


TRANSACTIONS

OF THE

/AMERICAN INSTITUTE

OF

ELECTRICAL ENGINEERS

JANUARY TO JUNE, 1916

VOL. XXXV, PARTI

PUBLISHED BY THE
AMERICAN INSTITUTE oF ELECTRICAL ENGINEERS
33 WEsST THIRTY-NINTH STREET

NEW YORK, N. Y, U.S. A.
1916



Copyright, 1916
by the
AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS

Press of Mcllroy & Emmet, 22 Thames Street, New York




OFFICERS AND BOARD OF DIRECTORS
1915-1916

PRESIDENT.
JOHN ]J. CARTY.

JUNIOR PAST-PRESIDENTS.

C. 0. MAILLOUX.

P. M. LINCOLN.

VICE-PRESIDENTS.

F. S. HUNTING.
N. W. STORER.
FARLEY OSGOOD.

C. A. ADAMS.
J. FRANKLIN STEVENS.
WILLIAM McCLELLAN.

MANAGERS.

H. A. LARDNER.

B. A. BEHREND.

P. JUNKERSFELD.

L. T. ROBINSON.
TREASURER.

GEORGE A. HAMILTON.

FREDERICK BEDELL.
BANCROFT GHERARDI.
A. S. McALLISTER.
JOHN H. FINNEY.

C. E. SKINNER.

P. B. JEWETT.
JOHN B. TAYLOR.
HAROLD PENDER.

SECRETARY.
F. L. HUTCHINSON.

HONORARY SECRETARY.
RALPH W. POPE.

GENERAL COUNSEL.
PARKER and AARON,
52 Broadway, New York

PAST-PRESIDENTS.—1884-1915.

*NORVIN GREEN, 1884-5-6.
*FRANKLIN L. POPE, 1886-7.

T. COMMERFORD MARTIN, 1887-8.
EDWARD WESTON, 1888-9.

ELIHU THOMSON, 1889-90.
*WILLIAM A. ANTHONY, 1890-91.
ALEXANDER GRAHAM BELL, 1891-2.
PRANK JULIAN SPRAGUE, 1892-3.
SEDWIN J. HOUSTON, 1893-4-5
*LOUIS DUNCAN, 1895-6-7.
FRANCIS BACON CROCKER, 1897-8.
A. E. KENNELLY, 1898-1900.

CARL HERING, 1900-1.

CHARLES P. STEINMETZ, 1901-02.
*Deceased.

CHARLES P. SCOTT, 1902-3.
BION J. ARNOLD, 1903-4.
JOHN W. LIEB, 1904-5.
SCHUYLER SKAATS WHEELER, 1905-6.
SAMUEL SHELDON, 1906-7
HENRY G. STOTT, 1907-8.
LOUIS A. FERGUSON, 1908-09.
LEWIS B. STILLWELL, 1909-10.
DUGALD C. JACKSON, 1910-11.
GANO DUNN, 1911-12.

RALPH D. MERSHON, 1912-13.
C. 0. MAILLOUX, 1913-14.
PAUL M. LINCOLN, 1914-15.

LOCAL HONORARY SECRETARIES.

GUIDO SEMENZA,

N. 10 Via. S. Radegonda, Milan, Italy.

T. P. STRICKLAND,

N. S. W. Gov. Railways, Sydney, N. S. W.

HENRY GRAFPTIO,
| Petrograd, Russia.
A. S. GARPIELD,

67 Avenue de Malakoff, Paris, France.

ROBERT JULIAN SCOTT,
Christchurch, New Zealand.
L. A. HERDT,
McGill Univ., Montreal, Que.

RICHARD O. HEINRICH,

Genest-str. 5, Schoeneberg, Berlin, Ger.

JOHN W. KIRKLAND,

Johannesburg, South Africa.

ARRY PARKER GIBBS, Tata Hydroelectric Power Supply Co., Ltd., Bombay, India.

392141



C. A. ADAMS
2. A.

FINANCE COMMITTEE.
J. PRANKLIN STEVENS,
Chairman.
BANCROFT GHERARDI,
FARLEY OSGOOD.

HAMILTON,
. 5. McALLISTER,

STANDING COMMITTEES

EXECUTIVE COMMITTEE
J. J. CARTY, Chairman.

WILLIAM McCLELLAN,

BOARD OF EXAMINERS.
A.S, McALLISTER, Chmrman
PHILANDER BETT
P. L. RHODES
Ww. L. SLICHTER.

FARLEY OSGOOD,
J. PRANKLIN STEVENS.

STANDARDS COMMITTEE
C. A. ADAMS, Chairman.
HAROLD PENDER, Secretary
PREDERICK BEDELL.

L. F. BLUME.
SBCTIONS COMMITTEE.
LIBRARY COMMITTEE. H. A. HORNOR, Chairman. JAMES BURKE,
SAMUEL SHELDON, FREDERICK BEDELL N. A. CARLE.
Chairman. H. W. F ASHMAN E. J. CHENEY,
EDWARD D. ADAMS é E. MACDONA FRANK P. COX,
F. L. HUTCHINSON. HARLES P. SCOTT. and the W. A. DEL MAR
HAROLD PENDER, Chairmen of all Institute Sec- W, F. DURAND
. SLICHTER. . tions ex-officio. H. W. PISHER.,
CODE COMMITTEE. H. M. HOBART
MEETINGS _AND PAPERS PARLEY 0SGOOD, Chairman. g 5. JEWETT.
COMMITTEE. . C. PORSYTH. P~ I‘JNKERSFELD
L. T ROBINSON, Chairman. H. B. GEAR. - J &
L. CHUBB, Secretary A. H. GRISWOLD. A. E. KENNELLY.
H. H NO H. O. LACOUNT. G. L. KNIGHT.
HARRIS J. RYAN, H. R. SARGENT. A. S. McALLISTER.
CHARLES P. STEINMETZ, G. A. SAWIN. W. M. McCONAHEY
and ‘lhé Chairmen of the Tech- 8Egk(§g}}OES¥:VER W. L. MERRILL .
nical Commitiees. . o "
C. BE. SKINNER. R. B. OWENS.
H. S. WARREN. CHARLES ROBBINS.

EDITING COMMITTEE.
H. H. NORRIS, Chairman.

LAW COMMITTEE.

L. T. ROBINSON.

HAROLD PENDER CHAURrh%}SERLSP%Iﬂ?)RKE' E. B. ROSA.
W. S. RUGG. ’ 1’; ENCER., C. E. SKINNER.
W. I. SLICHTER. cn.uu.ns A. TERRY. H. G. STOTT.

TECHNICAL COMMITTEES

POWER STATIONS RAILWAY COMMITTEE. ELECTRIC LlGE‘l‘lNG
A. S. LOIZEIA‘(IJT)‘{Egh DUGALD C. JACKB3OX. coMMITT

. mrman mrman
b 3 BRI S o e Eimn vt i,
‘é. A. HOBEIN. E. J. BLAIR S. G. RHODES, Secretary.
¢ s MncCéé.L% H. M. Bl‘;&lé\cxenﬂon C. E. CLEWELL.

H {? SANVILLE. H. M. HOBART. 5w gog}lz.ns.
E. F. SCATTERGOOD. E. B. KATT E. P. HYDE.
PAUL SPENCER PAUL LEBENBAUM P. JUNKERSFELD.
H. G. STOTT W. S. MURRAY. A.S. LOIZEAU.
CHARLES F. UEBELACKER CLARENCE RENSHAW. v & BECK
F. H. VARNEY. S. EY. - W. P -
TRANSMISSION amwx SPRAGUE T. S. PERKINS.
E. B. ROSA.
COMMITTEE.
PERCY H. THOMAS, G. H. STICKNEY.
Chairman. PROTECTIVE APPARATUS C. W. STONE.
H. A. BARRE COMMITTEE.
N. A. CARLE E. E. P. CREIGHTON, TELEGRAPHY A
K M. PA(}%V&I{?IED o H DEWEY. Chairman. TELEPHONY COMMITTEE.
H. W. FISHER. LOUIS ELLIOT S “:‘ ’I{)‘;’tffg' Chairman.
F. A. GABY. TOR H. GREISSER. 1. M. -
i. E t&l&\& AN PO§DHVX.Y§I£RRIS. C. L. FORTESCUE.

. P, N. . . H. M. FRIENDLY.

. JUY KERSFELD. FRED L. HUNT
RALPH D. MERSHON. L. E. IMLAY., P. B. JEWETT.

w.E hri%g%l‘{(m.l. F. B. JEWETT. S. M. KINTNER.

. D. . . T, . LLIAM MAVER, Jr.
P. D. NIMS. kB RRIAM grlmpsmn B MILJLER
P. W. PEEK, Jr L. C. NICHOLSON . :
K. C. RANDALL E. P. PECK. H. MOURADIAN.

C. S. RUFPN N. L. POLLARD W. 0. PENNELL.

F. D. SAMPSON 0. 0. RIDER F. L. RHODES.

P. W. SOTHMAN D. W. ROPER. JOHN §. STONE

C. E. WADDELL CHARLES P. STEI\IMETZ " AYLOR

A, LS. L E. WOODBRIDGE. JOHN B. TA .

. E. WOODBRIDGE. R. WOODROW J. LLOYD WAYNE, 3rd.

f
|
|




TECHNICAL COMMITTEES—Continued

COMMITTEE ON USE OF
ELECTRICITY IN IARIRE
‘WORK.

C. S. McDOWELL, Chairman.
D. M. MAHOOD, Secretary.
MAXWELL W. DAY.

G. E. EDGAR.

W. L. R. EMMET.
W. R. FURLONG.
H. L. HIBBARD.
GUY HILL.

H. A. HORNOR.

O. P. LOOMIS.

G. A. PIERCE, Jr.
H. M. SOUTHGATE.
ELMER A. SPERRY.
WILFRED SYKES.
F. W. WOOD.

OMMITTEE ON USE OF
ELECTRICITY IN MINES.
WILFRED SYKES, (élgliﬂnun

Sw
S

. CHANDLER.
Y.

GIRARD B

PAU .
. ROSENBLATT.
FRED L NE.

. STONE

PUBLIC POLICY
COMMITTER.
CALVERT TOWNLEY,

Chairm
WILLIAM McCLELLAN,
Vice-Chairman
OHN A. BRITTON.

W. BUCK.
PREDERICK DARLINGTON
GANO DUNN.

OH‘{ H FINNEY.

D ER.

E. W wl

L. B. STILL ELL.
H. G. STOTT.
COMMITTEE ON DEVELOP-
MENT OF WATER POWER.

CALVERT TOWNLEY,
Chairman.
H UCK.

L. B. STILLWELL.
H. G. STOTT.

ONSTITUTIONAL RE-
VISION COMMITTREE.
BANCROFT GHERARDI,
Chairman.
HUTCH NSON.
DUGALD {‘ACKSO‘J
M. LIN
A S. McAL LISTER.,
WILLIAM McCLELLAN.
W. S. MURRAY.
gIDS RUGG
CHARLES W STONE.
H. G. ST TT
P. H. THO
CALVERT TOWNLEY.
W. D. WEAVER.

.=‘
WO WO

ELECTROCHEMICAL
OMMITTERE.
PF. GANZ, Chairman.
AWRE\(‘E ADDICKS.

CARL HERING.
IRVING LANGMUIR.
BURTON McCOLLUM.
E. F. PRICE.
C. G. SCHLUEDERBERG.
L. L. SUMMERS.
W. R. WHITNEY.
ELICTROPKYS{CS

C N
JOHN B. WHITEHEAD,

Chairman.

FREDERICK BEDELL.
. BLA CKWELL

. CHUBB.

. FRANKLIN.
' NICHOLS.
PUPIN.

LOF, Secretary.
BRIGGS.

EASTSWOOD
HIPPLE.

f( MES.

NIGHT.

MALLETT.

MARTINDALE.
IERCE
POWELL.

E.
WW
fl
C.
£
A.
w.

C.
E.
M.

D.

D.
P.
H.
G.

H.

SPECIAL COMMITTEES

S. NATIONAL COMMIT-
TIE OF THE INTERNATION-
LBCTRO

U.

TECHNICAL

COMMISSION.

. B. CROCKER,

. A. ADAMS.
A. BEHREND.
LOUIS BELL.
JAMES BURKE.
GANO DUNN.
H. M. HOBART.
JOHN W. LIEB.
R. B. OWENS.
M. I. PUPIN.
E. B. ROSA.
CHARLES F. SCOTT,
CLA SHARP.
SAMUEL SHELDO\I
C. E. SKINNER.
CHARLES P. STEINMETZ.
H. G STOTT.
ELIHU THOMSON.
PHILIP TORCHIO.

PATENT COMMITTEE.

RALPH D. MERSHON,
Chairman.

BION J. ARNOLD.

C. ADLEY.

VA \

. RIBNER.
FRANK J. SPRAGUE.
CHARLES A. TERRY.

. 0. MAILLOUX, President.

Vice-President.
. E. KENNELLY, Secretary.

COMMITTEE ON RECORDS
AND APPRAISALS OF
PROPERTIES.

PHILANDER BETTS,
Chairman.
BLOOD Jr.
ERED RYAN.
HE\'RY FLO
w.

JACKSON.
WILLIA(L)A McCLELLAN.

&L Pl
C. PILLSBURY
. SPOEHRER.
G VI NCE\'T

. WILDER.

og:

EDUCATIONALCOII!TTIB
. KA BER APETOFF, Chairman.

g'ﬂ;ﬂ<
(-‘-.

BISHOP,
ORGAN BROOKS.
. R. DOOLEY
A 0AD
LANGSDORP
AGNUSSON.

E
HARLES F. SCOTT.
. B. WOODWORTH.

