
three, four, six, nine and twelve holes, the
standard single duct being 18 in. in length
and 3 in. internal diameter. Scctions of more
than six ducts are difficult to handle and are
not made to a great extent on account of the
liability to warp during manufacture.

The flexibility of this system allows ob-
structions such as gas, water and sewcr pipes,
to be overcome by laying the duct line over
or under them, and in some cases to split the
duct line, placing part above and part under-
neath. In any case, ducts should be laid with
such a gradual grade as to permit cables to be
pulled in without injury to the lead sheath.
Also, the use of short lengths permits the
laying of curves of long radius, oftentimes
doing away with additional manholes. The
duct is gencrally laid on a bed of concrete,
usually 3 in. thick, surrounded by walls and
covered with concrete of the same thickness.

In laying single duct, a mandrel about
30 in. long, slightly smaller than the intcrnal
diamcter of the hole and having a rubber
gaskct on the cnd slightly larger than the
diameter of the hole, is drawn through the
duct as it is being laid. This removes all
loosc particles of cement and stoncs and
makes surc that there are no obstructions to
injurc the cables; further, carc should be taken
to insurc that ducts are perfectly aligned.

In laying a scclion of conduit the enginecr
in charge should lay out his grades so that
all the ducts in cach scction drain into one
manhole, or clsc break the grade so as to
drain into two adjacent manholes, thus

reventing injury to the cables after they are
installed, from the freezing of water which
may find its way into the duct line and settle
in any pocket there may be.

For long straight runs, when there are no
obstructions, the multiplc forms of duct arc
usually used. These are laid in practically
the same manner as the single ducts, cxeept
that joints arc aligned by the use of dowel
pins.

Onc objection to multiple duct is, that
between any two duct scctions there is only
one wall and it is impossible to break joints

as with single duct; therefore, there is a
possibility of a burnout in one duct finding
its way to a neighboring one.

With single conduit, where there are two
thicknesses of wall between any two ducts
and where joints can be staggered, this
danger is practically eliminated. Single
duct, however, requires experienced labor in
installing, while multiple duct may be laid
by ordinary laborers.

Manholcs are necessary in order to facili-
tate the drawing in or out of cables in the
system and arc generally located at street
intersections or at sharp bends in the duct
line. The maximum distance between holes
should not cxcecd 300 feet, for at greater
distances the cable is liable to break or
stretch from the excessive strain during the
process of pulling.

The gencral manhole constructionis of brick,
although the present tendency is towards
concrete holes whenever possible, as the aver-
age cost of concrete manholes is approxi-
mately two-thirds that of first class brick.
Concrete holes are usually made from wooden
forms of take-down dcsign which may be used
indefinitely. Bottoms of manholes are usually
of concrete, with a hollow in the center which
allows water to gather. When possible,
conncction with the scwer through a trup
should be provided to remove any surface
watcr which may work in around the cover.

Refcrring to manholc covers, authoritics
do not agree as to whether a single or double
cover should be used. The single cover
simply fits in a cast iron frame at street level.
Inside of this there is sometimes another
cover resting on a rubber gasket, bolted and
secured so as to prevent water entering.  The
main disadvantage of this inner cover is that,
in case scwer gas or illuminating gas cscaping
from leaky mains finds its way into the hole.
there is no way of cscape and this accounts
for the majority of manhole explosions which
occur.

It is believed by many authoritics that the
single cover is preferable and this should be
supplied with several air holes to allow gas
to escape. Thoorctically these vent holes
should conical in shape with the small
opening on top to prevent them from becom-
ing clogged. It is truc that surface water
finds its way through these vents into the
hole, but this is taken care of by the sewer
connection. It is well known that, with a.
large number of cables carrying heavy loads,
considerable hcat is generated and a large
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percentage of this is dissipated through the sur-
rounding carth, but by using perforated man-
hole covers, it may be got rid of more casily.

In order to support the cables which must
necessarily pass through the manhole it is
customary to provide some sort of a device
on which they may rest. In brick holes,
brick shelves are built into the sides at
suitable distances apart upon which cables
are placed. Also with concrete manholes the
wooden forms may be so designed as to pro-
vide for concrete shelves. The use of shelves
for cable-supports is especially desirable, for in
case of trouble occurring on one cable, the
neighboring cables are protected to a certain
extent from injury. Oftentimes with brick or
concrete manholes, iron cable racks, provided
with arms adjustable at will, are built in.

A conduit line composed of a large number
of ducts is undesirable, one reason for this
being that it is almost impossible to support a
large number of cables in onc manhole. It is
advisable, therefore, to divide the under-
ground lincs from the generating station, in-
stalling a portion through two or more streets,
if possible; but if the station is so situated that
the cntirc output must pass through onc
street, a single conduit line with twin man-
holes may be used.

With a single duct line entering the station
it is rather difficult ‘to dispose of the cables
satisfactorily.

Coming to the question of cable, the size
of duct determines in a way the size of cable
to be used. For the standard 3 in. duct for
working pressures of 1500 volts or less, the
largest single conductor that should be in-
stalled is a 2,500,000 cir. mil., or a concentric
1,000,000 cir. mil. cable, while the largest
threc-conductor cable is one of 400,000
cir. mils. From 1300 to 3000 volits, the
largest single conductor should be a 2,000,000
cir. mil. cable or a concentric cable of 730,000
cir. mils.; and the largest threc-conductor
cable, onc of 400,000 cir. mils. For G000
volts (usually thrce-phase delta connccted),
the largest three-conductor cable is onc of
250,000 cir. mils.; for 13,000 volts, 3-conductor
4/0; and for 20,000 volts, 3-conductor 1/0).

As the cost of the duct linc is independent
of the cable cost, it is advisable to choosc such
cable as will rcasonably fill the duct arca,
thereby cutting down the conduit investment
to a minimum for the amcunt of cnergy
transmitted. In laying out an underground
system, it is advisable to provide extra ducts
to take carc of future requircments.

For underground work, three types of
insulation arc uscd; wis, paper, varnished
cambric and rubber; paper being the cheapest,
varnished cambric intermediate and rubber
the most cxpensive. For dry ducts, where
there is no danger from corrosion of the lcad
sheath or wherc clectrolysis is absent or may
be guarded against, paper cables may be used.
Paper is also used to a great extent for trunk
lines. Papcr cable must not be used without a
lead sheath, for the life of a paper cable is
dependent upon the sheath, the presence of
moisture causing the insulation to break down
almost immcdiately. Electrolysis, thercfore,
proves disastrous to papcr cables.

Varnished cambric cables have all the
good qualities of paper cables and may be
used in almost any place where rubber cables
could be used. These cables are built up of
successive layers of lapped, varnished cambric
tape, with plastic compound between layers,
this compound permitting the layers to slide
on themselves when the cable is bent, without
reducing the thickness of insulation between
conductor and Icad. This type of insulation
is waterproof, and the ends of the cable do
not necessarily have to be scaled to prevent
moisturc entering, as with paper cable. This
is also truc of rubber insulated cable.  Since
varnished cambric tape is uscd in insulating,
the copper core must be in the center of the
cable, while with rubber insulation for heavy
copper cores, uscd for horizontal runs at high
temperature, thereis a tendency for the rubber
to soften, thus allowing the core to drop and
reduce the thickness of insulation between
copper core and lcad sheath.

Varnished cambric cables with a braided
finish may be used for inside work, as the
insulation docs not absorb moisture. These
cables, unlike paper insulated oncs, arc not
scriously afTected by clectrolysis.

Rubber insulated cables are used where
there is constant moisture and almost in-
variably for submarine use.

Paper cables may be bent to a radius equal
to cight times the outside diameter of the
cable, while rubber and varnished cambric
may be hent to a radius of six times this
value.

For direct current low tension and railway
feeders, single conductor cables arc generally
uscd. Insome cascs where two or three small
feeders run parallel for any  considerable
distance, it is frequently desirable to combine
them into one large cable running to the sta-
tion,
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For the grounded side of street railway
feeders, or the neutral of three-wire Edison
systems, a bare wire may be used, but this
should not be run in the same duct with leaded
cables. An ordinary weatherproof finished
wire is often substituted for this bare wire.

Low tension feeder cablcs are frequently of
the two-conductor concentric type with pres-
sure wires in the outer conductor. The carry-
ing capacity is slightly less than that of a two-
conductor cable leaded flat as there is less
chance of radiation; but the concentric type is
casicr to install and is much more economic of
duct space.

For alternating current single-phase two-
wire systems, the duplex type is preferable
unless many taps arc called for, and if so,
single conductors are sometimes used on
account of the greater easc in making joints.

The largest solid conductor recommended
is 4; larger conductors are too stiff to handle
and should be made stranded.

Duplex or figurc S cables larger than 250,000
cir. mils. arc liable to kink in handling and
arc not used to any great extent.  For larger
cables the :wo conductors may be stranded up
with fillers to make them round, and the lead
applicd. Any size of duplex (Fig. 8) cable must
have special carc in installing to prevent
kinking.

