


ELECTRIC GENERATORS.

BY

HORACE FIELD PARSHALL

AND

HENRY METCALFE HOBART

LONDON
OFFICES OF “ENGINEERING,” 35 axp 36, BEDFORD STREET, STRAND, W C

NEW YORK
JOHN WILEY anp SONS, 43, EAST NINETEENTH STREET

1900

[A4ll 1:ghts )e:senetl]






(From a photogiapl by Ellwtt and Fry

Dr Jonx Horxinson, FR S

- e



THIS BOOK IS DEDICATED, BY PERMISSION,

THE LATE DR JOHN HOPKINSON, FRS

“SCIENCE OF DYNAMO DESIGN ”






TABLE OF CONTENTS

PART 1

MATERIALS

Tisrive or MaTERIALS
Conductivity Tests — Pexmeability Tests — Ring  Method — Othe:  Per-
weability Testing Methods—DMethods not Requung Ballistic Galvanometer—
Determation of Hysteresis Loss—Conversion ot Units—Hysteresis Losses
m Alternating and Rotatmng Fields—Methods of Measuing Hysteresis Loss
without Ballistic Galvanometer—Hysteiesis Testeis

PROPERTIDS OF MATERIALS
The Magnetisation ot Inon and Steel—Cast Iron—Malleable Cast Tron—
Cast Steel—Mitis lion—Nickel Steel—Foigings

Exerey Losses 1¥ SHEET IrON
Annealing of Sheet Tron—Deterro1ation of Sheet Tion—Effect of Piressuie
— Hysteresis Loss— Eddy Cuirent Losses — Estimation of Armature Core

Losses

INsuLATING MATERIALS
Effect of Temperatme upon Insulation Resistance — Descuiption of
Insulation Testing Methods for Factories— Desciiption of Tiansformer for
makimg Insulation Tests—Method of Test—Methuds of Insulating Coils

ArvaTuRE WINDINGS
Continuons - Cuntent Aimatme Windmgs — Ring  Windings — Dium
Windmgs—Multiple Cemt  Windimgs —Two-Cnewt Windings—Formula for
Two-Cucuit Wmdmg( —Single Windings—Multiple Windings—Windings for
Rotary Conterters — Alteinating - Curient Aimatuie Windings — Induction
Motor Windings
FormuL® For ELECTROMOTIVE FORCL
Contmuous-Cuitent Dynamos—Alteinating-Cunent Dynamos—Cuive of
EMF Assumed to be a Sme Wave—Values of K for Vanous Waves of
EMF¥ and of Magnetic Flux Distitbution m Gap—Rotary Converters—Thiee-
Phase Rotary Converters—Polyphase Machines— Electiomotive Force and Flux

w Tiansfoimers
b

PAGE

14

38

60



-

voi Talle of Contents

Tueryar Livrr oF Ourpur

Magnets—Aimatures—Inteinal and Swface Temperatwe of Colls—
Losses—O?R due to Useful Cumients in the Conductors—Foucault Cuiie
Hysteresis Loss 1n Cores — Heating and Efficiency of Railway Motois
Dynamos, Constant Potential Dynamos — Commutator Heating — Fi
Loss

Dersiey oF TEE Masneric Crrculr

Leakage Coefficient—Aimatme Core Reluctance—Air Gap Relucta
Reluctance of Complete Magnetic Ciicuit—Estimation of Gap Relucta
Reluctance of Core Projections—Calculation for Magnetic Cncuit of Dyna
Field Winding Formula—Appheation to Caleulation of a Spool Wmdn
a Shunt-Wound Dynamo—Typical Magnetic Cncwts—DMagnetic Cna
the Thansfor mer—Magnetic Cucuit of the Induction Motor—Examples
Oonstant Porenrrar, ContiNuous-CURRENT DyNaMOS
Aimatwe Reaction—Application of Fundamental Consideiations t
Proportiomng of Dynamos—Influence of Aimature Reaction m Two Ex
Cases—Conditions essential to Sparkless Commutation—Determmation ¢
Number of Poles for a Given Output—NMaultiple-Cnemt Windings—Two-C
‘Windings— Multiple Windings—Two-Cneutt Corl  Windings— Voltage
Commutator Segment as Related to Inductance—Inductance Consta
Piactical Defimition of Inductance—Description of Expeiimental Tes
Inductance—Illustrations of the Calculation of the Reactance Voltage
DrscriprioN oF MoperN CoNsTANT POTENTIAL, COMMUTATING DyYNAMOS
1,500-Kilowatt, 600-Volt, Railway Generator
200 Kalowatt, 500-Volt, Railway Geneiator
300 Kalowatt, 125-Volt, Lighting Generator
250-Kalowatt, 550 Volt, Power Generator
Core Lossts 1N Murriporar CoMMUTATING MACHINES
Ecectric Traction Morors
Description of a 24 Howse Power Geared Motor for a Rated Diaw-Ba
of 800 1b at a Speed of 11 4 Miles per Hom
Description of a 27 Hoise-Power Geared Railway Motor for a Rated O
of 27 Horse-Powe1, at an Aimatwme Speed of 640 Revolutions pet Mmu
Description of a 117 Hoise-Powe:r, Gearless Locomotive Motor tor a 1
Draw-Bar Pull of 1,840 Ib, at 23 8 Mules per Howm, on 421n Wheels
COMMUTATORS AND BrUSH GEAR

Contact Resistance of Biushes—Biushes of Vaiious Materials, Co
Caibon, Giaplute

PART 1II

Rorary CONVLRTERS

O°R Loss m Aimatme Conductors of Rotary Converters—Single-]

Rotary Converters—Windings for Rotary Conveiters—Thiee-Phase Rotar

Six-Phase Rotames—Interconnection of Static Tiansformers and R

Oonverteis —Fout-Phase Rotary Converters—Twelve-Phase Rotary Comve
Design for a Six-Phase, 400-Kilovatt, 25-Cycle, 600-Volt, Rotary Converte



Table of Contents

Tabulated Calculations and Specifications for a 900 - Kilowatt, Thiee - Phase,
Rotary Conver ter

The Starting of Rotary Converters

Synchiomsing Rotary Converters

Methods of Adjusting Voltage Ratio m Rotaiy Converter Systems

Running Conditions for Rotary Converters

Piedetermination of Phase Characteristic Curves of Rotaiy Converters

“Bwmgng ” Eflect

Cowpound-Wound Rotary

Seiles-Wound Rotary

Rotary Without Field Excitation

s APPLNDIN
Talles of Pioperties of Copper Wire of Vailous Gauges—Cuive for Sheet
Iion at High Densities—Cutve of Piopeities of Various Metallic Materzals

!

INDEY




ERRATA

Page 1,ine 9 For “in the metallic” 7ead “1n the magnetic ”
Page 201, tenth lime fiom bottom  For “Figs 190 to 193 * read “Ings 207 o 210°
Page 230 For “Table LXIX ” 7¢ad “Table XLIX ”

Page 955 For the page headmng, “27 Hoise-Power Geated Ralway Motor,” read
“117 Horse-Power Railway Motor ”

Page 206 Tor the title of Fig 372, for “Two-Cucwt Winding” sead “Six-Cucmt
Widmg ”




IG

—

1o G W

11

»
L~
[ -

13
14 and 15
16 10 19
20

RS ENR)
S Wl —

[

9

D
EXRTOR R
v and 34

RL NN
N

kN
Soooud DY

O tn 44

o3
et
oo ol
53 to 0%

64, to 00

LIST OF ILLUSTRATIONS,

Permeability Biudge

Peimeabihty Biidge

Cyclic Cuive of Sheet Iron

Sample foo Hysterests Testex

Hysteresis Testeu

Hysteresis Tester

Hysteresis Tester \
Magnetic Cm ves for Cast Iion .
Magnetic Cuives for Malleable Tron -
Mixtures of Steel and Cast Tion

Magnetic Curves for Cast Steel

Magnetic Curves for Cast Steel

Magnetie Cutses for Mitas Tron

Magnetic Curves for Nichel Steel

Magnetic Curves for Wiought-Iion Forgings
Magnetic Cuives for Steel and Wiought Tron
Maguetic Curves tor Forgngs and Steel Castings

Efect ot Temperatme of Annealing on Hysteresis Loss in Sheet Lion

¢ Agemg” Curves for Basic, Open Hea th Steel
« Agemg ” Cuives tor Acid, Open Heaith Steel
« Ageing ” Cuives for Sheet Tron
¢ Agemg” Cumves for Sheet Tron

Bifsat of Pressuie upon Hysteresis Loss m Sheet Tion

it ator Hysteresis Loss m Sheet Tion
€1 7 for Eddy-Cuntent Loss i Sheet Tron

haactenstic Insulation Resistance Cuive tor Cloth

I'r o tormer for Insulation Tests
o oappar ity o Insulation Tests
wemit oano tions for Insulation Tests
I sulation tives for ¢ Mica Canvas”
Bt C oo o ““Mica Long-cloth ”
Tosula 16w ¢ 15 “ Shellac’d Paper ”
Fusat ten Curve tor © Red Paper ”
Uepmme Lrug Wy £ vith Lateral Commutator
Talhple Cremvt, iy Tinding
B Croautty Deable Wnnding
N

N

AN
N

N

15

[ O L N R R I )
TN S S S O W

w

o



xi1
FIG
73

76
77
78
79
80

82

83
84
85 to 87
88
89
90 and 91
92 to 96
97 and 98
99 to 112
113
114 to 116
117
118

119 to 124
125
126
127
128 to 137
138
139
140
111
142 and 143

144 to 146
147

148 to 160
161

162 to 166

167 and 168

169 to 183
184 to 188
189 to 206
207 to 210

Lnst of Tlustr ations

PAGE
Two-Circut, Single Winding ‘(’Z)
Twg-Cucwt, Double Winding )

Twe Cricmt Windmg for Three-Phase Rotary Convetter
S1x-Cncurt Winding for Thiee Phase Rotary Convertet
TUmi-Coil Single-Phase Winding
Uni-Coil Single-Phase Windng with Parallel Slots
Mult1-Col Smgle-Phase Winding
Y-Connected, Thiee-Phase Winding ) i
A-Connected, Three-Phase Winding ¢
Thiee-Phase, Non-Overlapping, Fractional Pitch Winding, with 11 Lield ‘
Poles and 21 Aimatwe Cols o
Three-Phase Armatute, 10 Poles and 12 Coils b
Quarter-Phase Aimatwe, 10 Poles and 8 Sets of Couls b
Induction Motor Windings n
Types of Winding !
Rotary Converter Chaiacteristic Curves '
Form Factor Cuives ¢
Theimal Tests of a Field Spool ut
Thermal Tests of a Field Spool Dlardta
Theimal Tests of Influence of Peripheral Speed on Temperature Rasn i te 1t
Aimatuire Slot of a Laige Alteinatol s
Curves Relating to Core Loss n Ratlway Motor Aimatue 106 and 0
Cuives of Rate of Generation of Heat m Copper by Resistance 1ot
Curve of Tnsulation Resstance of a Tiansformer at Vaious Len-

peiatures Lo
Leakage Factor Diagrams of Dynamos 120
Diagiam for Illustrating Reluctance of Core Piojections 123
Sheet Tion Cuives for High Densities 120
Tooth Density Coirection Cmves - 120
Typical Magnetic Cucmts and then Satwiation Cuives 129 to 181
Magnetic Cuicuit of a Tiansformer 137

Cmive for Calculating Hysteresis Loss m Tiansformer Cores 130
gy

Curves for Calculating Eddy-Cuuient Loss m Transfoimer Cores Lib

Magnetic Cucuit of Induction Motor 147

Curves of Distiibution of Resultant Maguetomotive Force m Induction
Motors 138 and 139

Diagrams of Distorting and Demagnetising Eflects of Ammatwie Cuntent 117
Curves of Gap Distribution of Maguetic Flux with Vanous Leads of

Biushes 148
Diagrams and Curves of Aimatuie Inductance 16l to 171
Diagram for Illustiating Reactance Calculations 176
Drawmgs of 1,500 Kilowatt Railway Generatol 181 to I8H
Satwiation and Compounding Cumves of 1,500 Kuowatt Railway

Generator 168
Drawings of 200-Kalowatt Railway Geneiator 191 to 196
Results of Tests of 200-Kilowatt Railway Genciator 202
Drawings of 300-Kilowatt Lighting Geneiator 204 to 213

Curves of Results of Tests of 300-Kilowatt Lighting Generator 203



Inst of Ilustrations

x1v
FIG. PAGT,
399 to 402  Chaiactetistic Curves of Thiee-Phase 900-Kilowatt Rotary 335 .
403 Diagram of Connections for Staiting Rotary Converter by Compevmtm
Method 341
404and 405 Methods of Synchiomsing Rotaiy Converters ) 343 .
106 to 408  Thiee-Pole, 2,000 Ampete, 330-Volt Switch for Rotary Converters x
344 and 345 v
409 Diagram of Connections for Using Induction Regulatois for Controllmg
the Voltage Ratio in Rotary Converters 347
110 Diagram of Connections for Contiolling the Voltage Ratio in Retary
Converter System by an Auxihary Booster 348
411 Diagram of Connections for Contiolling the Voltage Ratio on a Poction
of a Rotary Converter System by an Aunihaiy Boostei 340 '
412 Combined Rotary Converter and Series Dooster 37 el
413 Combined Rotary Converter and Auniliary Synchronous Motor for !
Ghaving Adjustable Voltage Ratio 350 K
414 to 418  Phase Charactenistic Cuives of Rotary Converters 354 to 357
419a0d 420 Distubution of Resultant Armatme DMagnetomotive Toice over the
Aimature Suiface of a Rotary Converter 358 and 359
421 Curves of a Serzes-Wound Rotary 363
+22 Cuves of a Rotaty without Field Exatation 364
372

423 Curve for Sheet Iion at High Densities




FIG
211 to 233
234 to 236
237 and 238

239 to 254
255 to 258
259 to 277
278 to 283
284 to 319
320 to 323
324 to 331
332 to 340
341
342 to 346
34T to 352
353 and 354
335 to 358
359
360 and 361
362and 363
Jutand 365
366

367

363 and 369
370
371
372
373
374
375
376
37
378
37
350
351 and 382
383
384
385
386

387

388 and 389
390 to 393
394 and 395
396 to 308

il
Last of Illustrations

Puteli
216 to 220

Diawimgs of 250-Kilowatt Electric Generator 097 and o

Characterstic Cui ves of 250-Kilowatt Electiic Gencrator .
Diagiam and Curve for Calculating Core Losses m Multipolu Com-

224
mutating Machines . I
Diawings of c‘:’{ Hoise-Power Geared Railway Motor At to :“,

Charactenistic Cuives of 24 Horse-Power Geared Railway Motor 23 10 om0
Drawings ot 27 Hoise-Power Geated Railway Motor Lo :I) ‘.:-')I
Chaiactenistic Curves of 27 Hoise-Power Geared Railway Motor 260 and

Diawings of 117 Hoise-Power Geatless Railway Moto 1404 to '.fl‘vl
Characteustic Cuives of 117 Hoise-Power Gearless Tianlway Motor " ::v‘;
Commutators for Traction Motors ::(":“ mu: :_’”
Commutators for Traction Generators 204 .:.‘.'
Diagiam of Arrangements for Measuring Contact Resistance of lh‘u&l‘i:s .;:
Curves of Properties of Commutator Biushes 2 I to .-.‘. l
Biush Holders for Radial Carbon Biushes for Traction Motms 270 and J.‘.l:
Carbon Biush Holder for Small Launch Motor '.':h
Carbon Brush Holdeis for Generators 270 and .'L\
Holds: for a Copper Gauze Biush ‘.:’:,“
Ba uss Reactance Biush Holde 27
Biush Holder Constructed of Stamped Paits 27y
Holder for Caubon Biushes 2549
Sme Curves of Instantaneous Current Valuos m Thice Thuses ol .
Rotary Converter NG
Diagiams of Tnstantaneous Cmient Values m Line and Windings ot o
Rotary Conver ter vy
Developed Diagiams of Rotary Conver ter Windimg UN8 and 81
Two-Cirewt Single Winding for Single-Phase Rotuwy "

Two-Circwit Singly Re Entrant Ti 1ple Windmg for Singlo-Pluse Rotany 2

Six-Circwit Single Winding - an
S1x-Cni cutt Single Windmng for Threo-Phase Rotauy my
Two-Cucuit Single Windmg for Three-Phase Rotary s
Two-Cucuit Singly Re-Entrant Ty 1ple Winding tor L'l ee-Phase Rotary i
Six-Curcmt Single Windmg for Six-Phase Rotary on

Two-Cucmt Smgle Winding for S1x-Phase Rotary i
Two Cucwit Smgly Re-Entrant Tr 1ple Winding for S1v-Pluse Rotary HIB
Diagrammatic Compaison of Sin-Phase and Thice-Phase Windmgs LA
Inter-Connection of Static Thansfor mers and Rotmy Cousarto RN

“Double-Delta ” Connection and ¢ Diametizcal” Connection b

Si1x-Phase Switchboaid Hirs
Sux-Cneutt Single Wincing for Four-Phase Rota y SN
Two-Cricmt Single Winding for Foni-Phase Rotary R{IC
Two-Circurt Tiiple Winding for Four-Phase Rotary 4o
Diagrammatical Representation of Conditions 1 Tour-Phuse Rotury
Converter \demg S0

Connection Diagiams for Ty elve-Phase Rotary Convertem
Drawings of Six-Phase 400 Kilowatt Rotm y

Curves of Six-Phase 400-Kalowatt, Rotary

Drawings of Thiee-Phase 900 Kilowatt, Rotary

M

Sl ta 40
Hu

31 ad g



A

TABLE

XXI
XXII
XXIII
XXIV
XXV
XXVI
XXVII
XXVIII
XXIX
XXX
XXXI

XXXII

LIST OF TABLES.

Data of Ten Fust-Quality Samples of Cast Steel

Data ot Ten Second-Quality Samples of Cast Steel

Data of Twelve Samples of Mitis Tron

Analyses of Samples of Sheet Iron and Steel

Results of Tests on “ Ageing ” of Tron

Pioperties of Tron and Steel, with Special Reference to Specific Resistance

Pieece’s Tests of Annealed Tron Wne -

Influence of Carbon on Specihc Resistance of Steel

Influence of Silicon on Specific Resistance of Steel

Influence of Manganese on Specific Resistance of Steel

Puncturing Voltage of Composite White Mica

Insulation Tests on Sheets of Leatheioid

Summary of Qualities of Insulating Matenals

Insulation Tests on ““ Mica Canvas”

Insulation Tests on “ Mica Long-Cloth

Insulation Tests on Shellac’d Paper

Insulation Tests on Red Paper

Subdivision of Windings tor Rotaiy Conveiters

Dium Winding Constants

Coriection Factors for Voltage of Distiibuted Windings

Values tor K in EMF Calculations for Mult: Coil Windings

Values foo K m EMTF Calculations for Multr Coil Windings, with
Vaiious Pole Aics

Values for K m EMTF Calculations for Windmgs with Vanous Pei-
centages Spiead

Values for Voltage Ratio for Single and Quaiter-Phase Rotarv Converters

Values for Voltage Ratio for Thnee-Phase Rotary Converters

Values of Number of Tmns i Seties hetween Collector Rmgs m Rotary
Converters

Valaes for Foim Factor

Values for Foim Factor

Temperature Cotrection Coetharents for Copper

Cuient Densities m Copper and Conesponding Specific Rates of
Generation of Heat m Watts pex Pound

Magnetic Flux Densities i Sheet Tion, and Coiresponding Specific Rates
of Genelation of Heat 1n Watts per Pound

Current Densities mn Vailous Types of Apparatus

d
>
WIW W W
[N )

w Us
[ 2R IS IR -

QO He He U3 WD Qv QG O3
N D oL

»®» =1 o
o= OO Ww

[}
9

83
85
85

108

109
109



LVI
LVII
LVIII
LIX

Last of Tables

Calculation of Reluctance of Core Projections
Calculation of Reluctance of Coie Piojections
Calculation of Reluctance of Core Piojections
Test of Armatwme Reaction

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Inductance Tests

Core Loss Results

Tests on Graphite and Carbon Biushes
Output of Rotary Converters

Output of Rotary Converters

Armature C*R Loss 1n Rotary Converters
Armatme C’R Loss in Rotary Converters
Aimature C*R Loss m Rotary Converters

APPENDIX

Table of Pioperties of Copper Wire—B and S Gauge
Table of Properties of Copper Wire—S W G Gauge
Table of Properties of Copper Wie—B W G Gauge

Physical and Electitcal Propert®s of Various Metals and .\lloys

PAGE
125
125
125
149
160
162
162
162
163
164
165
167
167
168
168
171
230
280
281
285
290
292
294

367
368
369

370



PREFACE.

THE present volume is an amplification of the notes of a series of
lectures, delivered first by Mr Parshall and contimmued by Mr
Hobart, at the Massachusetts Institute of Technology, some six years ago.
The oniginal notes met with so cordial an appreciation fiom Tord Kelvin,
the late D1 John Hopkmson and others, that the authors determined
to follow out a suggestion made, and pubhish a book on the design of
Electric Generators The work of revising the original notes gradually led
to the bringing together of an amount of material several times larger than
was at first ntended, and a comprehensive tieatment of the subject
prevented 1educmg this amount  In this form the work appeared as a series
of articles i “EnciverriNg,” durmng the years 1898 and 1899  The
mterest taken m the series, together with the fact that the experience
of the Authors, covering as 1t does the period during which most of the
modern types of machimes have heen developed, justifies the publication
of the tieatise, despite the present large number of hooks on the theory
of ¢®mmutating machines
.In dealing with the practice of designing, thiec sub-divisions can be
finally made —

The fist may be taken as relating to the design of the magnetic
circwnt  The classical papers of Doctors John and Edward Hopkinson
have dealt with this subject so completely that there remains but hittle to
be written, and this relates chiefly to the natme and pioperties of the
different qualities of ron and steel which may be used m the construction
of the magnetic circurt

The second sub-division considers the phenomena of commutation and
the study of dimensions, with a view to securing the greatest output
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without dimimshing the etlivency The theory of commutation has
become better understood sinee electircal engmeers began to deal with
alternating currents and to understand the effects of self-mduction  How-
ever, owmg to the number of vanables affecting the final 1esults, data
obtamed m practice must be the basis for the preparation of new designs
In this work will be found a statement of such 1csults, and muncrical
values expermmentally obtamned fiom representative commutating maclunes
One famnliar with the theory of commutation can, with comparative
certanty, from the values and dimensions given, design machmes with
satisfactory commutating properties

The thurd sub-division 1elates to what we have termed the ** Thernal
Lamt of Outpat,” that 15, the masmun output with safe heating It can
be farly smd that wlile the theoty of all the losses m a commutating
dynamo are understood, yet, with the exception of the C* R losses, 1t 1
still a matter of practical experience to deternune what relation the actual
losses bear to what may be termed the predicted losses It 15 mvaiably
found that the won losses are m excess of those which may be predicted
fiom the tests made upon the matenal before construction  The hysterests
loss 1 the armature core 1s generally found to be greater, owing to the
mechanical processes to wlich the material m the corc has to be sub-
jected durmg the process of construction  Owing, probably, w a large
measure to a species of side magnetisation, the eddy-curient loss s found
to be greater than is mdicated by caleulations based upon the assumption
of a distitbution of magnetie lines parallel to the plane of the lamnations
If the armature conductors are solid, the losses theiem by foucault
currents may often be considerable, even m projection type aimatuies,
especially when the projections are run at high densities Under load
losses, not meluding friction, there have to be considered the foucault
current loss m the conductors due to distortion, and the mereased
loss i the armature projections fiom hysteresis and eddy currents hkewse
due thereto  There 15 also the loss brought about by the reversal of the
current m the armatwe coil under commutation It 1s apparent, therefore,

considerng that each of these varables 1s dependent upon the form of
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design, the material used, and the processes of constiuction, that only an
approximate estimate as to the total loss can be made fiom the theoretical
consideration of the constants We believe, therefore, that these con-
sidevations will justify the length with which we have dealt with the
thermal hmit of output

The varwous other sections grve mformation wlich we have found
mdispensable m  designing woik  The General Electiic Company of
Ameiica, and the Union Elektiicitats-Gesellschaft of Beilm, have kindly
placed at our disposal the 1esults of a large amount of technical experience,
wlich have formed a very substantial addition to the results of our own
work ~ We have endeavowed to show our appreciation of this lhiberal
and, unfortunately 1are, pohicy, by setting forth the conclusions at which
1t has enabled us to arnve, in a manner which we hope will 1ender the
work a thoroughly useful contitbution to techmical progress m dynamo
design  Apart fiom the papers of the Hoplkinsons, the tieatise on
Dynamo Electie Machwery by Dr Sylvanus Thompson, has had the
greatest mfluence m dissemmating thorough knowledge of the theory of
the dynamo It was, in fact, after considering the contents of these
works that we decided to prepare our tieatise on the present lmes, with
the aim to supply, however mmperfectly, a work which shall assist m
applymg to practice the prmaples already clemly enunciated i these
treatises

We acknowledge with pleasure the valuable assistance and suggestions
which we have received fiom many friends i the preparation of the

work
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ELECTRIC GENERATORS.
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ELECTRIC GENERATORS.