W leleldtel

IROI! AND STEEL INDUS-
RY COMMITTEE.
TY ES, Chmrmnn
DINKE

GANO DUNN

T. HENDERSON.
W 0. OSCHMANN.
K. A. PAULY.

QILPRED SYKES.
HISTORICAL MUSEUM
COMMITTEE

C. MARTIN, Chalrmnn
ARLES L. CLARKE.
LOUIS DUNCAN.

W. RICE, J=.
CHARLES F. SCOTT.
FRANK J. SPRAGUE.
COMMITTEE ON CODE OF

T.
CH

we

GEORGE F. SEVER,
A. H. BABCOCK.
H W. BUCK

NO DUN

OHN KELLY
CHUYLER S. WHEELER.

COMMITTEE ON RELA-
TIONS OF CONSULTING
ENGINREERS.

L. B. STILLWELL,
Chairman.

H. W. BUCK.
GANO_DUNN.
R. FORD.

M. HUNT.
P. N. WATERMAN.
M!KBI’RSHIP COMMITTERE
.ﬁklﬁ Chmrmtn

0y

wmﬂ:‘
>

FHKQO> M milgy

N

?’3?’9."’;?’?!“??’?2

wE



SPECIAL COMMITTEES—Continued

RALPH D. MERSHON.
FRANK J. SPRAGUE.

PROPOSED RESERVE
CORPS OF ENGINEERS.

BION ARllggé.RDGChmrm-n A. E. KENNELLY.
OHN_ HAR ) ]
ALPH MERSHON. ROBERT T. LOZIER

S. G. McMEEN.
H. W. BUCK.
F. A. SCHEFFLER.

M. SCHOEN.
CHARLES W. STONE.
MEDAL

MITTEE. CHARLES F. BRUSH.

\ ; N. W. STORER.
Appointed by the President for CARL HERING.

EDISON

COM- J. FRANKLIN STEVENS.

Elected by the Board of Direc-
tors from its own membership for
terms of two_years.

WILLIAM McCLELLAN.
Ex-Officio.
JOHN J. CARTY, President.

GEORGE A. HAMILTON,
Treasurer.

terms of five years.
SCHU ER S. WHEELER, HARRIS J. RYAN. P. L. NSON,
Chairman. H. G. STOTT. HUTCHINSO Secretary
Sections and their Officers
ATLANTA LOS ANGELES ROCHESTER
A. M. Schoen, chairman. E. Woodbury, chairman. 0. W. Bodler, chairman.
- H. E. Bussey, Secretary. R. H. Manahan, secretary. Lucien Buck, secretary.
BALTIMORE LYNN ST. LOUIS

. B. Whitehead, chairman.
. M. Potts, secretary.

BOSTON
MADISON
Geo. A. Burnham, chairman. F. A. Kartak, chairman,

L. E. A. Kelso, secretary.

F. H. Bowman, secretary.

Ira M. Cushing, secretary.
CHICAGO

Ww. Jt I\!ortg{nl clnugenant MEXICO
1i ton, Secretar
Taliaferro Milton Y. MILWAUKEE
CLEVELAND F. W. Ells, chairman.
E. W. P. Smith, chairman. H. P. Reed, secretary.
Bruce W. David, secretary.
MINNESOTA
DENVER E. T. Street, chairman.

H. S. Sands, chairman.
Robert B. Bcnney, secretary.

Gordon Campbell, chairman.

W. O. Pennell, chairman.
George McD. johns, secretary

SAN FRANCISCO
A. H. Babcock, chairman.
A. G. Jones, secretary.

SCHENECTADY
T. Robinson, chairman.
F W. Peek, Jr., secretary.

SEATTLE
C. E. Magnusson, chairman.
C. F. Terrell, secretary.

Walter C. Beckjord, secretary SPSKAX\E

F. Henderson, chairman.
C. M. PFisher, secretary.

DETROIT-ANN ARBOR  PANAMA
A. A. Meyer, chairman. % H. I&v h‘{ﬁhe“d chairman. TQLEDO
A. Oakes, secretary. arkham, secretary. W. E. Richards, chairman.

FORT WAYNE PHILADELPHIA
i. J. Kline, chairman.
. J. A. Snook, secretary. W.F. James, secretary.
INDIANAPOLIS-
LAFAYETTE
. L. Wayne, 3rd, chairman.
alter A. Black, secretary.

ITHACA
E. L. Nichols, chairman.
W. G. Catlin, secretary.

KANSAS CITY, MO.
Gordon Weaver, chairman.
Glenn O. Brown, secretary. L. T. Merwin, secretary.

PITTSBURGH
G. C. Hecker, chairman.
F. E. Wynne, secretary.

PITTSFIELD

. Troy, chairman.
F.R. chh secretary.

PORTLAND, ORE.

. P. Liversidge, chairman.

Paul Lebenbaum, chairman

Max Neuber, secretary.

TOROI\TO
. T. Brandon, chairman.
Wllls Maclachlan, secretary.

URBANA
1. W. Pisk, chairman.
L. V. James, secretary.

VANCOUVER
R. F. Hayward, chairman.
H. N. Keifer, secretary.

WASHINGTON, D. C.
Arthur Dunlop, chairman.
Louis G. Freeman, secretary.

Branches and their Officers

AGRICULTURAL AND
MECH. COLLEGE OF .
TEXAS

A. Dickie, chairman.
G. B. Hanson, secretary.

BROOKLYN POLY.

N. J. Rehman, chairman.

ALABAMA, UNIV. OF E. C. Hageman, secretary.
CALIFORNIA, UNIV. OF

Gustav_ Wittig, chairman.
A. P. Frazier, secretary. :
Marc Holzer, chairman.

ARKANSAS, UNIV OF C. Maynard, secretary.

Wllson chairman.
W L. Tengue secretary.

D. P. Gibson, secretary.
ARMOUR INSTITUTE
Ralph H. Earle, chairman. CINCINNATI,
Harold A. Kleinman, secre- C. A. Powell, chairman.
tary. N. V. McCormick, secretary.

BUCKNELL UNIVERSITY

CARNEGIE INST. OF TECH.
D. L. Trautman, chairman.

INST. CLARKSON COL. OF TECH
Albert H. Bernhard, chairman
Walter J. Seeley, secretary.

W. A. Dart, chairman.
C. J. Dresser, secretary.

CLEMSON AGRICULTUR-
AL COL
D. H. Banks. chairman.
W. H. Neil, secretary.

COLORADO STATE AGRI-
CULTURAL COLLEGE

r¥e L. Paxton, chairman.

(,ha es F. Shlpman secretary

UNIV. OF COLORADO, UNIV. OF

Charles C. Clymer, chairman.
Victor E. Leroy, secretary.



Branches and their Officers—Continued

GEORGIA SCHOOL OF
TECHNOLOGY
C. R. Brown, chairman.
J. E. Thompson, secretary.

HIGHLAND PARK COL-
LEGE

Carl Von Lindeman, chair-

man.
C. F. Wright, secretary.

IDAHO, UNI1V. OF
E. R. Hawkins, chairman.
C. L. Rea, secretary.

IOWA STATE COLLEGE
P. H. Hollister, chairman.
P. A. Robbins, secretary.

10WA, UNIV OF
H. . Matson, chairman.
A. H. Ford, secretary.

KANSAS STATE AGR. COL.

Walter E. 1, chairman.

G. B. McNair, secretary.
KANSAS, UNIV. OF

N. M. Foster, chairman.

G. M. Bowman, secretary.
Kl],Z\TUCKY STATE UNIV.

H. E. Melton, chairman.
Margaret Ingels, secretary.

LAFAYETTE COLLEGE

Samuel McC.Hunt, chairman.
Carl Theodore Mack, secre-

tary.

LEHIGH UNIVERSITY
F. L. Magee, chairman.
J. P. Wentz, secretary.

LEWIS INSTITUTE
P. B. Woodworth, chairman.

MAINE, UNIV OF
Fred P. Jones, chairman.
G. K. Wadlin, secretary.

MICHIGAN, UNIV. OPF
A. N. Clarke, chairman.
P. E. Richardson, secretary.

MINNESOTA, UNIV. OF
esse L. Thompson, chairman.
nald P. Loye, secretary.

MISSOURI, UNIV. OF
K. Atkinson chairman.
A. C. Lanier, secretary.

MONTANA STATE COL.
Taylor Lescher, chairman.
J. A. Thaler, secretary.

NEBRASKA, UNIV. OF
OlmJ Fergluon chairman.
V. L. Hollister, secretary.

NORTH CAROLINA COL.OF
AGR. AND MECH. ARTS

. V. Davis, chairman.

R. L. Kelly, secretary.

N(())RTH CAROLINA, UNIV.

Edw. Y. Keesler, chairman.
W. H. Joyner, secretary.

OHIO NORTHERN UNIV.
H. H. Robinson, chairman.
F. W. Evans, tecreury.

OHIO STATE UNIV.
. Bender, chairman.
L w. Birch, secretary.

OKLAHOMA, AGRICUL-

TURAL AND MECH. COL.
G. E. Davis, chairman.
w.C. Llne. secretary.

OKLAHOMA, UNIV. OF
H. M. Richards, chairman,
R. E. Heffner, secretary.

OREGON AGR. COL.
Winfield Eckley, chairman.
J. A. Hooper, secretary.

PENN. STATE COLLEGE
G. Geracimos, chairman.
August Heine, secretary.

PITTSBURGH, UNIV. OF
G. Patterlon chairman,
W. K. Benz, secretary.

PURDUE UNIVERSITY
C. F. Harding, chairman.
A. N. Topping, secretary.

RENSSELAER POLY. INST.
g . Williams, chairman.

Townsend, Jr., secre-
tary.

ROSE POLYTECHNIC INST.
H. E. Smock, chairman.
Sam P. Stone, secretary.

RHODE [ISLAND STATE
COL

C.'E. Seifert, chairman.
Frank A. Faron, secretary.

STANFORD UNIV.
H. J. Rathbun, chairman.
J. A. Shepard, secretary.

SYRACUSE UNIV,
w. Graham, chairman.
R.A. Poner secretary.

TEXAS, UNIV. OF
. M. Bryant, chairman.
LA, Correll, secretary.

THROOP COLLEGE OF
TECHNOLOGY
. W. DuMond, chairman.
W. Rich, secretary.

VIRGINIA POLYTECHNIC
I\ISTITU
Dlxon. chairman.
John D. Hindle, secretary.

VIRGINIA, UNIV. OF
W. S. Rodman, chairman.
J. H. Moore, secretary.

WASH. STATE COL. OF
M. K. Akers, chairman.
H. V. Carpenter, secretary.

WASHINGTON UNIV.
Chnrles A. Lieber, chairman.
Mucdonnld secretary.

WASHINGTON, UNIV. OF
A. Kalin, chairman.
J. R. Himmelsbach, secretary.

WEST VIRGINIA UNIV.
C. R. Huffman, chairman.
H. S. McLaughlin, secretary.

WORCESTER POLY. INST.
C. Kennedy, chairman.
J. A. Blair, secretary.

YALE UNIVERSITY
A. W. Cahoon, chairman.
J. P. Allen, secretary.



Institute Represeatatives
On Board of Award, John Fritz Medal.

RALPH D. MERSHON. ' PAUL M. LINCOLN.
C. 0. MAILLOUX. JOHN ]J. CARTY.
On Board of Trustees, United Engineering Socie
H. H. BARNES, Jr. GANO DUNN.
SAMUEL SHELDON.
. On Library Board of United Engineering Society.
SAMUEL SHELDON. HAROLD PENDER.
EDWARD D. ADAMS. W. I. SLICHTER.

P. L. HUTCHINSON.

On Electrical Committee of National Fire Protection Association.
The chairman of the Institute’s Code Committee.

On Advisory Board of American Year-Book.
EDWARD CALDWELL.

On Advisory Board, National Conservation Congress.
CALVERT TOWNLEY.

On Council of American A iation for the Adva t of Sci
W. S. FRANKLIN. G. W. PIERCE.
On Conference Committee of National Engineering Societies.
CALVERT TOWNLEY. WILLIAM McCLELLAN.

JOHN ]J. CARTY.

On Joint Committee on Engineering Education.
CHARLES F. SCOTT. SAMUEL SHELDON.

On American Electric Railway A iation C ittee on Joint Use of Poles.

FARLEY OSGOOD. F. B. H. PAINE.
PERCY H. THOMAS.

On National Joint C ittee on Overhead and Underground Line Construction.

FARLEY OSGOOD. F. B. H. PAINE.
PERCY H. THOMAS.

On Joint National Committee on Electrolysis.

BION J. ARNOLD. P. N. WATERMAN. PAUL WINSOR.
On U. S. National Committee of the International Illumination Commission.
A. E. KENNELLY. CLAYTON H. SHARP. . C. 0. MAILLOUX
On Joint Committee on Classification of Technical Literature.
F. B. JEWETT.
On Engi ing F dation Board.

MICHAEL I. PUPIN.
ON NAVAL CONSULTING BOARD.

BENJAMIN G. LAMME. FRANK J. SPRAGUE.
ON PAN-AMERICAN ENGINEERING COMMITTEE.

GANO DUNN, WILLIAM McCLELLAN.

JOHN H. FINNEY. . CHARLES W. STONE.

CALVERT TOWNLEY.




CONTENTS.

MEETING AT NEW YORK, JANUARY 14, 1916
Outline of Theory of Impulse Currents—By Charles P. Steinmetaz. . .

MEETING AT NEW YORK, FEBRUARY 8 AND 9, 1916.