For threc-phase work, it is advisable to use
three-conductor cables; for, with this con-
struction, therc is no loss theoretically in
the lcad shcath, and, if nccessary, telephone
cable may be run in the samc duct system
without disturbance.

On low tension systems, single conductors
are frequently used on account of the ease
in 1naking service taps.

The chief advantages in using three-
conductor table are: cost of installing is less
and installation is casicr, while the first cost of
a three-conductor is approximately the same
as that of three single conductor cables.

Three-phase cables are more cconomical of
duct spacc than cither single or two-con-
ductor cables. Three-phasc Y connected
cables arc generally run with grounded
neutral and the thickness of insulation be-
tween conductor and ground nced only he
scven-tenths  the insulation between con-
ductors, thereby allowing a slightly larger
cablc to be installed in conduit than a three-
phasc delta connceted, where insulation be-
tween conductors and Letween conductor
and ground is the same.

The general practiee in three-phase cable

work is to use the so-called split type of
insulation, placing half of the total thickness
required on each conductor, stranding the
three conductors up with jute fillers to make
round, wrapping the three conductors with
the second half of insulation, and applying
the lead finish. This makes a more compact
cable tiran when applying all the insulation on
each conductor and is somewhat cheaper.

For arc circuits, single-conductor and also
duplex cables are in general use. Where
several circuits run parallel for any distance,
they are somctimes combined intoa multiple-
conductor cable, for if several single conduct-
ors are run in one duct the lead sheath is
liable to be injured in installing, and if one
cable burns out, it is likely to injure one or
more conductors. '

One danger in underground cables which
should be guarded against is electrolysis,
for no manufacturer will guarantee his
product against clectrolytic action. ~The
amount of clectrolysis depends primarily on
how near the cables are to clectric railway
lines, the distance they run parallel, and the
condition of the return circuit of the railway,
also the proximity of water pipes and gas
mains. Electrolytic action occurs at the point
where current leaves the lead sheath; there-
fore, with leaded cables, it is customary
where this danger exists to provide suitable
grounds at intervals along the system.

Sometimes this is accomplished by driving
an iron pipe into the carth at each manhole.
This can be tested out with an clectric
current of about 110 volts, connecting one
side of circuit to pipc and other side to an
adjacent hydrant, and then driving in pipe
until sufficient current passcs to make sure
that a good ground is obtaincd. It may be
necessary to drive as much as thirty fect of
pipe or more in dry soil before a good ground
is reached. It is sometimes customary to
provide grounds by burying large copper
plates in the carth, embedded in coke. In any
case all lead sheaths in the manhole should
then be connceted to ground.

\Vith railway systems, the negative side of
the gencrator is usually grounded and the
lead sheath of the rcturn circuit should be
connected to the negative side of gencrator
by suitable copper cable. If precautions are
taken, the danger from clectrolysis may be
reduced to a minimum.

After the duct line is installed it is good”
practice to pass a mandrel through cach
duct, thus removing all obstacles and making




UNDERGROUND ELECTRICAL SYSTEMS 231

sure that ducts align. This is sometimes ac-
complished with rods about three feet long,
provided with a coupling device, and as many
rods as are required toreach from onc manhole
to another are successively joined.

At the same time that the mandrel is pulled
through, an iron “fish’’ wire is also drawn in
and left until it is desired to install cables
in that particular duct, when the fish wire
serves to pull through the heavy rope which
is fastened to cable by a cable grip.

There are several methods of pulling cable.
Short runs of light cable arc sometimes pulled
in by hand, but for heavy cable it is necessary
to use some form of winch or manhole cap-
stan. Both electric and gasoline-driven
winches are being used with success.

It is advantageous in drawing in cable to
have a man in the manhole where he can
watch cable and make sure that it is not
being pulled in faster than it is unreeled, thus
preventing sharp bends which might prove
injurious. He can also smear the sheath
with a cheap grade of vaseline, which in the
case of heavy cables makes them slide
easier.

All cables to be installed in onc duct
should be drawn in at the same time, forif a
cable is pulled in afterwards, it is almost sure
to injure the lead of cables aiready installed.
It is also poor practice to draw out one cable
from among one or more others.

Enough slack should be allowed to permit
cables being passed around the sides of
manhole, and also to permit jointing, for
occasionally cable ends are injured during the
process of drawing in, necessitating cutting
back far enough to remove injured por-
tion,

With single conductor cables, wherc a butt
joint is used, the ends in the manhole should
overlap slightly, and for multiplc conductor
cables, where joints are staggered, the overlap
should be enough to take carc of this.

Ends of duct should be provided with lead
collars on which the cable rests, thus prevent-
ing sharp corners of duct from injuring the
lead sheaths, It is also good practice to use
rubber bushings made of old hose between
iron hangers and cable, which prevent leakage
of stray current from one cable to another.

Cables in manholcs arc often protected by
asbestos listing or by enclosing them in
split duct, thus preventing the danger of a
burnout on one cable from affec: ing another.
This also protects cables against injury from
careless workmen and prevents their being

used for steps in descending inte a manhole.
All sharp bends should be avoided.

With high voltage leaded cables of 2500
volts and over, therc is a tendeney to puncture
the insulation at the ends of lead sheath;
therefore end bells are required at the station
cnd of system, and also at the farther end
where cables change from the leaded under-
ground type to the braided overhead. These
are generally of spun brass wiped to the lead
sheath, their object being to flare out the
lead, thus preventing a brecakdown at the
ends.

With paper insulated cables, the bells arc
made long so as to allow of the joint being
made inside the bhell. A cap is provided,
through which the overhead cable end passcs,
and after the joint is completed, the bell is
filed with a compound which prevents
moisture entering and also acts as an in-
sulator.

Underground systems when connected to
overhead should be protceted from lightning
discharges by suitable arresters placed on
sccond or third pole from the end of the
cable.

It is desirable, after cables are installed and
connected, to test them for five minutes with
about twice the working pressure to make
sure that there are no weak points duc to
imperfect jointing, or injury during installa-
tion.

Junction boxes arc a nceessity on low
voltage systems and arc installed in manholes
at feeding points or strcet intersections so
that in casc of local trouble the feeders and
mains may be disconnceted.

Services are usually run from manholes or
from scrvice boxes located between man-
holes at stroct surface. Iron pipe is frequently
used, so laid as to drain into manhole. For
long scrvices, cable with band iron armor
finish is laid dircctly in the carth. The band
iron protects the cable from injury, but it is
customary to place a heavy plank over the
cable so that in future excavations workmen
will not injure the cable with a pick.

Service cables arc somctimes connceted to
mains through service boxes placed in man-
holes. This arrangement is inconvenient
in case of trouble; therefore it is customary
to place service boxes on customers' premiscs.

There are several installations of so-called
Edison tubc systems still in unse, but at
present the popular drawing«in system which
this article deals with is used almost exclusive-
Iy throughout the country.
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MOTIVE EQUIPMENT FOR ELECTRIC AUTOMOBILES
By H. 8. Batpwiv

Since the introduction of the electric auto-
mobile manufacturers of electrical apparatus
have been active in the development of auto-
mobile cquipments, consisting of motors,
controllers and resistances designed to give
the most cfficient and cconomical service and
to conserve the battery.

In the earlicr automobiles, designers gener-
ally employed two low-speed motors, each of
which operated the driving wheels by means
of single reduction spur gears. Of late years,
however, this practice has been largely aban-
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with the single reduction gear drive of the past.

It was realized by the General Electric
Company that the high-speed single motor
drive represented the simplest,”most prac-
tical and efficient form of equipment that
could be offercd, and as a result they pro-
ceeded with the development of the so-called
GE-1020 line of motors, of uniform’mechanical
construction throughout.

In addition to motive equipment, this Com-
pany supplics specially designed) \charging
cquipments, comprising rectifiers, motor gener-
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Fig. 1. Disgram of Connections of Electric Automobile Equipmen't

doncd in favor of the single motor and counter-
shaft withdouble reduction chaintransmission.

The advantages claimed for the single motor
drive may be bricfly summed up as f{ollows:

1. It affords a material saving in weight,
cost and spacc occugiod, as against two
motors of practically the same capacity.

2. DBy the use of double reduetion gear-
ing with countershaft, it is possible to
design the motor for higher speed, which
tends to lessen weight and insure clectrical
cfficiency,

3. It further permits the motor to be

ted on the chassis, well up from the
ground, which arrangement was not possible

ator scts, switch boards, rheostats complete
with controlling pancls, and many other
uscful and desirable appliances.

Inv order to meet the requirements of auto-
mobile manufacturers, the motors have been
made in six diffcrent sizes, cach of which can
be supplicd in scveral clectrical ratings. It will
readily beseenthat thislineis the most complcte
ever offered, and that a motor can be sclected
for any vehicle, from the smallest runabout
to the heavy 3-ton truck.

The motors are of uniquc mechenical de-
sign (Fig. 2), the framc and onc head being
made from a single picce cylindrical stecl
casting, machincd from end to cnd. By this
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construction the minimum of weight and
maximum of strength arc combined. This
feature is original with these motors and is
not to be found in thosc of other make.