MATERIALS

CONSIDERABLE vanety of matetials enters mto the construction

of dynamo electric apparatus, and 1t 15 essential that the grades
used shall confoi to rather exacting requirements, both as 1egards electiic
and magnetic conductivity as well as with respect to their mechanical
properties

TestiNg oF MATERIALS
@
The metallic compounds employed m the metathe and conducting
cireurts must be of definite chemucal composition  The effect of shght
cdufferences 1n the chemical composition 15 often considerable, for mstance,
the addition of 3 per cent of aluminium reduces the conductivity of copper
m the ratio of 100 to 18" Agam, the magnetic permeability of steel

contamnmg 12 pe1 cent of manganese 1s scarcely greater than unity
The mechanical tieatment durmmg various stages of the production also
m many cases exerts a preponderating nfluence upon the final 1esult
Thus, sheet non frequently has over twice as great a hysteresis loss when
unannealed as 1t has after annealing fiom a lngh temperatme  Cast copper
having almost the same chemical analysis as diawn copper, has only 50 per
cent conductinity Piessme exerts a great mfluence upon the magnetic

i properties of sheet won® Sheet mon of certamn compositions, when

subjected for a few weeks, even to such a modeiate temperatuie as 60 deg
Cent, becomes several tunes as poor for magnetic purposes as before
subjection to this temperature *

It thus becomes desirable to subject to chemucal, physical. and electro-
magnetic tests samples fiom every lot of material mtended for use m the

U Electircian, July 31d, 1896  Dewar and Flenung 2 See page 33, and Figs 33 and 34
* See pages 30 to 32, and Figs 26 to 32
B

Jy
o~

B



2 Electric Generators

construction of dynamo-electric apparatus This bemg the case, the
mportance of practical shop methods, m order that such tests may be
quickly and accurately made, becomes apparent

Conpucrrvity TEesTs

The methods used 1 conductivity tests are those described m text-
books devoted to the subject* It will suffice to call attention to the recent
nvestigations of Professors Dewar and Fleming,” the results of which show
that materials m a state of great purity have considerably higher condue-
tivity than was attributed to them as the results of Matthiessen’s expert-
nments  Manufactured copper wire1s now often obtammed with a conductivity
exceeding Matthiessen’s standard for pure copper

Copper wie, drawn to small diameters, 15 apt to be of mferior condue-
tivity, due to the admixture of mpwities to lessen the difficultics of
manufacture It consequently becomes especially desirable to test its
conductivity m order to guard aganst too low a value

The electrical conductivity of Geiman silver and othar high 1esistance
alloys vaiies to such an extent that tests on each lot are mpeiative, 1f
anything like accwate results are 1equired *

Prrueasiuiry Tests

Considerable care and judgment are necessary n testing the magnetic
properties of materials, even with the most recent impiovements m
apparatus and methods  Neveitheless, the extieme vanabihty i the
magnetic propet ties, 1esulting from shght variations n chemical composition
and physical treatment, render such tests mdispensable m oider to obtam
uniformly good quality 1 the materal employed — Various methods have
been proposed with a view to sinplifymg permeability tests, but the most
accmate method, although also the most labotious, 15 that m which the
sample 15> m the form of an annular rmg wmformly wound with primary and
secondary coils, the former permutting of the application of any desired

! Among the moie useful books on the subject of electircal measurements are P1ofessor
8 W Holman’s Physwal Laboratory Notes (Massachusetts Institute of Technology), and
Professor Fleming’s Electr wcal Laboratory Notes and Forms

2 Electricwan, July 31d, 1896

¢ A Table of the properties of vailous conducting materials 1s given later m this volume
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magnetomotive force, and the latter bemng for the purpose of determming,
by means of the swing of the needle of a ballistic galvanometer, the
corresponding magnetic flux mduced 1n the sample

Dezscriprion oF Test oF Iroxn Sampre BY Rmve MErsHOD WITH
Baruisric (GALVANOMETER

The calibrating coil consisted of a solenoid, 80 centimeties long,
untformly wound with an exating coil of 800 turns Therefore, there
were 10 turns per centimetre of length ~ The mean cross-section of
exciting coll was 180 square centunetres  The explormmg coil con-
sisted of 100 turns midway along the solenoid Reversing a curient
of 200 amperes m the exciting coil gave a deflection of 355 deg on the
scale of the ballistic galvanometer when there was 150 ohms 1esistance
m the entne secondmy cucwt, consisting of 120 ohms m the ballistic
galvanometer coils, 5 0 ohms m the exploring coil, and 133 ohms m external

resistance

H=%477C % -100, ©=200,

H=%" x 100 x200=251,
10

1e, 200 amperes m the exciting col set up 251 lmes m each squar
centimetre at the middle section of the solenoid, therefore 180 x 25

= 152 total C G S lmes  But these weie huked with the 100 tuins o
the exploing coil, and therefore were equivalent to 45,200 lines Imked witl
the ecncuit  Reversing 45,200 lmes was equivalent n its effect upon th
balhstic galvanometer to creating 90,400 lines, whieh latter number, cou
sequently, coriesponds to a deflection of 355 deg on the balhsti
galvanometer with 150 ohms m cwewt  Defimng K, the constant of th
ballistic galvanometer, to be the lines per degree deflection with 100 ohm

m arcutt, we obtan

90400
K= 35E X 150 = 1690 hines

The cast-steel sample consisted of an annular ving of 110 squa
centimetres cross-section, and of 30 centimetres mean circumference, an
1t was wound with an exciting coil of 450 twns, and with an exploimg co
of 50 turns With 2 00 amperes exciting current,

tar 450

=20 x == x 200=377
H 10x30x 0=377
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Reversmg 200 amperes m the exciting col gave a deflection of
40 deg with 2,400 ohms total resistance of secondary ciwrcwt ~ Then with
100 ohms mstead of 2,400 ohms, with one turn m the exploing coil mstead
of 50 twns, and siply creating the flux mstead of reversing 1t, theie
would have been obtamed a deflection of

200 1L 402960 deg ,
oo “ 5 * 2

consequently the flux reversed m the sample was
960 x 1,690 = 16,200 lines

And as the cross-section of the rmg was 110 square ccntimetres, the

density was
16,200 — 110 = 14,700 hines per squaie centimetre

Therefore the result of this observation was
H=377, B=14700, = 390
But mn practice’ this should be reduced to ampere tuins per mch of length,

and lnes per square mnch,
Ampere-tuins per inch of length =2 H=75 4
Density 1 lines per squate mech =6 45 x 14,700 = 95,000
This would generally be written 950 alolnes Smlarly, fluxes ol
stall greater magnitude are genetally expressed m megalmes  For mistance,
127 megalines = 12,700,000 C G S lines

1 Although mixed systems of umts ate admittedly inferion to the metiic system, present
shop practice 1equues thewr use It 15, therefore, necessa1y to readily convert the absolute
B H curves into others expressed 1n teims of the units employed i practice  In absolulc
measure, 1on saturation cuives are plotted, in which the o1dinates B represent the density 1n
terms of the number of CG S hines per squate centimetre, the abseisse denoting the magneto-
motive force H B/H equals 4, the permeability  In the cuives used m practice the
ordmates should equal the number of lines persquare nch  They are, therefore, equal to
645 B The abscisse should equal the number of ampeie-tuins per inch of length Lettine
turns = x, and amperes = C, we have— N

H=4 7; O"ZC, I being expressed 1 centimetres

Ampere-turns per centimetie of length = _IO_H_’
4T

Ampere-turns pe1 inch of length = w’
T

Ampere-turns per inch of length=202 H

Therefore ampere tuins per mch of length are approxmately equal to 2 H
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Orrer Prryveasuiry Tesrine METHODS

The bar and yoke method, devised by Dr Hopkinson, permuts of the usc
of a rod-shaped sample, this bemg more convenient than an annular ring
m that the latter requires that each sample be separately wound, whereas
m the rod and yoke method the same magnetising and exploring coil
may be used for all samples However, the rmg method 1s more absolute
and affords much less chance for exror than s the case with other methods
where the sowces of error must erther be reduced to negligible proportions
which 1s seldom practicable, or corrected for Deseriptions of the Hop-
kinson apparatus are to be found i text-books on electro-magnetism,!
and the caleulation of the results would be along lnes closely smmlar to
those of the example already given for the case of an annular ring sample

MerHops OF MEASURING PERMEABILITY NoT REQUIRING BALLISTIC
(GALVANOMETER

There have been a number or arrangements devised for the purpose
of makmg permeability measurements without the use of the ballistic
galvanometer, and of domg away with the generally considerable tiouble
attending 1ts use, as well as sumplifymg the caleulations

Those m which the piece to be tested 1s compaied to a standard
of known permeability have proved to be the most successful — The
Eickemeyer biidge? 13 a well-known example, but 1t 15 rather untrust-
worthy, particulaly when there 13 a great difference between the standard
and the test-piece

A method of accomplishmg this, which has been used extensively
with very good 1esults, has been devised by Mr Frank Holden It 1s
described by hun m an article entitled “ A Method of Determining
Induction and Hysteresis Curves” m the Electrical World for December
15th, 1894 The prmeiple has heen embodied m a commercial apparatus
constructed by Mr Folden 1 18955 and also n a simlar mstrument
exhibited by Professor Ewing before the Royal Society i 1896 *

1 Also J Hopkmson, Pl Thans, page 455, 1885

2 Flectical Engineer, New York, Maich 25th, 1891

3 «An Apparatus for Determining Induction and Hysteresis Cmives,” Electrical World
June 27th, 1896

+ «The Magnetic Testing of Tron and Steel,” Proc Inst Cunl Engineers, May, 1896
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Holden’s method consists essentially of an arrangement m which two
bars are wound umformly over equal lengths, and jomed at their ends
by two blocks of soft wron mto which they fit The rods are parallel,
and about as close together as the windings permut In practice 1t has
been found most convenment to use 1ods of about 25 i n diameter, and
about 7 m long Over the middle portion of this arrangement 1s placed
a magnetometer, not necessarily a very sensitive one, with its needle
tending to lie at right angles to the length of the two bars, the mfluence
of the bars tending to set 1t at right angles to this position Means are

Fic 1

provided for reversing simultaneously, and for measurmg, each of the
magnetismg currents, which pass i such directions that the north end
of one rod and the south end of the other are in the same teimmal block
It 1s evadent that whenever the magnetometer shows no effect from the
bars, the fluxes m them must be equal, for if not equal there would be
a leakage from one texminal block to the other through the air,
and this would affect the magnetometer This balanced condition 1s
brought about by varymng the curient m one or both of the bars, and
reversing between each variation to get rid of the effects of residual
magnetism
For each bar

H=4vr'ﬂ0
10¢
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-~

where
n = number of turns
C = Cuirent in amperes
I = distance between blocks 1n centimetres

As the same magnetising coils may always be used, and as the blocks
may be arranged at a fixed distance apart,

41r'n.= e
1017
and
H=KC

The B H curve of the standard must have been previously deter
1mined, and when the above-desciibed balance has been produced and
tlhe magnetomotive force of the standaid caleulated, the value of B 1
at once found by refaence to the charactenstics of the standard 1
tlhe two bars are of the same cross-section, thus gives directly the B n
the test-piece, and H 15 calculated as described The method fumsher
a, means of making very accurate compansons, and the whole test i
quckly done, and the chances of error are mmmmised by the simplieity
of the process The magnetometer for use with bars of the siz
described need not be moie delicate than a good pocket compass
Although two picces of quite opposite estremes of permeability maj
be thus compared, yet 1t takes less care m manpulating, if twe
standads are at hand, one of cast-uon and one of wiought iron or cas
steel, and the standard of quality most lke that of the test-piece shoulc
be used

Sheet won may be tested m the same way, 1f 1t 15 cut m strip
about 5m wide and 7 m long This will require the use of specially
sshaped blocks, capable of makmg good contact with the end of the bundl
of stups which may be about 25 m thick In geneial the cross-section
of the test-piece and standaid m this case will not be equal, but ths
is easily accounted for, smce the mduction values are mversely as th
oross-sections when the total fluxes are equal In Figs 1 and 2 a
shown both the Holden and the Ewing permeability biidges
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Hystevesis Tests

Derermination oF Hystermsis Loss

The step-by-step method of detetmiming the hysteresis loss, by cairyn
a sample through a complete cycle, has heen used for some yealz; past, a1
18 employed to a great extent at the present tume  Such a test 1s 1’na1
with a rmng-shaped sample, and consists m varymg by steps the magnet
nwotive force of the pumary col, and notng by the deflection of a b;lllai
galvanometer the corresponding changes m the flux  From the results
complete cycle curve, such as 1s shown m Fig 3, may be plotted  If tl
curve 15 plotted with ordmates equal to B (C G S lmes per synate cen
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17 C
L= area divided by
107 ), 1ts area divided by

(conveniently determmed by means of a planmeter), will be equal to t
hysteresis loss of one complete eydle, expressed m engs per cubic cel
metre!, but m subsequent calculations of commel aal appaatus 1t 15 nx
conventent to have the 1esults m terms of the watts per pound of mater
per cyele per second  The 1elation hetween the two expiessions may

metie), and with abscis-e equal to H, (

derrved as follows

ConvERrsioN OF UNITS

Ergs per cubic centimetre per cycle
Area complete cyclie cuire
= 4

1 Flemung, 4lternate Current T4 ansformer, second edition, page 62
¢
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Watts per cubic centimetre at one cyele per second

Area
= Lax 107

Watts per cubic mnch at one cycle per second

Area x 164
= &7 x 107

Watts per pound at one eycle per second

Area x 16 4
= 4w ox 10T x 282

(One cubic 1nch of sheet iron weighmng 282 1b)

. Watts per pound at one cycle per second = 0000058 x ergs per cubic centimetre per
cycle

Hrysteresis Losses 1IN ALTERNATING AND Roraming FieLps

Hysteresis loss m ron may be produced m two ways one when the
magnetising force acting upon the 11on, and consequently the magnetisation,
passes through a zero value i changing from positive to negative, and the
other when the magnetising force, and consequently the magnetisation,
1emains constant m value, but varies in direction  The former condition
holds m the core of a transformer, and the latter m certam other types of
apparatus  The resultant hystereris loss m the two cases cannot be
assumed to be necessarly the same  Bailey has found' that the 1o0tating
field produces for low mductions a hysteresis loss greater than that of the
alternating field, but that at an mduction of about 100 kilohnes per square
mch, the hysteresis loss reaches a sharply defined maximum, and rapidly
dimmishes on further magnetisation, until, at an induction of about 130
kilolnes per square mch, 1t becomes very small with every indication of
disappearng altogether  This result has been verthed by other expeir-
menters, and 1t 1s quite m accord with the molecular theory of magnetism,
from which, 1n fact, 1t was predicted  In the case of the alternating field,
when the magnetism 1s pressed beyond a certamn limt, the hysteresis loss
becomes, and remains, constant in value, but does not decrease as 1n the

1 See paper on “ The Hysteresis of Iron n a Rotating Magnetic Field,” 1ead before the
Royal Society, June 4th, 1896  See also an article in the Eleciricran of October 2nd, 1896,
on “Magnetic Hysteresis n a Rotating Field,” by R Beattie and R O Clinker Also
FElectricran, August 31st, 1894, F G Bailey Also ITed Ann, No 9, 1898, Niethammer
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case of the 1otating magnetisation Hence, as far as hysteresis loss 1s cc
cerned, 1t nught sometimes be advantageous to work with as hugh
;Dnduc‘tlon In certam types of electro-dynamic apparatus as possible, if 1t ¢
betpl ess;,d above that pomt where the hysteresis loss commences to decreas

ut m the case of transformers little advantage would be derived from hi
density on the score of hysteresis loss, as the density, except at very I
cycles, cannot be economically cairied up to that value at which ¢
hysteresis loss 1s said to become constant

Fic 4

Merrops ofF Mgeasuring  Iysterests Loss WiteouT THE Barnistu
(HALVANOMETER

To avoid the gieat labour and expenditure of time mvolved
lhysteresis tests by the step-by-step method with the ballstic galva
meter, theie have been many attempts made to anive at the 1esult 1
more direct manner The only type of apparatus that seems to h
attamed commercial success measures the energy employed either
rotating the test-piece 1n a magnetic field, or m rotatmg the magnetic t

1 whach the test-piece 15 placed
The Holden hysteresis tester! 1s the earliest of these mstruments,

1 «Some Work on Magnetic Hysteresis,” Blectr wal World, June 15th, 1895
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appears to be the most satisfactory It measures the loss in sheet-iron
rings when placed between the poles of a rotating magnet, and enables the
loss to be thoroughly analysed The sheet-iron 11ngs are just such as
would be used m the ordinary balhstic galvanometer test (Fig 4, page 11)
The 1mgs ate held concentric with a vertical pivoted shaft, around
which revolves co-axially an electro-magnet wluch magnetises the 1ngs
The sample rmgs are built up mto a cylmdiical pile about § mn high

i

)

Fic 5

Swrrounding but not touching the sample to be tested 1s a coil of msulated
wire, the termmals of which lead to a commutator revolving with the
magnet  The alternating elect1omotive force of the coil 1s thus 1ectified,
and measured by a Weston voltmeter ~Knowing the cross-section of the
sample, the number of turns m the coil, the angular velocity of the magnet,
and the constants of the voltmete1, the mduction corresponding to a certan
deflection of the voltmeter, can be calculated m an obvious manner *

1 For electiomotave force calculations, see another page 1n this volume
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The force tending to rotate the rings 1s opposed by means of a helic
spring surrounding the shaft and attached to 1t at one end  The other e
1s fixed to a torsion head, with a pomter moving over a scale  The loss |
cycle 1s proportional to the deflection requned to bring the rmgs to the
zero position, and 15 readily calculated from the constant of the spring

By varymng the angular velocity of the magnet, a fow ohservations g1
data by which the effect of eddy currents may be allowed for, and t
resrdual hysteresis loss detctmmed, or, by 1unming at a low speed, t
eddy cwient loss becomes so small as to be practically neghgible, a
1eadings taken under these conditions ave, for all commercial purposes, t
only ones necessary A test sample with wiue col s shown m Fig
wlulst the complete appaiatus may be seen m Fig 5, page 12

A modification (Fig 6) of this mstrument does away with the adju

P 6

ment of the magnetising current and the sepaiate deternunation of
mduction for different tests In this case the electro-magnet 1s modh
mto two of much greater length, and of a c1oss-section of about one-tl
that of the sample lot of 1mngs The an gap 15 made as small
practicable, so that there 1s very httle leakage A very high magn
motive force 15 applied to the electro-magnets, so that the flux mn t
changes only very slightly with considerable corresponding vanation in
current  With any such vaiiation from the average as 1s hikely to ocew
the rings on account of varymng permeability, the total flux through t!
will be neaily constant, with the magnetisation furnished m this man
The sample rotates 1 opposition to a spiral spring, and the angle of 10ta
1s proportional to the hysteresis loss In general a coriection has tc
apphed for volume and cross-section, as the rings do not, owmg to ve
tions m the thickness of the sheets, make piles of the same height



14 Electric Generators

magnets are rotated slowly by giving them an mpulse by hand, and the
readmg 1s made when a steady deflection 1s obtamed

Ewive Hysteresis TESTER

In Professor Ewing’s appaiatus! the test sample 1s made up of about
seven preces of sheet wron ¢ m wide and 3 m long These aie rotated
between the poles of a permanent magnet mounted on kmife-edges The
magnet carries a pomter which moves over a scale Two standards of
known hysteresis properties are used for reference The deflections cores-
ponding to these samples are plotted as a function of their hysteiesis losses,
and a line joming the two pomts thus found 1s referied to m the subsequent
tests, this lme showmg the 1elation existing between deflections and
hysteresis loss  The deflections are practically the same, with a gieat
variation 1n the thickness of the plle of test-pieces, so that no correction
has to he made for such variation It has, among other advantages, that
of usmg easly prepared samples  The apparatus 1s shown m Fig 7

ProperTiES OF MATERIALS

The magnetic properties of 1ron and steel depend upon the physical
structure , as a piumary mdication of which, and as a speafic basis for the
deseription of the material, chemncal analysis forms an essential part of
tests The physical structure and the magnetic properties are affected to a
greater or less degree according to the chemical composition, by annealmg,
temperng, continued heating, and mechanical stians by tension o1 com-
pression  The rate of cooling also mfluences the magnetic properties of the
material , the permeabihty of cast wron, for mstance, 15 dimmished 1f the
cooling has been too rapid, but 1t may be restored by annealng, the only
noticeable change bemg that the size of the flakes of graphite 1s meieased
The permeability of high carbon steels may also be mcieased by annealing
and dimmnished by tempermg, and that of wiought non or steel 1s dimmished
by mechanical stram, the loss of ‘permeability resulting from mechanical
straim, may, however, be 1estored by annealing

The effect on the magnetic properties, of the different elements entering
nto the composttion of wron and steel, varnes according to the percentage of

1 Hlectricran, Apuil 26th, 1895
P
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other elements present The presence of an element which, alone, would
be objectionable may not be so when a number of others are also present ,
for mstance, manganese m o1dinary amounts 1s not objectionable m 1ron and
steel, as the mfluence 1t exerts 1s of the same nature as that of carbon, but

o e
Fic 7

greatly less m degree Some elements modify the mfluence of others,
while some, although themselves objectionable, act as an antidote for
more harmful mpurities as for mstance, m cast 1on, silicon tends to
oftset the jurious mfluence of sulphur  The relative amounts and the

1 Electircran, April 26th, 1895
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sum of the various elements vary shghtly, according to the shight
variations m the process of manufactme On account of the more or
less unequal diffusion of the elements. a single analysis may not mdicate
the average quality, and may not, m extreme cases, fairly represent the
quality of the sample used m the magnetic test It 1s necessary, therefore,
to make a great number of tests and analyses before armving at an
approximate result as to the effect of any one element The conclusions
here set forth, as to the effect of various elements, when acting with the
other elements generally present, are the result of studymng the analyses
and magnetic values when the amounts of all but one of the prmeipal
elements remamed constant The results so obtamed were compared
with tests m which the elements that had remamed constant m the first
test vailed m proportion

It will be seen that this method 1s only approximate, simce vailations
of the amount of any element may modify the interactions between the
other elements The statements herem set forth have been compared
with a great number of tests, and have been found correct within the
Limts between which materials can be economucally produced m practice

In general, the purer the iton or steel, the more mportant 1s the
unifornuty of the process and treatment, and the more difficult 1t 15 to
predict the magnetic properties from the chemical analysis It 13 sig-
nificant to note that, begmmmng with the most mmpure cast iron, and
passing through the several grades of cast iron, steel and wrought iron,
the magnetic properties accord prmmcipally with the amounts of carbon
present, and m a lesser degree with the proportions of sihcon, phos-
phorus, sulphur, manganese, and other less usnal mgredients, and that
an excess of any one, or of the sum of all the mmgiedients, has a noticeable
effect on the magnetic propeities Carbon, on account of the influence
1t exerts on the melting pomt, may be regarded as the controllng element,
as 1t determmes the general processes, hence also the percentage of
other elements present m the purer grades of ron  However, 1ts mfluence
may sometimes be secondary to that of other mmpuiities, as, for mstance,
n sheet 1ron, whete a considerable percentage of carbon has been found
to permut of extremely low mmtial hysterewis loss, and to exert an influence
tending to mamtamn the loss at a low value during subjection to pro-
longed heatng

The properties of won and steel require separate exammation as to
magnetic permeability and magnetic hysteresis  The permeability 1s of
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the greatest importance m parts m which there 13 small change m tl
magnetisation , hence such parts may be of any desired dimension, a1
may then be either cast, rolled, or forged  On account of the electre
losses by local currents when the magnetism 1s reversed m sohd mass:
of metals, parts subjected to varymg magnetic flux have to be finel
laminated  Thicknesses of between 014 m and 036 m ae general
found most useful for plates, wlich must be of good non to withsta:
the rollng process Some mmpurities affect the hysteresis more ths
the permeability — Hysteresis tends towards a mmmnum, and the pe
meability towards a maximum, as the percentage of elements, other the
on, dmumshes

In the case of comparatively pure non or steel, alloyed with mek«
1t 15 found, however, that the peimeability 15 mereased beyond that wli
would be wmferted fiom the other elements present The pwest
has been found to have the highest permeabihity, yet the ron m whi
the hysteresis loss has been found smallest 13 not remarkable for 1ts purit
and there was no known cause why the hysteresis was reduced to su
a noticeable extent The treatment of the iron, both during and sub:
quent to 1ts manufacture, exerts a great mfluence upon the final result

Tur MAGNETISATION OF IRON AND STEEL

Clast ITron —Cast non 1s used for magnetic pm poses on account of t
greater facility with which 1t may be made mto castings of complex for
Considermg the 1elative costs and magnetic properties of east non and st
as shown m the accompanymg cuives, 1t 1s evident that cast won 1s, otl
things bemng equal, more costly for a given magnetic result than cast st
The great progress m the manufacture of steel castings has rendered
use of cast non exceptional m the construction of well-designed electa)
machmes

The cast won used for magnetic puposes contains, to some extent,
those elements which crude non bings with 1t from the ore and from
fluxes and fuels used m 1ts reduction  Of these elements, catbon has
gieatest effect on the magnetic permeabihity — The amount of car
present 1s necessarily high, on account of the materials used, the pro
employed, and 1ts wfluence m determmmg the melting pont In cast
of good magnetic quality, the amount of carbon vaties between 3 per ¢

and 4 5 per cent, between 02 per cent, and 0 8 per cent bemg m a c
D
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bined state,! and the remamder m an uncombmed or graphitic state
Combined carbon 1s the most objectionable mgredient, and should be
restiicted to as small an amount as possible  Cast wons having less than
0 3 per cent of combmed carbon are generally found to be of ligh magnetic
permeability Fig 8 shows curves and analyses of three different grades
of cast non  The effect of different proportions of combimed carbon may be
ascertamed by comparison of the 1esults with the accompanymg analyses
In Fig 9 1s given the result of the test of a sample carried up to very huigh
saturation It 15 useful for obtaming values corresponding to high
magnetisation, but as shown by the analysis and also by the curve, 1t 15 a
sample of rather poor cast won, the result bemg especially bad at low
magnetisation values The cast won generally used for magnetic purposes
would be between curves B and C of Fig 8

Graphite may vary between 2 per cent and 3 per cent without
exerting any very marked effect upon the permeabihty of cast non Tt 1s
generally found that when the percentage of graphite approximates to the
lower limit, there 1s an increase mn the amount of combmed carbon and a
corresponding decrease of permeability A certam percentage of carbon 1s
necessary, and 1t 1s desirable that as much of 1t as possible should be 1n the
graphitie state  Sulphur is geneially present, but only to a hmited extent
An excess of sulphur 1s an mdication of excessive combmed carbon, and
mferior magnetic quality  Siheon 1n excess annuls the mfluence of sulphu,
and does not seem to be objectionable until its amount 1s greater than
2 per cent , 1ts effect bemg to make a casting homogeneous, and to lessen
the amount of combmed carbon The amount of silicon generally varies
between 2 5 per cent m small castings, and 18 m large castings  Phos-
phorus m excess denotes an mferior magnetic quality of ron ~ Although
itself 1t may be harmless, an excess of phosphorus 1s accompanied by an
excess of combined carbon, and 1t should be restricted to 07 per cent or
08 per cent. Manganese, mn the proportions generally found, has but
little effect , 1ts influence becomes more marked i 1rons that are low m
carbon

Figs 10 and 11 show further data relating to irons shown in Fig 8,
grades A and C respectively

Mualleable Cast Iron —When cast 1wron 1s decarbonised, as m the
process for making 1t malleable, in which a portion of the graphite 1s

1 Arnold, “Influence of Carbon on Iion,” Proc Inst C E, vol cxxiu, page 156,
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elunated, there 1s a marked mciease m the pexmeability This 1s due,
however, to the change m the physical stiucture of the 1on which accom-
panies the decaibonisation, as unmalleable cast won, of chemical analysis
wlentical with that of malleable won, has but a fiaction of the permeability
In Fig 12 are shown the magnetic properties of malleable cast iron,
Tig 13 llustrates the magnetic properties of mixtures of steel and pig 1ron

Cast Steel —The term  cast steel,” as used m this place, 1s mtended to
refer to recarbonised 1rons, and not to the processes of manufacture where
there has been no recarbomsation, as m wons made by the stecl process
Cast steel used fo1 magnetic pwposes has been generally made by the open-
hearth or Siemens-Martin process, the prmeipal reason bemg that this
process has been more fiequently used for the manufactuie of small cast-
mgs  The Bessemer process could, perhaps, be used to greater advantage
1 the manufacture of small castings than the open-hearth process, sice, on
account of the considerable tune elapsing between the pommg of the fist
and last castings, there1s fiequently by thc open-hearth process a change
of temperatume n the molten steel, and hikewise a noticeable diffcrence m
the magnetic quality In the Bessemer process the metal can be main-
tamed at the most switable temperatuie, and the composition 1s more easily
regulated

Cast steel 15 distinguished by the very small amount of caibon present
which 15 m the combined state, there bemng gencially no graphite, as . the
case of cast iron, the exception bemg when castings are subjected to great
stians, m which case the combmed carbon changes to graphite It may be
approximately stated that good cast steel, fiom a magnetic standpomnt,
should not have greater percentages of mpurities than the followng

Per Cent
Combmed carbon 025
Phosphorus 008
Silicon 020
Manganese 050
Sulphur 005

In practice, cathbon 1s the most objectionable impuiity, and may he
with advantage restricted to smaller amounts than 025 per cent The
results of a great number of tests and analyses show that the decieasc m
the permeability 1s proportioned to the amount of carbon m the steel, other
conditions remaining equal , that 15, that the other clements are present mn
the same proportion, and that the temperature of the molten steel 1s
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22 FElectric Generators

increased according to the degree of puty. Cast steel at too low a
temperature considering the state of purity, shows a lower permeabihity
than would be mferred from the analysis Manganese i amounts less than
0 5 per cent has but hittle effect upon the magnetic properties of ordinary
steel In large proportions, however, 1t deprives steel of nearly all its
magnetic properties, a 12 per cent mixture scarcely having a greater
permeability than air  Sihcon, at the magnetic densities economical
practice, 18 less objectionable than carbon, and at low magnetisation
mcreases the permeability up to 4 or 5 per cent ,* but at higher densities 1t
dinnishes the permeabibty to a noticeable extent  The objection to
sthicon 1s that when unequally diffused 1t facilitates the formation of blow-
holes and, like manganese, has a hardemng effect, rendering the steel
dufficult to tool in machinng  Phosphorus and sulphur, mn the amounts
specified, are not objectionable, but in excess they generally 1ender the
steel of mferior magnetic quality