The l?nnici dg];Opented Electrical Utilities of Western Canada—

ISEiC. . .. .o e
Crest Voltmeters—By C. H. Sharp and E. D. Doyle. (lllustrated) . .
The Crest Voltmeter—By L. W. Chubb. (Ilustrated).... .. .. .. ..
The Voltmeter Coil in Testing Transformers—By A. B. Hendricks,

Notea on the Measurement of High Voltage—By William R. Work
(Tlustrated). . . .. ........ . . 0.
Operation on the Norfolk and Western Railway—By F. E. Wynne.
(Illustraled) .............................................
The L:qu‘xic)l Rheostat in Locomotive Service—By A. J. Hall. (lllus-
trated). .. ...... . ... e e
Chattering Wheel Slip in Electric Motive Power—By G. M. Eaton.
(Tlustrated). .. .. ... ... ..

A Method of Determining the Correctness of Polyphase Wattmeter
Connections—By W. B. Kouwenhoven. (Illustrated) .. .... ..
The True Nature of Speech—By John B. Flowers. (Illustrated) . . ..

MEETING AT DENVER, FEBRUARY 19, 1916.

The Future of Water Power in the United States—By Charles W.
Comstock.. ... ... i

MEETING AT SCHENECTADY, MARCH 17, 1918.

Iron Losses in Direct-Current Machines—By B. G. Lamme.
(Tlustrated). . . ... e

MEETING AT NEW YORK, MARCH 10, 1916.

The Influence of Frequency of Alternating or Infrequently Reversed
Current on Electrolytic Corrosion—By Burton McCollum and
G. H. Ahlborn. (Ilustrated) .. ............................

MEETING AT NEW YORK, APRIL 14, 1916.
High-Voltage D-C. Railway Practise—By Clarence Renshaw.. .. ..
MEETING AT WASHINGTON, APRIL 26, 1916.

Electrochemical Industries and Their Interest in the Development
of Water Powers—By Lawrence Addicks...................

Water Power Development and the Food Problem—By Allerton S.
Cushman.. .. ... .. ... e

Relation of Water Power to Tnns&ortntion—By Lewis B. Stillwell.

Water Power and Defense—By R. Whitney . .

The Water Power Situation, Including Its Financial Aspect—By
GanoDunn....... ... .. ...

147
167
175

183
213

249

261

301

347

385
393
403
431

441



viii
MEETING AT CLEVELAND, JUNE 27 TO 80, 1916.

The Relation of Pure Science to Industrial Research—President’s
Address—By J. J. Carty........ ... i,
Standardization—By C.le Maistre. ... ........................
Electric Drive for Reversing Rolling Mills—By Wilfred Sykes and
David Hall. (Jllustrated)... ............... ... ...........
Motor Equipments for the Recovery of Petroleum—By W. G.
Taylor. (Ilustrated)... .. ... ... ... . ... iiiiiiuinnn..
Report of the Transmission Committee—By Percy H. Thomas,
’ Chairman. (Illustrated) .. .. ......... ... ...
Effect of Barometric Pressure on Temperature Rise of Self-Cooled
Stationary Induction Apparatus—By V. M. Montsinger.
(Tlustrated). . . .. ... . . . . e e
The Restoration of Service After a Necessary Interruption—By
F. E. Ricketts. (Illustrated)..............................
Studies in Lightning Protection on 4000-Volt Circuits—By D. W.
Roper. (Ilustrated). .. ... ... .. .. ... ... .. iiiiiioo..
Experience and Recent Developments in Central Station Protective
Apparatus.—By N. L. Pollard and J. T. Lawson. (llustrated) ..
Protection of High-Voltage Distribution Systems by Isolatmg
Transformers—By O. O. Rider............................
Megger and Other Tests on Suspension Insulators—By F. L. Hunt
Expenences in Testing Porcelnn—-—By E.E. F. Crenghton (Ilus-
trated). . .. .. ... e e
A Method of Grading Suspension Insulators—By R. H. Marvin.
(THustrated) . . . .. .. ... e

MEETING AT SCHENECTADY, MAY 4, 1916.

Illumination of the Panama-Pacific International Exposition—
By W.D’A. Ryan. (Jllustrated) ..........................

479
489

501

695

717
735

739
745




Presented at the 317th meeting of the American
Institute of Electrical Engincers, New VYork,
January 14, 1916.

Copyright 1816. By A. . E. E.

OUTLINE OF THEORY OF IMPULSE CURRENTS

BY CHARLES P. STEINMETZ

ABSTRACT OF PAPER

In Part I it is shown how, from the integral of the general
differential equation of the electric circuit, which has been dis-
cussed in a previous paper, all the types of electric currents are
derived as special cases, corresponding to particular values of the
integration constants.

The equations of the circuits with massed constants, that
is, the usual electric circuits, are derived by substituting zero
for the (electrical) length of the circuit.

Besides the general transients, discussed in a previous
paper, three main classes of currents are shown to exist,
corresponding to different values of the time exponent b:

The alternating currents, corresponding to b = imaginary,
which are the useful currents of our electric circuits.

The impilse currents, corresponding to real values of b,
which may be called harmful currents of our electric circuits.

And, as limit case, forb = 0, the continuous-current circuit
with distributed constants.

The last case, a continuous current in a circuit with dis-
tributed resistance and leakage, is discussed, and it is shown
that such continuous-current circuit has many features which are
usually considered as typical of alternating-current wave trans-
mission. It consists of a main current and a return current;
complete reflection occurs at the end of the circuit; partial
reflection at a transition point; a surge resistance exists, which,
connected to the circuit, passes the current without reflection.

In Part II an outline of the theory of impulse currents is
given. They comprise two classes, the non-periodic and the

riodic impulse currents. The equations of both are given
1n different form, b%‘ exponential and by hyperbolic or trigono-
metric functipns. Their characteristics are:

Impulse current and voltage may be resolved into a main
wave and a return wave. The return wave is displaced from the
main wave in time and in position. A time displacement exists
between the two current waves and their corresponding voltage
waves. This time displacement may be a lag of the current be-
hind the voltage, or a lead. depending on the circuit constants.
In the periodic impulse currents, the displacement between main
wave and return wave is represented by a position angle, and
the two current waves are in quadrature in position, to their
respective voltage waves.

A few special cases are discussed.
1
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I. TYPES OF CURRENT
A. GENERAL
lF r = resistance :
g = shunted conductance
L = inductance
C = capacity

per unit length of any circuit or section of a circuit, then in any
line element dl of the circuit, the voltage consumed is

and the current consumed is

au

1

I

—get+c 2 (2)

W

Differentiating (1) over d¢, and (2) over dJ, and combining
gives

dy d4 di . .
W=LC—d‘7+(rC+gL)B—‘-+rgt (3)
Integrating,
i=Ae %M @
¢ = l’% A e e (6)

=’\/bL"" Aede-¥

bC—¢g
;==zi
“where
zg,\/bL—r (8)

bC—g
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is the surge impedance or natural impedance of the circuit, and
a and b are related by the equation -

a’_=b’_LC—b(rC+gL)+rg )
= (BL — 1) (bC — g)

The general solution then is a sum of such terms (4) and (5).

These equations must represent every existing electric cir-
cuit, and every circuit which can be imagined, from the lightning
discharge to the house bell, and from the alternating-current
transmission line to the telephone circuit, with the only limita-
tion, that r, g, L, C are constant within the range of the currents
and voltages considered.

The difference between all electric circuits thus merely consists
in the difference of the constants 4, a and b, and the difference
in the length / of the circuit.

If ] = 0, that is, the length of the circuit is negligible compared
with the rate of change of  or ¢, (4) and (6) give the equations
of all the circuits with massed constants, otherwise we get the
equations of the circuits with distributed constants.

In general, a and b are general numbers, related to each other
as in (7). Choosing b as the independent constant,

= ( gives the continuous currents.

= real gives the impulse currents.

= imaginary gives the alternating currents.

= general or complex imaginary gives the general transients.

= 0 or imaginary thus gives the permanents, continuous
current and alternating current.

real or general gives the transients, impulse currents and
general transients.

Thus, while the continuous currents represent a limiting case,
the alternating currents and the impulse currents are two co-
ordinate classes of currents. While the alternating currents are
the useful currents of our electric systems, the impulse currents
may be said to be the harmful currents in our systems, as many
of the disturbances and troubles in electric systems are caused
by them.

The theory of alternating currents is discussed in numerous
publications, but little systematic study has been made of the
impulse currents, and their general theory thus will be given in
the following, and also that of the limiting case of the continuous

Ul S B~

b
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currents in a general circuit of distributed constants. The theory
of the general transients has been outlined in a previous paper.*

B. Circuits wiTH MAssep CONSTANTS
Substituting in (4) and (5): ’

e=0whenl =0

and considering that, by equation (7), @ can have two values, for
every value of b, 4+ @ and — a, we have,

i=AeY[e? + et}

(8)
€= bLu— T Ae ¥ (o — etel)
Assuming now !/ as infinitely small, and substiiuting
€4 =1+al (9)

in (8), gives, as the general equation of the circuit with massed
constants,

i =BeH
(10)
e = (ro— bLo) Be™™
where
B=2A4
ro = lr = total resistance of circuit,
Ly = I L = total inductance of circuit.
Substituting & = 0 in (10), gives
i1=B
(11)
e =1 B

as the equation of the continuous-current circuit.
For b= real (10), the equations of the inductive discharges are

i =BeY
e = (ro— bLy) B e

=i+ L2 12)

*A. 1. E. E. TRANSACTIONS 1908, page 1231, and more completely
in Section IV of ‘ Transient Phenomena.”




1916} STEINMETZ: IMPULSE CURRENTS 5

Substituting b = & j ¢ gives as the equation of the alternating-
current circuit,

t = Cicosct + Cysinct
(13)
e = (fo Ci—cLy C:) cos ¢t + (fo Cs + Clocl) sin ¢t

where
C, = B, + B,

C: = j(By— By)

(14)

C. ConNTINUOUS-CURRENT CIRCUIT WITH DISTRIBUTED

CONSTANTS
b=0
From (7) we have
a=xVrg (15) -
and from (6),
z ==+ ’\/E (16)

substituting (16) and (16) in (4) and (8) gives

i=A, eV 4 4, etV an
.= '\/g (4, eIV — A4, eHVA (18)

These equations do not contain L and C, that is, inductance
and capacity have no effect on the permanent continuous-current
circuit with distributed constants, but only resistance and con-
ductance, that is, leakage.

Equations (17) and (18) are the equations of a direct-current
circuit having distributed leakage, such as a metallic conductor
submerged in water, or the current How in the armor of a cable
laid in the ground, or the current flow in the rail return of the
direct-current railway, etc.

r is the series resistance per unit length, g the shunted or leak-
age conductance per unit length of circuit.
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Where the leakage conductance is not uniformly distributed,
but varies, the numerical values in (18) change wherever the
circuit constants change, just as would be the case if the resist-
ance r of the conductor changed. If the leakage conductance
¢ is not uniformly distributed, but localized periodically in space
—as at the ties of the railroad track,—when dealing with a suffi-
cient circuit length, the assumption of uniformity would be
justified as an approximation.

(a) If the conductor is of infinite length—that is, of such great
length, that the current which reaches the end of the conductor,

is negligible compared with the current entering the conductor,
we have

Ag = 0
This gives
i=AetVn
¢ = AN L v a9
g
or
¢ = \/Zi (20)
g

that is, a conductor of infinite length (or very great length) of
series resistance r and shunted conductance g, has the effective

N r
resistance r’ = '\/-g—

It is interesting to note, that at a change of r or of g the effect-
ive resistance r’/, and thus the current flowing into the conductor
"at constant impressed voltage, or the voltage consumed at con-
stant current, changes much less than r or g.
(b) If the circuit is open at I = Iy, we have

= A, e bV A4, ethVre =
Hence, if

A=A eVt = — 4, ethVne
we have .
i =Afet G—h Ve _ ¢—-h Vrg}

21
e=sz-{e+(k“n vrg +€- =) "‘} ( )
g
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(c) If the circuit is closed upon itself at I = l,, we have
e = '\/_E (A, €WV — A, etVi) = 0

Hence, if
A=Ay eVt = 4, ethVn
we have
i =A e+ —DVre 4 ¢- (b= Via)
(22)
e=A '\/T_ et G- Vre_ ¢- a= Vry)
£

If, in (22), l, = 0, that is, the circuit is closed at the starting
point, we have

i=A eV} ¢HVr)

e=A '\/Z {e~1VrE — ¢+ Vrs)
g

or, counting the distance in opposite direction, that is, changing
the sign of /

i=A [eHVe 4 eIV )

e=4 ’\/% [eHVTE — -1V (23)

(d) If thecircuit, atl = ,, is closed by a resistance ro, we have

¢ 1 4
— = 1o
1 =iy

hence,

Ay e bV g, eth Vi ro
Ay e h Vi 4 A, eth Vi ;\/r
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vz
Az eth vie T To

- &
A, eV /7
1€ '\/'2‘ +ro

or,
Ve
Ay=A,e20Ve & (24)
';;—+fo
T
ro — -—_
i=A{e Vi - — L —ci-nVu
r
ro + —
’ g
(26)
, T
VI
¢=A’\/Z { e~ 1V 4 — & e-@u-nVa
g ro + r
’ £

These equations (23) and (25) can be written in various dif-
ferent forms. They are interesting in showing in a direct-current
circuit, features which usually are consideréd as characteristic
of alternating currents, that is, of wave motion.

The first term of (23) or (26) is the out-flowing or main current
or voltage, respectively; the second term is the reflected one.

At the end of the circuit with distributed constants, reflection
occurs at the resistance r,.

If 7o >’\/%, the coefficient of the second term is positive, and

partial reflection of current occurs, while the return voltage adds
itself to the incoming voltage.