It is of paramount importance to protcet
the storage battery, and all of the motors
under considcration are de-
signed with this object in view.
They have a steep torque curve
and give about five times the
torque for two-and-a-half times
the current, throughout the
limits of their capacity. It
might bewell toadd a word of ex-
planation as to this statement.
To obtain long life and efficient
operation, the storage battery
should not be discharged more
rapidly thanattheone hour rate,
To start and accelerate an elec-
tric automobile requires approx-
imately five times the running torque. Again,
the average maximum grade encountered in
cities is about 7.6 per cent., to climb which
also requires about five times normal torque.
It will, therefore, readily be seen that a prop-
erly designed electric automobile motor,
having the above characteristics, will accel-
crate the veiicle and climb any ordinary grade
without exceeding the one hour discharge rate
of the battery.

The standard motors have cast iron heads
fitted with the most improved annular ball
bearings, which somewhat incrcase the cffi-
ciency, reduce the overall length of the frame
and require only occasional lubrication. All
electrical factors are liberal, permitting thesec
motors to be run at high overloads for con-
siderable periods of time without injury. The
commutators arc composed of a large number
of bars, and observations covering secveral
years’ usc of motors in service indicate that
the commutation is practically perfcct, great
care having been taken to sccure this result.
Special graphite brushes of large arca are

¥ Runabout Type; Weight 150 Lb.
Fig. 2.
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used and the current per squarc inch of
brush contact is lower than usually ohtains
in clectric motor practice.

Two motors, namcly the GE-1022 and the
GE-1027, have only rccently been added to
the linc, the former being suitable for 3-ton

$-Ton Truck Type: Weight 6560 Lb.
General Electric Automobile Motors

and the latter for 3-ton single motor trucks.
All motors are of the 4-pole type, and with
the exception of the smaller sizes for run-
abouts arc designed to operate at 85 volts,
cxperience indicating this voltage to be most
advantageous when the lead battery is
cmployed. The runabout motors are built
to operate at 48 or G0 volts, as desired.

Special attention is called to the fact that
all motors are constructed so that the shaft
can be recmoved without disturbing the
commutator or winding. This feature affords
great flexibility and permits a change of shaft
at small cxpense, to accommodate special
conditions or when worn.

In the manufacture of the field coils,
railway practice is closely followed, especially
as rcgards insulation and trcatment; thus
the coils arc adapted to withstand scvere
scrvice conditions. Copper is used liberally
throughout in the complete line of motors.
This 1s cspecially true as regards the ficlk!
coils, a feature which, together witl high grade
brushes, ball hearings, and commutators of

STANDARD AUTOMOBILE MOTORS

GE-102 EES f
GE- 1020 8. L
GE-~1025 :
GE~102 ~ Gy
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small diameter, insures the highest possible
electrical efficiency, so important when the
storage battery is the source of power.

It will readily be seen that the General
Electric automobile motors are practically
universal in form, and can be adapted
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Fizg 3 New Controlles for Avtomobile Motor

of screws. This results in quicker deliveries
and lower costs, for the rcason that a large
amount of cngineering and developmental
expense is climinated.

A good controller is scarcely less important
than a good motor, and it is csscntial that
cach be sclected with reference to the other
and the naturc of the scrviee to which the
* automobile is to be put. All General Electric
automnobile controllers ecmbody the continuous
torque principle, which insurcs freedom from
jolts due to opening of circuit when passing
from scries to multiplc conncction of field
coils. This is an important featurc, which
adds much to the pleasure of operating small
cars and to the life of large trucks. \Vith the
single motor cquipment, serics parallel ar-
rangement of ficlds is the standard form of
control, resistance being used on intermediate
steps.  In the case of controllers for pleasure
vchicles, it is customary to have a com-
paratively large number of points, to permit
of slow operation in citics where the traffic is
congested, and higher speed over park and
country roads. Commercial trucks as a
rule do not rcquire this finc gradation of
speed and, therefore, have only sufficient

notches to safe-guard the chain or gearing of
the transmission.

A new controller has recently been designed
(Fig. 3}, which contains all the good points of
the several types heretofore offered, with the
additional advantage that many of the same
parts can be used for different systems of
connection, thercby insuring uniformity of
construction. The new controller is of the
cylindrical drum type and is opcrated by a
pinion and sector at one end. The sector is
mounted on a countershaft which carries
the operating hand lever. Drum contacts
arc made from drawn copper tubing, screwed
in place on a treated wood drum, and horn
fibre spacers are inserted to insure smoothness
of operation and to prevent sparking. Con-
tact fingers are of rolled copper stock, sc-
cured to phosphor bronze springs. The
controller is designed throughout with a view
to withstanding rough usage.

An operating handlc of new des:}n has been
xruvidcd, made from drop-forged steel and

aving the advantage that it can be formed
to suit the automobile manufacturer. This
is very dcsirable, since therc is a great
diversity of opinion as to shape of scat and
body outline.

To make the equipment complicte, a light
cast iron grid resistance is employed (Fig. 4).
This again is of sturdy construction and
heavily insulated with mica. All terminals
are drop-forged.

An important point in connection with
thesc motive equipments is that the term-
inals, leads and contacts of each component

Fig. 4. Cast Jron Grid Rheostat

part arc marked with lctters in accordance
with the wiring diagram, so that the ncces-
sary conncctions in an clectric automobile
can bLe made by those not having special
electrical knowledge.
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APPARENT CHANGE OF RATIO OF TRANSFORMATION
IN THREE-PHASE TRANSFORMERS

By G. Paccront

Sometime ago threc single-phase trans-
formers were mstalled to operate a rotary
converter. The primarics of the three trans-
formers were connected *“ Y ", and the second-
aries “Y" diametrical. The dificronce of
potential between primary lines was 11,000
volts, and the normal voltage of cach second-
ary winding 210 volts.

The three transformers were connected to
the high tension feeders (11,000 volts) and
the voltage across each secondary winding
was measured at no load. This voltage
resulted to be 235 volts instead of 210.

The leg voltage corresponding to 11,000
volts “Y” is 6360 volts and the ratio of the
transformer windings was cxactly 6360:210;
therefore there was no apparent reason
for the higher secondary voltage. An
investigation of the trouble immediately
disclosed the fact that the secondary
voltage wasincrcased at no load from 210
to 235 volts by a triple frequency com-
ponent of the voltage.

A brief review of the phenomena in-
volved in the case will probably prove
of some interest.

It is known that if a single-phasc
transformer is excited by a sinusoidal
electromotive force, the magnetizing
current is considerably distorted, owing
to the characteristics of the iron in the
core.

Fig. 1 shows the curve of exciting
current of a 25 kw. transformer at normal
cxcitation. The electromotive force
applied across the exciting winding wasa
perfect sine wave, and its eficctive value
460 volts. The analysis of the complex
wave of current gives the following
results: If the maximum value of the
complex wave is assumed to be 100, the
fundamcntal componcnt will have a
maximum value of 57.3, the third har-
monic a maximum value of 30.2, the 5th
harmonic a maximum value of 10.G, and
the 7th harmonic a maximum valuc of
2.96. The predominant overtunc of this
wave is, therefore, the third harmonic,
and this is generally the casc with cvery
transformer.

Now let us take threc of tlwsc 25 kw,
transformers and conncct their exciting wind-
ings in “Y”, leaving the sccondary windings

Current-Ferlent of flaximom

disconnected, then apply across the lines
795 volts, which corresponds to a leg voltage
of 460 volts, Each of the three transformers
requires for its magnctization a triple fre-
quency current, and since the clectromotive
forces across each transformer are 120
degrces apart, it is evident that the magnet-
izing currents and their high frequency
components will have the same phase dis-
placement. The triple harmonics of the
magnetizing currents will then be displaced
120 dcgrees; but 120 degrees constitutes
exactly onc wavelength of the triple harnionic,
and therefore the three triple frcquency
components of the magnctmng current in the
three transformers will be in phase with each
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other, The arrows in Fig. 2 rcpresent the
dircctions of the three triple frequency
currents in the legs of the “Y” at any in-
stant, It is obvious that under these con-
ditions such currents cannot flow, and
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therefore the flux in cach core can no longer
be a sinusoidal flux and the electromotive
force across each individual transformer
cannot be a sine wave. In other words,
although a sinusoidal e.n.f. is applied be-

Fig. 2

tween AB, BC, and CA, the clectromotive
forces across AN, BN and CN must contain
some high frequency .components which are
necessary 1o restore the equilibrium,

703 volts were applicd across the lincs
of the “ Y ” sy'stem, giving a leg voltage of
460 volts, and the electromotive force
across AN, BN and CN was mcasurcd
and resulted to be 325 volts instcad of
460. The sccondary windings of the
transformers were not connceted to-
gether. Fig. 3 gives the curve of this
clectromotive force and its analysis. If
the maximum value of the complex wave
is taken as 100, the maximum values of
the fundamental aud the 3rd and 5th
harmonics are respectively 61.5, 33.3 and
2.2, The wave of the line current was
taken at the same time and is given in
Fig. 4. The analvsis of this current
wave gives 100 maximum complex, $4.2
maximum fundamental, 21.8 maximum
5th, and 3.3 maximum 7th. Thiscurrent
is then free fromn third harmonics, as we
had anticipated; but the triple frequencey
distortion, which could not appear in
the wave of current, appears in the wave
of clectromotive force. If we neglect
the 5th harmonice, which is comparatively
small, and assume that the clectromotive
force across each transformer is com-
posed of a fundamental and third har-
monic, we can immediately deduce the
value of this third harmenic.