In Tables I and II are given the analyses and magnetic proper-
ties of what may be termed good and poor steel respectavely In Fig 14,
curves A and B represent the average values corresponding to these two
sets of tests

The extent to which the percentage of phosphorus affects the result,
may be seen from the curves of Fig 15  The curves of Fig 16 show the
deleterious effect of combined carbon upon the magnetic properties  The
magnetic properties of steel are further illustrated m Figs 17, 18, and 19

TasLk I —Data oF TEN FiesT Quarity SaMPLES oF CAsT STEEL

Kilolmes per Square Inch
Ampere-Turns per
Inch of Length
1 2 3 4 5 6 7 8 9 10 Average

30 786 775| 780|832 840|794 845|780 814|840 809

50 910(877(896|930( 942896 935|885| 915|935 912

100 102 | 986|100 {102 {107 (100 {104 9941102 {103 1018

150 107 (104 |107 [106 |113 |[106 |110 105 [108 |107 107 3

Analysis

Carbon 240 [ 267 | 294 | 180 | 290 | 250 | 200 | 230 | 170 | 180 230
Phosphor us 071 | 052 | 074 | 047 | 037 | 093 | 047 | 100 | 089 | 047 057
Silicon 200 | 236 | 202 | 120 | 036 | 230 | 173 | 160 | 150 | 120 195
Manganese 480 | 707 | 655 | 323 | 550 | 410 | 530 | 450 | 390 | 323 482
Sulphur 040 | 060 | 050 | 050 | 050 { 030 | 030 | 040 | 020 | 050 042

! See Electr1cal World, December 10th, 1898, page 619,
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24 Electric Generators

Tasre IT —Data or TeN Second QuaLiTy SamprLEs OoF CasT STEEL

Kilolines per Square Inch
Ampere Turns per

Inch of Length
1 2 3 4 5 6 7 8 9 10 Average

30 683| 683|690| 580|600 645)670| 645|600 730 | 653

50 820( 820|845 722 748|780|805|800| 760|870 797

100 960 941 975|870 896( 922|929 948 910/101 936

150 102 {100 1102 1 9281 960] 9871 987(101 | 965106 99 4

Analysis

Carbon 250 | 280 | 195 | 333 | 337 | 366 | 409 | 318| 702 | 380 357
Phosphorus 087 | 076 | 028 | 059 | 045 | 151 | 063 | 107 | 084 | 066 077
Siulicon 210 | 210 | 683 | 292 | 302 | 476 | 444 | 203 | 409 | 550 378
Manganese 790 | 720 | 815 | 681 | 642 | 617 | 640 |1 636| 088 | 790 749
Sulphur 020 | 030 | 040 | 060 | 070 | 010 | 010 | 030 | 050 | 030 038

Matrs Iron —In Table IIT are given analyses and magnetic proper ties
8 Y g Pro}
of alummum steel, frequently referred to as “mitis won” The action

TapLE IIT —Data or TwELVE SamerLes oF Miris Trow

IQlolmes per Square Inch

Ampere Turns per
Inch of Length y
1|2 |3 |4 s o7 |8 |9 [w|n|iw/|de
- ) I SRS SR (U IS, DU U _age
30 81 3] 93 5[ 93 5| 820/ 896/ 915 90 3 69 6| 645/ 831 820 760/ 831
50 87 6100 |101 | 93 5( 96 8101 | 98 6| 81 6| 76 7| 92 2] 922 865| 923
100 95 5(109 |108 (104 (105 (108 {106 | 920f 89 5{102 103 | 96 5{101 5
150 100 1114 113 {109 [110 |112 [110 | 980f 95 5[108 (108 [101 (106 5
Analysis
Carhon 065 | 105 | 106 {125 |136 | 212 | 214 | 216 235 | 241 | 242 | 260 | 180
Phosphorus 083 1093 | 112 | 166 | 053 | 056 | 052 128 |065 093 (094 | 120 [093
Silicon 073 | 045 [ 050 | 046 {111 | 126 |111 | 083 | 122 {072 | 099 | 020 | 080
Manganese 112 (108 {099 {120 | 191 | 405 | 401 |167 | 107 | 248 | 253 | 140 | 196
Sulphur 150 | 050 | 050 {050 {030 | 04+0 | 040 | 010 {030 |,030 | 030 {030 {045
Alummium 079 | * 1059 |183 {008 |273 | * |152 | 055 |120 [119 |080 {113

* Not determined

of alummium m steel 1s, ke that of sihicon, sulphur, o1 phosphorus,
of a softening nature It seems to act more powerfully than silicon, the
castings having a somewhat greater degree of puuty and a higher
magnetic quality than steel castings made by processes of equal 1¢fincient
It will be seen from the analyses that the alumimum 1s present n amounts
ranging from 0.05 per cent to 0 2 per cent, and that thus permits of making
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good castings with ahout one-half as much siheon and manganese as m
ordinaty cast steel  The amount of caibon, also, 15 generally somewhat
less  An mspection of these tests and analyses of mitis won shows that
they do not furnish a clear mdication as to the effect of the vanlous impurities
It will be noticed, however, that i those of poor magnetic quahties there is
gencrally an excess of impurities, this excess denoting a lack of homogeneity
and a greatel degree of hardness than in those of good quahty

Matis 1mon 15, magnetically, a httle better than ordinary steel up
to a density of 100 kilohmes, but at Igh densities 1t 15 somewhat
mfenior  The magnetic result obtained fiom nutis non up to a density of
100 kilohnes 13 practically 1dentical with that obtamed from wrought-non
forgings

A cuive representing the average of the twelve samples of Table IIT,
1s given m Fig 20

Nickel Steel —Some of the alloys of steel with mckel possess remark-
able magnetic propeities® A 5 per cent mixtwe of mckel with steel
shows a greater permeability than can be accounted for by the analyms of
the properties of the components ~ The magnetic properties of nickel alloys
arc shown m Fig 21°

Fingngs —Forgmgs of wiought non are, m practice, found to be
of umform quality and of hugh magnetic permeabiity  In curves A and I
of T1g 22 are shown the magnetic propeities of wiought 1on, nearly
pure, and as generally obtained, respectively The former 15 wade by
the steel process at the Elswick Works of Messis S W G Axmstiong
and Co, Limted, but owig to 1ts excessively Ingh melting pomt
1 15 only manufactwed for exceptional puiposes Cuve D 1llustiates a
inferior grade of wiought non, 1ts low permeabnlity bemg  attubutabl
to the excess of phosphorus and sulphur Cuwive C shows the propertie
of a forgmg of Swedish won, in the analysis of which 1t 15 somewha
remarkable to fnd a small percentage of graphite

For the wrought-non forgmgs and for the sheet non and sheet stee
generally used, curve B should preferably De taken as a basis for caleul
tions, although the composition of the sheets will not be that give

1 For mformation as to the 1emarkable conditions coutiolling the wagnetic pioperties
the alloys of mickel and non, see D1 J Hoplkuson, £roc Royal Sou, vol alvi, page 2.

and vol alvu, page 1
2 Various investigations have shown that the permeability of steel 1s greatly lessened !

the presence of chiomum and tungs*en
B
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Magnetic Properties of Iron and Steel 27

by the analysis  The composition of some samples of sheet iron and
sheet stecl, the results of tests of which are set forth on pages 30 to 32,
1s given m Table IV Such matenal however 1s subject to large
varations m magnetic properties, due mwuch more to treatment than to
composition

TABLE IV —ANALYSIS OF SAMPLES

Brand Silicon Phosphorus Manganese Sulphur Carbon
I 019 Not determimed 490 Not determined 120
1T 007 Not determined 420 Not determined 062

111 009 083 510 026 056
v 003 Not determined 570 Not determined 044
v trace 029 020 trace 050
VI 005 059 500 048 040

VII

VIII 003 018 490 014 052
IX
X

In comparing wrought-iron forgings with unforged steel castings,
Professor Ewimng notes? that the former excel i permeability at low
densities, and the latter at lugh densities This he illustrates by the
curves 1eproduced m Fig 23, m which are given results for Swedish
wrought mwon and for a favowable example of unforged dynamo steel
by an Enghsh maker He states that annealed Lowmoor won would
almost comcide with the cwrves for Swedish 1ron

Professor Ewing fuither states that there 1s httle to choose between
the Dest specimens of unforged steel castings and the best specimens
of forged mgot metal The five cmaves of Fig 24 1elate to results of
lus own tests, 1egarding samples of commercial non and steel Of these
cuives, A refers to a sample of Lowmoor bar, forged mto a rmg, annealed
and turned, B to a steel forgmg fuimished by Mi R Jenkms as a
sample of forged mgot metal for dynamo magnets, C to an unforged
steel casting for dynamo magnets made by Messrs Edgar Allen and Co
by a special pneumatic process , D to an unforged steel castmg for
dynamo magnets made by Messrs Samuel Osborne and Co by the Siemens
process, E to an unforged steel casting for dynamo magnets made by
Messts Friediich Krupp, of Essen 2

1 Proc Inst Cunl Engineers, May 19th, 1896
2 Proc Inst of Cuwnl Enganeers, May 19th, 1896
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Enerey Losses v Sueer Iron

The energy loss m sheet non m an alternating or rotatmg magnetic
field consists of two cistinet quantrties, the first being that by hysteiesis or
mter-molecular magnetic friction, and the second that by eddy currents
The loss by hysteresis 18 proportional to the fiequency of the reversal of
the magnetism, but 1s entnely imndependent of the thickness of the 1ron, and
mareases with the magnetisation  There 1s no exact law of the meease of
the hysteresis with the magnetisation, but within the hmts of magnetisa-
tion obtaming m practice, and those m which such material can be pro-
duced to give umiform results, the energy loss by hysteresis may be taken

220 £
F1g 24 V |t
200 ] —1 E ‘D
7
x
2
< 40 I
g A —~LOW MOOR BAR,FORGED INTO RINO ANNEALED & TURNED
x 60 B — STEEL FOROING FOR DYNAMO MAGNETS
5 C= + CASTING w  UNFORGED 1
a D —~ UNFORGED STEEL CASTINGS 'SIEMENS PROCESS)
0 E— ' . " KRUPP)
w4
- ,
3 c
3
x 20
4 20 40 60 80 100 120 40 160 180 200
(5006 7) AMPERE TURNS PER INCH OF LENGTN

to merease approsumately with the 1 6 power of the magnetisation, as was
first pomted out by Mr C P Steinmetz’

Professor Ewing and Miss Klaassen,® however, fiom a large number of
tests, found the L 48 power to be botter 1epresentative at the densitics
generally met m transformers  Other extensive tests pomt to the 15
power as the average ?

The hysteresis loss 15 mdependent of the temperature at ordmary
working temperatures, but from 200 deg Cent upward the loss decreases
as the temperature mcreases, until at 700 deg Cent 1t has fallen to as low
as from 10 per cent to 20 per cent of its mutial value Obviously this

! Elec Eng, New York, vol », page 677
2 Electrican, Aprl 13th, 1894
* Elec World, June 15th, 1895,
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decrease at very high temperatures 15 of no commercial importance at th
present time !

The maguitude of the hysteresis loss 15 somewhat dependent upon th
chemcal composition of the iron, but to a far greater degree upon th:
Physical processes to which the 10on 1s subjerted

Annealing of Sheet Iron —The temperature at which sheet ron 1
annealed has a preponderatmg mfluence upon the nature of the result
obtamed Extended experiments concerning the relation of hysteresis los
to temperature of amnealng, show that the hgher the temperature th
lower tlie hysteiesis loss up to about 950 deg Cent® Beyond tlu
temperature deleterions actions take place, the surfaces of the sheet
become scaled, and the sheets stick together badly A shght stickin
together 15 desirable, as 1t msures the non having been brought to tl
desned lugh temperature, and the sheets aie easily separated , hut soo
after passmg this temperature (950 deg Cent ), the danger of mjuring tl
won becomes great

Cwves A and B of Fig 25 show the mmprovement effected m tw
different grades of won, by annealing from high temperatures ®

Deteroration of Sheet Iron —It has been found that the hystere
Joss m ron mereases by continued heatng ! No satisfactory explanatic
of the cause of this deteroration has yet been given — Its amount depen
upon the composition of the non, and upon the temperature from which
has been annealed The best grades of charcoal ron, giving an excee
mgly low mitial loss, are particularly subject to deterioration through ¢

* Tech Quaterly, July, 1895, also Elek Zet, Apnl 5th, 1894, also Phal Mag , Sept:
bet, 1897 , also i a very complete and valuable paper by D K Moins, Ph D, ¢ On the M
netic Piopetties and Electrical Resistance of Tron as dependent upon Temperatme,” 1
before the Physical Society, ou May 14th, 1897, are described a series of tests of hysteic
permeabihity, and 1eswstance, ovel a wide 1ange of temperatules

2 This tempeiatuze depends somewhat upon the composition of the non, bemg Ingher
more pute the non

4 Tn this and much of the following work on hysteresis and on the proper ties of msulaf
materials, the authois are mdebted to M: Jesse Coates, of Lynn, Mass, and to Messis
G Chnker and ¢ ¢ Whaiton, of London, for valuable assistance n the car1yng out of te

44« Qn Slow Changes n the Magnetic Peimeability of Iron,” by Wilham M Mo
Proceedings of the Royal Socety, January 17th, 1895 , also Electriwcian, December 7th, 1
o Janumy 11th, 1885 A recent vely valuable contuibution to this subject has been n
by Mr 8 R Roget, m a paper entitled ¢ Effects of Prolonged Heating on the Magt
Properties of Tion,” 1ead before the Royal Society, May 12th, 1898 It contains some

complete experimental data
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called “agemng” Tron annealed fiom a high temperature, although more
subject to loss by “ageing,” generally remains superior to the same grade of
ron annealed from a lower temperature Tlus was the case m the tests
corresponding to Figs 26 and 27, but there are many exceptions

Table V shows the results of “agemng” tests at 60 deg Cent
on several different biands of won It will be noticed that in the
case of those brands subject to increase of hysteresis by “agemg,” the
percentage nise of the anncaled sample 15 invariably greater than that of the

LFFECT or TEMPERATURE OF ANNEALING ON
HYSTERESIS-LOSS IN SHEET-IRON
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unannealed sample, and that often the annealed sample ultimately becomes
worse than the unannealed samples

Brands IIT, V,and VI, are the same rons whose ““ ageing ” records are
plotted m Figs 28, 31, and 29 respectively

From these mvestigations 1t appears that iron can be obtamed which
will not deterioiate at 60 deg Cent , but that some 1rons deteriorate rapidly
even at this temperature , and that at a temperature of 90 deg Cent even
the more stable brands of won deteriorate gradually — Consequently, so far
as 1elates to avoidance of deterioration through “ageing,” apparatus, even
when constructed with selected irons, should not be allowed to reach a
temperature much above 60 deg Cent.
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TasLe V —REesurrs or TEsrs oN AGEING OF IRON
(From Tests by R C Clinker, London, 1896-7 )

Temperature of agemg = 60 deg Cent, except where otherwise stated

The chemical analyses of these samples aie given mn Table IV, on page 27
Hysteresis Loss m Watts fer pound &t 100 Cycles per Second, 5
and 24,000 Lines per Square Inch :‘E’
; g
Brand of Iron § After Ageng tor E
H] 200 400 600 800 1000 8
= Hours Hours Hows Hours Hours ]
T per cent
TUnannealed 100 100 100 100 100 100 0
Annealed 041 043 043 043 043 043 5
II
TUnannealed 046 046 046 046 046 046 0
Annealed 039 039 040 041 042 043 10
IIT
Unannealed 038 038 038 038 038 038 0
Annealed 033 033 033 033 037 039 18
v
Unannealed 086 090 094 097 101 104 21
Annealed 042 050 058 066 074 083 98
v
Unannealed 035 040 043 045 047 049 40
Amnealed 036 040 45 050 053 055 53
VI
« Unannealed 065 071 083 100 109 119 83
N Annealed 039 041 049 062 078 090 130
VII
hs TUnannealed 080 082 082 082 082 082 3
Annealed 043 044 0.45 045 045 045 6
VIII
Unannealed 036 036 036 036 037 037 3
Annealed 031 032 034 035 035 035 13
IX 058 058 058 058 060 0 64 1C
X 042 042 042 043 047 056 3

1 Temperatwie 1a15ed to 90 deg after 600 hours
2 Temperature 1a1sed to 90 deg after 650 hours
3 Temperature 1a1sed to 90 deg after 670 hours
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An exammation of the results mndicates that a 1ather impure non gives
> most stable 1esult It 1s believed that by annealing fiom a sufticiently
3h temperatwee, such 1mpure non may be made to have as low an nutial
steresis loss as can be obtamed with the purest non  The lower meltmg
mt of mpwe won, however, immposes a lmmt, for such non cannot,
ler to anneal 1t, be brought to so lugh a temperatwe as puie non,
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ecause the surface softens and the plates stick together at comparatively
»w temperatures

The curves of Figs 80, 31, and 32 represent the results of mteiesting
agemg ” tests  In Fig 30 the effect of a higher temperature upon the
nnealed sample 1s clearly shown

Effect of Pressure —Piessure and all mechamcal stramns are mjurious
ven when of no great magmtude, as they decrease the permeability and
1crease the hysteretic loss  Even after release from piessure, the wron only
artly regams 1ts former good qualities  In the curves of Fig 33 1sshown
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the effect of applymg pressure to two different grades of non, the measm
ments having been made after the 1emoval of the pressure

Another mterestmg case 15 that shown m the curves A, B, and (
of Fig 34 These show the results of tests upon a certam ample of she
wron, as 1t was recaved from the makers, after 1t had heen annealed, an
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after bemg subjected to a pressure of 10,000 Ib per square meh, respectivel
Tt will be seen that the annealing m this case matenally mcreased the pe
meability, but that subjecting the sample to presswe dimmmshed the pr
meabihity below 1ts original value

The value of the hysteiesis losses while the wwon 15 still under presst

15 probably much greater Mr Mordey refers toa case m which a presst
¥
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of 1,500 Ib per square inch was accompanied by an increase of 21 per cent
1 the core loss Upon removing the pressure, the core loss fell to its original
value! Re-annealing 1estores non which has been mymed by pressure, to
1ts origmal condition

This matter of mjury by pressure, paiticularly so far as 1elates to the
mecrease while the non remains under pressure, 1s one of considerable 1m-
portance, and assembling armature and transformer sheets, no more tem-
porary or permanent pressure should be used than 1s essential to good
mechamical construction

Hysteresss Loss —The curves of Fig 85 give values for the hysteresis
losses that can be obtamed in actual practice Cwmive B 1s for sheet steel
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such as should be used for transformer construction, and all non used m
transformer work should be required to comply with these values For
t1ansformer work, 1ron of 0141 tluckness 1s generally used

For armature wwon there 1s no occasion for such exacting 1equirements,
and ewrve A 15 representative of the armature wron generally used Tion
for armatures s usually 025 1 to 036 m i thickness Cwmve C gives
the best result yet secured by Professor Ewmng It was from a strip of
trausformer plate 013 i thick, rolled from Swedish won ®  Its analysis was

Per Cent
Carbon 02
Silicon 032
Manganese tiace only
Phosphorus 020
Sulphur 003
Tron (by difference) 99 925

! «On Slow Changes i the Magnetic Permeabihity of Iron,” by Wilham M Mordey,
Proceedangs of the Royal Society, January 17th, 1895
* Proceedings of the Institutron of Cunl Engwneers, May 19th, 1896
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This ron ages very rapidly The ron of Fig 28 1s only 6 per cent
woise mutially when annealed, and at 60 deg Cent 1t does not deteriorate
Tts analysis has already been given.

Eppy Current Losses

In sheet iron the eddy current losses should theoretically conform to

the formula *
W =150 x 2 x N2 x B2 x 10»

i which
W = watts per pound at 0 deg Cent

¢ = thickness i 1nches
N = penodicity 1n cycles per second
B = density 1n hnes per square mch

The Joss decreases 5 per cent per degree Centigrade imncrease of
temperature  The formula holds for won, whose specific resistance 1s
10 microhms per centimetie cube, at 0 deg Cent. and which has a weight
of 2821b per cubic mch These are repiesentative values for the grades
used, except that m sheet steel the speaific resistance 1s apt te be consider-

ably higher
Cwmves giving values for various thicknesses of iron are shown in

Fig. 36

Owing possibly to the uneven distribution of the flux, particularly at
the jonts, the observed eddy current losses are, in transforme:r 1ron, from
50 to 100 per cent 1n excess of these values, even when the sheets are
msulated with Japan varmsh or otherwise

Estimation of Armature Core Losses—With regard to the use of
curve A 1n the estimation of axmatuie core losses, the values obtained from
curve A may for practical purposes be considered to represent the
hysteresis compenent of the total loss To allow for other components o
the total core loss, the values obtained from cuive A should be multiphec
by from 1 3 to 2 5, according to the Iikelihood of additional losses Briefly
this large allowance for eddy current losses m armature iron 1s rendelec
necessary owmg to the effect of machme work, such as turnmng down
filing, &c., these processes being destructive to the 1solation of the plate

from each other.

1 Tor thicknesses gieater than 025 in, magnetic screenng greatly modibes the 1esul

Regarding this, see Professor J J Thomson, London, Electizcran, April 8th, 1892 Professc
Ewimng, London, Electicran, April 15th, 1892



38 Electie Generators

TaBLE X —INFLUFNCE OF MANGANTSE

Resistance i Miciohms per Composition .
Centimetre Cube C Mu St
178 09 024 01
22 09 095 01
245 12 083 02
40 12 18 09
66 magnetic 13 03

80 non-magnetac!

Insuraring MATERIALS

The msulatimg materals used m dynamo constiuction vary greatly,
according to the method of use and the conditions to be withstood
The isulation m one part of a dynamo may be subjected to high clectrical
pressuies at moderate temperatures, m another part to high temperatures
and moderate electiical pressures, 1 still another part to severe mecha-
nical stiams  No one material m any marked degree possesscs all the
qualities 1equned

Mica, either composite or sohd, has been very lugely used on
account of its extremely high insulating qualities, 1ts propeity of with-
standing high temperatmes without deterioration, and 1ts freedom from
the absorption of moisture  In the constiuction of commutators mica
1s mvaluable  The use of mica, however, 15 restricted, on account of
its lack of flexibility

Moulded muca, 2 ¢, mica made of numetous small Preces cemented
together, and formed while hot, has been used to msulate aimatuie coils
as well as commutators Its use, however, has not been entirely satis-
factory, on account of its brittleness

Composite sheets of mica, alteinating with sheets of paper specally
prepated so as to be mowsture proof, have been found highly swtable
for the msulation of armature and field-magnet colls  The followmg

Table shows 1oughly the electrical properties of composite sheets ot
white mica —

TasLe XI
Thickness Punctuimg Voltage
0005 3,600 to 5,860
0007 7,800 ,, 10,800
0009 8,800 ,, 11,400
0011 11,600 ,, 14,600

! In another paper by the same author are set forth results showing the influence of

tempermy upon the electiic resistance of steel Comples Rendus de I'Academae des Sercnces,
June 20th, 1898
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The other materials that have been found more or less satisfact
according to method of preparation and use, aie linen soaked with Lin.
ol and dried , shellaced linen, which 1s a better msulator than c
hnen, but hable to be irregular m quality and bittle, oiled b
paper, which 1s faly satisfactory when baked, ¢piess boaid,” wl
shows very good qualities, and has been used with satisfaction to msu
field-magnet coils

Where lmseed o1l 15 to be employed, the material should
thoroughly dried before applying the oil

Red and white vulcamsed fibres are made by chemically trea
paper fibre They have been used as msulators with varying succ
the main objection to them being their decidedly poor mechanical qual
so far as warpmg and shrinking are conceined This 15 due to t
readiness to absoib moisture from the an  Baking improves the 1
lating qualities, but renders the substance brittle  Whenever 1
necessary to use this material, 1t should be thoroughly panted to re:
1t waterproof The sulating quality vares according to the thick:
but good vulcamsed fibre should withstand 10,000 volts m thickne
varymmg from % to 1, this puncturing voltage not mereasing
the thickness, owmg to the mecreased difficulty of thoroughly dry
the mner part of the thick sheets

Sheet leatheiond possesses substantially the same qualities,
1s made according to the same processes as vulcanised fibie A thick
m this material of ;1 should safely withstand 5,000 volts, and sh
have a tensile strength of 5,000 1b per square 1nch

TsLe XIT —Tus1s oN Supers or LrsTicpoin

Insulation Stiength
Thichness — e
Total Volts Volts per Mil

m

o 5,000 320
2 8,000 256
= 12,000 256
T ! 15,000 240
by 15,000 120
T 6,000 32
1 6,000 24

With such matenals as vulcamsed fibme and sheet leathe
metease 1n thickness 15 not necessarily accompanied by mcre
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msulation 1esistance, owing to the difficulty of obtamng umformuty
throughout the thickness of the sheet This1s well shown m the tests
of leatheroid sheets of various thicknesses, given m the preceding Table

Hard rubber m various forms 1s sometimes uscful, owing to 1ts
lugh msulating qualities TIts use 15 1estiicted, however, fiom the fact
that at 70 deg Cent 1t becomes quite flexible, and at 80 deg Cent 1t
softens

Hard rubber should stand 500 volts per mil thickness  Sheets
and bars of hard rubber should stand bending to a radius of 50 times
their thickness, and tubes to a 1adius of 25 diameters

Slate 1s used for the nsulation of the termuinals of dynamos, &c
Ordinarly good slate will, when baked, withstand about 5000 volts per
mch 1 thickness

The chuef objection to slate 15 1ts hygroscopie quality, and 1t 1equues
to be kept thoroughly diy, otherwise, even at very moderate voltages,
considerable leakage will take place Where practicable, it 1s desirable
to boul 1t m paaffin untal 1t 15 thoroughly 1mpregnated

Slate 1s, moreover, often permeated with metallhe vems, and m
such cases 15 quite useless as an msulator  Even m such cases 1ts
mechanical and fireproof properties malke 1t useful fo switchboard and
terminal-board work, when 1e-enforced by ebomte bushimgs

Marble has the same faults as slate, though to a less extent

Kiln-dried maple and other woods are fiequently used, and will
stand from 10,000 to 20,000 volts per inch 1n thickness

The varnishes used for electrical pui poses should, 1n addition 1o other
msulating qualities, withstand bakmg and not be subject to the action
of ols Of the vaimshes commonly used, shellac 15 one of the most,
useful There aie a number of varmshes on the market, such as Insullac,
P and B pant, Sterlng Vaimsh, Armalac, &c

One of the spectal msulating materials readily obtainable that has
been fonnd to be of considerable value 1s that known as “ vuleabeston,”
which will withstand as ligh as 815 deg Cent with apparently no
deterioration  This matenal 15 a compound of ashestos and 1ubber,
the gieater proportion bemg asbestos Vulcabeston, ordimanly good,
will withstand 10,000 volts per % m of thickness
k. As aesults of tests, the following  approximate values niay be
aken —

Red press-board, 03 m thick, should stand 10,000 volts It should
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bend to a 1adius of five tunes 1ts thickness, and should have a tensile
strcngth along the gramm of 6000 Ib per square inch

Red 1ope paper, 01 m thick, having a tensile strength along the
gram of 50 1L per mch of width, should stand 1000 volts