If ro <'\/€-, reflection of voltage occurs, while the return
current adds itself to the incoming current.
Ifro = \/%_, the second term vanishes, and the equations

(26) become those of (19), of an infinitely long conductor. That
is:
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A resistance r,, equal to the effective resistance (surge imped-
ance) \/% of a direct-current circuit of distributed constants,

1
passes current and voltage without reflection. A higher resist-
ance r, partially reflects the voltage—completely so for rp = o,
or open circuit. A lower resistance r, partially reflects the cur-
rent—completely so for ro = 0, or short circuit.

‘\/% thus takes in direct-current circuits the same position
as thesurge impedance in alternating-current or transient circuits.

D. ALTERNATING-CURRENT CIrcuits WITH DISTRIBUTED
CONSTANTS

b==jgq

by equation (7), a then becomes a general number: &+ (k + j k),
and the corresponding values of b and a exist:

b=+37jgq, a=+h—jk
-Jjq +h+jk
—-Jja —h—jk
+Jjg —h+jk

Substituting these in equation (4), and substituting for the
exponentials with imaginary exponent the trigonometric expres-
sion, gives

1= ¢€¥|{B;cos (kl — qt) + Bysin (k1 — qt)}

+ €+ {B; cos (kl + qt) + B,sin (ki + gt)} (26)
where
B, =A,+ A, "By = A3 4+ A,
B, =j(A1 - Aa) B, = j(Aa— Ac)

Resolving now the trigonometric expression of (26) into expres-
sions of single angles, and eliminating the function of time by the
introduction of the vector notation,

By cos gt — Bysingt = B, — j By = A
Bgcosqt+Blsingt = Bg +]Bl=]A1
Bjcos gt + Bysingt = By + jB, = —4,.

Bycos gt — Bsysin gt = B, — i B, = j 4,
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gives as the expression of the current,
I =4, ,e¥(coskl+ jsinkl) — As €t (cos kl — jsinkl) (27)

and in the same manner, starting with equation (5),

E = '\/iy {A1 € ¥ (coskl + jsinkl) + Az €t¥ (cos ki
— jsin kl)} (28)

where
Z=r+jqL
Y=g+jqC (29)
g=27f

These are the usual and well known equations of the alter-
nating-current transmission line in symbolic expressions.

II. IMPULSE CURRENTS

A. GENERAL

Impulse currents are characterized by the condition, that
the time exponent b in equations (4) and (b) is real.

By equation (7), to every value of b correspond two values
of a, equal but of opposite sign:

+a

By the same equation, to every value of a correspond two

values of b:
b=uts (30)

a? . !
where s = Vm’ + IC (31)

is the energy transfer constant,

L !t r £
w=t 1 L+ &} (32)
is the energy dissipation constant, and
=Lt r &
mey -4 } (33)

is the distortion constant of the circuit.
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As b must be positive, it must be, by (30)
s < : - (34)

Since % and b are real, by (30), s must be real, thus by (31),

2
m? + -2~ must be real and positive.
LC ‘

As m? is real, L C must be real, and must either be positive,

or, if negative, — L C must be less than m?®.

a thus must be either real, or imaginary, but it can not be
complex imaginary.

This gives two classes of impulse currents:

Non-periodic impulse currents: a real, a* positive.

Periodic impulse currents: a imaginary, -a* negative, and

-at <LCm

The terms *‘ periodic "’ and *‘ non-periodic "’ here refer to the
distribution in space, but not in time, since as function of time
the impulse currents are always non-periodic.

The relations between the constants thus are:

Non-periodic impulse currents:

a®* = positive
e ==%h

2 _h_’_. (86
s =Vm+ e | )
B = VLC(s*— m)

ut > s> m

and corresponding values of @ and b are:

a: b:

+ h 4 u—s

—h u—s

—h u+s (36)

+ h u+s
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Periodic impulse currents:

a® = negative
a =27k
k!
s = \/m - 'ITE
E = VLC (m— s (87
2 < m
B <mLC
and corresponding values of @ and b are:

a: b:
+ jk - u—s )
— jk u—s (38)
+ jk u+s

. — jk u-+s

B. Non-Periobic IMPULSE CURRENTS
Substituting (36) and (36) in (4) and (§), and rearranging,
gives:
i=¢€% (A, €Mt | A, etMtst 4 A4y etM—st 4 4, M- }

e = '\/——IC'.— €% {c A, e M+t — c 4q ethits

1 - 1 - k-
+_C__.A,¢+H “—T—A.e u}
(39)

C___/\/_'fi_’i _ (40)

§—m

where

These equations (39) can be simplified by shifting the zero
points of time and distance, by the substitution:

A, = D, ethth-sh

As = Dy ¢ M=

As = &+ D, e Mt (41)
A, = == Dy etbhtsh

c = et 42)
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Hence
_loge 1 s+ m
t,,_-——s = 33 log———s_m (43)
and writing tfor t—ti+ &
and !l for 1 -1,

they then assume the form:

i = €™ {Dl [e—ﬂ-}-s (t- %) + e+hl—s(l-h)]

— Dy [ethts -t 1 e-M-sCU-w]} (44)

.

e = VLC“_ €™ {Dl [G—H+st + e+H-ﬂ]

+ Dy [eth+a x ek )
or, expressed in hyperbolic functions:

i = €-% |B, cosh [kl — st(t — ty)] — Bscosh [kl + s(t —10)]} -
(46)

€ =’\/—-€+ €-% {B,; cosh [kl — st] + B, cosh (hl + st]}

or the corresponding sinh functions, in case of the minus sign in
equation (44). .
The impulse thus is the combination of two single impulses of
the form
e—ul(e—hl-f-sl + e+hl-:t)

which move in opposite direction, the D, impulse towards rising

1 % > 0, and the D, impulse towards decreasing /: —th—- <0.

The voltage impulse differs from the current impulse by the

factor % (the ‘' surge impedance "), and by a time dis-

placement t,. That is, in the general impulse, voltage ¢ and the
current ¢ are displaced in time.

to thus may be called the time displacement, or time lag of the
current impulse behind the voltage impulse.
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to is positive, that is, the current lags behind the voltage im-

pulse, if in equation (43) the log is positive, that is, m is positive,
_&

or: L > ok

ponderates.
Inversely, ¢, is negative, and the current leads, or the voltage
impulse lags behind the current impulse, if m is negative, that is,

that is, the resistance-inductance term pre-

_g

T <&

If ¢ = 0, that is, no shunted conductances, the current impulse
always lags behind the voltage impulse.

If m = 0, that is, — = - or—;;- —IC‘.,zo=0,that

or the capacity term preponderates..

L c’

is, the voltage impulse and the current impulse are in phase with
each other, that is, there is no time displacement, and current
and voltage impulses have at any time or at any space the same
shape; distortionless circuit. m therefore is called the distorison
constant of the circuit.

In the individual impulse

€ (e-hl + st + € +M—.rl) = e—hl 6'("")‘ + e+kle—(u+s)l
(46)

the term €- w is the attenuation of the impulse by the energy
dissipation in the circuit, that is, represents the rate at whlch the
impulse would die out by its energy dissipation.

The first term: e~ ®-%¢ dies out at a slower rate than given
by the energy dissipation, that is, in this term, at any point Z,
energy supplied is left behind by the passing impulse, and as the
result, this term decreases with increasing distance J, by the factor
€~ ¥ ; inversely, the second term, € -®+9¢ dies out more rapidly
with the time, than corresponds to the energy losses, that is, at any
point J, this term abstracts energy and shifts it along the circuit,
and thereby gives an increase of energy in the direction of pro-
pagation, by €*t#¥. In other words, of the two terms of the im-
pulse, the one drops energy while moving along the line, and the
other picks it up and carries it along.

The terms e** thus represent the dropping and picking up of
energy with the time, the terms e*¥ the dropping and picking
up of energy in space along the line. In distinction to u, which
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may be called the energy dissipalion constant, s (and its cor-
responding A) thus may be called the energy transfer constant of
the impulse. The higher s is, the greater then is the rate of
energy transfer, that is, the steeper the wave front, and s thus
may also be called the wave front constant of the impulse.

Substituting in equations (44), ] = 0, gives the equation of
the impulse in a circuit with massed constants:

i =A e (et? L %)

e = Bv_é_ e-‘l(e+3(l-lo) + e-—:((-b))
where
A =D1—'D3
B = D; + D;.

Substituting in equation (39),

A, = = B ethh-s1+s
Ay = & B ¢~ ¥ (47)
Ay = & B e-Mhtsh+s
A, = & B ethhtu-s

c = et (42)
and writing .

¢t for t—t, + t,+:—

! for l—l;

and rearranging, gives

i=Be ™| e Mt (—t ¢s0-W0] 4 e+M[ gts (=0

+ e-s(t-n.--t')“

VaA | (48)
e =B __I_é_ €= {'€-~[€+“:hG_"‘]:b€+u[¢+"(‘-").
+ e-b@-0 ”
where
, 2x
yo= 22 (49)
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writing
t for t— 4, 4+t

lforl—l;+%

the substitution of (47) and (42), gives, after rearranging,

i=Be e (-0 [eth L+ e-N] x et:t-W
[ethU-1) & -hU-N])

e=B ’\/—2— €% fe=5[etW L e M| L ¢t

[C + A=V + e—h(l—l’”
(50)
where
2x

l' = T (51)

Equations (48) may be interpreted as showing two impulses,
the main impulse, and the reflected impulse. The main im-
pulse, with e~¥, decreases with increasing /, that is, progresses
towards rising . The reflected impulse, with e+¥, starts at
the time #’ after the start of the main impulse, and decreases
with decreasing /, that is, progresses towards decreasing /.

The two current impulses lag behind their voltage impulse
by time ¢,.

Equation (60) shows the two component impulses, the first
one dropping energy along its path, and thus decreasing with
the time at a greater rate than corresponds to the energy dis-
sipation, and the second one, displaced in position from the
first one by distance /!, picking up the energy dropped by the
first one. .

The current again lags behind the voltage by time &.

The distance displacement /! of the component impulse in
(60) is related to the time displacement ¢’ of the two component
impulses in (48) by (49) and (51):

LA

t’

§~|h

that is, J’ is the distance traveled by the impulse during time ¢’
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In hyperbolic functions, equations (60) may be written:
1t =Be"{e*t—"coshhl £ et ¢—W cosh h (I - I')}

e=B ICL €% {e-"sinh h I = e+%sinh h (I — J')}
(62)

C. Periopnic IMpuLse CURRENTS
Substituting (37) and (38) in (4) and (B), separating the
imaginary exponentials from the real ones, substituting the
trigonometric expressions for the former, and rearranging, gives

1t =€ {e9[D,cos kl — D,sin kl] + €% [D, cos
kl — D, sin kl]}

e = ol € {c et [Dycos kl + D, sin k] + lz €=
[D4 cos ki + D, sin kl]} (B68)
where
VAR X (64)
m— s
Substituting:

Dy, = 4+ B € * cos kl,

Dz = 4+ B €% sin kll
Dy =+ Bettcosk (I, — by (66)
D4 = 4+ B €+"“ sin k (ll - lo)
c= etk (66)
Thus,
_loge 1 m+ s
b= —=—= 2sl°gm—s (67)

and writing
t for t— 4 + Lo

Il for 1 4 I

-~
gives

i=Bew et U-Wcoskl £ e *U-® cosk (I — Uy}
e =B ’\/é— €% lettsin kbl + e #sink (I — ly)} (
8

Exchanging sin and cos in (565), also exchanges sin and cos
in (68). ’
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Equations (68) of the periodic impulse have the same form as
equations (62) of the non-periodic impulse, except that the trigo-
nometric functions of distance take in the periodic impulse the
same position as the hyperbolic function in the non-periodic
impulse.

Current and voltage are in quadrature with each otherin their
distribution in space, in either of the two components of the
periodic impulse. That is, in each of the two components
maximum current coincides with zero voltage, and inversely.

The two components of the periodic impulse differ in the phase
of their space distribution by the distance o, the second compo-
nent lagging behind the first component by the distance I,.

In each of the two components of the periodic impulse, the
current lags behind the voltage by the time t,.

Current and voltage thus are in quadrature with each other in
space, and displaced from each other in time, by the * time dis-
placement " ¢

1o is positive, that is, the current lags behind the voltage by
time £y, if m is positive, and /, is negative, that is, the current
leads the voltage, if m is negative.

Since m = 1/2 (IT —E) it follows:

r 8 ..
T > < that is, if
the resistance-inductance effect preponderates.

The current lags behind the voltage, if ——

The current leads the voltage if £ 5 T

C L , that is, if the ca-

pacity effect preponderates.
The voltage equals the current times the surge impedance

= '\/ —é— , but is in quadrature with it in space, and the cur-

rent is lagging by ¢ in time.
By the conditions of existence of the periodic impulse, s must
numerically be smaller than m.
= 0 gives
by (B7): st = 0.
by (37): k=m VLC
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and by (B68),

i =Be*{coskl +cosk (I'—1l)}

e = B\/—’é— e {sink ' = sin b (V' — b))
H;nce, current and voltage are in phase in time, but in quadrature
in space.

s = m gives

k=0
hence, from (63),

i =¢€" (D1 et™ + D, 6—"‘)

e = V —é— €™ (D, €t+m (1+h) + D‘ e-u(-{-;\))

hence, substituting for ¥ and.m,

£ Ly

] -
C+D3€L

A £+ - L+
c=\/—I(:,—‘zD,'ec + D/ e }

1:=D1€

where
Dy = Dy §+-h
. D;l = D4 i

In this impulse, the capacity terms and the inductance terms
are separate, and current and voltage are uniform throughout the
entire circuit.