The fundamental is cqual to 160 volts
(the normal leg voltage corresponding to 705
volts across lines) and the third harmonic is

equallo \/go3i i35 =050,
In fact, it is well known that the cffective
value of the sum of two cflcetive vectors of

Forential-F2rient of faximom

different frequency is equal to the square root
of the sum of their squares. Ve see then that
the Y connection on the exciting side does
not allow the flow of any triple frequency
currents, and that, in consequence, the vol-
tage across each transformer is composed of
a fundamental wave of 460 volts plus a
triple frequency component of 230 volts.
This latter camponent is equal in all three
transformers and aflects cqually the three
voltages AN, BN and CN. Furthermorc, the
difierence of potential between the point N
and the ncutral of the generating system
is cvidently equal to 230 volts, and has a
frequency three times the fundamental.

To remedy this distortion of the voltages,
two methods can be followed: First, the
neutral N of the “Y " can be connected to the
ncutral of the generating system; and sccond,
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the sccondary windings of the three trans-
formers can be delta connceted.

In the first case, the three triple frequency
currents of cach log will flow in the neutral
wire and the inagnetizing current of cach
transformer will have the same value and
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shape of wave as in the case of single-phase
connection. If follows that the clectromotive
force across each transformer will be a sine
wave and cqual to 460 volts. In the sccond
case, the triple frequency currents which
cannot flow in the primary winding circulate
in the closed secondary dclta becausc the
dircction of these currents is the same in the
three sides of the triangle.

This can easily be seen by remembering
that the secondary electromotive force of each
transformer must be an exact reproduction of
its primary electromotive force. Then, if the

rimary electromotive force has a triple
requency component, the electromotive force
induced across each side of the secondary delta
must also have a triple frequency component,
These triple frequency electromotive forces
induced across each side of the delta®assist
each other, as shown in Fig. 5, and produce
in the closed delta a triple frequency current
which is magnetizing in character and excitcs
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the triple frequency flux necessary to give a
sine wave of flux in the transfuormer. The
final result is that across cach :ide of the
delta there will be only a small triple fre-
quency clectromotive foree, active in sending
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the triple frequeney magnetizing current
through the resistance and leakage reactance
of the windings, and that the voltage across
cach transformer will be practically a sinc
wave.

But if the sccondary dclta is open and the
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primary neutral not connccted to the necutral
of the generating system, cach leg of the “Y”
has a triple frequency component of th
electromotive force across its terminals,
——  which is also present at the terminals of
| each secondary winding.

The common method of deducing the
voltage across the sccondary windings
of a threc-phase system, the primary of

‘ which is “Y’ connccted, consists in

dividing the voltage between primary
lines by j 3. This gives the voltage
across each leg of the primary, and this
voltage multiplied by the ratio of turns
gives the secondary voltage. In the case
just mentioned, this method of calcu-
lation is incorrcct, because, as we have
scen, the leg voltage of the primary and
the voltage across the sccondary wind-
ings are considcrably incrcascd by the
presence of a triple harmonic.

This is the reason for the apparent
discrepancy in the ratio voltages referred
to at the boginning of this article. In
that case 11,000 volts were impressed
across the primary lincs, giving G300 as

\ the corresponding leg voltage. Since,

‘ however, the ncutral was not connected
| tothe neutral of the penerating system,
and the sccondary windings were open
(diametrical. Y "), a triple frequency
component of the voltage was active
across cach leg of the Y. This com-
ponent was reproduced across the ter-
minals of thc sccondary and increased the
secondary voltage (rom 210 to 235 volts. The
value of this component is

\/2352 —2[0?= 105 volts on the sccondary
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side. This means that the triple frequency
component of the e.m.f. on the primary side

must be
I%X%%? = 3190 volts.

This is the difference of potential between
the neutral of the “Y "’ and the neutral of the
generating system, and the potential across
each primary leg is
V83607 + 31907 = 7100
6360 7100

Now o —m—>

310 = 233 ° that is to say, the ratio of

voltage measured across primary and second-
ary windings of each transformer is equal to
the ratio of the turns; but it is impossible to
deduce the leg voltage from the voltage across
lines by dividing it by the coefficient 1.73.
Conditions of this nature are very frequent
in three-phase systems.

If the transformers are loaded, the apparent
change in the ratio of voltages disappears at
once. Therefore, the presence of the triple
frequency e.m.Jf. in this case has practically
no effect on the operation of the transformers.

FURNACE ECONOMY
By F. W, CALDWELL

Many power stations are operated uneco-
nomically, due to indiffercnce or ignorance
in regard to the operation of the boiler plant,
° Although there has been a great deal of
discussion concerning the value of determining
the quantity of CO, (and neglecting other
gases) in boiler furnaces, the opinion seems
to be very definite that some form of indica-
ting apparatus is of great advantage to the
firemen as well as to the plant operator, but
that there is no apparatus which can entirely
replace the traincd eyc in determining the
best kind of fire.

Perfect combustion, high furnace tempera-
ture, high velocity of gases over heating
surfaces, and low stack tcmperature are all
advantageous, and thc best efficiency of
evaporation is attained when all of these are
a simultancous maximum. Gas analy-

sis is influcnced by the first two “
conditions, slightly by the third, not o
at all by the fourth, and is itself a
perfect measure of nonc. Qe
If there are holes in the firc bed, ¥
the oxygen content will rise and the ¢
amount of carbonic acid will fall in .
proportion. Gas analysis will revecal §
the presence of such holces, and so will s}
the cye coupled with an cxamination =
of the fire bed with the usual fire tools. el |

If a firc is thin and is passing too
much air, gas analysis will give the
same indication that is given when
& firc Led containg holes, and it will
not determine which of these troubles cxists.
The usual draft ‘gauge and fire tool are the
final instrumnents and might have been used
in the first place. Again, leaks in the sctting
give this same oxygen indication and must be

determined scparately, independently of gas
analysis.

The most common errors are the admission
of too much air to the fumace, uneven fires
and poor methods of firing. An analysis of
the flue gases is naturally the best evidence
of what is taking place in the furnaces.

The fluc gases consist principally of nitro-
gen (N), carbon dioxide (CO,), oxygen (O,),
and carbon monoxide (CO), the proportions
depending upon the amount of air admitted
to the furnace, the completeness of combus-

. tion and the quality of the coal uscd.

Generally speaking, a low percentage of
CO, indicates the admission of too much air
to the furnaces and a low boiler efficiency.
A high percentage of CO always indicates
incomplete combustion and a low boiler
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Carva Showing Percrntage of COr in Plue Ouses
for Different Boiler Efciencies

cfficiency. The correct percentage of CO,
has always been subject to more or less
discussion, the estimate varying from 9 to
14 per cent. Certain boilers which are of
the water-tube, internally-fired type, have
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given the best results where CO, was 15 per
cent., although in some types of water-tube
boilers, when attempting to run at high
values of CO,, the arches and side walls have
been burned out. The correct percentage
undoubtedly varies fordifferent boiler settings,
the quality of coal burned, etc., but a per-
centage of 10 to 12 per cent. usually indicates
the most economical operation. The attached
curve was taken from the Government
Boiler Testing Plant at St. Louis. Mo.,
Bulletin No. 325 of the U. 8. Geological
Survey. This curve indicates that CO,
should have in general a value of about 10
per cent. The upward slope of the curve
indicates that a higher efficiency is obtained
by raising the percentage of CO,.

The improvement in boiler efficicncy effect-
ed by increasing the percentage of CO, in
flue gases from 6 to 11 per cent., as shown in
this curve, is 11.8 per cent., and corresponds
to a saving of 20 per cent. in the coal burned.
This curve probably shows the improvement
that could be expected in the average boiler
plant. The percentage of CO, in the flue gases
can be almost entirely regulated by proper
damper control, careful firing, etc.

In order to act intelligently, the boiler
plant operators must have an analysis of
the flue gases as often as possible. Due to the
small percentage of CO compared with the
total volume of flue gas, the usual gas analysis
does not give reliable figures on this content.
The usual practice, therefore, is to obtain
the percentage of CO, only. The oldest
method of obtaining this analysis is with
the Orsat apparatus, which is very reliable
but not automatic. With this apparatus, one
man who does nothing else analyzes a
sample of the flue gases about every twenty
to thirty minutes. Today there are several
fairly reliable devices on the market which
record the percentage of CO, automatically,
giving the operator a continuous record to
work by. .

A very satisfactory method is to have an
automatic device before each fireman. This
device need not have great accuracy, as
anything that makes a mark varying with
the firing will constantly urge the man to
his best endcavours. If, in addition to this,
supervision is exercised by one well trained
in the fircroom and the results for the day
are accurately summated, a good degrec of
economy should be secured.