Mamlla paper, 008 m thick, and having a tensile strength along
the gram of 200 1b per wch of width, should stand 400 volts

Tests oN O1LED FaBRrIcs
O1led cambric 007 m thick stood from 2500 to 4500 volts

,, cotton 003 " ,, 6300 ,, 7000 ,,
» paper 004 " 1 3400 ,, 4800 ,,
010 " 5000 volts

” ”

A number of composite msulations are m use, consisting generally
of split mica stups pasted with shellac on to sheets of some other
material  The prmneipal ones are —

1 Insulation consisting of two sheets of 005 mn thick red pape1, with
one thickness ol mica hetween them, the whole being shellaced together
mto a compound msulation 015 m thick This stands on the average
3,400 volts

2 Combmed mica and bond-paper of a thickness of 009 m had a
breaking strength of from 2,000 to 3,000 volts

3 Composition of mica and canvas  Mica strips are pasted together
with shellac on to a sheet of canvas, and covered with another sheet of
canvas shellaced on  The mica pieces are spht to be of approximately the
same thickness—about 002 1 —and lapped over each other for half then
width, and about 4 m beyond, so as to msuie a double thickness of mica at
every pomt Each 1ow of strips 1s lapped over the preceding row about
im

The sheets thus prepared are hung up and baked for 24 hours before
use The total thickness should be taken at about 048 mn, using canvas
013 m This will stand about 3,000 R M'S volts

4 Cowposition of mica and longcloth, made up with shellac i the
same manner as preceding materal

5 White caitridge paper shellaced on both sides, and baked for 12
hours at 60 deg Cent The total thickness 15 012 m, and 1t will stand
about 1,500 volts per layer

It will doubtless have been observed that the quantitative results

quoted for various matertals are not at all consistent. ~ This 1s probably
¢
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part due to the dafferent conditions of test, such as whether tested by con-
tmuous or alternatmng current, and 1f by alternating current the form
factor and peuodicity would efiect the results, and 1t should have becen
stated whether maximum or effective (R M S) voltage was referred to
Contmuous appheation of the voltage will, fuithermore, often effect a
breakdown m samples which resist the stiamm for a short interval It 1s
also of especial mportance that the material should have been thoroughly
dried prior to testing, though on the other hand, if this 1s accomplished
by bakimng, as would generally he the case, the temperature to which 1t 1%
subjected may permanently affect the material It thus appeais that to he
thoroughly valuable, every detail 1egarding the accompanyimg conditicns
and the method of test should be stated m connection with the 1csults

The mportance of these pomts has only gradually come to be
appreciated, and the preceding 1esults are given for what they are warth
It 1s tiue that some tests have been made which are morc uscful and
mstructive, and varous materials are bemg investigated exhaustively as
rapudly as practicable Such tests are necessarily elaborate and expensive
and tedious to carry out, but 1t 1s beheved that no smmple method will give
a good working knowledge of the msulating properties of the material

TasLe XIIT —SuMMARY OF QUALITY or INSULATING MATIRIALS

]
— Electical Theimal Mechanical Hygroscopc

‘ I
Mica Excellent Excellent Poor I Excellent
Haxd rubber " Poor Good Fan
Slate Very poor Good . Toou
Maable Good ” " 1
Vulcabeston Fan Excellent ' Good
Asbestos Good . Poor .
Vulcamsed hine " Good - Pom
Oiled linen Excellent Fau Fan Fan
Shellaced linen Good N Poor Poor

Errecr or TEMPERATURE UPON Insurarion RESISTANCE

The resistance of insulating materials decreases very rapidly as the
temperature mcieases, except m so far as the lgh temperature acts to
expel mosture  Gioverned by these considerations, 1t appears that the
apparatus should, so far as relates to 1ts imsulation, be run at a sufficiently
high temperature to thoroughly fiee 1ts msulation from mostme The
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great extent of these changes m 1nsulation resistance 1s very well shown m
the accompanying curve (Fig 37) taken fiom an mvestigation by Messis
Scver, Monell and Perry! Tt shows for the case of a sample of plamn
cotton duck, the mmpiovement m msulation due to the expulsion of
mowstuie  ou  meieasing  the temperature, and also the subsequent
detertoration of the msulation at higher temperatures

Descrierion or Insvnarion Trstine MErHODS FOR FACTORIES

The subject of testing nsulating materials can be approached n two
ways, having regard either to the msulation resistance o1 to the disruptive
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strength  Messis Sever, Monell and Peiry, m the tests already alluded
to, measured the formei, but for practical purposes the latter 1s often
preferable

Various methods of testing msulating matenals have been devised
from tmme to time, but after many experiments on different lmes the
following has been evolved, and has been found very suitable for mvesti-
gations m factory work The appaiatus 1equued consists of —

1 A special step-up transformer for obtaming the igh potential
from the ordinary alteinating curtent low potential c¢ncmits The design
of this transformer 1s llustrated 1 Figs 38 and 39, which aie fully
dimenstoned

! «Elfect of Temperatme on Insulating Materials,” Amercan Institute of Electiical
Engumeers, May 20th, 1896
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2 A water rheostat for regulating the cuirent m the primary of the
transformer  This consists of a glass jar, contamng two copper plates
mamersed 1n watber, the position of the upper one bemg adjustable

3 A Kelvin electrostatic voltmeter, of the veitical pattein, for
measurmg the effective voltage on the secondary of the transformer

4 A testing board for holding the sample to be tested  This, as
shown m Figs 40 to 48, consists of two brass dises L i thick and 13 m m
diameter, the 1nside edges of which are 10unded off to prevent an excess of
mtensity at these points These are pressed together agamst the sample
by two brass strips, which also serve to apply the voltage to the
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discs The pressure between the discs 1s just enough to hold the sample
firmly

5 An oven for keeping the sample at the required temperature It
consists (as shown 1n Fig 44) of a wooden box contaning a tm case There
should be an mch clearance between the two, which should be tightly filled
with asbestos packing all round, except at the front where the doors are
The tin case 15 divided horizontally by a shelf, which supports the testing
board, while beneath 1s an incandescent lamp for heating the oven  Holes
are dulled at the back to admit the hugh potential leads and lamp leads,
and there 1s a hole m the top to admit a thermometer.

Adjustment of the temperature 1s made by having a resistance m series
with the lamp, the amount of which can be adjusted till enough heat 1s
generated to keep the temperature at the required value
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Descriprion oF Step-up TRANSFORMER

Core —The coie 15 of the sigle magnetic cueut type, and 1s bult up
of won punchmgs 1} m by 7% m, and 14 m by 4+ m, for sides and ends
respectively, and 014 m thick Every other plate 1s Japanned, and the
total depth of punchings 1s 8} 1, giving with an allowance of 10 per cent
for lost space, a net depth of won of 292 m, and a net sectional area of
3 65 square mnches  With an impressed E M T of form factor = 1 25, the
density 15 36 4 kilolines per squaie mech

The prumary and secondary coils are wound on opposite sides of the
core on the longer legs

Prunary Cols —The primary consists of two coils forn-wound, and
these were shipped mto place side by side  The conductor 18 No 13
SWG bare = 092m i diameter  Over the double cotton covering 1t
measuies 103 m, the cross-section of copper bemg 0066 square inch
Each coil consists of 75 turns i three layers, giving a total of 150 primary
turns

Secondary Couls —The secondary 1s wound m six sections on a wooden
reel, with flanges to separate the sections, as shown m Figs 88 and 39
The conductor 1s No 83 SW G bate, .010 m 1 diameter Over the
double silk covering 1t measwes 014 1, the cross-section of copper being
000079 square mch  Hach coil consists of 1,600 turns, giving a total of
9,600 secondary turns

Insulation —The prmary cols are wrapped with a layer of 1olled tape
(white webbing) 1 m by 018 m halflapped and shellaced before being put
on the core, they aie slipped over a layer of “mica-canvas” on the leg
The secondary coils are wound dnect on the wooden 1eel, which 1s
shellaced , they are covered outside with two or three layers of black tape
(L m by 009 m ), shellaced

ddvantage of this Type for Insulatron Tests —By having the primary
and secondary on different legs, the advantage 1s gained that, even on shoit
ciewt, no great flow of curnent occurs, because of the magnetic leakage

Connectron Boards —The transfoimer 1s mounted on a teak boaid, on
which are also placed the secondaiy connection posts, as shown m Fig 45
The primaiy leads are biought to another teak board, which 1s for con-
venience mounted on the top of the tiansformer  This board 1s fitted with
fuses
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A number of samples may be tested simultaneously by connecting the
testing boards 1n parallel, as shown i the diagram of connections given m
Fig 45 A s a single-pole switch m the mam secondary cucuit, and
B, B, B a1e single-pole switches m the five branches

The method of test 15 as follows A number of samples 4 m squaie
are cut from the material to be tested, and are well shuffled together, Iive
samples are taken at random, placed between the clips of the testing boards
within the ovens, and brought to the temperature at which the test 1s
to be made They should be left at this temperatute for half an hour
before test

The apparatus may, of course, be modified to suit special requirements,
but, as described, 1t has been used and found switable for investigations
on the disruptive voltage of various matenials

As an example of such an mvestigation, we give one m Table XIV
that was made to determie the effect of different durations of strain and
dufferent temperatures on the disruptive strength of a composite nsu-
lation known as mica-canvas

Two hundred samples, measuiing 41m by 4 1n, were cut and well
shuffled together, in order to ehmimate variations of different sheets
Before test, all samples were baked for at least 24 hours at 60 deg Cent

Mzrrop oF Trst

Five samples wete placed between the clips of the testing boards,
and the voltage on the secondaiy adjusted by the water rheostat to
2,000 volts, as indicated by a static voltmeter Switch A was open
and switches B, B, B closed (Fig 45) Switch A was now closed for
five seconds, and 1f no sample broke down the voltage was raised to 3,000,
and Switch A again closed for five seconds  This apphication of the voltage
18 practically only momentary, as the capamity current of the samples
brings down the voltage shghtly because of magnetic leakage m the
transformer, five seconds not bemg a long enough mterval to admit of 1e-
adjusting the pressure to the desired value

When any sample broke down, as mdicated by the voltmeter needle
dropping back to zero, 1t was disconnected from the ewcwit by 1ts
switch, B, 1t bemng easy to determine which sample had broken down
by hftmg switches B, B, B, one by one, till one of them drew out
an arc
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The 1emamig samples were then subjected to the next
voltage, and so on until all five samples had broken down

TasLe XIV —Ixsurarion Trsts, Mica-CANvas

Temper ature 20 deg Cent

Duration 5 Seconds Duration 10 Mmutes Duration 30 Minu

Eflectine

Voltage

Tmpress'd Number of Samples Unpierced | Number of Samples Unpierced | Number of Samples Ur

per cent petcent
2000 5 5 5 5| 100 5 5 5 5| 100 h 5 5 5
3000 5 51 b 5| 100 5 5 5 5 | 100 5 5 5 5
4000 5 51 4 ] 95 5 5 5 5 | 100 b} 3 3 3
4500 il 5 + 5 95 + 2 5 5 80 5 2 2 3
5000 41 5 4 51 90 1 1 3 3 40 4 1 1 1
5500 4 41 3 5| 80 0 0 3 2 25 2 0 0 0
6000 3 2 2 3| 50 0 0 2 1 15 2 0 0 0
6500 3 1 2 1 35 0 0 2 0 10 1 0 0 0
7000 1 0 1 0 10 0 0 1 0 5 1 0 0 0
7500 0] 0 1 0 5 0 0 0 0 0 1 0 0 0
8000 0f 0 1 0 5 0 0 0 0 0 1 0 0 0
Temperature 60 deg Cent
2000 5 5 5 5 | 100 5 5 5 5 | 100 5 5 5 5
3000 5 5| b5 51100 5 5 5 5| 100 5 5 5 5
4000 5 3 5 4| 85 4 2 2 5 65 1 4 2 4
4500 5 31 5 3| 80 1 2 2 3 40 1 3 2 4
5000 3 21 5 2 60 1 L 2 2 30 0 3 1 4
5500 1 2| 5 1 45 0 0 1 0 5 0 3 0 2
6000 0| 0] 5 1 30 0 0 0 0 0 0 1 0 1
6500 o[ 0 O O 0 0 0 0 0 0 0 0 0 8
7000 0| 0] 0 O 0 0 0 0 0 0 0 0 0 0
7500
8000 -
Temperature 100 deg Cent
2000 5] 5 5] 56100 5 5 5 5| 100 5 5 5 5
3000 5 51 5 5| 100 5 4 b 5 | 100 5 5 ‘ 5 5
4000 4] 6] 5 4| 90 4 4 5 5 90 2 5 0 4
4500 4| 5| 4| 4| 8 3 3 3 3 60 1 3 ] 2
5000 21 65| 3| 4| 70 2 2 3 2 45 1 0 0 0
5500 1 510 2 3| 55 1 1, 2 2 30 0 0 0 0
6000 | 1| 3| 1| 2| 35 | 1| 1 ’ 1] 0| 15
6500 0 1l 0 1 10 1 0 0 0 5
7000 0| 0] 0 0 0 0 0 0 0 0
7500 |
|

A series of four tests, as above,
twenty samples tested under the same conditions

were taken, making a tot
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A set of twenty samples was tested with the mpiessed voltage kept
constant for ten mimutes, and another set, m which 1t was kept constant
for thnty mmutes

A complete series of tests was made under the above three con-
ditions—at three different temperatures—25 deg Cent, 60 deg Cent,
and 100 deg Cent The samples were left i ovens for at least half
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an how, at approximately the 11ght temperature, before heing tested
The temperatme during test did not vary more than 10 per cent

The results of these tests are given in the Table above, and they
are plotted as curves m Figs 46 to 51, the effective (R M S) voltage
mpiessed as abscissee, and the percentage of samples not broken down
at that voltage as oidinates In Figs 46, 47, and 48 curves ave
plotted for same temperatures and different durations, while in Figs 49,
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50, and 51 they are plotted for different temperatures for the
duration

As the form of the electiomotive force wave would affect the 1es
and as 1t was impracticable to keep account of the same, the cwm
bemg supplied by Thomson-Houston and Biush alteinators 1un
m paiallel and at various loads, the effects were elmmated as mucl
possible by makmng tests on different sets of samples on different da

It 1s evident from the results obtamed that 83000 RM S
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15 the limit of safe-workmg voltage of this material under all conditic
tried

It would also appear from cmves m Figs 46, 47, and 48, tl
with the momentay application of the voltage, the materal does
have time to get so stramed as for a longer dwation of the apph
voltage, and that between the ten-minute and thnty-mmute dmations t
difference 1s not so marked

From curves m Figs 49, 50. and 51, 1t seems that 1in the case
this mateiial the tempeiature does not have much effect on the disru
tive voltage, although at 60 deg and 100 deg the shellac becom
softened, and the sample may be bent back on itself without cracking

B
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Insulation Tests of Meter ials

A corresponding set of tests was made on mateual called *“miea
cloth,” which differed from the “mica-canvas” only m the nature of the
upon which the mica was mounted. The “long-cloth” 1s an mexpe
grade of linen serving merely as a structure upon which to build the n

The mode of manufacture 1s the same as that of “mica-canvas,” cx

| TS ] _

a0 W
Fig 86
&0 1 - R
WL .
\ \\ MICA—LONGGLOTH
\ \“ | R
DURATION 10_MINUTES __ | I P

(DIFFERENT TEMPERATURES

PERCENTAGE OF SAMPLES OK
n

0 7000 2000 8000 1000 woo | eoeo | 1000 sice
fonn EFFECTIVE VOLTAOE IMPRESGED

lig

MICATLONGCLOTH

DURATION 30 MINUTES
T TEMPERATURES

rid

PERCENTAGE OF SAMPLES 0K

\
20f - f— B s R B
0 - —— ¥\ - b=
N
N
o 000 2000 Jooo 4000 G(JU(;’ V_jlp‘l:;i 70(;(; - 8000
senr EFFECTIVE VOLTAGE IMPRESSED

that the sheets of “long-cloth” are first mpregnated with shellac and the
diied  The mica 1s then put on 1n the same manner «s with the “mue
canvas”  The ““long-cloth™1s 0052 m  thick, and the mica vanes fron
001 1n to 009 in, but averages 002 10 The total thickness of the “nne:
long-cloth * completed, averages 025 1n This meludes two sheebs o

» oL
“mica long-cloth,” with mteiposed mica, the mica having everywhere at
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least a double thickness When made up, the sheets were placed for threc
or fom hours m an oven at 60 deg Cent The sheets were then cut up
mto samples measurng 4 m by 4w, and were agam haked for twenty-
four hours before testing

TasLe XV —Micy LoNe-CLOTH
Temper atuie, 35 deg Cent

|

Effoctive Volt Duration 5 Seconds Duration 10 Minutes Dwation 30 Minutes
fective Voltage —
Tmprossed Number of Samples O K Number of Sanples O K Number of Samples 0 K

Per . [ Ta

Cont Cent Cont,
2000 50 5| 5) 6500 5| 65| 5, 51100 50 5[ 5] 5100
3000 51 5] 5| 500 5| 5| 5| 5 (100 51 5| 5] 51100
4000 50 50 5 ) 51100 | 4| 4] 57 5|9 | 5| 5| 4| 595
4500 41 5] 6] 519 4] 3] 31 5|75 L1563 5]85
5000 41 5] 5] +)9 | 3 2| 1] 2{40] 2 1 3 L | 50
5500 3| 2| 5| 3|65 21 1 1125 0 0f 2 £ )30
6000 20 204/ 2/5 ) 0f 0] ol o] o] o]o| ol ol o
6500 O 20 2{ 1)35) 0} o0l o]0 oflolol o 0 0
7000 } 0f 2/ 1) o0f15) 0] 0] o0} 0] 0] 0] 0] o 0l 0
7500 o 1 oJo| 5| o0jo0]ofo|]o|lo]ol o [V Y]
8000 ‘ 0 ' 1 I 0 0] 5] 0 0] 0 | O 0l 0l 0l 0| v| O

|
Temper ature, 60 deg Cunt
2000 50 5| 5] 5100 5| 5| 5, 51007 5| 5| 5 5 |100
3000 5/ 5 5| 500 5| 5/ 5 ' 51000 61 5) 51 5100
4000 5150 505141001 50 5 5] 500 | 5| 5| 505
4500 505 5] 500 3| 3| 1 51060] 2] 9 1 2135
5000 1 4] 3] 5]80 | 1 2111 313/ 0] 2| 0| of1n
5500 3141 20 3[60] 0] 0| 0| 2]/10] 0 01 0] 0] 0
6000 1031 3] 2)4 | 0] 0| 0ol of o 0 o] o] of o
6500 T2 05 1/2| 0]o0] 0| of o 0l 0f 0f 0 0
7000 1)1 01 0/10) 0l 0| 0| 0] 0l 0 Ol 0] 0 0
7500 O 1] 0] 05| 0] 0|0l 00 0l 0 0] 0] o
8000 0| I 0| 0 | 581 0] 0] 0 | O 0 oJovio| o] o
Temperature, 100 deg Cent
2000 5/ 5 6| 5100 5| 5] 5| 5 oo | 5, 5 5 5 1100
3000 5050 5] 5100| 5| 5] 5 5100 5| 5 51 5100
4000 50405 595 5] 5/ 4 5 ’ 95 5] 3 3 3170
4500 Sl 4 5 5195 4| 4] 2 50750 4] o 3] 035
5000 130 4 3|70 3| 1] 2 3|45 1 0 1 0] 10
3500 31 2 30 1[4 2| 0 2100120 0] 0]l 0/ ol 0o
6000 101 1 17200 0/ 0|l 0| 0/ 0 0f ol of o 0
6500 0L 0]l ol 1, 5] 0fo0 0] 0] 0f 00| o0fo 0
ZOOO 0foiofofloflolo ofojf oo o] ofo 0
7500 0 0o o0fo]| oflof o ol ojoflolofo ‘ 0 0
\

The 1esults which aie given m the Table and plotted as curves, show
much the same chaiacter as those for “mica-canvas,” the limit of safe
working being about 3,000 RM S volts as before  The results as plotted
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m the curves support the former conclusion, that with five seconds :{-u
of the application of the voltage, the material 1s not so much strain
by longer applications As before, also, the temperature does not app
affect the disruptive voltage

These tests show the material to be quite as good clectiically as 1
canvas,” nothing bemg gamed by the extra thickness of the laitar
“mica-canvas ” and the ““ mica long-cloth” had the same thickness of 2
but the canvas 1s so much thicker than the “long-cloth” as to make
total thickness of the “mica-canvas” 048 mn, as agamst a thicknes
only 025in for the “mica long-cloth”  The msulation strengt
evidently due solely to the mica

TasLe XVI —Sreprac’s Parnr (Two Shects)
Temper ature, 25 deg Cent

Duration, 5 Seconds | Dmation, 10 Mmutey Duration, 30 Mmut
Effectine Voltaye I . |
Tmpressed Numbet of Samples O K Numbai of Samples O K | Number of & tiples O
1o Tev |
ont tent H
2500 51 5 5 , 5 {100 5|1 5] b 51100 | b 5 hooo
3000 5| 6 5| 5 (100 51 5] 5 5 1100 5 & [
3500 4 4 4+ 4180 41 5| 2 307 4 1 20h
4000 3| 2 31 3155 30 211 135 0 1 0, 0
4500 211 2 130 ) 11 0l 0 0] & 0 0 U0
5000 0o 0 o] of 0 0| 0| 0| 0] 0 0 4] ]
Temperature, 60 deg Cent
2500 51 b 5 5 (100 51 5| 5 51100 1 5 5 b Sl
3000 4050 4 5te0) 5] 3| 5] 5lool 1] 1] 1 &
3500 4 4 3 4176 2 3 3 31651 2 2 } -
4000 2083 30 3a5] 1] 0] 0]l o|laslol ol o 1
1500 1/ 2 0 2125 0| 0f 0] 0 0 ‘ 0 0 0 §]
5000 ofofojoefojojolofjojofolo] 0,
Zemper atrre, 100 deg Cent
2500 5| 5 5| 5 (100 51 5| 51 5 (100 5 5 H a [l
3000 3p s 4 a0l sl 21! a1 a3 o9 b
3500 2010 31 2940 20 0 1 0(15] 1| 2] o' 3
4000 0| 0 1 110 11 0] 0 0] 5 0 0 0 {]
4500 0t o oo olojololololol ol o of
5000 0 f o o or ol ololof|oflul ol o a0

In the following set of tests the same method of procedure w
employed, the material 1 this case being so-called “ Shellac'l Paper
which consists of cartridge paper about 010 m thick, pasted with shell,
on both sides and then thoroughly baked The avelage thickness whe
finished 1s about 0121n  This material 1s often used as msulation betwe
layers of the windings of transformers, m thicknesses of from one to thic



FElectric Gener ators

54

QISSIUIWI FOVUTOA FAIL0TF143 (wiLos) 03SSIHINI 3IVLTO0A FAILDTIST Crawsy OISSTYINI FIVLI0OA FAILD341T (3 1L05)

2008 o000t 0o0g 0007 o000t o 0008 000t 0008 0002 0001 J 0008 000v 0008 0002 0001 o
| 1] RN !
\ (4 & ! A R ‘02 N 08 o
\ 3 N ColB 3
\\ O B W Y . \ N N P-4
T z9 VN 2 \ 2
VN 2 LENEN L 3 oed
YR 085 __ e 2 3 3
i\ o 2 - A .
° E
/ : Mm:, \ 0 ,WM \ “
1 @ @
‘N H 1 N wzido |3
o\ 1\ z [ H nLyuIdwss| LN 2
AERCY oo ® © \ L oo ® 50Npo3$ S NoiLyuna o3
R W G 2 EL D ET CECE L ) AT FNITINT L 1TuLa | L n
S\ [Slsdinniw of Nojvapa | % _ v |9V SsunNiw o wOiavena 0 ® oo
._ \ N ~ \ / 9 S133HS 2 )| o \ N
ALy A\ Ty H3dVd OOVTIAHS |, ox \ P
v syaansz ) | _ \ (smansz )
\[¥3dvd 0.0V1I3HS L1 \ \ | 83dvd| A OVIIIHS |
N, + oe 12F e 1) $
\ ww_ 617 * N 9 b Ny 19| by
— ul N —_ JaL
A3SSITUIWNI IOVLTOA FAILDIA43  (11L05) GISSIUANI IOVII0A FAILOTAAT {wreos) OISSIYIN] IOVIIOA FAILOIIAT fowuss]
0005 000v 0008 000z Jo0t 3 ocoe ooz 0oL 0 0008 aoor o00p o000z o0z 0
N T o
N ~
N S e 0L 5 o —\ o
J m
: S a
Nt o3 - 43 o
\z 2 ER »
3 3 3 < 4
SN 0z > 01 3 % o
) ] 8 \ 2
- = ) - or 3
n < H ny \ ]
2 T_ — < m 3 S
)
Y ood ]ﬁ 2 L leg
,_ SNOILv¥na INIHIIFIG L 0: = SNOLIVENO z
\ b oo ux?«zﬂms N a =XY 2008 |71V YTSWIL 2 052 L IS
h ( s333Hg 2 ) o (FEEREE) oL@ \ «w.wuxm_ﬁ e
¥3dVd|d OY1TIHS °
V| ¥3dvd[0.0yT1IHS | ox \ | ¥3dvd ao¥TaHs . S 3 o S
\ e e
ﬂ i 6o b /r § g 06
¢ ve
09 |7 ~ -




Insulation Tests of Materials

sheets, according to the voltage per layer It was found conv
test two sheets of the material together, i order to brmg the d
voltage within the 1ange of the voltmeter ~The use of two thicknt
tended to produce more uniform results As will be seen, the dt
the appheation of the voltage, and the temperature up to 100 de
exert a slight but definite mnfluence upon the results But at
Cent the shellac becomes quite soft

The tests show that this material withstands a httle over 1000
volts per single sheet, although 1n employing 1t for construction, a
safety of two or three should be allowed unde1r good conditions, a1
Ingher factor for the case of abrupt bends and other unfavourable o1

Fuither tests showed the disruptive strength of this materi
proportional to the number of sheets

Curves and Tables are given below of the results obtamed m
tests on a material known as “ Red Paper” It1s 0058 in thick, a
a fibrous nature, and mechanically strong, hence especially us
conjunction with mica, to strengthen the latter

TiBLE XVII —RED PapEr (Four Sheets)
Temper atwre, 25 deg Cent

. Duration 5 Seconds Duration 10 Minutes Duration 30 My
Effectnne Voltage
Tmpressed Number of Samples O K Number of Samples 0 K Number of Samp
Pu Pet
| Lt Cent
2500 5| 5 5 5 {10/ 5 5| 3 5 5 5 5
3000 505 5 5 100 5 5| 5 5 (100 5 5 5
3500 50 4| 5| 5195 3| 4| 5] 1(65] 2 4| 2
4000 410 1 3140 0 0} 0 0 0 1 0 0
4500 ot 0] 0 0} 0 0 0| v 0 0 0 0 0
5000 0 0f 0 0f 0] 0 0] 0 0 0 0 0 0
Temperatwre, 60 deg Cent
2500 5 5 51 5100 5 5 51t 5[100 5 5 5
3000 50 5| 5| 4195| 5) 5( 5] 5[100| +] 2 2
3500 0 1 2 120 3 1 11 02 0 1 1
+000 0 o o0 0! O O 0] 0 t 0 0 0 o 0
4500 0 0 0} v o 0 0| 0 0 0 0 o 0
5000 v ol of 0] 0] O 0] 0 0 0 0 0 0
Tempeiature, 100 deg Cent
2500 5 515 5 100 5 5 5 5 [100 5 5 5
3000 5| 5 5 5 (100 3 2 2 3|50 3 3 2
3500 2 3 2 3| h0 1 0} 0 0 5 0 1 4]
4000 ol 0 0f O 0 0 0ol 0 0 0 0 0 0
45600 ol 0 0| O 0 0 0 0 0 0 0 0 0
5000 o o0of of o0 0 0 ol 0| O 0 0 0 0
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TDusulation Tests of Medereds