The constants D or A or B are determined, as integration
constants, by the terminal conditions of the problem.

For instance, if at the starting moment of the impuilse, that is,
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at time ¢t = 0, the distribution of current and of voltage through-
out the circuit are given, we have by (53), for¢ = 0,

$ = {D, 4+ D,;) cos kl — (Ds + D) sin kl}
¢=’\/—(I;'T- {(cD,+ —lgi-)coskl
+ (c D: + %) sinklf

The development of the given distribution of current and
voltage into a Fourier series thus gives in the coefficients of this
series the equations determining the constants D,, D, D3, D..

The expressions for ¢ and e, given in equations (39), (44), (45),
(48), (60) and (52) for the non-periodic, and in equations (63)
and (68) for the periodic impulse, obviously apply to a simple
impulse only, and a general impulse is represented by the sums
2 1 and 2 e of all the expressions i and e, whose integration con-
stants satisfy the terminal conditions of the problem.
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DiscussioN ON ‘‘ OUTLINE OF THEORY OF IMpULSE Cur-
RENTS ' (STeINMETZ), NEW YORK, JAN. 14, 1916.

Charles P. Steinmetz: ‘‘ Outline of Theory of Impulse
Currents” is a continuation of the paper on the general equa-
tion of the electric circuit, read eight years ago. In the previous
paper it was found that the general differential equation, which
applies to every electric circuit or section of circuit having
constant values of r, L, g, and C, can be integrated by an ex-
pression consisting of four terms, two main waves and their
two return waves. One of the waves dies out at a greater,
the other at a slower rate than corresponds to the energy dissi-
pation in the circuit, and therefore the former transfers energy to
the latter, thus representing the energy transfer along the
circuit, as occurring in traveling waves, a-c. transmission etc.
These two waves coincide, and the energy transfer coefficient
becomes zero, in the stationary oscillation of a uniform circuit;
they do not coincide, however,in the stationary oscillation of
a compound circuit, but energy transfer occurs from sections
of lower energy dissipation, to sections of higher energy dis-
sipation.

In the first part of the present paper, a classification of the
different types of electric current is made from the general equa-
tion of the electric circuit, and in the second part, various forms
of the equations of the general impulse currents are derived.

Two methods of studying engineering phenomena exist,
which may be denoted respectively as the symthetic method
and the analytic method.

The synthetic method starts with the study of special cases,
and by correlation of the special cases, by generalization and
classification progresses from special to general, and thus
finally to the complete structure of the engineering science.

The analytic method starts from the general (differential)
equation of the science based on the fundamental underlying
laws, and by substituting all the possible values of the con-
stants and the terminal conditions, thereby derives the differ-
ent classes of the phenomena, thus progressing from the most
general to the special.

As engineering is based on experience, and experiment neces-
sarily deals with special cases, the synthetic method is the first
in the development of engineering, and the analytic method,
requiring the knowledge of the fundamental laws, can be at-
tempted only later.

However, the synthetic method can never give assurance
of the completeness of our knowledge, for entire classes of
phenomena may be omitted, if it happens that they have
never been empirically observed or recognized. Inversely,
the analytic method gives the complete structure, but only
so far as it is based on the fundamental laws represented by
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the general equation, and thus may not be comprehensive, since
any phenomenon which does not obey these laws, would not
be included.

Thus the two methods are supplementary, the analytic
method checking the completeness of the synthetic, and the
synthetic checking the comprehensiveness of the analytic.

The theory of electrical engineering, relating to direct currents,
alternating currents, exponential discharges, oscillating currents
and other transients, was developed synthetically; and the
purpose of the first part of the present paper is, by the analytic
method, to derive all possible types of currents by substituting
all possible values of constants and of terminal conditions,
and thereby check, whether any class of current of indus-
trial importance has escaped recognition. This appears prob-
able, as the observed transmission line phenomena do not
entirely agree with the characteristics of the currents by which
they are usually explained.

During the development of high-voltage long-chstance trans-
mission, phenomena were observed during disturbances in the
transmission lines or underground cables, which could not be
explained by the normal voltage supplied by the generating
machinery. The first attempt at explanation was made in
the study of the ‘‘natural period” of the circuit, the abnormal
voltages resulting from the free oscillation of the lineasa.quarter
wave (or half wave or full wave), and its higher harmonics.
In a few instances this agreed fairly well with the facts, thus
pointing to quarter-wave oscillations as possible line disturbances.
Usually, howevet, it did not agree for a quarter wave oscillation
would be fclt over the entire circuit, whereas experience showed
most line disturbances were more local in character, that is, very
severe at some places, but rapidly decreasing with the distance. It
further showed, as characteristic, the piling up of voltage locally,
especially at inductive parts of the circuit, such as transformer
end turns, inductances, current transformers etc. This led to the
explanation of the disturbance as due to high frequency. High-
frequency travelling waves would give local abnormal voltage,
and rapid attenuation with the distance from the origin, and
+herefore would satisfactorily explain the most frequent line dis-
turbances, except in one feature, namely, that such high-frequency
oscillating currents should give pronounced resonance effects.
Such resonance effects, leading to the formation of stationary os-
cillations of destructive value, have been observed and experi-
mentally reproduced in recent years, in the high-potential wind-
ings of high-voltage power transformers, usually of frequencies
between 10,000 and 100,000 cycles, and their existence has there-
fore been proved. However, in most cases of transmission line
disturbances, resonance phenomena are remarkably weak or
entirely absent, and it therefore appears that many trans-
mission line disturbances are impulsive rather than oscillatory,
which has led to the question of the existence, the characteristics
and the equations of impulse currents.
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In a circuit with localized capacity, inductance and resistance,
the current is either oscillatory or impulsive, depending on the
circuit constants, and more particularly the relation of the
resistance to the inductance and capacity. In a circuit with
distributed constants, however, there is no critical value of
constants, that divides the oscillatory and the impulsive
phenomena, but, as was shown in the paper of 1908, with the
same circuit constants, the phenomena may be oscillatory or they
may be impulsive, depending on the terminal conditions, that
is, on the cause of the phenomena. Thus oscillating currents
as well as impulse currents may exist in the same circuit, al-
though experience seems to show, that at least in long distance
transmission lines the latter are rather the more frequent.

To get their relation to the other and better known classes
of current, was the purpose of the first part of the present paper.

1. Terminal conditions. The foremost terminal condition is
the length I of the circuit. This may be either zero, or finite,
or infinite. Substituting / = 0 gives the equation of cir-
cuits with massed constants: the usual a-c. or d-c. circuits of
our systems and apparatus, etc. } = finite gives the equation
of circuits with distributed constants and ! = « gives the
case where the circuit is so long, that the disturbance has de-
creased to a negligible value before reaching the end of the
circuit, and thus the reflected disturbance is inappreciable.

2. Constants. The general integral equation of the electric
circuit appears as an exponential function, with the time and
the distance in the exponent. It thus has a coefficient of the
time exponent, b, and a coefficient of the distance exponent, a.
a and b are related by a quadratic equation, thus only one is
independent, b has been chosen as the independent co-
efficient. b is a general (or complex imaginary) number, and the
two main special cases thus are, (a) where the real term of b
is zero, (b) where the imaginary term is zero. (a) gives the al-
ternating currents. (b) gives a non-periodic class of transient
currents, which may be called the impulse currents. The im-
pulse currents thus appear as a class of currents, as general as,
and coordinate with the alternating currents, the latter rep-
resenting the useful currents of our transmission systems, the
impulse currents the foremost type of harmful currents.

The second part of the present paper contains a further
classification of the impulse currents, by their distribution
along the circuit, as non-periodic and periodic in space, and a
derivation of various forms of the equations of the two classes
of impulse currents.

Physically, impulse currents, by the steepness of their wave
front, give the local piling up of voltage, characteristic of most
line dlsturba.nc&s, but as non-periodic currents, they could
give resonance phenomena only by multiple reflection, and thus
resonance phenomena with impulse currents would be little
pronounced or absent.
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It appears, therefore, that the most frequent disturbances
of our transmission systems show the characteristics of the
impulse currents rather than those of oscillating currents, and
the study of impulse currents becomes of far greater importance
than heretofore assumed.

Thus, the analytic study led to the recognition of the impulse
currents as a class of currents, which, while not unknown be-
fore, but repeatedly mentioned and discussed, apparently has
not sufficiently been realized in respect to its industrial im-
portance.

The reverse operation would now be of interest: to check
by the synthetic method, the completeness of the analytic
structure, that is, to see to what extent existing or at least
industrially important classes of currents are not contained within
the scope of the general equation based on constancy of r,
L, g and C.

Phenomena are known, which are outside of this equation.
Such phenomena are the cumulative oscillations, such as are
produced under certain conditions by an arc (not the phe-
nomena of the so-called ‘arcing ground;’ these are recurrent
oscillating discharges), the surging of synchronous machines,
the phenomena in circuits operating above corona voltage, etc.

Thus the general equation of the electric circuit, which is
the starting point of the present paper and the previous paper,
is not all comprehensive, but a still more general analytical
investigation is desirable, in which r, L, g and C are not con-

stant, but depend on % and Z—:— or an integrated value there-

of, as the frequency, etc. Our knowledge of these phenomena
is not yet sufficient to attempt an analytic treatment, but
more knowledge will have to be acquired by the synthetic
method of investigating special classes of phenomena, in a way
similar to that attempted with the surging of synchronous
machines in the paper on ‘Instability of Electric Circuits”
read before the Chicago Section in 1912.

M. 1. Pupin: If I understand Dr. Steinmetz, the object
of his paper is to call your attention to a distinct class of elec-
tric currents, a class of electric currents which he calls impulse
currents and which, he says, has not received as much attention
as the direct current and the alternating current. When I saw
the notice of the paper and observed the title “‘Outline of Theory
of Impulse Currents,” it attracted me very much, because I
have always been interested in impulse currents. To me the
direct current and the alternating current were simply cases
of the more general impulse current.

When Dr. Steinmetz says that equations (4) and (§) “must
represent every existing electric circuit, and every circuit
which can be imagined, from the lightning discharge to the
house bell, and from the a-c. transmission line to the telephone
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circuit, with the only limitation, that r, g, L, C are constant
within the range of the currents and voltage considered,” he
should not be misunderstood in his statement, and I believe
that he might be misunderstood. I wish to warn you not to
misunderstand that statement, because if you do, you might
think that after you read this article you need not read any-
thing else on this subject, so, therefore, I want to warn you
against that.

Here Dr. Steinmetz considers the general problem on a
long line having distributed inductance, resistance and capacity,
and he gives you that, starting from a differential equation.
What do we mean by differential equations in electricity?
We mean simply this—an equation expressing the various
relations between the reactions in a conductor. For instance,
take the first equation Dr. Steinmetz gives, which looks so
mathematical—as a matter of fact it is nothing more nor less
than the expression that in any element of conductor the sum
of the electrical actions is equal to the sum of the electrical
reactions. That is what he says, and that is Newton’s third
law of motion, that the sum of action is equal to the sum of
reactions in every system of bodies.

Dr. Steinmetz says—Suppose there is that relation between
these various electrical reactions and various electrical actions,
then the following must be the relation between the current and
ean.f. in any part of the circuit. That is what is called the in-
tegral of it. From the equation of reactions you get an ex-
pression of the current and the e.m.f., and that is called the
integral. That is true for any point of the wire which has
certain constants.

Now, when you come to another point of the wire where
other constants are, then you have to get another expression
for the currents, and since you have an infinite number of
points, you may have an infinite number of different expressions
for the current, and it is necessary to add these different currents
and make them conform to the so-called boundary conditions.
As soon as you pass from one element of the wire with certain
constants, to another element of the wire with another set of
constants, you have to pass through that boundary.

The most difficult thing in mathematical analyses of elec-
trical phenomena is that question of the boundary conditions.
So that when Dr. Steinmetz says ‘‘These equations must rep-
resent every existing electric circuit,” he does not mean to
say that he has given you a complete solution—-he means to
say that he has given you a complete solution for any part
of the electric circuit, but if you want to have a complete solu-
tion, good for any part and for the complete circuit, vou have
to take this part, and this part, and this part and build 1t up.
That explains the point I had in mind.

It is true that there are problems in electrical engineering
which have not been discussed at all, and Dr. Steinmetz has
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referred to one of those problems which has interested me for
years, the problem of the oscillating arc. It may be that in
some oscillating arcs the oscillation is . due to the variable
resistance. It may be. But the electrical oscillation that
takes place in a vacuum tube, such as the pliotron tube, is not
due to variable resistance, but is due to something else. That
is to say, the oscillating arc acts in a very similar manner to
the oscillations produced by an induction motor when you
drive it beyond synchronism. Take a single-phase induction
motor, drive it beyond synchronism, and provide it with a suit-
able capacity, and you can get oscillations exactly the same
as you do in an oscillating wire in the pliotron tube—there is
no variable resistance, there is no variable capacity, there
is no variable inductance, the only thing that is variable
is the mutual inductance between the primary and secondary
circuit.

Dr. Steinmetz to my knowledge has not attempted yet to
proceed analytically and pursue this elusive induction motor
to see what it will do under certain conditions, but un-
doubtedly he will, and when he does he will find that an
induction motor, whether it is single-phase or polyphase, when
supplied with proper capacity and constructed suitably can
generate these oscillations in just the same way as the pliotron
tube or the oscillating arc. Moreover, if he does not take the
proper precaution, the oscillations stored in an induction motor
of that kind will be oscillations, not with a negative exponent,
but with a positive exponent; that is to say, the oscillations will
go on increasing indefinitely until his machine is smashed.
The machine has to obey the integral of that differential equation,
that is to say, the machine has to obey the law of the electrical
reactions. The mechanical power that drives the motor acts,
the motor reacts, and the result of that action and reaction is
continually piling up energy which appears as magnetic energy,
and when the current is big enough, of course, your machine
will be either smashed, or the pole pieces will be crushed on to
the armature and the machine will come to a standstill.