It would appear that the curve can be
taken to represent general values, although

therc is_no doubt that a few boiler tests on
each type of boiler would indicate that the
best results could be obtained by very slightly
raising or lowering this curve. There can,
however, be no question but that a percentage
as low as 6 makes a tremendous difference in
the economy of the boiler.

BOOK REVIEWS

THEORY AND CALCULATION OF TRAN-:
SIENT ELECTRICAL PHENOMENA
AND OSCILLATION

By Charles Proteus Steinmetz

McGraw Publishing Co. 356 Pages Price Net $5.00

The increasing use of thc alternating current
within the past few years has rendered the subject
of transicnt phenomena of vital importance: there
has been, however, no work available which treated
the subject in a thorough and consistent manner.
With the publication of Dr. Steinmetz’s book, a
treatisc has been placed in the hands of engineers
which, for the first time, adequatcly discusscs these
complex phenomena. The book is therefore a
pioneer work; it is, in fact, epoch making.

An exact physical definition of the expression
‘““transient phenomcna,” onc which ghall be suffic-
iently inclusive and at the same timc non.mathe-
matical and easily understood, is rather difficult to
frame. In his preface, the author defines the term
by giving the common characteristic of the phen-
omena. He says: *'the characteristic of all tran-
sient phenomena is that they arc transient functions
of the indcpendent variable time or distance.”
Transient phenomena may be described as all those
ph that are cpisodial in character: i.e., that
begin at a certain moment or place and vary continu-
ously either gradually or in an oscillatory manner
with the time or the distance, finally becoming
constant at a maximum or zero valuc, The huildipg
up of a dynamo is a transient phenomena, the rise
of current in a circuit upon closing the switch, the
discharge of a condenser, the surge in a trans-
mis:ion line, cte., cte.

While the inherent nature of the subject absolute-
ly nceessitates the employment of higher mathe-
matics, the author wherever possible has used the
simpler algebraic forms; furthermore, after develop-
ing the various theorics, he has applied them practi-
cally to working conditions, and has given conerete
numerical examples, This is an especially valuable
feature of the work, as it renders the conclusion of
the theorctical dizcussions available to all classcs of
readers, and thus docs not limit the bouk's uscfulness
mercly to those whose mathematical training
enables them to follow the liscussions in their
entircty.
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From such a mass of uniformly valuable material,
it is difficult to make sclections for special comment.
The book covers the subjcet thoroughly, and con-
siders transient phcnomena as involved in gener-
ation, transformation, rectification and transmission
under both normal and abnormal conditions. A
beautifully lucid prescntation of the subject of
artificial leakage and loading is also included.
Skin effect and other propertics of wires and cables
are fully discussed, as is also the theory of lighting
and lightning protection.

THE ELECTRIC SOLICITORS' HANDEOOK

This book is issued by the National Electric
Light Association under an editorial committee
with Mr. Arthur Williams as chairman, and as
might thercfore be expected is a thoroughly prac-
tical and useful production. It is written for the use
of central station solicitors and all others directly
interested in the applications of electricity. The
book is divided into three chief sections. entitled,
“[lluminating Eogincering, Heating Engineering
and Power Engincering.” The three sections are
prefaced by some valuable information on business
getting and tatking points. A complete index is
provided which shows a very wide range of subjects
dealt with. The use of very concise and simple
methods and round numbers, ete.. is of course,
necessary in a book of this type, but it forms the
tost valuable addition to the library of the central
station man that we have had for a long time.

The range of the book can possibly be best illus-
trated by afew examples. Thefollowing,forinstance,
are extracts taken at random:

Cost of Central Station Scrvice Compared with
Isolated Plants; Horse-Power Required to Drive
Various Machines; Load Factors for Different
Classes of Scrvice; Data on High Pressure Exhaust
Fans; Application of Motors to Machine Tools;
Elcctric Heating Calculations; Power Taken by
Different lcating Devices; Estimation of Illum-
ination; The Lighting of Factories; Power Con-
sumption of Various Forms of Lamps; Table of
Reflection Cocfficicnts: The Electric Motor in the
Houschold; The Electric Motor Compared with the
Gas and Gasolene Enginc; The Electric Motor
Compared with an Isolated Steam Plant; Electric
Light Advertising: Specific Advantages of Electric
Light; The Relation of the Company to the Con-
sumer; Mcthods of Keeping Records, Ete.; Iow to
AMeet Opposition and Competition.

This book would have been still more valuable
if it could have been published at the time the
manuscripts were completed by the different
competitors—now more than two years ago—
since it now contains a large amount of matter
cither not available clscwhere or dificult to find.
At the time referred to, it must have bheen a still
more exceptional production.  We note with
plcasurc that a large sharc of the credit of this
production belongs to one old cmployee and one
present employee of the General Electric Company:.

OBITUARY

James ]J. Mahony, who had been connected with
the General Electric Company since its organ-
jzation, died on \larch 19th at Holyoke, Mass.,
at the home of his sister, Mrs. A. J. McDonald.

Mr, Alahony was born at Worcester, MMass.,

une 16, 1863. His parents were Maurice and Mary
White Mahony, botﬁ of Ireland.

He received his education in the Public Schools of
Worcester, entering the High School in 1876, where
he stood well in all his classes, and in particular
showed marked ability in mathematics.

At the end of his third high school ycar he teft
school to accept employment at Forehand &
Wadsworth's pistol factory, where his father had
been employeg for some years. He remained with
this concern a year or more and then served an
apprenticeship as machinist with the McMahone
& Carver Tool Company. During this time he
also took up the study of engineering and mechan-
ical drawing.

In the sprins of 1888 Mr. AMahony entered the
employment of the Thomson-Houston Company
at iynn. where for the first six months he worked
as a machinist under Mr. John Riddell, and was then
transferred to the cxpert corps. A few months
later he was sent to lake charge of the installation
of car cquipments and to supervise the opcration of
street railway apparatus during their trial period.
While in this Yosilion he had charge of a number of
important railway installations, among others the
street railways of Albany and the original West
End power station of Boston.

In 1891 the Foreign Department of the Company
sent him to Australia to take charge of a number of
instailations, one of importance bcing the Sydney
Tramways.

Returning about two years later, he was placed
in charge of similar work in and about New York
City. He crected the clectrical machinery in the
Kent Avenue power station in Brooklyn and built
the first large direct connceted gencrators in both
Brooklyn and Boston. e also accomplished a
great deal of important inspection work throughout
the United States and Canada.

About twelve years ago Mr. Mahony became
connected with the Commercial Department of the
New York Oftice; and here, by rcason of his tact-
fulness, diplomacy and unfailing courtesy, he made
one of his greatest successes.

In 1903, at the Company's request, he made a
trip to South America, from which, after a few
months, he returned to his dutics at the New York
Office, where he remained until the time of his death,

Throughhisinhercntability and by hisown unaided
efiorts Mr. Mahony rose to a high position in the
clectrical profession, his sterling character and
perseverance commanding the respect and admi-
ration of his iates. He p 1 a personal
charm that was exceptional,

From his hoyhood, he was very fond of outdoor
sports. being purticularly intcrested in bascball and
golf; he was also an cxceptionally expert sailor ind
was the winncr of a number of cups. Iie was a
member of the Engineer’s Marine and Ficld, Dyker
Meadow. and Scarsdale Golf and Country Clubs.

The funcral services. which were very largely
attended, were held in St. Paul's church. Worcester,
and the intcrment was made at St. John's cemetery.
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FORMULZE, CONSTANTS AND HYPERBOLIC FUNCTIONS
FOR
TRANSMISSION LINE PROBLEMS

Note. In using the formulx given below, the following points should be noted:

All voltages given in the formule must be those between wire and ncutral.  That is, the line
voltage for three-phase lines must be divided by V'3 beforc substituting in the cquations, and
must be divided by 2 for singlc-phase lines. The currents are given in amperes per wirc. Hence,
the power lost,delivered or generated, calculated from the cquations, only refers to one phase and
must be multiplied by 3 to obtain the total power in three-phasc lines, and by 2 in the casc of
single-phase lines.

Phase Convention

When the voltage is given at somc point, as at the receiving or generating end, it is usually
taken as the standard phase, and all other voltages or currents, calculated or given, refer to this
phase. Thus, according to the sign convention adopted throughout #iz, contra clockwise rotation,
the given voltage v (say at the recciving end) is written v without any j term. If the voltage or
current at any point is a-+jb, the 4 sign indicates that thc voltage or current lcads the

-1
voltage o by the angle tan -3; a negative sign would show that they lag behind the voltage v by
the same angle. The form —a-jb indicates that the current or voltage at the point considered

leads the voltage v, at the recciving cnd, by the angle Ian.l(_—l;), that is, by an angle greater
than 90°, :

A current or voltage a+jb means that a ampcres or volts arc in phasc with the standard voltage
phasc and b amperes or volts are in quadraturc with the standard phasc. The prefix j is equal
to V=1, therefore, jXj=—1. The resultant valuc of voltage or current a +7b =\'g>+5%.