The method of test was the same as that employed m the case of
preceding set of tests on « Shellac’d Paper,” and for the reasons set fi
m those tests, 1t was found m this case convenient to test four sheet
the materal together

An examination of the cuives and Tables will show that the limn
safe workmg 15 2,500 R M S volts for four sheets, or 625 volts for a si1
sheet, other tests having been made which showed the breakdown press
to be proportional to the number of sheets

It also appeais from the curves, that ¢ Red Paper ” has a more unifo
msulation strength than the materals previously tested As m the case
“Shellac'd Paper,” 1t showed weakening of the insulation at a temperatt
of 100 deg. Cent

From tests such as the four sets just deseribed, very definite conc
sions may be drawn. For mstance, 1t 1t were desized to use ““ mica-canva
as the chief constituent of the main mnsulation of a 2,000 volt transform
which should withstand an 8,000 volt breakdown test, between primary a
secondary, for one half hour, three layers of this composite msulation wou
be sufficient and would probably be mserted , though the chances would
1 favour of its withstanding a 10,000 o1 12,000 volt test 1f due attentic
1s given to guaiding agamst surface leakage, bending and cracking ai
bruising of msulation, and other such matters A compauison with tl
tests on ““mica long-cloth,” would, however, show that a given msulatic
stiength could he obtained with a much thinner layer

There are on the market patented composite materials grving st
better results But they are expensive, and hence 1t 1s often unpracticall
to use them

In designing electrical machmery, similar tests of all msulat
material to be used should be at hand, together with details of ther
mechanical, thermal, and other properties, and 1easonable factors of safet
should be taken

Armatwme cols are often msulated by serving them with lmen o
cotton tape wound on with half-lap A customaiy thickness of tape v
007 m, and the coil 1s taped with a half over-lap, so that the tota
thickness of the msulation 1s 014 n The coils are then dipped 1n somc
approved msulating varmsh, and baked 1n an oven at a temperature o
about 90 deg cent These operations of taping, dipping, and drying, aic
repeated a number of times, until the requred amount of insulation 1s
obtaned It has been found 1n practice that a coil treated 1n this manner

I
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and with but three layeirs of 007-in tape (wound with half over-lap), dipped
i varmsh twice after the first tapng, once after the second, and twice after
the thnd, 1 e, five total dippmngs, and thoioughly baked at 90 deg cent
after each dippmng m varmsh, withstands a Ingh potential test of
5,000 R M S volts, wluch is considered suflicient for machmnes for not over
600 volts, Aimaturc coils msulated 1 the above mannc are gencially
placed m aimatwie slots Imed with an oil-treated cardboard of about 012 m
m thickness , but this contitbutes but hittle to the msulation sticngth,
setving 1lather to protect the thin skin of varmsh fiom abiasion when
foreng the coll mto the armature slot  In this tieatment of the cols,
great care must be taken to sce that the taping be not more than one half
over-lap, and that the varnish does not become too thick through evapora-
tion of the solvent All coils should be thoroughly dured and warmed
before dipping, as the vaimsh will then penctiate farther wto them  The
slot parts of corls are dipped 1 hot paraffin and the <lots hned with ml- m
vainsh-tieated cardboard, to prevent abrasion of the wsulations  The
greatest of care should be used n «cleeting nsulating varmshes and com-
pounds, as many of them have proved m practice to he worthliss, a
vegetable acid forming m the drywg process, which corrodes the coppot
through the formation of acetates or formates of copper which m time Iead
to shoit-aremts m the coll  Some exeellent preparations have then
effectiveness impaired by unskilful handling  1f, for wstance, the hist oat
of the compound 15 not thoroughly diied, the 1esidual mowstme corrodes
the copper aud 10ts the msulations By far the best method of diying is
by the vacuum hot oven By tlus method, the coils stcam and sweat, and
all moisture 1s sucked out A vacuum oven, moreover, requires a much
lower temperatuie, consequently less steam, and voiy much less time
Such an oven 13 almost a necessity where feld spools have decp mctal
flanges, for m the ordinary oven, m such cases, the moistute sinply cooks
and steams, but does not come out  Cases have ocemired where spools
have been kept 1 an ordimary diymg oven for ten days at a temparat e of
90 deg cent, and then the spools had to he futher died with a heavy
cwrent to sweat the moistwe ot Field spools may be treated with tape
and vaimshed 1 the same maimer as armature colls, thus domg away with
the needless metal flanges, and also saving space

As fmther mstances of tapmg and varmshng, may be crted the
cases of some coils treated with the samc kind of tape and vaimsh as
aheady desetibed In one case, a hLalf over-lapped covermg of 007-m
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tape, giving a total thickness of 014 1n, had seven successive dippmgs and
bakings, 1esulting m a total thickness of tape and varmsh of 035
Couls thus msulated withstood 6,000 R M'S volts An insulation sutable
for withstanding 15,000 R M S volts consists m taping four times with
halt over-lap, and giving each taping thiee coats of varmish, makmg m all,
eight layers of 007-m tape, and 12 layers of varms$h  The total thickness
of nsulation was then about 09 m The quality of the tape, the thick-
ness of the varnish, and the care i applymg and diying the vaimsh, play
an 1mportant part

One disadvantage of this method of msulating armature coils by
taping and impregnating with varnish and baking, consists m the birttleness
of the coveimng, and a coul thus tieated should preferably be warmed
before pressing 1t mto place on the aimature

Other methods of treating coils, such as dipping the slot part of the
coll m shellac and then pressing 1t 1 a steam-heated press form, thus
baking the slot pait hard and stiff, have the advantage of rendeimng the
coils less hiable to damage m being assembled on the armature, and also
make the coils more umiform in thickness Coils thus pressed are sub-
sequently taped and dipped 1 the way already described

Coils may be treated m a vacuum, to a compound of tar and linseed o1l,
until they become completely impregnated They are then foiced nto
shape under mgh pressure Coils thus piepared cannot be used m
totating armatures, as the centufugal force tends to throw the com-
pound out
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ARMATURE WINDINGS
ContiNvous-CURRENT ARMATURE WINDINGS

In the design of dynamo machines a primaiy consideration 1s with
respect to the armature windings Many types have been, and are, at
present employed, but the large continuous-current generators now most
extensively used for power and lighting purposes, as well as in the numerous
other processes where electiical energy 1s bemg commeicially utilised on a
large scale, are constructed with some one of a comparatively small number
of types of winding , Although the many other types may be more or less
useful 1n particular cases, 1t will not be necessary for our present purpose to
treat the less-used types

The windings generally used may be sub-divided nto two chief classes
—one, m which the conductms are arranged on the external surface of a
cyhnder, so that each turn mncludes, as a maximum, the total magnetic flux
from each pole, termed drum windings, the other, in which the conductors
are arranged on and threaded through the interior of a cylnder, so that
each turn mecludes as a maximum only one-half of the flux fiom each magnet
pole, this 1s known as the Gramme, or ring winding

One of the chief advantages of the Gramme windimng is that the volt-
age between adjacent coils 1s only a small fraction of the total voltage,
while 1 drum-wound armatures the voltage between adjacent armature coils
15 periodhieally equal to the total voltage generated by the armature On
account of this feature, Gramme windings aie largely used m the aimatumes
of arc-light dynamos, i which case the amount of space required for
msulation would become excessive for drum windings. There 15 also the
practical advantage that Gramme windmgs can be arranged so that each
col 18 independently 1eplaceable

Gramme-11ng windings have been used with considerable success m
large lighting generators, the advantage in this case being that the armatm e
conductors are so designed that the 1adial ends of each tuin at one side of
the armature a1e used as a commutator , and with a given number of con-
ductors on the external surface of the cylinder, the number of the commu-
tator bars 1s twice as great as m the drum-wound armature—an 1mportant
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feature i the generation of large currents  Having one commutator
segment per turn, the choice of a sufficient number of turns keeps the
voltage per commutator segment within desirably low lumts — The use of
alarge number of turns in such cases, while permitting the voltage per
commutator segment to be low, would entail lugh armatuie reaction, mani-
fested by excessive demagnetisation and distortion, 1f the number of poles
should be too small, but by the choice of a sufficiently large number of
poles, the current per armature turn may be reduced to any desired extent

While 1t 15 necessary to humit the armature stiength i this way, the cost

of the machine is at the same time increased, so that commeicial consider-
ations mpose a restriction.

Fig 70 15 an outhine drawimng of the armature and field of a 12-pole
400-kilowatt Gramme-1ing highting generator, of the type just described
Machmes of this type have been extensively used in large central stations
m Ametica, and 1t 15 one of the most successful types that have ever been
built

In small machines where, mstead of two-face conductors, there 1s often
a coil of several turns between adjacent commutator segments, the Gramme
rng 15, on the score of mechanical convemence, mferior to the drum wind-
Ing , since, 1n the case of the latter, the coils may be wound upon a form,
and assembled afterwards upon the armatuie core This 1s only made
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ramme rmng, by tempoiarily removing a

practicable m the case of a G
Ths plan has obvious disadvantages

segment of the Jammated core s
Tlhese two practical classes of windings, Gramme ring and drum, may

be subdinided, according to the method of mteirconnectng the conductors,
LI — e
nto “ two-cireurt” and “multiple-ciremt ™ windings In the two-circmit

nes, mdependently of the number of poles, there aie but two encuits
)

h matwe from the negative to the positive brushes, m the

t windings, there are as many cncuits through the armatuie

windr
through the ar
multiple ewrewt

as there are poles
Makmg comparison of these two sub-classes, 1t may be stated that

m the two-cncwt windings the number of conductors 1s, for the same
voltage, only 2/N times the number that would be required with a
multiple-cnemt winding, N being the number of poles, hence a saving 1s
effected 1 the labow of winding and m the space requned for msulation
This last economy 18 frequently of great mmportance i small gencrators,
erther lessenng the diameter of the armature or the depth of the an gap,
and thereby considerably lessenng the cost of material

Tt has been stated that Gramme-1ing armatures have the advantage
that only a small fraction of the total voltage exists between adjacent coils
Thus 15 only tiue when the Gramme armature erther has a multiple-cucurt
wmdmg, or a certain particular type of two-cirewrt winding, known as
the Andiews wimndmg, 2e the long-connection type of two-cicuit
Gramme-ring winding  This reservation having been made for the sake
of accwacy, 1t 1s sufficient to state that multiple-cucwit Gramme-rmg
windings are the only ones now used to any extent i machines of any
considerable capacity , and, as already stated, these posscss the advantage
referied to, of having only a small fiaction of the total voltage between
adjacent coils

Drox Winpines

In the case of drum windings, 1t 15 obvious that all the connections
from bar to bar must be made upon the rear and front ends exclusively , 1t
not being practicable, as mn the case of Giamme-ring windings, to bring
connections through mside from back to front  From this 1t follows that
the face conductors forming the two sides of any one coill must be situated
1n fields of opposite polarity , so that, the electromotive forces generated m

1
This term apphes to single armatwie windings
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the conductors composing the turns, by thewr passage through theu
1espective fields, shall act m the same direction aiound the turns or coils

Bipolar windings aie, m some cases, used 1n machmes of as much as
100 or even 200 kilowatts output, but 1t 15 now generally found desirable
to employ multipolai generators even for comparatively small outputs
The chief reasons fo1 this will be explaned heieafter, in the section relating
to the electro-magnetic it of output

Drum windings, like Gramme-1mng windings, may be erther multiple-
cicwt o1 two-circutt, 1equiring m the latter case, for a given voltage, only
2/N times as many conductors as i the former, and having the advantages
mhetent to this propeity Owing to the 1elative peripheial position of
successively connected conductors (in adjacent fields), two-encuit dium
windings are analogous to the short-connection type, 1ather than to the
long-conuection type of two-cnemt Gramme-ing windings  The multiple-
cicwt dinm windings ale quite analogous to the multiple-cncwt Gramme-
ung  wimndmgs, the multiple-cizcnt dium  possessing, however, the
undesirable featuie of full aimatwie potential between neighbouiing
conduclors , whereas one of the most valuable piopeities of the multiple-
crcuit Giamme-ring winding 1s that there 1s but a very small fiaction of
the total aimatuie potential between adjacent conductors

In Fig 71 1s given the dlagram of a multiple-circuit drum winding
It 15 annanged according to a diagramatic plan which has proved convement
for the study of dium wimndings The radial lines 1epiesent the face
conductors The connecting lines at the mside 1epresent the end connections
at the commutator end, and those on the outside the end connections at the
other end The biushes aic drawn mnside the commutator for convemence
The arrowheads show the dnection of the current thiough the armature,
those without arrowheads (in other diagrams) being, at the position shown,
short-encuited at the biushes By tracing thiough the winding from the
negative to the positive biushes, 1t will be found that the six paths through
the aimatuie aie along the conductors and in the oider given i the six

follow g hines —
7 58 9 60 11 2 13 4 15
{ 50 5 5L 3 52 1 50 59
2

27 18 29 20 31 22 35 24

35

- 16 25 14 23 12 21 10 1v 8

l 47 58 49 40 51 12 53 44 55 46
36 45 34 13 42 41 30 39 28

In making the connections, each conductor at the fiont end is
connected to the eleventh ahead of 1t, and at the back to the ninth behind
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1t In other words, the fiont end pitch i1s 11, and the back end piteh 1s
— 9. In practically applymng such a diagram, the conductors would
generally be airanged with either one, two, or fom conductors i each slot
Suppose there were two conductors per slot, one above the other, then
the odd-numbered conductors could be considered to 1epresent the upper
conductors, the lower ones bemng 1epresented by conductors with even
numbers In order that the end connections may be of the ordmary

LA

double-spnal arrangement or 1ts equivalent, the best mechanical 1esult will
be secured by always connecting an upper to a lower conductor , hence the
necessity of the pitches being chosen odd

The small sketch at the top of Fig 71 shows the actual location of the
conductors on a section of the armatme There might, of course, have
been only one conductor per slot, or, when desnable, there could be more
than two. The groupmg of the conductors m the diagram mn pams 1s
wtended to ndicate an arrangement with two conductors per slot. But
m subsequent diagrams 1t will be more convement to arrange the face
conductors equi-chstantly
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The following 1s a summary of the conditions governing multiple-
cireust single windings, such as that shown m Fig 71

o There may be any even number of conductors, except that in non-
clad wmdings the number of conductors must also be a multiple of the
numbet of slots

b The fiont and back pitches must both be odd, and nwst differ by 2,
therefore the avelage pitch 1s even

¢ The average pitch y should not be very dafferent fiom ¢/n when ¢ =
number of conductors, and n = number of poles For chord windings,

Fg 72

SIX CIRCUIT, DOUBLE WINDING

should be smaller than ¢/u by as great an amount as other conditions will
permit, o1 as may be deemed desirable

Multiple-cicmit windmgs may also be multiple-wound, mstead of being
single-wound, as mn the above imstance We refer to a method m which
two or more single windings may be supeiposed upon the same armatuie,
each furmshing but a part of the total cmrent of the machine  The 1ules
governing such windings are somewhat elaborate, and 1t 1s not necessary at
present to go fully mto the matter In Fig 72 15 shown a six-cwcuit
double winding  Each of the two windngs 15 a multiple-cncwt winding,

with six eucuts thiough the armature, so that the airangement results m
K
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only one-twelfth of the sixty conductors bemg 1n series between negative
and positive brushes, each of the conductors, consequently, carrymg one-
twelfth of the total curient This particular winding 1s of the doubly
reentrant variety That 15 to say, 1f one starts at conductor 1, and traces
thiough the conducting system, conductor 1 will be 1e-entered when only
half of the conductors have been traced thiough — The other half of the
conductors form an entirely separate conducting system, except mn so far as
they aie put mto conducting relation by the brushes. If fifty-eight con-
ductors are chosen, mstead of sixty, the winding becomes smgly re-entrant,
1e, the whole winding has to be traced through before the origmal con-
ductor 1s again reached

A sugly re-entrant double winding 15 symboheally denoted thus (o0,
and a doubly re-entrant double winding by O O There 1s no hnut for such
arangements Thus we may have

Sextuply re-entrant, sextuple windings, OCO0O0O0O0O0O 0
Tuply re-entrant, sextuple windings, © Q@ ©
Doubly re-entiant, sextuple windings, @O
Singly 1e-entrant, sextuple windings, Q@000

by suitable choice of total conductors and pitch  In practice, multiple
windings beyond double, or at most tuple, would seldom be used  Such
windings are appheable to cases where large currents are to be colleeted at
the commutator Thus, 1n the case of a triple winding, the brushes should
be made of sufficient width to bear at once on at least four segments, and
one-thnd of the current passing from the brush will be collected at each of
three points of the bearing surface of the brush, such division of the current
tending to facilitate 1ts sparkless collection A double winding has twice
as many commutator segments as the equivalent single winding  Another
property 1s that the bridging of two adjacent commutator segments by
copper or carbon dust does not short-cirewit any part of the armature
windmg, and an aic 1s much less likely to be established on the commutator
from any cause

Two-Crircurr Drux Winpings

Two-circwt drum windings are distingwished by the fact that the pitch

18 always forward, mstead of bemng alteinately forward and backward, as
the multiple-cirewt windings
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The sequence of connections leads the winding from a ceirtamn ba:
opposite one pole-piece to a bar similaily situated opposite the next pole-
piece, and so on, so that as many bars as pole-pieces are passed through
before another bar in the ongial field 15 reached

A two-circurt single winding 1n a six-pole field 1s shown 1n Fig 73
Two-circwt windings have but two paths through the armature, independ-
ently of the number of poles Only two sets of brushes are needed,
no matter how many poles there may be, so far as collection of the current

o
TWO CIRCUIT SINOLE WINDING

1s concerned , but m order to prevent the commutator being too expensive,
1t 15 customary in large machines to use as many sets of brushes as theie
are pole-preces Where more than two sets of brushes must be used, that
15, 1n machines of large curient output, the advantages possible from equal
currents i the two circuits have been overbalanced by the mcreased spark-
g, due to unequal division of the current between the different sets of
brushes of the same sign

An exammation of the diagrams will show that in the two-circwt
windmngs, the drop m the armature, likewise the armature reaction, 1s
independent of any manner m which the current may be subdivided among
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the different sets of brushes, but depends only upon the sum of the currents
at all the sets of biushes at the same sign ~ There are i the two-circmit
windings no features that tend to cause the cmrent to subdivide equally
between the different sets of brushes of the same sign, and 1n consequence,
if there 15 any difference m contact resistance between the different sets of
brushes, or if the brushes are not set with the proper lead with respect to
each other, there will be an unequal division of the current

When there are as many sets of brushes as poles, the density at each
pole must be the same, otherwise the position of the different sets of
brushes must be shifted with respect to each other to coriespond to the
different intensities, the same as 1n the multiple-cirewmt windings

In practice 1t has been found difficult to prevent the shifting of the
current from one set of brushes to another, The possible excess of curient
at any one set of brushes increases with the number of sets, likewise the
possibility of excessive sparking  For this reason the statement has been
sometimes made that the disadvantages of the two-ciremit windings increase
n proportion to the number of poles

From the above 1t may be concluded that any change of the aimatwe
with respect to the poles will, m the case of two-ciremt windings, be
accompanied by shifting of the current between the different sets of
brushes , therefore, to maintain a proper subdivision of the curient, the
armature must be mamntained 1 one position with 1espect to the poles, and
with exactness, since there 1s no counter action mn the armature to prevent
the unequal division of the current

But 1n the case of multiple-circuat windings, 1t will be noted that
the drop 1 any cunewmt, hkewise the aimature reaction on the field m
which the current 15 generated, tend to prevent an excessive flow of
current from the corresponding set of brushes  On account of these
features (together with the consideration that when there are as many
brushes as poles the two-ciremit armatures 1equue the same meety of
adjustment with respect to the poles as the multiple-circuit windings), the
latter are generally preferable, even when the additional cost 1s taken nto
consideration

In the section upon “ The Electro-magnetic Lumit of OQutpus,” 1t wall
be shown that the limitations 1mposed by the use of practicable electro-
magnetic constants restrict the appheation of two-circwt windings to
machines of relatively small output

Two-eircwst windings may be multiple as well as sigle-wound.  Thus
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m Fig 74 we have a two-circuit, doubly re-entrant, double winding Ax
lustration of the convemence of a double winding, m a case where eithes
one of two voltages could be obtamed without changing the number of face
conductors, may be given by that of a six-pole machine with 104 armature
conductors  The winding may be connected as a two-circuit single winding
by making the pitch 17 at each end, or as a two-circwit doubly re-entrant
double winding, by making the pitch 17 at one end and 19 at the other.

S
TWO CIRCUIT,DOUBLE WINDING

The second would be swmtable for the same watt output as the first, but at
one-half the voltage and twice the current

Formura ror Two-Circrir WINDINGS.

The general formula for two-circuat windings 1s
C=ny+2m
where ‘
C = number of face conductors
n = number of poles

y = average pitch
m = number of wmdings
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The m windings will consist of a number of independently re-entrant
windings, equal to the greatest common factor of y and m  Therefore,
where 1t 15 desired that the m windings shall combine to form one re-entrant
system, 1t will be necessary that the greatest common factor of y and m be
made equal to 1

Also, when # 15 an even mteger the pitch must be taken alternately, as
(y—1) and (y+1), mstead of bemng taken equal to y

Thus, m the case of the two-circuit single windings we have

C=n y+2
and 1 double windings (, being equal to 2) we have

C=ny+ 4

As a consequence of these and other laws controlling the whole subject
of windings, many curious and important relations are found to exist
between the number of conductors, poles, slots, pitches, &c, and with
regard to re-entrancy and other properties *

‘Winpings For RoTarY CONVERTERS

As far as relates to their windings, 1otary converters consist of con-
tinuous-current machines 1 whieh, at certain poimnts of the winding, con-
nections are made to collector rings, alternating currents bemng received or
delivered at these pomts

The number of sections into which such windings should be sub-
divided are given m the following Table

Tasue XVIII

Two Circuity Multi Ciremits
Single Smgle
Winding Winding

Sections per Pan
- Sections Poles

Single-phase 10tary converter
Three-phase rotary converter
Quarter-phase rotary converter
Six-phase rotary conveiter

b0
(S

D o W
oo W

For multiple windings, the above figures apply to the number of

'y — 3and y + 3, etc, also give re entrant systems, but the gieat difference between the
pitches at the two ends would make their use very undesirable except in special cases , thus, for
stance, 1t would be permissible with a very lazge number of conductors per pole
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sections per winding thus, a three-phase converter with a two-circuit
double winding would have 3 x 2=6 sections per pair of poles In the
case of the three-phase rotary converter winding shown n Fig 75,
which 1s a two-circutt sigle winding, connection should be made from a
conductor to one of the collector rings, and the winding should be traced
through until one-third of the total face conductors have been traversed
From this pomt, comnection should be made to another collector ring
Tracing through another third, leads to the point from which connection

THREE PHASE ROTARY CONVERTER, TWO-CIRCUIT SINGLE WINDING

should be made to the remaming collector rmg, between which and the first
collector ring the remainmg third of the total number of conductors would
be found to he It is desirable to select a number of conductors half of
which 1s a multiple of three, thus giving an equal number of pairs of con-
ductors 1n each branch Where a multiple-airemt winding 1s used, the
number of conductors per pair of poles should be twice a multiple of three
A multiple-circutt three-phase rotary converter winding 1s given in Fig 76
Further information regarding the properties of rotary converters, and the
resultant distribution of current in ther windmgs, 1s reserved for the
section on “ Rotary Converters,”
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Arrersaminge CurrENT WINDINGS

In general, any of the continuous-current armature windings may be
employed for alteinating current work, but the special considerations
leading to the use of alteinating cwrrents generally make 1t necessary to
abandon the styles of winding best surted to continuous-current work, and
to use windings specially adapted to the conditions of alternating current
practice

Attention should be called to the fact that all the 1e-entrant (or closed
circmit) continuous-current windings must necessarily be two-circmat or

Ihree Phase AotaryGonverter SixCircurt. Winaling

multiple-cireust windings, while alternating current aimatures may, and
generally do, fiom pactical considerations, have one-circuit windimgs, 2 ¢,
one crewtt per phase  From this 1t follows that any continuous-current
winding may be used for alternating cwrrent work, but an alternating
current windmng cannot genesally be nsed for continuous-current work  In
other words, the windings of alternating current armatures are essentially
non-re-entrant (or open circuit) windings, with the exception of the ring-
connected polyphase windings, which are re-entrant (or closed circuit)
windings. These latter are, therefore, the only windings which aie
applicable to alternating-continuous-curient commutating machines.
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Usually for single-phase alternators, one slot or coil per pole-piece 1s
used (as represented mm Figs. 77 and 78), and this pernuts of the most
effective disposition of the armature conductors as regards generation of
electromotive force  If more slots or coils are used (as n Fig 79), or, in
the case of face windmgs,' 1f the conductors are moie evenly distributed
over the face of the aimature, the electromotive forces generated in the
various conductors are in different phases, and the total electromotive force
15 less than the algebraic sum of the effective electromotive forces induced
1 each conductor

But, on the other hand, the subdivision of the conductors mn several
slots o1 angulal positions per pole, or, i the case of face windings, their
more wuform distitbution over the peripheial surface, decreases the
mductance of the winding, with 1ts attendant disadvantages It also
utilises more completely the available space, and tends to bring about a
better distribution of the necessary heating of core and conductors ~ There-
fore, m cases where the voltage and the corresponding necessary nsulation
pernut, the conductors are sometimes spread out to a greater o1 less extent
from the elementary groups necessary in cases where very high potentials
are used Windings m which such a subdivision 1s adopted, are said to
have a multi-coil construction (Fig. 79), as distingmished from the form in
which the conductors are assembled mn one group per pole-piece (Figs 77
and 78), which latter aie called unicoil windings

In most multiphase windings, multi-coil construction mvolves only very
shght sacrifice of electromotive force for a given total length of aimature
conductor, and m good designs 1s generally adopted to as great an extent
as proper space allowance for msulation will permit

Tt 1s desirable to emphasise the following ponts regarding the relative
meitts of unicoll and multi-coil construction With a given number of
conductors arranged 1 a multi-coll winding, the electromotive force at the
terminals will be less at no load than would be the case if they had been
arranged 1 a unicoll winding, and the discrepancy will be greater in
proportion to the number of coils mnto which the conductors per pole-piece
are subdivided, assuming that the spacing of the groups of conductors 1s
uniform over the entire periphery.