Harold Pender: Dr. Steinmetz has given u$ an interesting
mathematical discussion of an important class of electric pheno-
mena. It is not difficult to see the physical meaning of the
mathematical symbols used in the differential equations given
in the paper, but this is not true of many of the symbols appear-
ing in the integral equations. For example, on the last page of
the paper there are certain constants enumerated, namely,
D,, D,, D3, D,., What are they? In mathematical language
they are called integration constants, and physically they
have a definite relation to the physical conditions intially
imposed on the circuit, i.e., they depend upon the voltage and
current initially established at each point of the circuit. But
how may these constants be evaluated in terms of these initial
conditions? I hope that Dr. Steinmetz will give us at some future
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time a discussion not only of the gualilative, meaning of these
constants, which is not difficult to see, but also their quantitative
values for various initial conditions which may occur in practise.

The differential equation (3) in this paper is one that contains,
as Dr. Steinmetz has said, a complete solution of single-circuit
lines. By a single-circuit line I mean a circuit which does not
contain mutual inductance. If there is mutual inductance a
second equation is necessary, and the evaluation of the exponents
in the various integral relations requires the solution of a cubic
equation instead of a quadratic. When there is mutual induc-
tance between the given circuit and more than one other circuit,
the evaluation of the exponents requires the solution of an equa-
tion of still higher degree. I give this merely to emphasize the
fact that the relations given in the paper apply only to a single
circuit which is not influenced by any neighboring circuit, a
condition which seldom obtains in any transmission system.

Hans Lippeit: The paper, after introducing equations (1)
and (2), puts forward the following statement:

‘“ These equations must represent every existing electric °

To Ground or Opposite Polarity
FiG. 1

circuit, and every circuit which can be imagined, from the
lightning discharge to the house bell, and from the a-c. trans-
mission line to the telephone circuit, with the only limitation,
that r, g, L, C are constant within the range of the currents and
voltages considered.”

By a peculiar coincidence, it-occurred to me that these equa-
tions might not include all cases which are situated between the
limits given in that statement. As a matter of fact, Dr. Stein-
metz in concluding the presentation of the paper tonight men-
tioned several cases which are not included in these equations.
He limited himself, however, again by saying that the cited cases
involve variations of the * constants.”

To me it seems that there is still another possibility of an
electric circuit, which is not covered by equations (1) and (2).
The circuit I have in mind contains capacity in series connec-
tion.

Fig. 1 shows in a general way an elementary circuit to which
Dr. Steinmetz's equations (1) and (2) have reference. The
figure will be readily understood by observing the notations used
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in the paper. The whole circuit is composed of a series of such
elementary circuits.

If we have a capacity C, in series with the circuit, the latter
may be represented as shown in Fig. 2. It is not feasible, how-
ever, to assume capacity in each elementary circuit, because the
capacity of the total circuit would then be so small that no
current at all could flow. The new fundamental equation should,
therefore, not refer to the change of voltage per unit length of line

(—j: ) but to a voltage drop in a circuit with massed constants.

The length of circuit as such does then not enter into the com-
putation.

If ¢, the consumed voltage, and the other quantities 7y, rs, L;.
Ls, Cy, Cs. g, refer to the circuit as per Fig. 2, we have

e=n4u+ L, —- dh + —él— fildl @

+ u,d(
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Sinﬁilarly, the current diverted from main circuit is, allowing
also for self-induction L. combined with resistance 7,

ra -!l-l rs
"=g°+c’% +axeh f’d‘+"‘ @

wherein 4, is defined by the following:
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To solve equations (1) and (2) requires the knowledge of e
as a function of the time, and in this respect these equations
differ materially from equations (1) and (2) of the paper. The

-ze—l and %), which are
independent of actual values of e and 7. Equations (1) and (2)
refer to the quantities e and 4 directly, of which e is equal to the
impressed voltage, which governs the whole process, viz., the
vector sum of all secondary e.m.fs. must equale. In the case of
Fig. 1, forming only a small part of a large circuit, this partial
circuit may draw stored power from adjacent circuits, involving
an adjustment of its terminal voltage, and therefore equations
(}1) ax(11d (2) of the paper must leave this possibility open, which
they do.

A partial, or rather advanced solution of equation (1) is given
in equation (4).

. Mt
= e {fe—ude-l-xx}

latter refer to gradients of quantities (

]

o
+
<
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-

with A '—2-1-:1' YA CiLs
- nt 1
A = - 2L, '\/ 4L C: L,

K, and K; = integrating constants.

The last two terms on the right-hand side of equation (2)
represent the current flowing through the branch loaded with
inductance L. and resistance r;, Fig. 2. These terms have heen
found by treating this branch separately.

To complete the solution of equation (2) requires only the
substitution of the supposedly known value of e (as a function
of time) and carrying out a simple mathematical process.

An application of a circuit with capacity is found in high-
voltage d-c. machines, having armature windings of the open
coil type. Such machines work entirely with impulse currents
and it appears that circuits as per Fig. 2, or similar, will meet the
requirements for sparkless commutation of current in the wind-
ings.
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A. E. Kennelly (by letter): The great advantages of the
analytical method set forth in Dr. Steinmetz's valuable paper
are:

(1) The integral or primitive equations for all voltage and
current waves over conductors are reduced to their simplest
fundamental elements.

(2) These equations (4) and (6) of the paper permit of a new
classification of all such voltage and current waves.

When & contains a real component, the paper shows that the
wave to which it pertains must speedily disappear. Only when
b has no real component can the wave to which it pertams belong
to a permanent regime.

There are three cases involving real componehts of b; namely,
b complex, representing oscillatory transients (1)
b real % with a redl, representing non-oscillatory transients (2)

real | witheimaginary, representing non-oscillatory transients.

@)

The paper distinguishes the two last types by the terms ‘‘ non-
periodic "’ and ‘ periodic ”’ impulses respectively. But these
terms seem to be unsuitable because they suggest recurrence in
time; whereas the property in question is a recurrence in dis-
tance or space. Would it not therefore be more appropriate
to coin the terms * non-spacic "’ and ‘‘ spacic "’ for this differen-
tiation?

In any case, although the oscillatory and non-oscillatory tran-
sients should clearly be distinguished and placed in separate
categories, it seems doubtful whether there is enough distinction
between the two classes (2) and (3) of the non-oscillatory tran-
sients to make their separation important. The paper shows
that the only essential difference between these two types is
that where a circular distance-angle occurs with the one, a hyper-
bolic distance-angle occurs correspondingly with the other.
Thus both are included in the same generalized trigonometric
relations and it remains to be shown whether the differences
between them are otherwise great enough to call for separate
discussion.

It is perhaps going too far to say that all impulses with real
b exponential time-factors are harmful; although the generaliza-
tion may at present be applied to light and power circuits. In
some signaling circuits, as in some submarine cable circuits,
such impulses discharging back to ground at the sending end are
usefully employed in certain signaling systems.

Charles P. Steinmetz: In regard to the general equation,
which I gave in my paper eight years ago, naturally I did not
mean that this equation is a final solution of every phenomenon;
if I did, I would not have had any reason to write this paper.
What I mean to say is that from this equation can be derived
the equations of any circuit which fulfills the condition that every
one of these four constants r, g, L and C is constant. Where orne
is variable, whether resistance, or inductance, or the capacity
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or conductance, then this general equation does not apply.
I mentioned, as an illustration, a couple of circuits where the
constants are variable. The transmission line, when operated
above corona voltage, also gives a periodically variable con-
ductance.

Ireferred to the oscillating arc. There I referred to the variable
resistance. In the arc it is really a variable effective resistance,
as I may call it, defining, as I have done here, resistance as the
coefficient of energy dissipation proportionate to the current.
The induction machine driven above synchronism also produces
oscillations. These oscillations produced by the induction
machine when driven above synchronism were discussed in my
paper on “Induction Motors” 19 years ago, and their characteris-
curves calculated. Inthe chapteron the ‘‘ Induction Generator”
in ‘* Alternating Current Phenomena,” a full discussion is
found on the conditions under which an induction machine
above synchronism excites, of the maximum voltage and cur-
rent values to which it may build up, and its dependency on
the constants of the external circuit. It may be interesting to
note that two such induction generators of 10,000 kw. each,
have been in operation for years in the Interborough Rapid
Transit station in New York City, as generators producing
power.

These impulse currents are a special class of transients.
Inasmuch as they are a sub-class of the general transient, they
are included in the general equation of my previous paper, but
they were not specifically treated.

They apply to a circuit, or a section of the circuit, of uniform
constants, but the case which Prof. Pupin discussed, where the
circuit constants change, is treated in general in my previous
paper under the term ‘‘ Complex Circuits.” Itismore particu-
larly treated in that section in my book on ‘‘ Transient Phe-
nomena,”’ which discusses the transition points between different
circuit sections of different constants, as lines, transformers, etc.
It is very interesting to note the effect on such a circuit of the
transients existing; there is an energy exchange between the differ-
ent circuit sections, the energy being dissipated in some sections
at a rate higher than the average, and in other sections at a rate
lower than the average,—there is energy transferred, taken
from one section and delivered at another section.

With regard to mutally inductive circuits, even these may be
considered under the genera! equation, by suitable terminal
conditions, and effective valuesof r, g, L, C.

I may say that the circuit as described by Mr. Lippelt is
in industrial existence. It is the circuit of the multi-gap light-
ning arrester.
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OF WESTERN CANADA
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ABSTRACT OF PAPER

The paper discusses a number of public utilities in various
cities in Western Canada where practically all public utilities
are municipally owned and operated. The characteristics of
these cities are reviewed and a brief outline of equipments of
the various plants is given. The costs and methods of financing
these utilities are discussed at considerable length and the charges
for various services are summarized. While the paper is not to
be regarded as an endorsement of public ownership, the author
finds that these utilities on the whole have been conservatively
managed and have been practically free from political influence.

HEN municipally-owned public utilities are discussed in
the United States, it is generally held that these are
open to the following criticisms:

1. The plant is not kept modern and up-to-date, resulting
in indifferent service.

2. Rates are high in consequence of the preceding conditions.

3. The utility’s finances are often poorly managed and
frequently mixed with other city accounts.

4. The organization is indifferent and without definite lines
of authority.

5. Politics are usually a factor in both organization and
operation.

Mr. Halford Erickson of the Railroad Commission of Wis-
consin has expressed very concisely the American point of view
in regard to municipally-owned utilities, in a paper on ‘“State
and Local Regulation,” an extract of which follows:

“Such utilities furnish no better service than privately owned or operated
utilities. In fact, it is often a great deal worse. Municipalities are as a
rule slow in responding to new discoveries and improved methods and
they often fail to properly list and supervise their meters and other equip-
ment. Examination of the inspector’s reports, at least in our state, re-
veals the fact that while some municipalities provide good service, the
service in a greater proportion of them is, on the whole, on a lower level
than is the case of privately-operated plants.
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‘ When it comes to rates the situation for municipally-operated utilities
is no better. When the Commission first entered upon its duties, it found
the state literally streaked with unjust discriminations which were as
flagrant in municipally-operated as in privately-operated plants. While
these discriminations have now been largely done away with, the task of
wiping them out was also fully as great for the former class of ‘plants as for
the latter. The same is also true when it comes to establishing and main-
taining equitable rates. While the rates charged by the municipally-
operated plants are often relatively low, this is not often due to a low cost
of production of the service, but largely because in one way or another
upkeep and other costs are shifted from the consumer as such to the tax-
payer as such.”

Practically all public utilities in the cities of the Western
Canadian provinces are municipally owned and operated. An
investigation into the municipal activities of the cities of this
section to determine to what extent the above criticisms in
reference to public ownership could be applied to them, should
aid materially in presenting new facts in the discussion of
public ownership. After a study extending over four years,
an inquiry was made during the summer of 1915 into the munic-
ipally-owned electric light and power utilities of these cities.

The electric light and power utility was chosen because it
was one of the first to be established and is also one with which
comparisons can be made with privately owned systems. It
has become better organized and established than some of the
other civic undertakings and the early mistakes in its manage-
ment are now apparent. Its organization is also more exten-
sive than later utilities. Hence for the reasons just stated, its
production costs and physical equipment would probably show
any inefficient or incompetent administration under municipal
ownesship better than other more recent ventures in civic
control. The investigation was intended to cover certain
social and economic phases of municipal ownership as well as
its technical aspects. Hence the character of the people and
their cities will be discussed together with the administration,
organization, financing, physical equipment and rates of the
municipal electric light and power departments.

SociaL CONSIDERATIONS

It would be a very difficult matter indeed to differentiate
between the people of the various cities under discussion, but
as a class they have some distinct characteristics. In the
first place the Canadian West is a ‘“‘young man’s country.”
The residents of the cities generally came west as young men
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and have seen the country develop. All are optimistic and
boosters of the West in general and of their own locality in
particular. They have learned to cooperate in many lines,
such as boosting real estate ventures, etc., and this has had a
very marked effect on the conduct of municipal affairs. In
fact this spirit of cooperation is the real basis of the success
of their municipal ownership ventures. The cities that have
not developed this spirit to the fullest extent are those that
have had troubles with politics and local interference in the
administration of their utilities.

The people of these Western cities were the restless and:
ambitious elements of the United States, Eastern Canada, the
British Isles and foreign countries. The British sentiment is
very strong and carries with it the imported ideas of municipal
ownership. The readiness of the Canadian and American
elements to try any new system that appeared reasonable and
promising, accounts for the early acceptance of these principles
of civic control and operation. Another characteristic that is
peculiar to the West is the general lack of class distinctions.