The product (a+7b)(c+jd) =ac—bd+j(bc+ad) and so on. For division L . ‘_a’— J b, and soon.
a+jb a4 b

The cosine of the angle that the current leads or lags the vollage at any point is the power

factor at that point. Hence, if the power factor is given (at the receiving end say) the current

i=a+jb at this end can be obtaincd from the formula Va'+# (PF +j V1.0 - PF?). Thusil the
resultant effective current is 100 ampcres at .80 P.F. lagging, i=100(.80-;\/1.0 -.6%)
= S0 -60j and must be substituted in the equations, in this form.

Constants m, m, and mi ‘Tablea II and I1I, Pagea 6 and 7
1

These are calculated to include the capacity and scli-induction between wire and neutral,
and the resistance per mile of single wire, whether for three-phasc or single-phase lines.

When calculating single-phase lines, the constants determined for the wire spacings lying in
a planc must not be used, but only those for triangular spacings. The constants for spacings in a
plane must only be used for three-phase lines, when a sufficient number of transpositions has been
madec to produce balanced clectrical conditions along the linc. .

The constants for any wire spacings between those given can be readily determined by

intcrpolation. As noted in the tables; the values for m and %‘ must be divided by 1000,  The
values of m, are correct as they stand.

Resistance

The resistances included in the constants refer to hard drawn stranded eopper wires, the
value of the resistance used being given in the tables. If the resistance of a given line is slightly
greater or less than that for which t'.c tables have been calculated, the proper percentage increase
or deercase in the constants can be obtained from Table I, page 5.
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Hyperbolic Tables. Tables IV to XIII, Pages 8 to 17 inclusive

The values of cosh (x+jy), where z is given in the top row and y in the extreme left or ich!
hand column will be found in the columns headed ¢ and b, and the values of /
(x+7y) in the columns headed ¢ and 4. Hence, the valuc of cosh (x+jy) will be a+jb, and «ink
(x+jy) =c+jd. The values of thesc functions lying between those tabulated can be rcadil
obtained by interpolation, sce example A.

Equations
The accurate cquations for transmission lines are given below, provided the geuorutor
voltages and currents are simple harmonic functions of the time, and thcre is no corona t/icit.
When the clectrical conditions are given at the receiving end and E,=volts at receiving end
between wire and neutral, I, the current per wire, ¢, the voltage at any point /, and 1, the current
at the same point. The distance [ is given in miles and is measured from the receiving end, (hon
¢, = E.coshml4 I,msinhml t

i = I,coshml +§':inhml
1

If the conditions arc detcrmined at the generator end and E; and I, are the voltaz: and
current respectively at this end, then the voltage and current at any point / along the line can e
obtained from cquations (3) and (4) following, / being measured from the generator end.
¢,m Egcoshml — I omysiniml

i, m I coshml— é'.u' nhml 4
m

Approximate Formule for Short Lines

These formulz can be used with an aceuracy of 1 per cent. for lines using No. 2 wire up
120 milcs long at 60 cycles and 150 miles at 23 cycles. Greater accuracy will be obtaincd il
larger wircs than No. 2 are uscd, though the difference is immaterial. See cxample B.

If m= p+jg and the conditions are given at the receiving end, then

e,-E,(l 4P ;’-”’—) + qul’)-l-l,mxl(p-l-jq) 5)

. .
imly (1+5(L.,—ﬂ + J'pql’) +f;,' 1(p+ig)
cJ 1

If the conditions are given at the generator end

= B EET DL 4 )~ om0 g
iom 1142 2,20 1 ) Bt : )

A. Example of Accurate Solution

Three-phasc line, 300 miles long using hard drawn stranded copper wire No. 000 Ii.&5
triangularly spaced, with wires 10 ft. apart. Frequency GO cycles.

- A214-2.115 =202~ T8.0] l__ 2.444.483f
From the tables m 1000 m, =302 - 78.0 5 1000 -

Supposc the following conditjons are determined at the receiving end.  Line voltage 104,000
volts, or 60,000 volts between wire and neutral. Load current 100 amperes at receiving end ot
.90 power factor lagging. Then, E,=060,000 and 1,=100(.90—j\T.0F — .0°) m00 = 43.5).  1f thu
power factor had been unity I, =100, or if .9 lcading I, =00+143.5).

A214-2.115
(1—""]0:):)&00- 126+.633/.

Then by interpolation from the tables of hyperbolics, the following values are obitained
coshmi=cosh(.126+.633j) = .812+.075j,
sinkhml = sinh(.1264.G33)) = 10245975

At the sending or generating end, ml =
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The interpolation can be obtained as follows:
From the tables

cosh(.124.62/) = 8204.070F
cosh(.12+.64j) = .808+.07%
Therefore, cosh(.124.633f) = 812+ .07
From tables
cosh(.14+.62j) = 822+ .081;
cosh(.144.64f) = 810+ .083;
Therefore, cosh(.14 +.633) = 814 + .082j
But cosh(.124-.633)) = 8124072/
Therefore, cosh(.1264.633/) = 812+ 075/

By the same method sinh(.126+.633/) can be determined. The above steps, for obtaining
the interpolations, were given morc for the purpose of showing how to use the tables than for
determining the values of the functions; since with a little practice, it will be found that practically
all values can be immediately obtained from the tables by inspection.

Substituting in equation (1) the voltage at the generator end is given as follows:
€¢=00,000(.8124.075/) + (90 — 43.5/) (392 — 78/)(. 102 +.597j)

=48,700+45007 417,500+ 16,500/ = 66,200 +21,000;
Hence e,-\"6—6200=.+:2100$=(i0,:_')00 volts at gencrator end, between wire and ncutral.

The generator voltage leads the receiving voltage by the angle lau.l%':-l];—g- ={an1318=17°3Y".

To find the current of the gencrator end, substitute in (2), then
iy= (90~ 43.5)) (8124 075)) + G
=76.3—28.3j~1.7490.2j=T4.64+61.0;
Therefore, generator current =\’ 74.6°+61.0¢ = 96.8 amperes per wire.

LA S

1000

R
The generator current, therefore, Icads the voltage at the receiving end by the angle fan

={ant 83 =30° 42,

Therefore, the current at the generator end leads the voltage at the gencrator cnd by the
angle (39° 42’) —angle(17° 39’) =22° 03’,

The power factor at the gencrator cnd is, therefore, cos(22° 03') = .927 leading.

(0,000X100X.90 _ o
G9,500X96.8X.927 ~ °

The total power dclivered by the transmission line is 360,000 X 90 = 16,200 kw., the total
power lost in transmission being 2,400 kw,

. TIO obtain the regulation, find the voltage at the generator end with no load enrrent, that is,
since [, = (),
€¢=060,000(-812+.075/) =48,700+4,300/ = 48,900 volts between wire and neutral.

Henee, a voltage risc occurs between wires of 20,600 X v/ 3 volts = 33,500 volts at the generator
end when the load is increased from nothing to 100 amperes at .90 power factor lagging at the
receiving end, with constant voltage at the receiving end.

Sinec I,=0 at no load, the capacity current is
.. 60,000(2. 44+ 483/)(.1024-.5075)
1000
At no load, the voltage at the generator end leads the voltage at the recciving end by the

-ne
[ 1]

8
1.

Transmission efficicney is thus

iq =00.2/— 1.7 = 0.2 amperes per wire.

4.9
angle lan "(_‘m"-’) =tant.003=>5°19"; and the current at the gencrator end leads the voltage at the
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receiving end by the angle tan ‘(2(1)——3) = tan(—53.1) =91° 04'.

Hence, the current at the generator end leads the voltage at the generator end by the angle
(91° 04')— (53° 19') = 85° 45'; hence, the power factor at no load is cos(85° 45')=.074 leading;
and the total no load transmission loss due to capacity current is 074 X 3X48,800¢90.2 =980 kw.

B. E te of Solution by Approximate Formula

Three-phase line 100 miles long, using hard drawn stranded copper wires No. 0 B.&S. wires
equally spaced in a plane and 8§ ft. between wires. Frequency 25 cycles.

In this case, suppose that the generator conditions are determined, being 50,000 volts
between wire and neutral, and 100 amperes per wire at unity power factor.

. :555+1.025; — 470 —954 { 1 _165+.88
From the tables m 1000 m, = 470—254; m, = 1000

Therefore, m! at the receiving end is .0335+.1023/ and since ml = pl-+jql
thercfore, pl=.0335 and gl =.1025.