But when the machine 1s loaded, the current 1 the armature causes
reactions which play an important part in determining—as will be shown

1 Otherwise often designated *“smooth core windings,” as opposed to “slot windings ”
L
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later—the voltage at the generator termimals, and this may only be
mamtained constant as the load comes on, by mcreasing the field excitation,
often by a very considerable amount Now, with a given number of
armature conductors, carrymg a given current, these reactions are greatest
when the armatme conductors are concentrated i one group per pole-piece

Unt cail single phase wiading

CERd

i

Unu Cosl Single phase Winding with
o Sl ptaseding
1594 u

g 79

% g
19339 X)
Three Phase on ourlappmg
sy Fractional mndim
B Eolls Biremosore 2ot & Gannealeal 8Phase winding

(Figs 77 and 78), that 15, when the unicol construction 1s adopted , and
they decrease to a ceitamn degree 1 proportion as the conductois arc
subdivided mto small groups distributed over the entire aimature swface,
that 1s, they decrease when the multi-coll construction (Fig 79) 1s used
Consequently, there may be httle or no gam 1 voltage at full load by the
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use of a unmcoll winding over that which would have been obtained with
a multi-col windmg of an equal number total of turns, although at no load
the difference would be considerable This matter will be found treated
from anether standpomnt m the section on ““Formmlee for Electromotive
Force ”

Multi-col design (Fig 79) also results in a much more equitable
distribution of the conductors, and, m the case of iron-clad construction,
permits of coils of small depth and width, which cannot fail to be much
more readily maintained at a low temperature for a given cross-section of
conductor , or, 1f deswable to take advantage of this pomnt in another way,
1t should be practicable to use a somewhat smaller cross-section of
conductor for a given temperature it A final advantage of multi-coil
construction 1s that 1t 1esults 1 a more uniform reluctance of the magnetic
circmt for all positions of the armature, as a consequence of which,
hysteresis and eddy current losses are more readily avoided 1n such designs
A thoiough discussion of this matter 1s given m the section relating to
the design of the magnetic circuit

The unicoll winding of Fig 77 may often with great advantage be
modified n the way shown  Fig 78, where the sides of the tooth are
parallel, enabling the form-wound coul to be readily slipped mnto place  The
sides of the slots are notched for the 1eception of wedges, which serve to
retamn the coil m place  Parallel-sided slots become more essential the
less the number of poles For very large numbers of poles, radial slots are
practically as good

Fig 80 shows a Y-connected umcoil three-phase winding, Fig 81
differs fiom 1t only m having the windings of the thiee-phases A connected

Fig 82 gives a portion of a three-phase winding, with fourteen field
poles and twenty-one armature coils (three colls per two-pole pieces)
This 15 a representative of a type of windings known as fiactional pitch
windings, the relative meiits of which will be discussed in the section on
the design of polyphase generators ~The diagrams in Figs 83 and 84 give
two more examples of fractional pitch—polyphase windings

Inpuction MoTor WINDINGS

The windings of mduction motors are not essentially different from
many already described In order to keep the inductance low, the

1 See also Dutish Patent Specification No 30,264, 1897
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Induction Motor Windings

windings both for the rotor and stator are generally distributed n

many coils as there can be found 100m for on the surface, instead of beir
concentrated 1 a few large coils of many turns each. This becomes .
especial 1mportance m motors of large capacity, m smaller motors tl
windings may consist of comparatively few coils This 1s the case 1
Fig 85, wheie the stator winding of a 74 horse-power four-pole threc
phase motor 1s divided up mto two slots per pole-piece per phase. Th
10to1, whose winding 1s generally made up of few conductors, each of larg
cross-section, 1s often most convemently arranged with but one conducto

per slot, as shown mn Fig 85 The connection diagrams of these stato
and rotor windings ate given i Fig. 86 TFig 87 gives a useful type o
winding for either the stator o1 the 1otor of induction motors, the con
ductors, repiesented by radial lines, being, n the case of the stator
generally replaced by coils

The matter of induction motor windings will be more completely
considered m the section devoted to the design of induction motors.
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FORMULAZ FOR ELECTROMOTIVE FORCE

In this section, the dynamo will be considered with reference to the
electromotive force to be generated 1n the aimatme

Conrtinuous-CURRENT DyNanos

The most convenient formula for obtaming the voltage of continuous-
cuirent dynamos 1s
V =400 TNMI10-®
in which
V = the voltage generated 1n the aimature
T = the number of turns 1n series between the brushes
N = the number of magnetic cycles per second

M = the magnetic flux (number of CG 8 lines) mncluded or excluded by each
of the T turns in a magnetic cycle

V, the voltage, 15 approximately constant during any period considered,
and 1s the integral of all the voltages successively set up m the different
armatwie colls according to thewr position m the magnetic field, and since
1 this case, only average voltages are considered, the resultant voltage is
independent of any manner 1n which the magnetic flux may vary through
the colls Therefore we may say that for continuous-cuirent dynamos, the
voltage 1s unaffected by the shape of the magnetic curve, te, by the
distribution of the magnetic flux

It will be found that the relative magmitudes of T, N, and M may
(for a given voltage) vary within wide himts, their mdividual magmtudes
being controlled by considerations of heating, electro-magnetic reactions,
and specific cost and weight

This formula, if correctly interpreted, 1s applicable whether the
armature be a rmg, a drum, or a disc, lkewise for two-circuit and
multiple-circmt windings, and whether the winding be swgle, double,
triple, &c
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To msure, for all cases, a correct interpretation of the formula, 1t will
be desirable to consider these terms more 1n detail
T = turns m series between biushes,
= total tuins on armature divided by number of paths through armatwe fiom
negative to positive brushes
For a Gramme-11ng armature, total turns = number of face conductors
For a dium axmature, total turns = 4 number of face conductors

With a given number of total turns, the twins 1 series bebween
brushes depend upon the style of winding, thus
For two-circuit winding,

If sigle, two paths, independently of the number of poles
If double, four paths, independently of the number of poles
1f t1iple, six paths, mdependently of the number of poles, &e

For multiple-ciremit winding,

1f single, as many paths as poles
It double, twice as many paths as poles
If tuiple, thiee times as many paths as poles, &c

N = the numbe:r of magnetic cycles per second

_ RPM x number of pairs of poles
B 60

It has been customaiy to confine the use of this term (cyeles per
second) to alternating curent woik, but 1t 15 desnable to use 1t also
with contmuous currents, because much depends upon 1t Thus N, the
pentodicity, determines or himits the core loss and density, tooth density,
eddy curient loss, and the armature inductance, and, therefore also affects
the spariking at the commutator It 15, of cowse, also necessarily a
leading consideration m the design of rotary converters

Although m practice, dynamo speeds are expressed m 1evolutions per
minute, the pertodicity N 1s generally expressed n cycles per second

M = flux linked successively with each of the T turns

In the case of the

Gramme-ting maclnine, M = } flux from one pole-piece mnto armature
Drum machine, M = total flux from one pole-piece nto aimature

(M 1s not the flux generated m one pole-piece, but that which, after
deducting leakage, finally not only crosses the air-gap, but passes to the
100ts of the teeth, thus linking 1tself with the armature turns )
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Armatuie cores are very often bwilt up as rings for the sake of
ventilation, and to avoid the use of unnecessary material, but they may
be, and usually aie, wound as drums, and should not he confounded with
Gramme-wound rings

The accompanying Table of drum-winding constants affords a
convenient means of applying the rules relatng to drum windings

TapLe XIX —DruM-WINDING CONSTANTS

Number of Poles

_ Class of Winding '
14‘6‘310 12 B

Mulnple-{ Smgle |1 667 (1667 |1 667 1667 | 1667 | 1667 | 1067

Volts per 100conductors [ & Double| 833 | 833 833 833 833 833
per 100 revolutions per | | ™% | Trple | 556 | 556 556 556 556 556 566
nnnute and flux equal Two- Smgle 1333 500 667 833 1000 [1l67 [1333
to one megahne " { Double |1 667 260 (383 |417 500 583 6 67

owewt | mple 1111 1667 292 |2 783 3 330 3 s}vh 4 ?‘3;

Smgle | 1333| 200 | 267 | 33 4 467 3

M““‘Pée f Double| 0668| 100 | 1353| 1667| 200 | 235 | 907
emewmt | ol | 0445| 0667 0sss| 1111| 1333 1665| 1778

Two- [ Single | 267 | 600 1068 11668 | 240 | 327 | 437
ot Double 1333| 300 | 534 | 834 | 1200 | 1635 | 214
enemt | myunle | 0888 200 | 356 | 556 800 | 109 | 142

Average volts between
commnutator segments,
per megaline and per |
100 revolutions per
mmute(imdependentof
number of conductors)

Arvreryating Current Dynanmos

For alternating cuirent dynamos 1t 1s often convenient to assume that
the curve of electromotive force 1s a sine wave  This 15 fiequently not the
case, and, as will presently be seen, 1t 15 practicable and often necessary to

consider the actual conditions of practice mstead of assummg the wave of
electromotive force to be a sine curve

Curve or ErrorromMorive Force AssuMep 10 BE A Sixg Wave
The formula for the effective no-load voltage at the collector 1m0 15
=444 TNM10-8,

this being the square root of the mean square value of the sme wave of
electromotive force whose maximum value 1s

V =628TNM 10

In order that these formulee may be used, the electromotive force wave
must be a sine curve, 1 ¢, the magnetic flux must be so distributed as to

e
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give this 1esult The manuer of distribution of the magnetic flux w
gap, necessary to attain tlus 1esult, 15 a function of the distribution of
winding over the armature surface

T = number of tuins 1n series between hiushes

N = numbet of magnetic cycles per secoud
M = number of C G 8 Imes sumulteicowsly huked with the T tuins

The fux will be swnedtceneonsly hmked with the T turns only m
case of unicorl windings, ¢ ¢ , windings m wlich the conductors are so grou)
that they are all sinularly situated m 1espect to the magnetic flux, m ot
words, they are all m the same phase !

The effective voltage at no load, generated by a given number of tur
will be a maxnuum when that i the case, and 1if the voltage for such
case be repiesented by umty, then the same number of conductors arrang
m “two-coll,” “three-coil,” &e, windings will, with the same values for
N, M, genaiate (at no load) voltages of the relative values, 707, 667, &
until, when we come to a wmding 1 wlhich the conductors are distiibut
over the entire smface, as m ordinary contmuous-cwrent dynamos, t
relative value of the alternating current voltage at no load, as compar
with that of the same number of turns arranged m a unicoll wimdmg, w

be .637 (wlnch = i)

Tabulating these r1esults we have

Tasrr XX
Conrcetion Factor for Voltage
ot Distibuted Windmg

Unicoil winding " = 1000

Two-co1l winding v 707 x umcotl winding
Thiee-cotl winding Vo= 067 x ' s
Four-corl winding V= 651 ~ " s
Many coil winding Vo= 637 x

The terms uni-, two-, three-coil, &, m the above Table mdicat
whether the conductors arc axranged m one, two, thice, &c, equally-space:
groups per pole-picce  The conditions ate equivalent to the componen
clectromotive forces gencrated m cach group, hemg m one, two, three, &e
different phases, nrespeetiye of the nmumber of resuliant windings mto whid
they aie combmed

* Fig 88, on page 84, will be of asmistance m understunding the nomendatwe employec
in designating these windings

M
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The values given 1n the Table may be easily deduced by simple vector

diagrams
Ingtead of usmg such “correction factors,” the following values may

be substituted for K i the formula V. = X TN M 10-#
TisLe XXT

Values tor K m Formula
TFor Eflective Voltage For M uvamum Voltag
Unicoll winding 144 698
Two-coll ,, 313 ol
Three-coil ,, 296 419
Four-cal ,, 290 411
Many-corl ,, 283 400

(Inall the preceding cases, as they apply only to sme wave carves, the
maxmmum value will be 1 414 times the effective value )

Varves or K ror Vartous Waves or Erzcrromorive Foren ann
of Maeneric Frux Distrisurion v Gav

The relative widths and arrangement of pole arc and armatwme conl
exert a great influence upon the magnitude of the effective (and maximum)
voltage for given values of T, N, M, because of the duflcient shapes of the
waves of gap distitbution and induced electiomotive foree  This 15 shown
by the following Tables, where are given the values of K m the [ormula

V =KTNMI10

1t bemng assumed that the magnetic flux M emanates umformly fom the
pole face, and traverses the gap along lmes normal to the pole face  This
assumption bemng usually far from the facts, the following 1esults must I
considered more 1 the hight of exhibiting the tendency ot varous 1clative
widths of pole face and the various arrangements of atmatwe col, vatlio
than as giving the actual results which would be observed m pnactie. The
results are, nevertheless, of much practical value, povided it 1 elenly ki Pl
n mund that they will be modified to the extent by which the flux speads
oub m crossing the gap from pole face to armatme face

The following Table applies to cases whete the vatious components of
the total winding are distributed equi-distantly over the armatin o
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TapLe XXII —Vantrs ror K
In the Formula V. = K TN M 10-% where V = Effective Voltage

Pole Arc (expressed i per Cent of Piteh)

Wmding _— e e SRR — R

10 1 20 ‘ 30 ' 40 |50 |6 |0 | s | o0 |10
Unicol 120 896 | 728 632 566 DLT | 478 | 446 | 421 | |
Two-col 806 | 632 H17 | 421 400 | 364 | 340 | 312 300 2
Thiee-col T30 515 121 | 38L| 395 335 | 308 290 | 276 | 2
Fout coil G32 ] LhL] 100 ] 372 A15( 320 302 | 283 ] 2063 | 2

Many-coil 3OS0 ATO | Je3 | 341 | 327 308 288 ] 270 | 252 2.

i

When the coils are gathered m groups of a grcater or less wadth, t
values of K should be taken fiom Table XXTIII given below

A better understanding of the nomenclature employed in the
two Tables will be obtamed by an cxammation of the diagiams
Ing 88

Probably the method used m obtaming these values (simple giaphic
plottimg) 1s substantially that used by Kapp m 1889 The six values
awves cheek the corresponding ones m Tables X XTI and XXIIT

TapLe XXIIT —VaruLs oF K
In the Formula V = KT N M 107 where V' = Ettective Voltage

Spread of Atmatute Pole Arc (expressed in per Cent of Pitch)
Cal m por Cent e = I

ot Titeh 0 | 20 | 0 | w0 | s [0 | 7 | so | 90 | 100

0 1260 | SOG| T28] 632 | HG6 | 517 | +78 116 | £21 ] 40

10 980 [ S20( 685 | 600 | 550 | K506 | 471 F42 0 415 38

20 82 71000695 | A7H | A2 190 160 4356 +06| 37

30 T100 655 600 | 515 HhO5 | 475 | 445 | 120 390 | 30

10 G20 80| AN ALh | L8| 1565 | 430 | EOO | 3T2| 34

H0 AO0 | 5320 A10 ] ISE | 1060 | kS5 LI0 | 386 | 360 [ 32

60 HON| 190 | 171 155 1 449 415 395 S68| 340} 31

70 F720 1060 | LFE| L300 ] F18| 395 375 | 345 | 320 29

80 Akt 30 115 400 | 385 | 360 | 350 325 | 300 27

90 416 LO0O | S90 | 375 | 360 | 310 320 800 | 278 | 25

100 393 3T9 S03 | 3Ub [ 32T | 308 | 288 | 270 | 252 | 23

It thus appears that by meiely varyng the spread of the pole aic ar
the armatuie coil, there may be obtamed for given values of T, N, and M
values of the ellecine clectiomotive force, varying fiom a little more tha
hall the coirespondmg value for a sme wave, up to several tumes the
value (m fact, with au mfintely small sprcad of pole are, provided the flu
could be mamntamed, an mfiutcly Jage value of X would be obtamed
The maximum value me eascs at the same tine, m a still greater proportion
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Rorary CONVERLLRS

In rotary converters we have an ordinary distributed continuous-
ying continuous-cuirent voltage at the commutator
,

current winding, suppl
and alternating-current voltage at the collector rmgs ~ The same wu ding,

therefore, se1ves both for contmmuous-curient voltage and for alteinating

voltage

Suppose that such a distiibuted winding, with given values of T, N,
and M, geneiates a continmous-curient voltage V at the commutator
Imagme superposed on the same armature a winding, with the same
number of turns T m seiies, but with these turns concentrated m a unicoil

wmding  For the same speed and flux, and assuming a sine wave curve of

TveES 0F WinDIRs

Fig88

[ P teare 30" ol it
o ol wndng

LI L L] rkavarapes

AU U U U o ol wnaling

L L o 0 oot

I TN D

s WU seanlofwhlg 607 ofpitch
[ Puears 807 ofpiech
AR AUTTEAANANUTTT  Spreadlof walg 1007 of prtch

Inths above diagrams the slotted type of armature is
reprusented The application o the illustrations b the caseof

mesely requr stho. o

9

Wuma‘mma o to.Lonof the slots

clectiomotave force, this mmagmary supeiposed winding would supply

9 v2

111V, (=2 V> eftective volts to the collector 1ings  But, 1e-arianging

thus same number of buns 1 a “many-coll 7 (distibuted) winding, w ould,
for the same speed and flux, reduce the collector 1ing voltage to
637 x 111 x V = 707 x V.

Therefore, m a distiibuted winding, with T turns 1n series, there will be
obtamed a continuous-current voltage V, and an alteinating-curient voltage
707 V, on the assumption of a sme wave curve of cleectiomotive force

But often the electromotive force cuive 18 nol a sine wave, and the
value of the voltage becomes a function of the pole arc Thus, examining
the case of a smgle or quarter-phase rotary converter by the aid of
the Tables for K, the results given helow are obtamcd.
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Tasu XXIV —SiNcLE AND QUARTER-PHASE RoT\rRY CONVERTERS

Ratio of Alternatir
Spread of Pole .Arc Kwm V=K T NM lg-# K for Voltage between Colle
n or Continuous Curi.nt Rings to Contiuuot
per Cent of Pirch Collector Ring Voltage Voltag Curient Voltags a
Commutatot

10 393 400 982

20 379 400 947

30 363 400 908

40 344 400 860

50 327 400 816

60 308 400 77

70 288 400 720

80 270 100 675

90 252 400 630

100 232 400 580

Tnree-Pruase Rorary CoONVERTERS

An examination of three-phase 10tary converters will show that t
conductors belongmg to the three phases have relative positions on t
armature periphery, which may be 1epresented thus

222221111111111333333333322222222221111111111333333333322222
333333333322222222221111111111333333333322222222221111111111

Conscquently, 1t appears that the coils of one phase have a spre
equal to 667 per cent of the pitch  Observing also that each thrc
phase alternating branch bas two-thuds as many turns n series betwe:
collector 1mng» as has each branch, considered with 1eference to the comm
tator brushes, we obtam the following Table of values

Taprn XXV —Tnrre-Prrase Rorary CoNVERTERS

Ratro of Alternating

Spread of Pole \rc KmV=KTNDM I10-¥ K fo Voltage between Collect:
n o1 Continuous Current Rings to Continuous
per Cent of Pitch Collector Ring Voltage Voltage Current Voltage at
Commutator
10 4389 400 815
20 470 100 785
30 453 400 755
40 439 400 732
50 k25 4 00 710
60 102 £00 670
70 382 400 636
50 352 400 585
90 326 400 Hit
100 296 4.00 495
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The last column, giving the ratio of alternating-cunent voltage
between collector rmgs, to continuous-current voltage at commutator, 1s the
one of chief mterest This ratio varies from 495, when the pole are 15
equal to the pitch, up to 815 with a 10 per cent pole arc

These results only apply to iotary converters when mdependently
driven, unloaded, from some mechanical source, o1 when ditven unloaded
as a contmuous-current motor That 15 to say, the electiomotive foices
referred to are counter-elcetromotive forces ~ When diven synchionously,
the 1atio of the termmal voltages may be made to vary thiough a vay
wide range by varymng the conditions of lag and lead of the cwmient m

Tliree phaso continucns consertar 25 Gydes per second
between. cllernating valts & sanperes the generader & converter
) Austed aal &

T2
¢ Feld g
3 ot CoRlnULOUs clerTent. commaiotor

W& d
|

% % 2

volt.

e

Yo oR oD R ges
I

00 Converter neld, zero
0 therght have
frufuld,
asave
o
Alter= ~* na veles between colleetor runys
S0 To0T 3N 30 0 dw 7 W ae

the armature In Fig 89 15 given a cmve showmg through what o
very extended range this 1atio may be vaued, accodimg to the conditions
of load and excitation

TapLr XXVI

Troportion that T s of Turns on Avm
Converter — —
2-Cucurt, Winding Multiple Criemt W inding
Single-phase 10tar ! ]
gle-p Y 2 5
2 x numba ot paus ot poles
Quarter-phase 10tary )] o e -
2 x number of pairs ok poles
Thiee-phase 10tary 1 ——— . .
3 x number of pans ot poles
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In rotaiy conveirters, Table XXVI will be of assistance i
determining the value of T (number of turns in series between collecto
rings)

Polyphase Machines —In considering polyphase machines m general
1t may be said that the most convenient way of considering the relation.
between V, T, N, and M, 1s to make the calculations for one phase Thu:
m the case of a threc-phase machme, one would caleulate the volts pe:
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phase, by placing m the formuala the turns m sciies per phase, foo T Then
1f the winding 15 * delta” connected, this will give also the volts hetween
collector 1ngs (smee there 1s only the winding of one phase lymg betiween
cach paun of collectn 1mgs) If, on the other hand, the winding 15 Y
connected, the volts between collector rings will be 4/3, (1 782) times the
volts per phase  Thus the caleulation should be cartied out with 1eference
to one phase, the results of mterconnecting the wmndings of the different
phases bemg subsequently considered
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ELECTROMOTIVE FORCE AND Frux 1N TRANSFORMERS

In the case of tiansformers, the relation between voltage and flux is
dependent upon the wave form of the applied electiomotive force, and
determiations of these quantities mvolve the use of the term “form factor,”
proposed by Flewing 1 Te defines the form factor as the ratio of the
square root of the mean of the squares of the equi-spaced ordinates of a
curve, to the true mean value of the equi-spaced ordinates The mean
square value he denotes by the letters RM S (root mean square), and the
mean value by the letters T M (true mean)

Form factor =§lI\T =/

Tn the case of a rectangular wave, the RM S value, the TM value
and the maximum value are equal, and the form factor becomes equal to 1.
In this case the form factor has the mimmum value

Peaked waves have lugh form factors Denoting the form factor by f,
the relation between voltage, turns, periodicity, and flux may be expressed
by the equation

V=400fTNM10™*

The extent of the dependence of the form factor upon the proportions
and winding of the generator may be obtammed from the two following
Tables, the first of which applies to cquidistantly distributed windings, and
the second to windings m which the face conductors are gathered 1n groups
mote or less spread over the surface of the aimature, these groups
alternating with unwound spaces

Tapn XXVIT —Varurs 10n Form Facior (1)

Tole Arc (Iivpressed 1 Per Cent of Pitch)
Winding - _
10 20 30 40 50 60 0 S0 ' 20 100
Uni-coll 333 (224 | 182 [ 168 [ 111 [129 |1 19 | 112 | 106 | 100
Two-coil 224 | 158 | 1929 {112 (100 110 | 118 126 | 134 | 141
Thiee corl 182 [129 (106 [ 108|115 [ 121 [ 122 |1 19 {117 | 115
Four-coil 157 | 112 | 107 [ 113 [ 116 | 114 | 111 112 | 117 | 122
Many coil 102 | 104 {106 | 108 |100 | 111 | 112 114 } 115 | 115
.

1 Alternate Current Transformms, vol 1, second edition, page 583
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TasLe XX VTI1 —Varurs 10r Fornr Facror (/)

Spread «f \imwwe Pole Aic (Expressed in Per Cint of Pitch )
Coil 1 per Uent of
Prech
10 20 30 40 50 (4] 70 30 90 100
0 333 224 (182|158 [ 141 (12 [119 {112 |106 [100
10 261 | 205 (173 (153 | 137 | 126 (117 {111 {105 (102
20 205 | 183 | 159 | 148 | 131 | 123 | 113 | 108 | 104 |104
30 173 | 159 | 150 | 140 | 125 | 119 {112 |107 {106 |106
+0 153 | 148 {140 | 130 {121 {116 {112 [ 109 [108 |103
50 137 | 131 |12 {121 | 117 | 113 | 112 [ 109 {109 |109
60 126 123 |[119 (116 | 113 |113 |112 [111 {111 (111
70 117 {113 | 112 [ 112 (112 |112 [112 (112 |112 [112
80 111 {108 {107 | 109 | 109 [111 [112 | 113 {114 {114
90 105 | 104 | 106 {108 | 109 | 111 [ 112 |114 |2115 |115
100 102 | 104 | 106 {108 | 109 |111 [112 |114 |115 115

From the formula V=400 T N M 107% 1t appears that for a given
effective voltage V, the flux M may be low 1 proportion as the form factor
/15 hugh Tlus 1s a distinet advantage in the case of transformers, since
then core loss 15 dependent upon the density of the flux circulating m their
won corcs If a given voltage can be obtained with a small flux, the trans-
foomer can be operated at a lugher all-day efficiency  Commercial
generators of different types differ often by 25 per cent and more, as
1egards the form factor of thewr clectromotive force waves  The pre-
determmation of the form factor thus becomes a matter of considerable
mterest 1n the design of alternating-curent generators

‘While, however, peaked waves msure Jow core losses for transformers
on the cncuits, they have the disadvantage that the maximum electro-
motive force 15 more m excess of the effectine electiomotive foice than for
the less peaked waves It 15, thacfore generally undesnable to so
proportion a geneiator as to obtam an excessively peaked wave

The curves of Figs 90 and 91, page 87, correspond to values given 1
the Tables, and show the extent of the vanations obtamable
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THERMAL LIMIT OF OUTPUT.