This democratic condition has resulted in a better mutual
understanding and a wider range of interests between all mem-
bers of the community. Political machines are harder to build
up under such conditions and there has apparently been less
keen competition for positions in civil employ. The fixed
compensation in such work appeals less to the average individual
than the gambling chances of other classes of business.

CHARACTERISTICS OF THE CITIES AND THEIR UTILITIES

Manitoba, Alberta and Saskatchewan are primarily agri-
cultural provinces at the present time, although the great natural
resources in water power, coal, oil, gas, asphalt and iron will
undoubtedly lead to great industrial development in Alberta
in the near future. Of late vears the urban population of these
states has grown faster than that of the country districts. A
partial crop failure in 1914 and the war depression brought
this unnatural condition very forcibly to the attention of the
people and as a result there has since been a steady trend back
to the land.

British Columbia on the other hand is a land of high moun-
tains, rolling plateaus and very fertile valleys. Its interests
vary from fruit raising, ranching and other agricultural pursuits
to lumbering, mining and fishing. Undoubtedly great mineral
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wealth will be developed in the future although at present much
of the country has not been prospected or opened up. The
electrical utilities of the two largest cities, Vancouver and Vic-
toria, are privately owned. Only one of the cities having
municipal plants was investigated.

The outbreak of the European war proved a hard blow to
Western Canada. Not only have tens of thousands of the best
fitted young men gone to the front, but the money in the country
has been diverted from local development to war purposes.
The closing of the European money markets has cut off for
the time being any borrowing for future development. This
situation has resulted in a complete tying-up of all industry
and commerce. The present financial stringency will, however,
be relieved in a measure when the large crops of 1915 are
marketed.

Comparatively few manufacturing industries have been
established in the West. Those in operation either handle agri-
cultural or sea products, such as in packing pl9nts, flour mills,
food product plants, fish canneries, etc., or supply the rural
needs by lumber mills, cement plants, brick wocks and agri-
cultural machinery shops. In the natural gas district around
Medicine Hat, metal-working industries such as machine shops,
brass foundries, rolling mills and also glass works, have been
started and will no doubt expand with the growth of the country.

The cities selected are the larger ones of the Western provinces
These have been characterized by extremely rapid growth
within the last fourteen years, as shown by Table I. At the
same time they have been exploited by real estate speculators
until land values became greatly inflated in 1914. This re-
sulted in a financial collapse just before the war broke out.

An example of this exploitation is to be found in extensions
of the municipal street railways which were frequently made
under political pressure from the land speculators. Generally
such extensions have not paid for themselves and are now a
source of considerable loss to the city. Each city council has
had full power to undertake such expense and in boom times
the people allowed them to do so. It would seem advisable to
have some provincial executive board independent of the city's
governing body which would have authority to restrain such
needless exploitation and to act as a brake on too-confident
municipal administrations.

Brief outlines of the characteristics of each of the cities con
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sidered and of the history of their municipal electric plants
will be given in the following paragraphs.

Regina is the capital of Saskatchewan and as such will always
be a city of importance. Its growth has been moresteady
than that of other Western cities and it is built up with fewer
outlying subdivisions. This consolidated condition makes it an
easy city to serve with electriclight and power, but a poor city
for financially successful street car operation. It has no manu-
facturing industries of any consequence.

The city first built a power plant in 1904. Additions were
made to this old plant from time to time until 1914 when its
undesirable location making further extension inadvisable, a
new plant was built. This new station will take care of all
future growth for many years. The fixed charges on the old

- TABLE 1.—DATA ON SIZE OF CITIES.

Estimated pruent! Population as per{Population as per
City. population | 1911 census. 1901 census.

| |

! I

/Kamloops, B.C............... 5,500 !

Medicine Hat, Al'ta . 9,000 5,603 1,570
Lethbridge, Al'ta.. 10,000 | 8,050 2,072
'Moose Jaw, Sask.. 20,000 i 13,823 1,558
Saskatoon, Sask... «25,000 l 12,004 113
'Regina, Sask. ... .. 40,000 | 30,213 2,249
Edmonton, Al'ta ............. 50,000 | « 24,900 2,626
1Calgary, Al'ta................. 80,000 43,704 4,392
,Winnipeg, Man................ 200,000 128,187 42,340

and new plants form a considerable item in the cost of elec-
tricity. The increased operating economy of the new plant
will, however, practically offset the increased fixed charges.
This economy will become more appreciable as the plant in-
creases its output.

Saskatoon is the leading city of central Saskatchewan and
is the seat of the Provincial University. It is a large distri-
buting center and also has large mills producing food products.

Its first municipal station was started in 1908. On account
of the city’s growth, this was superseded in 1911 by a new
plant. But in this plant too, proper provision was not made
for the rapid growth of the city and as a result it has been
necessary to replace reciprocating engines by steam turbines of
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greater capacity. The present plant is well situated and is now
equipped for economical operation, but is somewhat handi-
capped by extremely high coal costs due to freight rates on the
long haul from the Alberta mines.

Moose Jaw has always been a railway town, the Canadian
Pacific Railway having maintained large car shops at this
point for many years. Its other industries include flour mills,
a packing plant, etc.

The city undertook the production of electric power in 1904.
The power plant was burnt down about 1912 and was a total
loss. Afterwards a new plant was built on the same site.
This additional expenditure has serious effects on the city’s
finances and as a result the new plant was not fully equipped
when war broke out. The plant is well laid out and when
finished should give good service.

These Saskatchewan cities are all in prairie country and have
no nearby available supplies of water power, cheap high-grade
coal, or natural gas. A private corporation has recently pro-
posed to pipe natural gas to them from the Alberta gas fields.
The city of Regina has made an agreement with this company
to buy the gas at wholesale at the city limits and will sell it to
customers from a municipally-owned and operated distribution
system, which the city will install. Meanwhile all power must
be derived from coal brought either from Alberta or from the
Great Lakes. It therefore seems improbable that they will
become great industrial centers in the near future. Their further
growth will depend then on their natural development as dis-
tributing centers.

With neither water power or cheap coal at hand, it is prob-
able that few attempts will be made to transfer their public
utility power loads to private corporations. Quite recently,
however, a suggestion was made to supply them with electric
power derived from low-grade lignite coals which occur in large
quantities in the southern section of the province and are an
extension of the North Dakota fields. Even in case such a
project is successfully completed, it is probable that the cities
would buy the power at wholesale rates at a local terminal
station and continue as before to sell it to customers from their
own distribution system, retaining their present municipal
plants as reserves.

In contrast to those of Saskatchewan, the cities of Alberta
have large coal fields near at hand, while Calgary has also cheap
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water-power. It is therefore natural to expect considerable
industrial development in these cities in the near future.

Medicine Hat, besides having coal deposits practically under
the city, is located in the center of the most extensive of the
Alberta natural gas fields. It is thus assured an ample supply
of cheap fuel. Although built in the rolling, dry belt of Alberta,
the presence of the natural gas has resulted in a more rapid
industrial growth in this city and surrounding towns than in any
other city in the West. Reference has already been made to
several of these plants.

Natural gas is used throughout the city for all domestic pur-
poses such as heating, cooking and largely for lighting as well.
It is also used for street lighting. The success of a municipal
electrical plant under such conditions was therefore doubtful
and it was not decided to build such a plant until 1911. At
first a gas engine plant was installed, but in November 1913 a
new steam turbine plant was put in operation and took the load
formerly carried by the gas engines. This change was made
largely on account of the high first costs and repair charges on the
gas engines, which resulted in high power costs. A very simple
plant was installed without superheaters or economizers, for the
gas used under ti.e boilers was supplied by the city’s own wells
at a very low cost.

The demand for power for industrial purposes developed very
rapidly until war broke out. It is probable that this demand will
increase again with the re-adjustment of conditions after the war.

Lethbridge in Southwestern Alberta is the center of an exten-
sive colliery district and serves as a distributing point for the
surrounding towns. Although well supplied with coal and
natural gas it has not developed any industries except those
connected with mining. All the collieries have their own plants.

The city bought out the electrical plant of a private company
in 1908. This plant was uneconomical in operation and poorly
located. Work was started at once on a new plant. The old
station burnt down in December 1909 just before the new plant
was complete. The location of the new station, while favorable
for operation, was such that construction costs were excessive
and in consequence the plant has high fixed charges.

The municipality owns and operates its own coal mine on
leased land adjacent to the plant. On this account it has the
cheapest coal supply of any city in the West.

Edmonton is the capital of the Province of Alberta and is the
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location of the new Provincial University. It embraces about
56 square miles within its boundaries as a result of real estate
exploitation. Its industrial works consist principally of two
packing houses, lumber mills, flour mills, brick yards, etc. Itis
expected that the great undeveloped sections of Northern Alberta
will contribute largely to the future prosperity of this city as it
is the natural outlet for the whole north country.

There are seams of lignite coal under the city itself, while
higher grade coal occurs in great quantities to the west of the
city. Several undeveloped water power sites in the neighboring
country are available for power development.

Edmonton’s municipal power plants have had interesting
histories. The first electric station and pumping plant was
built on the banks of the North Saskatchewan River apparently
with no consideration of future developments. This plant soon
reached its maximum capacity and a producer gas power plant
was installed in an adjoining building to furnish additional
electric power. A separate pumping station was next built a
short distance from the old plant. It was provided with its
own boilers and with a vertical reciprocating pumping engine
placed in a pit. In a few years another steam power plant was
erected beside the producer gas building with reciprocating en-
gines and hand-fired boilers. Later this was extended and steam
turbines and boilers with thechanical stokers were installed, sev-
eral steam engines were scrapped, and the original station defi-
nitely abandoned. In the meantime the pumping plant was
enlarged and the vertical reciprocating pumping unit was scrap-
ped in favor of centrifugal pumps. At present the steam re-
quired by the pumping engines is supplied from the main boiler
plant through a tunnel and the pumping plant boilers are per-
manently closed down. When Edmonton absorbed the town of
Strathcona on the opposite side of the river, its electric plant
and pumping station were also taken over. These operated
non-condensing and were therefore uneconomical in operation.
The Strathcona plant was closed up as soon as the water and
electrical services could be assumed by the Edmonton station.
It can thus be seen that the present municipal plant is somewhat
of a makeshift. Contracts were let over a year ago for the con-
struction of a complete new power house. But the war made
necessary the postponement of these contracts. At the time of
this investigation the city was considering the purchase of power
from private corporations. Some of these were hydroelectric
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proposals, others were from coal companies who proposed to
generate power at their mines and transmit it to the city.

Calgary in Central Alberta is the leading city of the middle
west. It appears to have sustained less crippling of business
during the war depression than any of the other cities. On
account of cheap water power, available nearby coal fields and
its supply of natural gas, it is developing into an important
industrial center. Among its principal industries are the big
Ogden car shops of the Canadian Pacific Railway, a cement mill,
a packing plant, soap works, lumber mills, flour and food product
mills, etc.

Calgary started its first municipal plant in 1905 and kept
adding to it until 1911 when a new plant, in a more favorable
location, was put in service. About the same time a private
corporation, the Calgary Power Co., which now has 31,500 h.p.
available in its two hydroelectric stations, entered into a con-
tract with the city to supply it with power up to 8000 h.p. But
on account of low water at the time of the winter peak loads,
the city has had to maintain its plant at a capacity capable of
carrying the full load in an emergency. The fixed charges on
this steam plant now form a considerable proportion of the cost
of power.

A private corporation, the Eau Claire & Bow River Lumber
Company, serves customers in the central part of the city with
electricity partly derived from water power and partly from a
steam plant. This company had a franchise previous to the
establishment of the municipal plant. Another private com-
pany has a franchise to supply natural gas for domestic purposes
at a cost of 35 cents per 1000 cubic feet. Much domestic light-
ing is done with gas. Hence the load on the municipal plant is
not so large as would be the case if it had a monopoly of the
lighting business as in other cities.

Half of the boilers in the municipal plant are fired by gas
of 1000 B.t.u. per cubic foot and costing 15 cents per 1000
cubic feet. The others burn coal. The plant is well designed
and well equipped and when in continuous operation produces
verv cheap power.

At present an agreement for one year is in force between
the city and the Calgary Power Company whereby the latter
supplies the full city demands for power at a low figure and has
the use of the municipal steam plant for emergencies. The
Calgary Power Co. pays all operating and maintenance costs
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at the municipal plant, which is still handled by the regular
city operating staff. The company does not, however, pay any
of the plant’s fixed charges.

The steam plant is arranged for ample future development.
At the present time, several additional hyvdroelectric proposals
are receiving consideration. With an abundant supply of cheap
water power further additions to the steam plant may become
unnecessary.

Winnipeg is the largest city in all Western Canada, and be-
ing the outlet to the east of all the western railroads, it has
great future possibilities.

A private corporation, the Winnipeg Street Railway Co., had
a franchise to furnish electric powe: and operate street railways
very early in the history of the citv. Up to 1907 this company
charged 20 cents per kw-hr. for lighting. In that year it put
into operation its hydroelectric plant at Lac du Bonnet and
reduced the rate to 10 cents per kw-hr.

In the meantime the citizens recognized that only by having

a supply of very cheap power could they hope to see Winnipeg
become an industrial center and they voted money in 1906 for
building a municipal hydroelectric plant which was completed
and put in operation in 1911. The rates quoted to its cus-
tomers were much below the former prices of the railway com-
pany. In 1914 the municipal plant at Point du Bois had a
generating capacity of 22,500 h.p. which has since been increased
to 50,000 h.p. The total power available at this plant is 100,-
000 h.p. The design and operation of this plant have received
much attention in the technical press and will not be described
here.