By substituting these values in formula (7), the received voltage is obtained
¢, = 50,000 (l - ‘-0-?,(4— +.0057j) —100(470 — 2547)(.0555+ .10255)

= 19,800 4280/ — 5,200 —3,420; = 44,600 — 3,140/
Therefore, the received voltage is \44,600°+3,140° = 44,500 volts between wire and neutral, and
~314

this voltage lags behind the voltage at the generator end by the angle fan "(] 186
=tan(—.0704) = —4° 02,

The current at the receiving end is given by substituting in cquation (8)

= 2 (0555 235

&= 100(.006-+.0057) ~ 50,000(1.65 +1.(;S§O!) (.0555+.1025)

=99.6+.577~.10—10.9j =99.5—10.3j = 100 amperes per wire.
Therefore, the'current received is 100 amperes which lags behind the voltage at the generator
end by the angle fan’ :9%’—55’) =tan(—.1035) = — 5° 35". s
Hence, this current lags behind the voltage at the receiving end by the angle (5°55") - (4°02")
=1° 33’ and the power factor at the receiving end is cos(1° 53°) = .0995 lagging. :

Since the received current at no lead is 0, the capacity current is given by the cquation
B(p*— . E, .
lc(l + ———(’,, "t)+1pqlz) -;,;‘ll(ﬁﬂq)
10+ 109 _ (.10410.9/)(.996— .00575)
996 +.0057f 996+ .0057*
that is, capacity current or /. at no load =.164+10.9;" i

henee, the capacity current is 10.0 amperes per wire and leads the voltage at the sending end by

the angle fan ! !—o'qalan 466.5=80° 08, Thus the power factor at the sending end at no load is
:

therefore, capacity current [e=

64
c035(89° 08') = 0151, L
By substituting the capacity current or I, at no load in equation (7), the voltage at the

recciving end at no load can be obtained, and therefore the regulation at the receiving end betwee
no load and 100 amperes. Substituting the values rl

¢, = 19,800 4280 — (164 +10.9/) (470~ 254/)(.0535 +.10255)

= 49,500+ 250+ 363 — 572j = 50,200 - 202/ :
|
H
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. Thus the received voltage is 50,200 volts, lagging by a small angle behind the generator
voltage.

The regulation at the receiving end is, therefore, 30,200 — 44,500 = 5,400 volts between wire

and neutral, or betwen wires = /3 X 5,400=90,300 volts drop betwcen no load and 100 amperes
load at the receiving end, when the generator voltage is kept constant.

Example of how to use Table No. I

Assume that the No. 00 wire used in a transmission linc operating at 23 cycles has a resistance
of 423 ohms per mile, instead of .417 ohms as given in the tables for m, etc. Then, in this case,
the increase of resistance is 1.4% nearly. Hence, the following changes must be made in m, »,

amdmll in accordance with Table No. I.

The real term of m must be increased 1.4X.9% =1.3% nearly
The j term of m must be increased 1.4X 1% =0.6% nearly
The real term of m1; must be increased 0.6% .nd the j term 1.3% ncarly

The real term of-,% must be decreased 1.4X0.2%, =0.3%, nearly
1

The 5 term of ;']'— must be increased 1.4 X0.3%, = 0.4, nearly.
1

If the resistance were 1.4% less instead of greater, the values must be decrcased where they
were increased in the above example and vice versa.

TABLE I

Percentage change of constants m, m, and ais for change in resistance
m,

For every 19, variation in resistance, change the real and j terms in the constants by the percentage
amounts given in the table. 1f the resistance 1s incrcased, the + sign means, increase the term and — sign
decrease the term. The opposite rule holds when the resistance is decreased. This table covers both
methods of spacing and any distance between wires.

Bb-cvcu:l o I 23 cyeics
m, i Al m m, L
- — m, ! [ TR
Qe ut Real j Term Rual i Teﬂn‘ Real 3 Term Real j Term Real j Term
s +% . +% V-% %% | +5 +% +% __*+% =% +5
1 None +.78 | None +.38 | +.8 +.08 +.08 +.88 | =, +.7¢
.70 None +.70  None +.70 | +.8 +.20 +.30 +.80 | ~. +.6v
- 70 None +.70  None +.70 +.8 +.30 +.30 +.80 =, +.38
a0 None +.70 -0 +.88 . +.9 +40 +.40 +.840 - +.30
] 75 06 +.08 +.78 -.08 +.68  +.9 +.80  +.40 +.90 -~ +.18
1 86 10 +.10 +.86 .10 +.60 4.7 + +.30 +.70  — +.18
Ne 2 i - 90 20 +.30 +.90 -8 +.85 4.8 +20 +.38 +.00 - +.18
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* TABLE II

Values of m, m, and RE per mile for triangular spacing at 25 and 60 cycles
m,

between &hu m
Iaches
Dl\ndd by 1000

7130000 B.AS R =

23 creLzs %,
- L betons Wi
Inches

m
m; m
Divide b‘y 1000 Divide by 1000 . Divide bly 1000

7 ohms per mile

230,000 B.&S, R = 222 ohms per mile

73 21843114 152441 306 +.919 361 ~130} 2614970 72
96 3084310 370+ 894+ 77131 3414798 96
120 2944809 e 288 +.907 390 -133, 120
4 307 48 09 263 4 347 976 1 906; 401138 344
f \o.mBkB R-Mohmlpumnlc \o NOOBAS R-Mahmsperrml-
|
FRE (R 2 153633 288 4038 318101 235 +.n:1 72
06 387 + 38 [ 337 +.937, 380 ~141. 238 + 813 g
120 3441210 38 T 236+ 402 —142) 3 21 4780 1
143 3344309 -ar 164916} 11 -162; 217 +.748 144
No.000 BAS. R «.33 ohma per mile Xo. 000 B.&S. R =33 ohms per mile -
o dsia 208 78 0|
w 378 -78 0
120 21 z 392 —78 0]
144 1 .lﬂ' +3 11, 403 78 0]
| No. 00 B &S, R =417 ohms per mils
B 866 > 218, 873 97 0} 3 8 438)
888 - 3145 301 918 340 - 680,
7 213 408 -98 1) 233 + BAS;
1 504 - 2.18 114 -98.9) 2 2% - B48;
'y 383 - 120) 130+787; 9914108 s
m vain 228 - 688 569 4103
633 - 2 16j 4!6 l!l] 2322 -.648¢ 554 +1 03, 470 - 248,
€% 215 424 121 217 -~ €29; .061 41 01, 419 — 306
1 No. 1 lls. R -.“3 ohms per mile
a8 228 408 - 149 217 - 808 691 41 10; l'l‘—lﬂﬂ 1
791 .3 21 418 149 2.11 - 768 70 +1 09
766 - 2.40) 430 150 207 - 7181 €86 +1.08 §01 01
OB 1 ~161 208 698 640 +1'07, 518 ~309) I
N2 .\'o.!BlS.R-.IBJohmp«mﬂa |
- T
289 -2 28] 1 200 - 990; 800 +117§ 518 ~384} 1 13
a8 948 +2 2T 438 102} 134 - 810 7194118 536 - 368 06
930 - 8 26 480 183 190 - 116 | +1 u! 548 363 I}
205 + 2 28} 480 ~184) 188 - 181 +1.1¢ 609 —884; 144

* This tablc can also be used for singie-phase lincs. .
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* TABLE II1
Values ot m, w1, an - qually Y i in a place at 23 fen
WarLaS s e 23CYCLEt 0
b"sm’*“m? - - =TT - B - - N - - - N‘E‘r::l'll'r‘.“'i
Inches m m, L m m, S Taches
Diyide by 1000 Divide By 1000 Divide by 1000 Divide By 1009 i

230,000 B.&S. R =222 ohms pet mile 230,000 B.AS. R =.222 ohms per mile

378 ~121} 3.41 +.730; 2

i H
E .. 90 ~ 121 B} 2.34 +.729; w5
120 2094110 weats  23TLeeT .
144 371308 s16-12a]  asailens (
T No 00U Bas Rettiohmepermie | No. 0OUO B &S. R =201 chmeperomie
72 381 +a.u§ 203+ 386 ~141 3394840 | 72
96 346 +1.10; 2.87+ i 401 ~ 143 3.31 +.788. L
128 s 1aie sy A5-1630f 216474 12
1 3241209 20t ETIT T g SR L S
No. 000 B.&S. R w 43 ohms per mile T ¥0.000BAS Re33 chmspermie | .
72 494313 AA-TG 2884030 . 408173 siovey |
9 421 4218, 3990 ~77.8; 247 +.491 4320 173/ 2.08 .8 a6
120 4o “‘"j 408779 384,481 a34-1ne 198 4791 120
144 396 +2.11, 416 -78.0 2.33 +.484, 440 -178; 1.95 +.766) 144
T No 00BAS RmtTohmipermie  No.0O B &S R 417 chmeper mite
72 24043160 388-91.0) 3.43 + 808} $+.9%; 438 -308 7
9 ETTEE TR Xt 238 1588, o8¢ 9
130 Booisisl  s1s_9re 137 + 03t} 120
144 407 4218 485 ~97. 2.33 +.812; 1233}
. - - _
73 687 ~ 2.18} 396 - 130.0y 2380 - 840, -873 +1.038] 465 1361 1.58 +.930; re
bid 418 - 120 64 222 - 848] .8580 41.028 470 —3204, 1 69 +.880; 3
120 488 181 1900831 ME+1020) 698 -a07 1614084 120
144 43 a3l eitoees;  63012011)  496—260; L6k 3608 res
.
P ow ohie Sust No. 1 B.&S. R ».665 ohms per mile
903 --2.23 418 - 150 0y 2.12 + 700; 673 +1.098] 4 493 ~303 1.485 +.903 72
g 03T AIT-1600) 208736, | .eBBLLCSE) 808301 1440 1368 %
} 482300 G45-16061 2014602 63841070 630 309 1420 4846 120
144 86 - 219 456 - 181.0f 1.96 . .684; <885 +1.064, $31 -313; 1.390 +.810 143
N 2R KT Bne i e 7 7 No.3R.AS. R ~ 833 ohma per mule o