Viewed {rom a thexmal standpoint. the maximum output of an electric
machme 15 determmed by the maximum mcrease of tempeiratmic con-
sistent with good working  The lmutmg meiease of temperatme may be
determimed with respect to durabihity of the msulating mateials used, the
efficiency, and the regulation The ncrease of tempelature 1» commonly
expressed by the ratio of the heat generated m watts, to the iadiating
surface 1 square inches, t.e, watts par square mch radiating suface  The
increase of temperature of any surface above the atmospherc, and therefore,
also, the permissible expenditure of energy per square mch radiating
surface, vartes according to the nature of the surface, 1ts speed, location,
&c  For static surfaces, such as the surfaces of field magnets, the mercase
of temperature may be taken to be about 80 deg Cent per watt per
squaze 1mch, as measured by a thexmometer placed agamst the cylindiical
surface  For eylndrical surfaces of the same mature, but rotated with
a pertpheral speed of about 8,000 ft per minute, the increase of temperature
per watt per square mch may be taken to be between 80 deg Cunt and
40 deg Cent The mcrease of tempeiature per watt per squaic mch
mcreases as the swmface speed 1s dimmmshed  Thus for smooth-core
armatures the ncrease of temperatwe 13 about 25 per cent greater at a
perpheral veloaity of 2,000 ft than at a peripheral veloeity of 3,000 {t par
minute  For ventilated aimatwes of ordinary design, @ ¢, atmatuies with
mterstices, the meiease of temperature 15 between 15 deg Cont and
20 deg Cent per watt per square mch for a periphcral speed of 3,000 it
per nunute, and between 10 deg Cent and 12 deg Cent for a peripheral
speed of 6,500 ft per mmute® The mercase of temperatme per watt per
square mech vailes somewhat with the temperature of the swiface, hut
1emanns fanly constant for the temperatures used m practice

In transfoomers submeiged m ol 1 non ecascs, the 11v¢ m
temperature, as measmied by the meicased 1csistance of the windings,
1s about 85 deg Cent per % watt per squarc inch of radiating surface of

? The 1mnciease of temperature, as deternmined from resistance measuremcuts, will goncially
Le from 60 per cent to 100 per cent 1n encess of these values  Thisis clearly shownm the

vanous tests deserihed in the follawmg pages



General Considerations Relating to Temperature Rise 91

the 1ron case, at the end of ten hours’ run Before tlus time has elapsed,
small transformers will aheady have reached their maxunum temperature,
but transformers of 25 kilowatts capacity and larger may continue mnereasing
m tempeiature for a much longer period However, transformers are
seldom called upon to cairy their full load for a longer pertod than
10 hours The same transformers, without o, will have 80 per cent
greater rise

Large tiansformers are generally artificially cooled by forced circu-
lation of oil, air, or water, the latter bemg enculated m pipes coiled about
the transformors , and sometimes m the low potential cols of very large
transformers, the conductors are made tubular, the coolmg medium being
forced through them ~ With artifically-cooled tiansformers, by using
sufficient power for foremg the tnculation, the rise of temperature may be
kept down to almost any value desired  But, of cowmse, the power applied
to this pupose lowers the efficiency of the equipment

Although constants such as those givea above are very useful for
obtaining a general 1dea of the amount of the mcrease of tempeiature, they
should be used with discretion, and 1t should be well understood that the
nse of temperature 1s greatly modified by vailous encumstances, such as

Field-magnet colls—depth of winding , accessibility of air to surface of
spools, force with wlich air 15 driven agamst spool swfaces, shape and
extent of magnet cores on which coils are located , season, latitude, nature
of location, 2 ¢, whether neat boiler-1oom o1 1 some unventilated corner,
o1 m a lmge well-ventilated station, or under a car, &c

Aimature windings and cotes—smmlar vanable factors, particularly
method and degree of ventilation, shape and detauls of spider , centiifugal
force with which an 15 wged thiough ventilating ducts , degiee of fieedom
from throttling m ducts, number of ducts, freedom of escape of an fiom
peuphery, and penipheral speed  Thus 1t will he reachly understood
that the values for rise of temperature per watt per square ch have to be
determined from a number of conditions

Small machmes quckly reach the maxmum temperatwe, laige
machines continue to 115¢ 1 temperature for many hows Hence the length
of a heat 1un should be deaded upon with reference to the nature of the
appatatus and the use to which it 15 to be put The heat should be
distibuted m proportion to the theimal enussivity of cach part, with due
1cgard to the pernussible 1ise of temperatme Heating 15 of positive
advantage, m so far as 1t 1 lmited to temperatures that will keep the
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msulation thoroughly diy, and thus tend to preserve 1t Butb 1t 1s
disadvantageous as regards preservation of 1nsulation, m so far as 1t
overheats and deterioates 1t The permissible temperatwe 15 thus
dependent upon the nature of the msulation In ralway motors, the field
conductors are msulated with an asbestos covering, as the location of the
motors does not permit of then being sufficiently large to run cool under

heavy loads

MaaNETS

The radiating surface of magnets of ordinary design, ve, those m which
the diameter of the magnet coil approximately equals the length, 1s
ordmanly taken to be the cylindrical surface, no account bemg taken of the
ends, which 1n general are not very efficient for the 1aciation of heat , when,
however, the magnets are very short, and the surface of the ends luge,
they should be considered

ARMATURES

Radiating surface of armatmes 1n gencral, 1s taken to be the surface of
those parts n which heat 1s generated, that are dircctly exposed to the air
Due allowance should be made for the different linear velocities of different
portions of the armatwe windings ~ Thus m the ordinary Siemens type of
armature the radiation per squarc inch, or thermal emissivity, at the ends,
averages only about two-thirds that at the cylmdrical surface, the difference
bemng due to the differcnce m surface speed  In the case of aimatuies
of very large diameter, the thermal cmssivity at the ends becomes
approxmately equal to that of the cylindrical portion when the armatures
are not very long. When the armatures have a length approaching half
the diameter of the armature, the thermal emissivaty at the ends may
considerably exceed that midway between the ends of the armatures, unless
special means for ventilating are resorted to.

In the “barrel” type of winding, now laigely used, the end
connections are approximately m the same cyhmndrcal surface as the
peupheral conductors, being supported upon a cylindiical extension from
the spider. Here the cntne armaturc winding revolves at the same
peripheral speed, and 1s 1 the best position as 1egards ventilation

The 1adiation of heat from an armature 1s not affected greatly by
varying the surface of the pole-preces, within the limits attaned 1n ordmary
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practice  If, however, the magnets are rectangulai m section, and placc
closely together, the radiation of heat fiom the aimature may |
considerably restricted  Fuither, unless the magnets aie so placed wi
respect to cach other that the heat of each 1s cainied off mdependently .
that of the others, special means for ventilating will have to be resorted t.
and the values given ahove will not hold ~ Such constructions as the la:
two mentioned are not 1eccommended for general practice

Exuwvrny or EstiMaTioN oF TCMPERATURE Rise

Diuncter of a certan ronclad aimature =35 m
Length, over winding =25,
Speed = 360 1evs per mmn
Tnteinal diameter =18m
35 x = x 2B = 2750 sq m
I8 x = x 25 = 1420 ,,
11’ x (252182 x 2 = 470
Total 1adhation suiface = 4640 ,,
35
Perpheral speed = 7 x '{i; x 360 = 3300 ft per nun

If well ventilated by mternal ducts, 1t should be veiy safe to tak
22 deg Cent 11sc of temperature per watt per squaie mch.

Watts
Core loss 5000
Armatwe C* R 2600
Totl loss 7600

igig = 16t watts per sq m

161 x 22 = 36 deg Cont 11se of temperatmie at end of 10 howrs’ run at full load

InTERNAL AND Surrack Temprrirure or CoiLs

The mportance of determming the mteinal temperature of coils, I,
Lostsbance micasuenents, wstead of relymg upon the mdications of
thermowcter placed upon the swface, 15 well shown by the 1esults of th
followmg test  An caperimental field-magnet coll was wound up witl
2,646 total tmns of No 21 BW G, the winding consistmng 1n 38 layers
from cvery pair of which, separate leads were hrought out, to enable th:
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temperature of all paits of the coll to be determined by resistance
measurements

Two distinet tests were made, one with the armature at rest, and the
other with the aimature running at a peripheral speed of 2,000 ft per
minute  Each test lasted two hours, the cwirent through the coil being
mamtamed constant at one ampere throughout both tests Every ten
minutes a 1cading was taken on a voltmeter across each pair of layers, thus
giving a record of the change in resistance as the test progressed A
dunensional sketch of the coil, pole-piece, and armature 1s given m Fig 92,
and the 1esults of the tests aie plotted m the curves of Figs 93, 94,95,
and 96

For the armature at rest (Fig 93) shows the ultimate rise of
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temperatwie m the different layers plotted agamst the positions of those
layers , and Fig 94 shows the 1se of temperature m the 1nnermost
layers, the middle layers, and the outside layers, plotted agamst time
The cmves show well that without the aid of the circulation of awr set
up by the rotation of the armatuie, the metal of the field-magnet coie 1s
as effective 1n carrymg away the heat, as 1s the awr which Dbathes the
surface of the spool For the armature runnmg at a penpheial speed of
2,000 1evolutions per minute, the results are plotted 1 the curves of
Figs 95 and 96  The latter figme shows that with the circulation
of awr set up by the 1otation of the armature, the outside of the
coll 18 mamtamed much cooler than 1s the mner surface adjommg the
field-magnet core  But the most significant conclusion to be drawn
from the tests 15 that shown by TFigs 98 and 95, namely, that the
tempeiature of the mterior layex of a coil may considerably exceed the
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temperature corresponding to the average 11se of resistance of the total
windmg
In Figs 97 and 98 are given respectively a sketch of the field-magnet
and spool of a machine, and the 1esult of a heat test taken upon 1t, m
which the average temperature of the field spools was determmed fiom
time to time, by means of resistance measurements of the field wmding

The mfluence of the peripheral speed of the aumatme upon the
constants for determining the temperature mcrease of field spools, as well

7- 7Y S

as the effect of covermg the wne with a final serving of profecting cord,
are clearly shown by the 1esults of the following test made upon the
field spools of a contmuous-curient generator of 35 kilowalts 1ated output
The tests were made with a wide range of field excitation, and the
temperatuies wete determmed both by thermometric and 1esistance
measutements The results afford a check upon the more geneial values
given on page 90 for predetermumng the temperature rise of spools

In Fig 99 15 given a dumensional sketch of the mwachme, and m
Figs 100 to 111 are gven curves of results of the various heat 1uns
The curves of F1g 112 summarise the ave: age 1esults obtamed
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Out of the fow tield spools, two only were under observation, ze,
the top two  On one of these two spools the cordmg and msulation was
taken off; and the wmdmg exposed directly to the an, the remaming
spools 1emamed corded  For the purpose of measmmg the outside
tempetature of the spools, thermometers were placed, for the one spool
on the outside of the winding, and for the other spool on the outside of
the cording, the third temperatuie measurement was determied fiom the
1esistance merease of the four spools m sertes  Thus, thiee temperature
measurcments were made —

Ist  On the outside of the uncorded spool, by thermometer

2nd ’ ’ corded "

3rd - Increase of temperature of the four spools by resistance

”»

The four spools were connected m series, the amperes mput
bemng kept coustant, and the volts diop across the fom spools noted

In the fust case, the armatuie 1emamed stationary, and results were
obtamned with 5, 75 and 1 ampeie  These results are set forth m the
curves of Figs 100 to 105

The aimature was then 1evolved at a peripheial speed of 2000 ft
per winute, and temperatwe nses observed at 75, 1 and 125 ampeies
In this case, a diffrent procedure was adopted On the tempeiature
1caching a constant value with 75 ampere, the test was cariied on, the
amperes being raised to 1, and agam, after reaching a constant value,
to 125 amperes At this pomt the tempeiature reached a value above
which 1t was not advisable to go  Results of this test aie set forth
the curves of Figs 106 and 107

Two fuither tests were carried out on siular lines, at peripheial
speeds of 3,500 ft and 4,800 ft per mmute, 1esults of which are set forth
m the cmves of Figs 108 to 111

From the curves of Fig 112, m which the aveiage 1esults of all these
tests ate summarsed, 1t will be noted that a considerable mciease of
speed above 2,000 ft per munute does not, for this machme, 1educe
the temperature 11se to any very gieat extent

On cach of the curves a table 15 given, setting forth the woiking
data, and the constants derived fiom the tests It will be noted that
the results are figmed fiom the assumption that the watts dissipated
remain constant, wheicas m 1eality they vaiy as the temperature alters,
but as this vauation would compheate the calculations, these are based
on the resistance at 20 deg Cent, namely, 108 ohms per spool

o
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Watts Dissipated . Conductors 10

The peripheral 1adiating surfaces of the two spools differ, owing
to the cording having been 1emoved 1 the one case , therefore, n figuring
on the thetmometer measmements of the corded and uncorded spools
then 1cspective 1adiating surfaces are used, but i the case of the
measmements of temperatwie rse by 1esistance, a mean periphera
radiating surface 15 taken

It should furthexmore be noted that the higher the peripheial speec
of the anmature, the less 1s the diffexence between the tempeiature rise
obseived fiom thermometric readings on the surfaces of the corded anc
the uncorded spools

70,
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The armatuie had two ventilating ducts, each one half mch wide
thiough which an was thiown out centufugally, after enterng through
the open end of the armatuie spider

Hear Losses—C? R Duk 1o Userur Currcnrs N THE CoNDUCTORS

Heat generated, due to the cunent and resistance, 1s calculatec
dnectly from these two factors  The resistances should be taken tc
cortespond to the tempelatwe the conductors attan m practice  Te
determine this temperature, resistance measurements are much moie
rehable than theimometiic measurements For standaid sizes of wire
the 1esistance 15 most convemently determimed by ascertainng fiom tables
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the ohms per 1000 ft of the size of wie in question Then the length
of wire m the inagnet spool or aimature, as the case may be, should be
computed from the number of turns and the mean length of one tuin
The total resistance can then be obtaned

The Appendix contamms Tables of this descuption, which give
the properties of commercial copper wie for thiee standad gauges,
namely, B and S (Amencan), SW G (Board of Trade), and BW G
(Bumingham Wiie Gauge) They have been airanged with cspeeial
reference to convemence mn designing electrical apparatus, but they do
not differ gieatly tiom the Tables ananged for exterior wning and
other purposes They serve as a basis for theimal calculations, and
are also useful i the calculation of spool windings, as consideied 1
the scction on the design of the magnetic cucuit

Erample — A certam transformer has, m the prmary, 1200 tuins
of No 7 B and S Mean length of onc twn = 28 mn = 233 ft
Total length=2 33 x 1200 = 2800ft No 7 B and S has (sce Table
m Appendix), at 20 deg Cent, 497 ohms per 1000 ft  Therelme the
primary resistance at 20 deg Cent = 28 x 497 = 140 ohms  Suppose
full load cmrent = 18 amperes Then the primary C* R = 169 x 140
= 237 watts

Speafic resistance of commercial copper at 0 deg Cent

= 00000160 ohms per cubic centimetre
= 00000063 ohms per cubic mch

ve, between opposite faces of a cubical unit  The above constants are
of use when other than standaid sizes of wue aie employed In con
nection with them 1t should be kept m nuud that the 1esistance of copper
changes about 89 per cent per deg Cent  Where moie couvenient,
wid where gicater accuracy 1s desued, use may be made of the following
factors by which the resistance at 0 deg Cent should be multiplicd
rder to obtamn the resistance at the temperature employed —

TapLe XXIX

Deg  Cont
0 1000
20 1080
40 1160
60 1250
80 1337

100 1122
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Example —An armature has a conductor 60 m by 30 n = 180
square nches 1 coss-seetion It has an eight-eiremit double wmding
Total turns = 800 Mean length of one tmun = 60 m  Twns mn series
between brushes = ES%O-{)— = 50 Therefore, length of winding between
positive and negative brushes = 50 x 60 = 8000 mn  Cross-section =
8 x 2 x 18 = 288 square mches Therefore resistance at 0 deg

3000 x 00000063
Cent = T = 000655 ohms  Suppose the full - load
curtent of 4000 amperes heats the armature conductors to 60 deg Cent
Then the mmatme C* R at 60 deg Cent = 4000° x 000655 x 125
= 18,100 watts

The Tables of properties of commercial copper wne 1s supplemented
by a Table m the Appendix, giving the physical and electrical
properties of various metals and alloys  This Table, used m connection
with the otheis, permuts of readily determmning 1esistances, weights,
dimensions, &c, of vaious conducting materials

FoucavLt CURRENTS

Tn addition to the C* R losses 1n the conductors, there are losses due
to parastbic curients, often termed eddy, o1 foucault cmients, when solid
conduc tors, 1f stationmy, are exposed to the mfluence of varymg mduction
fiom magnetic ficlds, and whenever they ale moved thiough constant
magnetic ficlds, except m cases where the sohd conductors are shielded from
these magnetic mfluences

In armatuies with smooth-core constiuction, the conductors are not
«creened fiom the magnetic field, consequently there may be considerable
loss 1n the conductots, fiom foucault currents  This loss has been found to
vary greatly, accordng to the distibution and density of magnetism m the
an-gap, and cannot be accuiately predetermmed

Tn practice this loss 15 kept as small as possible, m the case of bar
windings, by lammating the bais and msulating them fiom each other, or
m the case of wne wmdings, by using conductois Fg-mn or less m diameter,
and bwisting these mto a cable  The amount by which the foucault current
loss can be lessened m this last method 1s foraibly illustrated by the
followmg example The winding of a certan armatue consisted of four
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wires m parallel, each 0165 m 1 diameter These conductors were
replaced by 19 strands of cable having the same ci10ss-section of copper, and
the total loss of the armatwe was diminished by one-third

Inwron-clad dynamos, the conductors axe more o1 less protected fiom
eddy cutrents by bemng embedded m slots This exemption from such
losses depends upon the extent to which the teeth overhang, and upon the
density mn the teeth, very high density throwing part of the hnes through
the slots, mstead of permitting them all to be transnntted along the teeth
Even where the tooth density 1s low, stranded conductors must sometimes
be used 1 on-clad armatures  As an imstance, may be cited the casc of
an alternating current armature with a slot of the piroportions shown n
Fig 113 Here sohd conductors of the proportions shown were at first used,
but the cross-flux set up by the armature current was peipendicular to the
plane of the conductors, and excessive heating resulted fiom the eddy
currents sel up m the sohd conductors Stranded conductors should be
used 1n such a case

Stranded conductors are open to the objections of meieased first cost,
and of having from 15 per cent to 20 per cent higher resistance fo1 given
outside dimensions  This increased 1esistance 18 not entucly duc to the
lesser total cross-section of the component conductors, but also partly to
thewr mereased length, caused by the twist given thom mn ongmally makmg
up the conductor The stranded conductor, constructed, m the first place,
with a arcular eross-section, 1s pressed to the 1equired 1ectangular scction,
m a press operated by hydrauhe pressme No precantions, such as
ozmudising, or otherwise coating the swiface of the component wnes, me
necessmy  The mere contact resistance suffices to break up the cross-
curients

Closely related to the losses just described, are the eddy cutrent losses
m all solid metal parts subjected to mductive mfluences This occwrs chiefly
m pole-faces, but 1f the propoitions of the armatwe are such that,
m passing the pole-pieces, the reluctance of the magnetic arewt s much
varied, eddy curtents will be found thioughout all sohd paits of the
entne magnefic cremt  Consequently, m such cases, not only the
pole-pieces, but the entne magnetic yoke, should be lamnated Such
a construction has been used m alternators, with the 1esult that, especially
mn the case of uni-slot armatures, a very marked mprovement has heen
made m efficiency and m heating

In continuous-current machines, the smface of the armatwe 13 broken
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up by a large number of small slots, and the distuibance 1s mainly local, the
reluctance of the magnetic circmit, as a whole, remaming unchanged
Nevertheless, i such cases, the loss 1 the neighbourhood of the pole-face
way he large, and will be found to depend chiefly upon the depth of the air-
gap as related to the width of the slot opening  Instances have occurred
m small machines, wheie mereasmg the depth of the an-gap from L1 to
1 m, has gicatly modified the magmtude of such pole-face losses,
Stiaight-sided armature slots give, of cowse, much gieater losses 1 the
pole-face than slots with oveihanging piojections, while 1f the slots are
completely closed over, the loss 1s practically elunimated

Pole-faces frequently consist of a laminated structure, cast 1, or
sometimes bolted on, to the upper portion of the magnet core  Another

Fig 113

type ot construction consists i lannating the entine magnet core and casting
1t 1nto the sohd yoke

In the neighhourhood of conductors and coils which are the seat of
high magncto-motive forces, sohid supports, shields, and the like, shonld be
avorded, unless of high resistance, non-magnetic matenal, such as man-
ganese steel  Fou this 1eason spool flanges could also well be made of
manganese steel

Eddy-cuirent losses 1 the sheets of armature cores are dependent
upon the square of the density of the flux, the squaie of the periodicity,
and the square of the thickness of the sheets Also upon the caie with
which the lanunations are msulated from each other It 1s, therefore,
mporiant to avord mlling and filmg 1 slots, as this tends to destroy the
msulation, and makes a more or less continuous conductor paiallel to the

copper conductors Consequently, the eddy-curient loss 15 quite largely
P
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dependent upon the relative magmtudes of flux, number of twins, :mld
length of atmature paiallel to the shaft, as upon these quantities depends
the volts per umt of length tending to set up parasitic curients in the
aimature core  Owing to the less amount of machme work, smooth-core
armatmes are much more apt to be fiec fiom parasitic cunrents m the
core The wore such losses fiom eddy cunents ate anticipaled fiom
the natme of the design, the greator should be the salety factor apphod
to the value of the core loss as denved fiom the carves ol Mas 85 and 36
(»ee page 34)

Armature punchings should, when possible, be assembled withont any
milling or filing ~ Cases are on record where the nulling of wmatine slots
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Lias mereased the core loss to thice times 1bs o11einal value, the metal
g )
removed by mulling bemng mercly a {hun layer from the sides of (he <ot
Even hight filng mereases the core lose constdor ably  Mostof the moreas
1 both these cases, 15 due to the buiring of the edges making a woe o

less continuous conductor, although there 1s also a shght mercase due to
ijming the quahty of the iron by mechanteal shock

In a modern 1a1lway motor, this matter was studied by Lestmg the
core loss at various stages of the process of manutactine  The cuiyes
of Fig 114 1epresent the average results from tusts of two ar b~

Cwive 1 was taken after assemblmg the punchiugs
w2 . teeth were wedged strght
3 " slots were shghtly filed
w4 » winding
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The difference between cmives 3 and 4 gives the eddy-current loss m
the conductors The particular shape of the curves possesses no especial
significance 1 conncction with the object of the mvestigation, and 1s
metely due to the armature having been driven at the vaious speeds
conresponding to the condrtions of practice for the corresponding values of
the current

Hysteresis Loss v Cores.

The hystercsis loss in armature cores may be estimated directly from
cmve A of Fig 35 (page 34), which repiesents the magnetic grade of wron
genetally used m aimature constiuction  However, the temperature of
annealing, and the subsequent ireatment of the ron, materially influence
the 1esult

Tn Tig 115 (page 108) are given three curves of total core losses of
three 1a1lway motor armatures

Curve 1 Iron annealed after punching

Curve 2 Iron anncaled before punching

Curve 3 Iron not annealed

Nevertheless, 1t 15 very likely that m the case of a 1ailway motor
ammatwe, the rough conditions of service soon largely destroy any
temporary gain from annealing subsequent to punching

In Fig 116 the total core loss m the armatwe with unannealed
won has been analysed, and the hysteresis and eddy current components
arc shown m cmves Nos 2 and 3, the 1resultant loss bemg given m
cve No 1

The question of core loss 15 not of vital mportance 1u aimatuies,
bemg of chief miciest from the thermal standpomnt  But with tians-
{ormers 16 18 of the utmost unportance, as 1t 1s the controlling factor
detcrmmmg the all-day efficiency Special consideration will be given
hereafter to the matter of core loss m tiansformers At this powt 1t
will be suffiaent to state that won of at least as good quality as that
Jhown m Cuive B of Fig 35, should be specified and secured  ven
with sheets carefully japanned, or sepatated by paper, the eddy-current
loss m transformers will be from once and a half to twice the theoretical
value given m the cuves of Fig 36 This may, perhaps, be explamned
by supposing the flux not to follow the plane of the sheet, but to
sometimes follow a shghtly transveise path, thus having a component in
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a direction very favourable for the setting up of eddy currents in the
plane of the sheets In Figs 139 and 140, on page 136, will he found
curves especially arranged for convemence m determinmg (ransforner core
losses

In addition to considering the subject of heatng from the standpomt
of degrees mse of temperatwe per watt per squaic mch of 1adiating
surface, 1t 15 useful 1n certain cases to consider 1t on the hasis of rate
of generation of heat, expressed m watts per pound of matcrial ~ Snmmlarly
to the manner i which the cmves of Figs 85 and 36 give the 1ate of
generation of heat m won by hysteiesis and eddy curicnts, there we
gwen m Fig 117 curves showmg the rate of gencration of heat m copper,
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due to ohmic remstance  One’s conception of the 1elabive mag ntudes
of these quantities in copper and ron 15 rendered more definihe by a study
of the values given m Tables XXX and XXNI —

Ty XXX ~—Corprr

Rate of (teneration of Tleat by Ohmue Reststanco Walts per Pouned
Current Density n
Amperes pei T

Square Inch 0 Deg 20 Deg H) Deg O e SO Doy 100 Iy

Cent Cont Cont C'ent Cont I tom

500 50 nl nN h [ il

1000 200 215 20 ERE RATY ' RN

1500 410 17t hl hh R R T

2000 79 84 91 98 e 12

2500 123 133 1t3 1753 1G5 179

3000 177 190 2006 228 2T ERR)]
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TasLe XXXT —Snaeer IroN

Rate of G tion of Heat hy H. R
Flux Density the Extent t'?a which Eddy Clments a(!aemllallz‘zs(gi:)mm Resistance to
(Kilohnes per
Square Inch)
25 Cycles 60 Cycles 100 Cycles 125 Cycles
20 10 25 44 59
40 27 75 13 185
60 56 15 28 40
80 92 25 48 67
100 14 38 73 105
120 20 54 105 15
140 28 7 15 22

Table XXXTI should also be used 1 calculating non losses at high
densities, as 1t extends beyond the range of the curves of Figs 35 and 36

Smooth-core armatures can be run at ugher cmirent densities than
non-clad armatuics, owing to the better oppoitumty for coohng ILake-
wise with non-clad armatuies, those with a few laige coils have to be
designed with Jower cuient densities than those in which the winding
15 subdivided nto many smaller coils

In Table XXXII aie given some rough figues for the curient
densities used 1n vallous cases —

Tapre XXXII

Ampercs per
Square Inch

Small ngh speed annatues 2500 to 3500
Laige . » 1500 ,, 2500
Small low-speed armatures 1500 ,, 2000
Laige » 1100 ,, 1600
Transformers with Em ced citculation of o1l o1 an 800 ,, 1500
Lairge tiansformers immmersed m o1l o1 an 500 ,, 900
Small » » ,, 500 ,, 1100

Tn the casc of small transformers the current density could be very
much lugher without causing excessive temperature 11se, but such trans-
formers would have poor iegulation On the other hand, large tians-
formenrs, when properly designed, have better regulation than 1s necessary,
the cuzent density being limited fiom theimal considerations — Although
many large tiansformers ate so pooily designed that a few hows’ 1un at
full load heats them up to above 100 deg Cent, this 1s bad practice, as
1t causes deterioration both of msulation and of mon* A rise of not more
than 60 deg Cent should be aimed at, even with large transformers

! See pages 29 to 32 for discussion ot deterioration of non at high temperatuies
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The curve of Fig 118 shows that even a rise of 60 deg Cent 1educes
the msulation resistance of a tiansformer to a small percentage of 1t
In other words, msulating substances have a vary

resistance when cold
In this case, where the msulating

large negative temperatute coefficient
materal was a composttion of mica and cloth, the tiansforme bemg
mmersed m ol with which the msulation was thoroughly mnpregnated,
the average temperature coefficient between 20 deg Cent and 80 deg
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Cent was — 8, that 15, the msulation 1esistance meieased 80 per cent oy
deg  Cent deciease of tempuratwe  But Ahe ability of {his msulatin.
matenal to withstand the distuptive cffects of  ver y high potontials l:
practically ummpaired  Consequendly, i, 1n mportant o distmamsh
carefully between the ability to withstand the appheation of high valfawes
and the msulation 1esistance, as measured m megohms  The [11~1||:1t:m
lesistance 1 megohms returns to e ongimal lugh value when {he
transformer 1s agamn cold,
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Ramwway Motors

The necessity 1n this class of apparatus of having high efficiency at
light loads (which 15 the condition under which railway motors operate the
greaber part of the time), requres that they shall be designed with an
efficiency curve which quckly 1eaches 1ts maximum, and falls off very much
at laiger loads ~ As a consequence, a good ralway motor cannot be
operated for long penods at 1ts full 1ated drawbar pull, without reaching an
excessive and dangerous temperatwe  The need for compactness also
1equires running ab Iugh temperature under the condition of long-sustamed
full load In the section iclating to the design of ralway motors, this
matter 1s more fully considered

Arc Dynanos

Axc dynamos are designed to mamntain constant cuivent, paitly, and
sometunes almost entuely, by mnherent sclfaegulation  This 1equires a
large number of turns both on field and aimature, and 1n o1der to obtan
1easonable efficiency, the conductors have to be run at very low-cuirent
densities  As a conscquence, a piroperly designed are dynamo will
run much cooler than would be at all necessary fiom the theimal stand-
pomt. Such a machme must be, of course, laige and expensive for 1ts
output

In apparent contradiction to the above statement stands the fact that
almost all arc machmes at present in operation run very warm  But this
18 beeause almost all arec machines as now 1 usc have such low efficiencies,
patbicularly at anythmg less than full load, as to render 1t extiemely
wasteful to contnue them 1 service By throwing them all out and
wstalling well-designed apparatus, the saving m mamtenance would quickly
cover the expenses incmied by the change

CONSTANT Porentiarn Dynanmos

In constant potential dynamos 1t should be the amm to have the
clectromagnetic and theamal limits comade  Foity or fifty degrees
Centigrade 11se m temperatmie during continuous running 1s generally
considered entnely satisfactory, although the requnements for Admnalty
and other Government work are usually more 1gid  In constant-potential
machines the efficiency 1s so high (especially when compared with the engine
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efficiency) when the temperature lmmt 1s satisfactory, that the cffiency
should seldom he a determming factor ~ Proper thermal and clectio-
magnetic constants should be the limting considerations

In dynamos 1t 1s customary to quote the efficiency at the tem-
perature reached by the machine at the end of seveial (genaally ien)
hows’ run, but i the case of transformers, 16 15 gencially quoted at
20 deg Cent Nothing except prevaling practice justifies these con-

tradictory miethods

Commoraror Hevrine.