Kamloops was the only city in which inquiries were made
in British Columbia. It is located at the junction of the North
and South Thompson Rivers in the central section of the pro-
vince. Kamloops is a divisional point ontwo transcontinental
railroads. The surrounding country is a rich agricultural and
fruit district. Some mining is carried on in adjacent sections
and it is probable that this industry will increase in importance
as the country develops.

The city’s first municipal plant was built about 1907. Owing
to the rapid growth of Kamloops this plant proved inadequate
and a new municipal electric plant of 1200-kw. capacity was
built in 1912 together with a new pumping plant on a site east
of the city where an excellent water supply was available from
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the South Thompson River. But owing to the high price of
fuel, it was decided to develop a hydroelectric site at Barriere
about 18 miles north of the city. Unexpected difficulties were
encountered in the construction of this plant and it was not put
in service till the beginning of 1915. It has a capacity of 1500
kw. which can be increased later as the load builds up. The
transmission line to the city carries 44,000 volts with a step-
down transformer station at the steam plant. The cost of this
hydroelectric system far exceeded the original estimates and
the steam plant is still held as a relay, consequently the electric
service of the city has to bear very high fixed charges due to
these two plants.

Other utilities owned by the various cities and some general
information regarding them is given in Table II. Besides
those undertakings given in the table, practically all maintain
municipal hospitals.

ORGANIZATION OF UTILITIES

The organization of the municipal governments varies some-
what in the different cities. However, it is generally the prac-
tise to have three commissioners in charge respectively of
Finance, Utilities, and Public Works and Welfare.

In some cases these are elected by the people and in other
cases are appointed by the city’s common council. At Leth-
bridge the public utility commissioner acts as superintendent
of the electric light and power department and of the street
railway system. Generally, however, a superintendent is pro-
vided for each utility. In the case of Calgary and Edmonton,
the city’s electrical enginecr takes charge of the distribution
of the current from the plant’s switchboard.

In general the superintendents of these municipal utilities
are capable men and are exerting as much energy to secure
economical results as if they were employed by private corpora-
tions. Most of them have held their positions for a consider-
able length of time and have virtually developed and built up
their utilities. These executives are not likely to be subject in
municipal service to as much pressure and driving from high
officials as in the case of superintendents with private concerns.
Hence their success is largely a measure of their own personal
initiative. .

All the provinces have very stringent boiler inspection and
engineer’s licensing laws, and as a result, the operating engi-
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neers in the various plants are all high grade men. The fire-
men, as a rule, are men working up for a license and consequently
take an interest in their plant and in their work. Such opera-
ting forces should be able to give the superintendents valuable
aid in obtaining economical results.

In only one case did there seem at present to be any politics
in the organization of the plant. This city, however, has had
a long record of political and civic-council interference with the
operation of its utilities, greatly to their detriment. Another
city is said to have had similar experience in the past but seems
to have overcome these evils at the present time. Considerable
criticism was heard in Edmonton in regard to the operation
of the city’s municipal street railway system. Its employees
had formed a union and were said to dominate the manage-
ment of the system through their political influence. An at-
tempt was being made at the time of this investigation to
drag the municipal street railway system of Calgary into politics.
This utility has up to the present time been the most successful
civic tramway in the West and holds a record for good service
and compctent management.

No civil service laws are in force other than the necessary
licensing of engineers. The superintendent engages and dis-
charges the men under him and generally promotes his own men
as openings occur and the men have the necessary legal and
administrative qualifications,

It has been urged against municipal ownership that more
men are employed than would be the case in private plants.
In those cities where politicians are said to have interfered
with the utilities there seemed to be some evidence of an excess
of men, and a laxity of discipline. But in the other cities the
plants appeared to have the minimum number of men neces-
sary to properly carry on operation. The new municipal plant
at Regina is a striking example of careful layout and operation
to reduce labor to a minimum, as very few men are needed to
run this station.

Another interesting fact is that almost all plant employees
are under middle age. One may partly account for this con-
dition by the use of recently developed machinery to which
the older men have not adapted themselves.

A very necessary factor for obtaining efficiency in planning
and operating a utility, is continuity of management. If a
spoils system exists in municipal politics one cannot expect the
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city’s public utilities to be either well managed or suitably
equipped. The spoils system as generally understood does not
seem to exist in any of these cities. On the other hand Ed-
monton has suffered severely from too frequent changes in the
management of its utilities. The new man coming in was
usually forced to complete work unfinished by his predecessor
and with which often he was not fully in sympathy. Then he
also was liable to removal before he had his plans for improve-
ment fully carried ouf. This has resulted in the heterogeneous
assortment of equipment and the odd station lay-out already
described.
PowgR PLANTS AND EQUIPMENT

All of these cities as shown in Table I have grown very rapidly
in a very short period. This rate of growth could hardly be
foreseen in any particular city forother towns equally favored
did not develop so rapidly. Hence much of the earlier plant
equipment due to small size and poor operating economy has
become obsolete. There has, therefore, been in each city a
rebuilding of old plants and the construction of new plants as
noted in preceding paragraphs.

The power plant buildings in most cities are of the usual
construction with steel framing and brick walls with the usual
arrangements for lighting, ventilation and traveling cranes.
Regina’s plant, however, is an exception. Here the city went
to considerable expense to make its new plant conform with the
general plan of buildings to be erected on the adjoining Govern-
mental reserve. Saskatoon’s plant also shows a considerable
amount of architectural taste.

Table III gives some general data on the equipment of the
various plants. All have standard B. & W. water-tube boilers
equipped with superheaters except in the cases of Medicine
Hat and Kamloops. Induced draft fan equipments are used
everywhere except in Kamloops. At Regina forced draft fans
are also used in connection with the mechanical stokers. At
Edmonton an “évasé’” or Venturi form of induced draft stack
is used, where a 20-h.p. motor drives the fan necessary to serve
2000 b.h.p. The Kamloops plant has a six-ft. concrete chimney
185 ft. high.

"A question arises as to whether a chimney and natural draft
would not be more economical in somé cases. At Regina on
account of the proximity of the Parliament Buildings and
Park, a chimney was not permitted. In several cases the
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power plants are located beside rivers in the bottom lands under
the bluffs and it was feared this might prevent a chimney from
providing draft unless of excessive height. In general, how-
ever, it is claimed that radial brick and concrete chimneys were
too expensive to cominercially compete with the induced draft
plants.

Underfeed stokers are giving good satisfaction at Regina.
Natural gas is burned in Gwynne burners in Medicine Hat’s
plant and in part of the Calgary station Chain grate stokers
are in use in all other plants except Kamloops. Hand fired
grates were installed at Kamloops where wooden slabs from
the lumber mills are burned part of the time as fuel.

Coal and ashes are almost universally handled by bucket
conveyers. The coal is stored in elevated bins above the firing
aisle. The ashes are elevated into storage bins convenient for
loading railroad cars. Most plants are now provided with
equipment for analyzing and testing their coal. Several prac-
tically buy coal on the heat unit basis. Economizers are used
where coal is expensive and therefore when full utilization of
heat is of first importance.

In the newest installations there is a decided tendency to-
wards motor drives for all auxiliaries.

Admiralty-type feed pumps are installed in many plants
though the simple turbine-driven centrifugal boiler feed pumps
have been used in two cases.

The waters of Western Canada generally contain scale form-
ing salts which make them unsuitable for boiler feed. How-
ever, there is no uniformity of treatment of the feed water.
Some plants soften it while others use boiler compounds. All
use feed water heaters. The condensate from the surface con-
densers is returned to the boilers in every station.

The adoption and use of instruments to increase boiler room
economy is universal. Coal as a rule is automatically weighed
and recorded. Gas burned under boilers is metered. The
boilerfeed wateris generally measured by V-notch recorders which
have universally given good satisfaction. Venturi meters are
employed in some plants. CO; recorders are in use in almost
all plants. Steam flow meters have been installed in a few
cases. Many plants are equipped for making complete tests
and these are carried out at regular intervals either to determine
the best coal to use, or to learn the most economical methods
of operation.
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The older generating equipment consisted of steam engines,
usually of the vertical high speed or Corliss types. Steam
turbines have been provided in all recent installations. It is
interesting to note in Table III the prédominance of Parsons
and Curtis-Parsons units. The number of British machines is
also a striking feature. Recent purchases indicate an increas-
ing preference for European machinery. The preferential tariff
to the British Isles has something to do with this condition,
though the most recent order—a 6000-kw. turbo-generator for
Edmonton, was taken by a Swiss company.

Usually the condensers are supplied by the party that furn-
ishes the main turbine. These are all of the surface type and
give little trouble from tube failures with the cooling water
used. All foreign condensers are provided with vacuum aug-
mentors of various types and are usually supplied with three-
throw motor-driven air pumps, which maintain high vacuum.

In electrical machinery, the use of European equipment is
even more noticeable than in the case of the engines and tur-
bines. The switchboards with one exception are of American
manufacture and have been built according to modern practise.

All the larger plants are provided with some machine tools
to enable them to make their own repairs. Fine toilet rooms,
wash rooms and lockers have been provided in many stations
for the men.

In Saskatoon; on the initiative of the superintendent, a society
for mutual improvement along technical lines was formed
among the utility’s employees. Apparently this has not been
attempted in other places and outside of local engineering so-
cieties there seems to be no organized effort to educate the men
in technical subjects.

The Winnipeg plant, being hydroelectric, is not included in
the preceding general statements. The plant is built on the
Winnipeg River, 77 miles from the city. The power is carried
into town over a high-tension transmission system. During
construction it was necessary to build an electric tramway to the
plant to convey the needed materials and machinery. Thisis
still retained and operated by the city.

On the basis of these facts it may be stated that as a whole
the municipal power plants of these cities are up-to-date in
the matter of physical equipment, though often retaining some
of the older units as reserve. They are also provided with
competent staff and modern instruments to ensure efficient
operation and low unit production costs.
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DISTRIBUTION SYSTEMS

In considering distribution systems, it must be remembered
that the cities are new and are scattered over large areas. This °
in a measure simplified wiring problems although provisions
for future growth have made necessary many underloaded
circuits and transformers. In those cities where the total
output is metered the distribution losses run from ten to eighteen
per cent of the current generated.

The consulting engineers who were employed in laying
out the first plants of several of these cities insisted on two-
phase alternating-current systems. Most plants have been
entirely changed over to three-phase, but at least two cities are
still operating with two-phase machinery and distribution sys-
tems involving unnecessarily high first costs and maintenance
charges.

Distribution systems are generally at 2300 volts except in
some cases where 6600 volts is carried to substations. The use
of 2300-volt motors for power service is increasing. The start-
ing devices used with these motors are more complicated than
with lower voltages, but being without transformers, the net
efficiency of the service is higher.

In two cities the distribution system is in charge of an elec-
trical engineer and is independent of the power plant superin-
tendent. In general, however, the whole electric light and power
utility is under the supervision of one man and this seems to
be the more desirable and more efficient condition.

CosT AND FINANCING OF UTILITIES

All of these utilities are financed by loans on municipal
debentures whose terms vary from 20 to 35 years and longer,
and bearing interest at rates of 4 to 6 per cent. Most of these
were marketed in Great Britain, though a few were placed in
Eastern Canada and in the United States. The expansion of
Western Canada was so rapid before the war, that fears were
expressed in financial circles that these cities were exceeding
their ability to meet these obligations. Hence recent debenture
issues have had to bear higher interest than earlier ones on
this account. The war, however, has closed all money markets
and the West, being without funds to carry on development,
has felt the resulting depression much more keenly than the
East.

The municipalities provide for the retirement of these de-
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bentures by the maintenance of sinking funds. Interest and
sinking fund charges must be met out of the current revenue
of the utility and in general, rates are adjusted to produce these
funds together with a small surplus for emergencies.

An attempt has been made in Tables IV and V to summarize
the financial statements for the year 1914 of the various utilities
discussed. In every case possible the auditor’s statements
were used as a basis for the analysis. The kilowatt rating of
the plants is that of the machinery available for service. The
plant value per kilowatt capacity in Table V seems high in
several cases. This usually covers obsolete machinery still
carried on the books, together with the costs of errors and mis-
takes made in building up the plant from a small station. The
power output of the plant in kilowatt-hours was used as the basis
for the figures in Table V which shows all costs on e kilowatt-
hour basis. Table V also includes average figures in nineteen
Massachusetts steam power plants for 1914, based on the
returns of the companies to the Board of Gas and Electric
Light Commissioners of that state.

In connection with the high first costs of the distribution
systems and the yearly distribution costs, attention is drawn
to the fact that these cities have grown up with homes scattered
over large areas. The municipal utility has had to supply all
reasonable demands for light and power even in the most out-
lying districts. This has resulted in high pole and line expense
and correspondingly high upkeep charges.

The capital cost for the hydroelectric plant at Kamloops
has been so great that its fixed charges will nearly equal the
former cost of fuel in the steam plant. But the labor cost will
be less than before. Hence the net cost of power will not be
appreciably decreased by the use of hydroelectric power unless
the load factor of the plant can be greatly increased. Efforts
are being made to secure additional mining and irrigation loads.

It has been said that the electrical utility at Medicine Hat
does not pay enough for the gas that it consumes and that if
it were charged the same rates as other consumers, the surplus
would be wiped out and higher rates might even be necessary.

In the Moose Jaw statement in Table IV, a deduction of
$9,012.00 is made from the total cost. This covers the charges
for operating the city pumping station which is connected with
the electric plant and operated by the same force. Hence for
purposes of comparison in Table V, this cost was deducted
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