72 ' 989 43.38 438 ~183) 1.6 +.830, 780 +1.160, 032 - 3585 1.9%0 +.078, 72
g HEHE SCH mm ma may o w2

¥ proaEr T 5+ 26341199 - 250 {816y :
b s iaan | #7086y Las4a00, | 138

1] ! 303 +2.28; 476 —186; 1.88 4918

* This table may be used lor three-phase lines, only when a sufficient number of transpositions hag_been
made to obtain balanced electrical contlitions along the line, _In no case must the table be used for single-
phase lines. The table can be used, whether the plane in which the wircs lre is vertical nr hurizontal,



TABLE 1V
Values of cosh (x + jy) = 8 + jbusd sinh (x + jy) = c+ j&

'
x=0.00 =003 | x=0.04 x=0 x=0.08
y - | . o o o B =0 0 J
- ] 3 d O 3 d 1 e 1 ] ’ . < s y 1 . 4
4 ey 000 1008 800 | 060 090 1003 000 | .00 .008
o.g 3: z m 220 oot 1.082 “ll 080 030 1.003 .00% 080 020
s 000 sea o000 o030 o ' Lott oot | 060 040 1083 .003 | 080
% 0.00 080 001 020 e 1080 004 om0 0% Leal oo | o0
i 000 080 01 020 k l . i g
i 002 o090 e 21 008 ! o6 100 o 080
Rt o 1 200 030 s 98 00T 1%0 9 | loe0
'.I 4 900 .140 .:: 20 A0 40 m 008 05: ::: m
.18 2.00 .189 K 0%0 ol E E B K
ux so0 178 008 e20 T ; K I 03 170
20 400 .19% 004 430 008 K] 4 19 \
24 *00 218 004 030 009 K] 088 218
2 00 338 008 019 10 38 | 978 008 338
28 0.00 287 808 ns E t .g m :'.l;
£ oo 377 008 o8 P i 3
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:::r' :: ﬂ: % B 961 019 | 06T 316
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% - . 918 033 | .ose 388
£ 0.00 l 001 31 o3 | o6 3™
008 | 223 03 | 055 30
P 5 e0 008 ‘o0e 918 oas | 068 a9 {
a3 M3 €00 000
44 o [ 2 0.00 K il B ] L Bt i
306 0.00
: 896 000 600 .44l o0 s o1 | o8 aib
»w 487 000 ( 0.00 008 S50 028 £33 488
o 08 480 029 E
2 8m zala
B oW iR Wi By 438 | oa1
kit . | o .
s 336 040 ' 000 848 | 238 @3 | ose
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(1] A ok ooo wel B8 038 | 049 31 s | o6
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- - -+ R o | &
o] X .00 . l o K
T 67 am | 08 o8 | o1 !
72 4 oo o s T8¢ 60 I K 081 | e |
i 68 000 . 000 639
4 .138 .00 00  8T4 ;:: ::: z ..“..‘ &
.76 78 0.00 00 689 | g A K Y
78 W11 .00 .08 .703 1S 048 088 .7
N 1
0 697 .00 .90 .T1T 039 o J18 £99 043 267 £88 .11
| E 8 e a8 | ess 13
xt 81 000 000 .31 . o o | 4 8 ML s w1
A S8T .00 .90  .T44 [
26 3 .00 .00 .788 ge .Y5% 553 048 © 039 684 841 E L
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TABLE V
Values of cosh (x + jy) = a + jb ane sinh (x + jy) = c + jd

xw 10 EL B xw 14 3m.1¢ T 1%
P
< 5 L4 » < E ) b [ £ L] ’ 4 o« * ‘ H
000 1.007 080 -120 600 1.010 000 40 1.013 .000 161 000
020 1007 . 130 1010 003 140 028 t.013 003 161
040 1.008 608 .130  .040 1.009 .008 -140 040 1.04% 006 160 040
060 1.008 .007 130 060 1.008 008 .140 061 1011 010 160 .06
B80 1.004 010 130 080 1.007 011 140 .08t t.oto0  .01% 180 .o81
100 1002 013 (130 101 L.008 .03 (140 101 1008 018
131 1000 .04 130 121 1083 .017 139 1t13 LOO6 019
RIS 99T 017 119 1373 1.000 030 199 1 1.008 .0%3
160 994 019 119 160 987 022 138 168 1000 0TS
-180 R o2 Bt 180 994 028 188 .18t -997 o2
200 200 9% .028 138 201 993 032
219 230 996 .0X1 137 220 958 038
-28% 240 951  .033 136 240 o83 618
.258 % .036 138 289 78 .04%
ks 279 .b3% 188 .3%0 973 044
a7 298 041 134 .299 967 048
316 37 4 -318 453
338 336 047 132 337 938 4
84 388 049 151 386 848 057
373 e 082 + 130 T8 AL 0N
.81 392 -39 393 933  .062
430 411 037 28 412 bl [
428 438 -080 137 430 516 063
446 447 082 126 448 %97 0N
184 463 085 128 487 : ore
482 A et 423 44 889 097 141 488
580 801 -08% 819 080 -1 -$a3
817 318 o2 121 .618 568 .02 138 680
834 838 074 119 A58 088 136 a9t
481 583 017 -1 884 847 087 134 535
67 848 19 116 870 836 091 1z 571
584 883 083 114 B8y 824 093 130 8
K. 693 083 112 .60 812 098 118 .50¢
€16 818 -08§ 10 619 098 121 420
(31 €34 g A &35 -187 101 138 6
847 649 096 108 175 103 133 .53
462 484 08 106 .668 142 108 121667
617 679 084 104 .68 748 1 119 883
592 594 0% 10T .69 34 a1 11T 498
306 708 oe% -100 Ti0 20 3 11y n2
0 hrid 101 0% 34 708 2 736
134 338 102 o6 738 591 116 140
Bix 149 104 A4 181 678 107 7
761 788 -106 o L7 €860 108 768
778 ek 198 E L) 643 102 18t
87 425 094 013 .18% -110 087 .18t -8 -100 158
200 610 0% 073 893 1 B 84 088 806
812 4 097 071 814 113 wns 18 598 o098 818
£33 A8 088 063 .8 118 K g4 A8k 093 839
834 61 100 438 e 838 564 0%  $41
846 44 10t 065 a7 548 .118 076 94% M7 08T 342

6 mamaddng | mnwy Ry 100139,



5

b e 4

| § e wsxuy sy wazes b

scee QEE
-1
maue &

e e
-

TABLE VI

Values of cosh (x + jy) = a + jb and sinh (x +jy) = ¢ + jd

A=.22
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TABLE VIl
Values of cosh (x + jy) = a + jb and sinh {x + jy) = c + jd

=30 E 38 | =38
y
a L] 3 d a A ¢ o 4 b i 3 v d i @ : 4
1882 .000 25 600
1081 006 318 -021
1088 o143 5 043
1050 .019 324 064
1.045 0% 324 86
1048 032 .32¢ 107
1044 039 .333 129
1.041 048 3t 1860
1.038 052 ! 331 171
1.035 .058 320 193
1.091 .06 | 319 214
1038 .om1 | 317 -3¢
1081 077 | 316 258
1018 083 | 314 e |

1011 0% © 13 -397
1.006 .09 , .310 318
a9 103 | 308 38
992 .108 | .30¢ 388
98¢ 118 | 304 379
LI 308 398
126 | .300 417
sz | ey 438
138 2 437
ETTa 1) 416
450 | 388 195

168 l 288
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TABLE VIl
Values of cosh (x + jy) = a + jb and sinh (x + jy) = c + jd
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TABLE 1X
Values of cosh (x + jy) =~ a + jb aand sinh (x + jy) = ¢ + jd

x =52 z=.60
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TABLE X
Values of cosh (x + jy) = & + jb end sinh (x + jy) = ¢ + jd

"y » ~ s 0y ok N 0
i ¥
2 : - « q “ IS 3 * ~ s s 5 ]
v 000 .637 Liss s 1313 000 483 000 13236 600 Ten o.0n
Gy 4488 013 837 021 1498 .03 680 024 1312 014 686 Q¥4 1336 Ol 708 ar
1184 038 837 06T 19T 026 688 1318 .o s6¢ 049 1ym 033 708 o
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TABLE Xt
Values of cosh (x + jy) = & + jb and sinh (x + jy) = ¢ + jd
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TABLE XIi
Values of cosh (x + jy) = a + jb and sinh (x + }y) = ¢ + jd
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TABLE Xl
Values of cosh (x + jy) = 8 + jb end sioh (x + jy) = c + jd
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