The heating of the commutator arses from thice causes — the
mechanical friction of the brushes, the C* R duc to the usclul cunrent
flowing across the contact resistances, and the licating duc to the waste
curents caused by short-ciremiting of adjacent scgments, and by spaikimg
Copper brushes may, under good conditions, be 1un up to a density of
200 ampexes per square mch of contact surface, and even Ingher e small
machmes  Carbon brushes should prefeiably not be ran above 10 ampetes
per square mch of contact surface, excopt m small machies, whete, witl
good conditions, much lugher densities may be used — The pressute nocd
seldom exceed 21b per square meh of brush-heaimg surface, and a
pressuwre of 20 oz per square mch corresponds to yood practice In the
case of railway motors this has to he consulerably marcased, hecawse of the
excessive jarring to which the brushes are subjected

At a perpheral speed of commutator of 2,500 It per nmnte, which
corresponds to good practice, the 1150 of temperatie of the commutato
will seldom exceed 20 deg Ceut per watt per square meh of ponplicral

ladiabimg  surface for unventilated  commutators , and  with special
ventilating artangements depending upon centiifugal flow of an, (his
figne may be considerably mproved upon  The total 1se of 1 mpera-
ture should preferably not exceed 50 deg Cent for contmuons 1yunmng
at full load

The contact resistance offered by catbon brushes al a prossue of
20 oz per square inch of beang swiface, and af ordinary  curent
densities and pevipheial speeds, may he taken ab 03 olins per s squae
mch of contact surfaice That W, 1f there are, for mstance, fom posttive
and four negative biushes, cach with 2o square mebies of e animg
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suiface, the resistance of the positive brushes will be I.O Lt:) = 006 ohms
4x

and this will also be the resistance at the negative brushes, consequently,
the total contact resistance will be 012 ohms from positive to negative
brushes

The contact resistance of copper brushes need not exceed 003 ohms,
per square meh of contact surface, and with good conditions will be less

In estimatimg the friction loss, the coefficient of friction at the standard
pressure, and with the commutator and brushes m good condition may be
taken equal to 3

To ilustiate the application of these constants m estimating the
heating of a commutator, the case may be taken of a six-pole 120-kilowatt
gencrator with a 30 m diameter commutator, whose length, parallel to
shaft, 15 8 w, and which 1s fuumshed at each of 1ts six neutral pomnts with
a sct of fowr caibon hrushes, each having a bearng smface of 15 m
x 751 = 113 squarc mches Consequently, there being twelve posi-
tive aud twelve negative brushes, the total cross-section of contact for
the cmrcent 15 12 x 113 = 135 square inches

The capacity of the machine 18 480 amperes at 250 volts, conse-
quently, the cuirent density 15 36 amperes per square mch Taking the
contact resistance at 03 ohms per square mch, the total contact resistance
amounts to 17x£31~—13 x 2 = 0045 ohms fiom positive to negative te-
mnals  Therefore the C* R loss 15 480° x 0045 = 1050 watts Pres-
surc 15 adjusted to aboul 14 Ib per square inch  Total pressure 125 x
185 x 2 = 34 b Speed = 300 1evolulions per minute  Peripheral
speed = 2360 ft per mmute  Therefore, foot-pounds per minute =
2360 x 34 x 3 = 24,000 foot pounds = 73 horse-power = 545 watts

Watts

'R = 1050
Triction = b04b
Allow to1 stray losses = 100
Total commutator loss = 1695

Radiating surface = 8 x 30 x = = 760 sq 1n
Watts per sq m = 1695 — 760 = 22

Figuring the 11se at 20 deg Cent per watt per square mch, there 1s

obtamned —
Total 115e temperature = 22 x 20 = 44 deg Cent
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Careful tests fal to show any considerable decrease 1n resistance
of contact on incieasing the brush pressuie beyond 20 oz per square
inch, nor does 1t change very gieatly for chifterent speeds and cuiient
densities , at least not enough to be worth taking mto account m the
necessarily 1ough approximate calenlations It will, of cowrse, be under-
stood that when brushes or commutator are mn poor condition, fiiction,
C? R and stray losses, are certain to gieatly mcrease

Fricrion Loss

The loss through windage and bearmng friction necessaiily 1s very
dependent upon the natwe of the design and the method of driving
When the armature 1s duectly driven from the engine shaft, and 15 not
provided with an outhoard bearmg, the loss has to be shaied by both
engme and dynamo  With belt-driven dynamos a thid bearing beyond
the pulley 15 sometimes necessary  The loss due to Dbelt fiiction 1s not
propeily ascribable to the dynamo  If the armatwe and spider aie
fuinished with mternal fans and flues, o1 other ventilating anlangements,
the advantage m coolng thereby gamed necessarily mvolves wmeteased
friction loss  In a lme of lugh-speed alternators thus designed, the fiiction
loss ranged from one per cent m the large sizes up to thiee per cent m
the small sizes, the range bewmg fiom 400 Inlowatts to 60 lalowatts
capacity, and the machines being belt-driven, the belt losscs, however,
not heng mcluded  The speeds were from 360 1evolutions per mmute for
the 400 kilowatt, up to 1500 revolutions per nunute {for the 60 kilowatts

Some stmlar conbimuous-cwrrent belt-dinen generatims, fo1 1athe
ower speeds, had fiietion losses 1angimg from 8 per cent 1 the 500 lalo-
vatt sizes up to 2 per cent, o1 1ather less, m the 500 kilowatt sizes

Large direct-coupled slow-speed genciators will have considarably
ess than 1 per cent fuction loss, and such machies {or 1000 kilowatts
nd over should have fuction losses well within 1 per cent

g I
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DESIGN OF THE MAGNETIC CIRCUIT

La practice, the solution of magnetic problems 15 generally lmgely
cmpirieal, on account of the very great difficulty n calculating the
magnetie leakage, as well as i determuimng the precise path which wall
be followed by the magnetic flux 1 those parts of the magnetic ciremit
which are composed of non-magnetic matenal, such as—in dynamos and
motors—the awr gap between the pole-face and the armature surface
In closed eremit tiansformers no such difficulties arise, and the deter-
nimation of the 1eluctance of the magnetic eircnit becomes comparatively
simple

Analogies between clectiic and magnetic circuits are misleading,
since a magnetic circwt of non located m an 1s smumlar to an electie
cireurt of high conductivity immersed m an eleetric encuit of low condue-
tivity, the streamn flow being proportional to the relative conductance
of the two encwits  Moreover, iIn magnetic cncuits the resistance varies
with the fAux m a manner dependent upon the form and materials of the
magnetic cireutt

TFor the pmpose of caleulation 1t 15 assumed that the magnetic flux
distiibutes 1tself according to the reluctance of the several paths between
any two pomts The diffcrence of magnetic potential between two points
18 equal to the sum of the several reluctances hetween these points,
multiplied by the flux density along the lne over which the 1eluctances
arc taken  The permeability of an bemg umty, and that of iron being
a function of the flux density, 1t follows that a proportion of leakage
llux, or flux external to the core of an electro-magnet, mereases with the
Hux density 1w the core, and with the magnetic force  Practically, the
function of a magnetic cucutt 1s to deliver fiom a primary o1 magnetising
member a defimite magnetic flux to a secondary member Thus, mn the
case of a dynamo o1 alternator, the function of the field magnets or prunary
member 15 to deliver a certamn flux to the armature, mn the case of a
transformer, that of passing through the secondary coils a ceitain magnetic
flux  The secondary member reacts upon the primary member, and affects
the effective magnetic flux according to the amount of curieut generated
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in the secondary member  Thus reaction acts to change the magnetic flux
m the secondary member m two ways, first by 1educing the resultant
effective magneto-motive force acting on the magnetic crcmt , and,
secondly, by affecting the magnetic leakage by alterng the differences
of magnetic potential and distribution of magnetic forces around the mag-
netic circutt

In the case of a geneiator with brushes set with a forward lead, the
reaction 1s such as to demagnetise the field magnets and increase the
leakage

In the case of a motor with brushes set with a forward lead, the
reaction 1s such as to increase the flux through the aimature by added
magneto-motive force and dimimshed leakage

In the case of an alternating-current generator, the reaction 1s such
as to dmmmsh the flux with lagging armature cuirent, or with leading
current to mecrease the flux

In the case of a transformer with lagging curient, the effect 15 to
dimmish the effect of the piumary current, and with leading curient to
merease this effect

As stated above, however, the leakage n general 1s affected according
to the magneto-motive force between any two pomts The chective
flux 1 any magnetic crewt 15 equal to the resultant maguneto-motive
force divided by the reluctance of the magnetic cucurt Obviously, then,
m the design of a magnetic cncuit the effects of these reactions have to
be carefully calculated In the design of the field-magnet cucuit of
dynamos and alternators, the nfluence of the armatwe 1eaction on the
effective magneto-motive force may be taken mto consideration m the
calculations by assuming a certan defimte masmum armature 1eaction
These armature reactions will be discussed subsequently  Obviously,
the flux density and magnetising force may mall cases vary very widely
for a given total flux Therefore, fulfilling equivalent conditions as to
efficiency and heatmng, there 15 no fixed ratio hetween the amount of
copper and 1ron required to produce a ce1tain magnetic flux  The design-
mg of a magnetic crewt may then be said to be a question of produe-
Ing w the secondaiy member a given effective magnetic flux, and with
a given amount of energy expended i the primaiy magnetic coils, and
with a mimmum cost of material and labour, and the most economical
result 15 an1ved at by means of a series of trial caleulations  The eneigy
wasted m the field magnets should not, mn the case of continuous-current
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machinery, generally exceed 1 or 1% pet cent of the rated output, the
permussible values being dependent mainly upon the size and speed
In all cases there 1s, of course, the condition that the magnetising cols
shall be so proportioned as not to heat beyond a safe limit

In the case of transformers the condition becomes different Theie
1s a constant loss of energy in the magnetic enncwt, due to hysteresss The
amount of energy consumed m the magnctising cols at no load 1s
neghgible At full load 1t 15 a considerable fraction of the total loss
Transformers are seldom worked at full load for any length of time,
consequently the open arcwit losses should be made consistent with the
mean load of the tiansformer  The general design of the magnetic arcuit
of an alternating-current transformer may then be said to consist, for a
awven stated output, m securing a satisfactory “all day ” efficiency and
satisfactory theimal conditions for a mmmmum cost of material and labour,
both the non and copper losses bemg considered

In the case of continuous-current dynamos, the axmature reaction as a
factor m determuning the design of the field magnets, 15 of greater 1mpor-
tance now than heietofore Thorough ventilation of the armature has so
reduced the heating, that fiom this standpomt the output of dynamos has
been greatly mereased  The general intioduction of caibon brushes, and a
mote thorough knowledge of the actions m commutation, has greatly
mereased the output for good operation from the standpomnt of sparking
Thus ihe magnetomotive force of the armatuie has natnrally become a
much greater [actor of the magnetomotive force of the field inagnets
laking the agnetomotive force of the mmatwe as the lne integial
through the armature from brush to biush, theie are numerous examples
sf very good commutating dynamos m which the magnetomotive force of
he mmature at full load 1s equal to that of the field magnets — In several
arge dynamos designed by Mr H F Parshall, which have now been m
wse for so long a time that there 1s no question as to satisfactory operation,
e magnetomotive force of the aimatuie at full load was 50 per cent
yieater than the magnetomotive force of the field magnets, and the number
f turns requied m the senes coils to mamtam constant potential was
ypproximately equal to that  the shant cotls to give the mutial magnetisa-
ton It 1s found m practice that the component of the armatme magneto-
notive force opposing the field magnets, 2 ¢ , the demagnetising component,
s fiom 18 to 30 per cent of the total armatare magnetomotive force
[his eresponds to a lead of the brushes of fiom 9 to 15 per cent of the
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total angular distance between successive neutral points, ¢ ¢, to an angula
lead of from 16 deg to 27 deg, the angular span of two magnetic fields
(north and south) bemng taken as 360 deg

The armatuie 1eaction, therefore, m modern practice greatly meicases
the amount of mateiial 1equired 1n the field-magnet coils and in the field-
magnetic eucuit, by mereasing the econowical length of the magnetie cor
and coils, which m tmn tends to mcrease the magnetic leakage, and there-
fore to require greater cross-section of magnetic encmt  As yet, however,
practice has not been sufficiently developed to 1each the It beyond wiieh
the total cost of the dynamo 1s mecreased, by mereasing the armatuie
The field magnet may, therefore, be considered, m general

reaction
The LIimt, of course, to the wrmature

practice, a subservient member
reaction 15 frequently reached m the case of such compound dynamos as are
requued to give an approximately constant potential over the whole
working range

In the case of alternatois, the thermal hmmt of oubput has heen
1ncreased by ventilation, as in commutating machmes By the introduction
of a general system of an passages, shorter armatures have hecome possible,
consequently natural ventilation of the armatwe has been vastly mercased

The tendency m recent practice has been to it the output, of
alternators fiom the standpomnt of mherent regulation, and the thermal
Limit of output has been generally determmed to conform with  the
conditions lad down as to regulation and wmidudance  Alternators
designed to work over inductive lhnes for power puposes are very
fiequently designed with one-half the armatmie reaction that would be
used 1 the case of hghting machines

A full discussion of the aimature 1eaction of alternators will e

given 1 a later section It may le stated here, that 1 wn-slog
single-phase alternators, the value of the icluctance of the magneta
cucurt becomes very dependent upon the position of {he wmatuie
slot with respect to the pole-face, hence the 1eluctance undergoes

a periodic vatation of n cycles per revolution of ihe armature,
bemg the number of field-poles The vanabion s agenerally  of s
great an amplitude as to make 1t mportant to constiuct the utne
magnetic encuit of lamnated o, otherwise the field frame hecomes e
seat of a very substantial loss of encroy through «ddy currents Althnunh
thus loss 15 less sertous m multi-slot smgle-phase alternators and 1 poly-
phase alternators, 1t should be carcfully consdered , and 1t will offen I
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found desnable 1n such machines to adopt a laminated constiuction of the
entue field frame  Even i continuous-current machines, the loss may
sometimes be considerable, bemng of greater value, the fewer the slots per
pole-piece, the wider the slot openings and the shorter the au gap  But
m continuous-current machmes, there are almost always enough slots to
mswie the 1estriction of the magnetic pulsations to the vicmity of the pole-
face, and hence 1t 1s often the practice to lamiate the pole-faces only
But m all alternators, even with multi-slot armatures, present practice
requres that the magnet cores, at least, shall be lammated for the entire
length  The pulsations of the flux throughout the magnetic circmt, due to
periodic variations i the reluctance, reach then gieatest extent in the
wmductor type of alternator, and constitute one of the objections to most
vaneties of this type of alternator

LeakaceE COEFFICIENT

The coefficient by which the flux wlich reaches the aimature and
becomes linked with the aimature turns must be wultiplied m oider to
derive the total lux generated by the field coils, 15 known as the “leakage
coefficient,” and 1n most cases 15 considerably gieater than umty. It 1s
evident that the *leakage coecfficient” should ncrease with the load,
since the aimature ampere tuins seive to 1aise the magnetic potential
between the surfaces of the adjacent pole-faces, and tend to mcrease the
component of flux leaking between adjacent pole tips and over the surface
of the armaturc teeth above the level of the amatme conductors — The
annesed diagiams give the values of the leakage coefficients as deternined
from actual measwements for seveial cases It will be noted that
Fig 122 are given results both with and without current n the armatwe
(Sec Figs 119 to 124)

ArmMaTure CoreE RELUCTANCE

The reluctance of the armature core proper 1s generally fixed by
thermal conditions, which are dependent upon the density and peilodicity
at which the core 1s run, the reluctance being chosen as high as 1s consistent
with the pernussible core loss
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Reluctance of Magnetic Circut 1

Ar Gar Rerucrance

The reluctance between the aimature core and the faces of the pole-
preces 15 determined by the space 1equired by the aimature conductors and
the necessary mechanical clearance between the aimature surface and the
pole-faces '

Rerverance oF Comprere Maeyeric Circorr

The reluctance for a given length of magnetic eiremt should be such
that the combined cost of magnetic iron and magnetising copper 1s a
mmimum  The length of the magnetic circuit should be such that, with
what may be termed the most economical denstties, the cost of the copper
and 1on 15 & mimmum By magnetising copper 1s meant that amount of
copper required by the magnetising coils to give, under fixed theimal
conditions, that magnetomotive force that will mamtan the proper flux

1 In discussing the sparhiig limt of output of a smooth-core aimatwme, 1t has been
fiequently asseited that the sparking it of a generator 1s a function of the depth of the
an gap  But the inductance of the aimatme coils when under commutation 15 not appieciably
dmmished by meicasing the depth of the an gap, except n machmes wheie the brushes have
to be set torward nto the neat neighbourhood of the pole-tip, which 1s not necessay m
well-designed genceratos  Therefore, the depth of the an gap has no relation to the magnetic
spatking outpul, except m so far as 1t may alter the disttibution of magnetism in the gap
Beyond a certwm limt, mereasmg the depth of the an gap acts deletenously on the spukmng
limt, sinec the distribution of the magnetic flux 1n the gap hecomes such that the permssible
angulu 1ange of commutation 1s very small  In the ease of toothed aimatmes (which me
now common praetice), the an gap 1 good practice 1s made as small as 15 consistent with
mechanical safety  The denaity m the projectrons 1s carned to a very igh value, 1t being
gencrally 1ecogmised that the gieater the magnetic density at the pole-face, the greater
atmatwe 1eaction 1s possible without spaiking  To satisfy this condition alone, a high
density m the projections becomes necessay It has, however, been pomnted out that, with
the projection normally worked out, magnetic distortion in the ai gap may be made greatly
less than 1 the caso of a well-designed smooth-core atmatume  In the smooth-core machine
the distortion m the gap 1s propartional to the aimature reaction, whereas 1n the ease of
highly magnetised projections the distoition 1s greatly less than propoitional to the aimatme
reaction  Considered with relation to the nductance of the aimatme couls, 1t appears that
the mductance ot the cols becomes smaller and smaller as the magnetic 1eluctance n the
cneutt sunoundmg the coils becomes mcreased  All of these conditions maj be mcluded
Lioadly by sayng that fou a given output theie 1s a cerbam lmitmg unmmum 1eluctance
1w the an gap, having 1egud both to distortion and sclf-induction As will be shown later,
however, spaukless commutation has to he considered not only m 1ts relation to the mductance
of the armature coils and to the stiength of the 1eversing field, but also m 1espect to the
nature of the collecting biushes  CGenerally speakimg, wisible spuking, ot that exteinal
to the brushes, 18 least injurious to the commutator

R
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thiough the armature at full load The densities should Le taken to
correspond with the full voltage generated by the aimature ~ The propor-
tions of the magnets should be taken to coriespond with the magneto-
motive force requued at full load

For a given density the magnet coils should be of a certam length,
if too long, the cost of the iron will be excessive , 1if too shoirt, the cost of
the copper will be excessive, smce the racating surface of the coll will be
too restricted  The depth of the magnet corl must, m practice, be
restricted , otherwise, the tempeiature of the mner layers will become
excessive !

Estation or Gar RELUOTANCE

The magnetomotive force (expressed in ampere turns) expended m
mamtaming a flus of D lines per square nch, across an aw gap of
length L (expressed in nches)1s.318 x D x L The proof of this 1s as
follows

D hnes pet sq mn = ii5 hnes per square centimetic
-2
G 45
For air
H=D
H - D
645
4mnC
But H = 107 ° I bemg length expressed m centimetres, and 1 C being

ampere turns (number of turns x cuirent)
we= 1 K
4

10 0D L asiL
=613

313 x Dx L

! The ncrease of temperatuie of the magnet coils should be determined by the mciease
m their 1esistance  Placing the thetmometer on the exteinal suiface, unless the winding
15 very shallow, 1s not a satisfactory mdication as to whether o1 not the mmner layers may
not be so hot as to increase the resistance of the coll so much that 1ts magnetomotive force
at a given voltage 18 greatly dumiashed
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Revvcrance or Core Prosecrions

The armatuie projections between the conductors are generally
magnetised well towaids satwation, so that the determination of the
magnetic force 1equued for a given flux acioss this part of the magnetic
ciewit 15 of importance  The following method will be found useful

The magnetic flux divides between two paths

1 The iron projections

2 The slots contammg the conductors, and the spaces between the
lammations

The propoition of the flux flowing along each path 1s propoitional to
1ts magnetic conductance  There are several cousiderations which make
the cross-scetion of the ion path small compared with that of the other
paths

I Tn pmaetice the width of the tooth 1s generally fiom 50 to 80 per
cent of the width of the slot

2 The slot 1s lroader m a dircetion parallel to the shaft than the 1on
purtion of the lanunation, Leeause of the 25 per cent of the length of the
atmatuie fiequently taken up by msulation between lammations, and by
ventilating ducts

3 This 25 per cent of insulation and duets, 1tself offers a path, which
. the followimng caleulation 1t will be convement to add to the slot,
denoting the total as the an path

It thus appears that although the 1on path 1s of lugher permeability,
the arr path has sofficiently greater eross-section, so that 1t takes a con-
siderable portion of the flux, and 1t will be 1eadily undeistood that the
1esultant 1cluctance of the paths m multiple bemng considerably less, and
the density of the flux hemg deacased at a pomt where the permeabihity
wercases 1apdly with  deercasing  denaty, the magnetomotive force
nocessary for a given flux may be greatly less than that required to send
the entire flux through the projections

Tot @ = width of tooth ta 73‘1
n b= 5 slot  (See Tig 125)
,» A = breadth hetween ammatuie heads, of 1on pait w

of lammnation

@ & = cross-section of non m one tooth @5 4)

2% = cross section of slot (becanse 25 per cent of the bieadth of the
amature 18 taken up by ventilating ducts and nsulation
betwcon laminations, and the breadth of the slot exceeds that
ot the rron 1 the tooth Ly thot amount).
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If m any particular design this pioportion vares from 25 per cent,
new caleulations may be made, 1f the magmtude of the variation 1s suilicient
to warrant 1t Moreover, theie 15 25 pe1 cent of ventilating ducts and
msulation 1 the breadth of the tooth itself  The cross-section of this will
be 25 % = 33ak It willbe convement to add this to the slots, and
denote the total as the an path

Choss section of an path = ng + 3Bak=1340% + 33alk
7

This an path, therefore, takes m all ] aths except the ron lammation

Let ! = depth of tooth and slot
» N = lines to be transnitted by the combmed tooth and slot, and
p = permeability of 1ron 1n tooth, at true density

Let the N lines so divide that there shall he
n 1 ron path, and N — # 1 an path
" = denslh‘) m 11on PRMI
ak

and
N-n
—_— =4 A
TS50+ 3dal density 1 an path
akp
T
1304 + 33 alk
"

Conductvity of non path

Conductivity of an path =

Now, the fluxes 2 and N—7z m non and an will be dneetly propor-
tonal to the 1espective conductivitics

ahkp
"o ! - an
N-n 1340k+ 33ak 1316+ 334
e

L34bn+ Bon=auN-awun,
n (1346 + 33u + a wy=anN,
§=134[l+_33n+«/(
" [
Let B = tiue density m 1ron, and B' = density calculated on the
assumption that the non transmits the entue flux Therefore, the 1at10 of

N (the total lines) to n (those m 1ron), ¢ ¢, g, will equal the ratio of B!
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(the density figured on the assumption that all the lmes arc m non), to 1
(the actual density m 110n)

bt N ~ 1310 4 Hu +oapn
i T « n

In Table XXXIII ae calculated some values of"1 for cufferemt

a
values of >
Tancn XXXIIT

3 !
1 £=1 (1e, width tooth = width lot) BET6T A g
3 B "

Bt 212 4,

2 0= Th( » by =7, !

3 %~ ho( R S LR
12 b L0 b n

The next step m this process requires 1eference to the non cuxves of
Fig 126 From these curves Table XXXIV 15 denved

Tanrer XXXTV

Conected . Densmbies Fagucd on Assumption that Tron Transmits
Tion Densitios Entie Floy
B u l 1;*(‘; - \ w( 75) (= :m)
17,000 138 | 17,200 | 17,300 17,100
18,000 92 | 18,100 | 18,500 18,600
19,000 56 ! 19,500 | 19,500 20,000
20,000 33 | 21,000 ! 21,300 21,500
21,000 3 22 R00 [ 23000 23,700
22,000 17 21,200 ! 24,700 26,000
23,000 13 26,000 l ’lr 800 28,400
i i

TapLr XXXV —Dinsirns v Incms

Conrected fron Densities Igured on Assumption that Jron Transmts
Densities Entue Flux
Kilolmes per Square 1 @ _ er «“ g

Insh 4 b =1 o i 50
110 111 13 113
116 119 120 121
123 127 . 128 129
129 136 138 141
136 145 119 153
182 156 160 108
149 168 173 183

i
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In the curves of Fig 127, the values of the densities m  the
Tables have been transposed mto kilolnes density per square meh, and are
thus available for use m dynamo caleulations, where the process sumply
consists 1n figming the won density as 1f the non tl:LIl\llI]Lt.((l the cutne
fluy, and obtaining from the cuives a corrected value for use m hguring the
magnetomotive force  The number of tecth to be tahen as tiansnnttbing
the flux has to be determmed by judgment, and 1 wiluenced by the
length of the gap Geneally, mcicasmg by one, the numbea lymg,
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ducetly under the poleface gives good 1esults for machimes il very
small air gaps, while two o1 three extra tecth should be added tor
larger gaps.

CarcuLaTion For MacnEric Crrevrr or Dyavo

The following example of a very sunple cano nuy he of mtorst,
as giving some 1dea of the general method of handling sueh problons

A certam 1onclad dynamo has an au-g
Lnes (per square mch), the density m the
and 1n the magnet yoke 80 lalohnes
The tooth density is 110 k)
50 lkilolmes

ap density of 10 Lalo-
agnel core s 90 lalolmes,
The frame 1 of cast stecl
ohnes, and the armature denaty s

m
Length of gap - 25
. magnet core (as related to the magnetic cicut) 14
w  yoke (couespondmg to one spool) h
» tooth 5

» armature (cor: esponding to one 8pool)



Field Windimg Caleulation

Requiied number of ampere-tmins per spool at no load

Ampere tuins for gap = 313 x 10,000 x 25 = 3130

Ampere-tuins for magnet core (hom cunve Lot g 14, page 21)
= 17T x 10 = k70
\mpere-turns for yoke = 29 » b = 170
Ampere tmns for tecth (hom cve Bof g 22) = 160 < 15 - 230
Ampare-turns for amatnre cone O x 1 = 20
Total 4020

Therefore ampere-turns per pole-preee at no load = 4020

It thus appears that, tor practical puiposes, 1t 1s much more direct
proceed as - the above example, than to go thiough a laborious calcu
tion of the total reluctance of the magnetic enewit, madentally bringing
the permeability and other factors, as deseribed m many text-books

Fiery Winpine Forvura

In making ficld windmg caleulations, the followmg formula 1s of gre

service

1 x Ampere-feet\ *
o ( 1000
y - A

Watts
m which
Lb = Pounds of cappar per sponl
Amperc-teet = Ampere-turns x mean length ot one tuin, espressed 1 feet
Waits = watts consumed m the spool at 20 deg Cent

This formula 1s dernved as {ollows

Resistanco between opposite faces of a culne meh of commaaal copper at 20 deg Cen
= 00000063 ohms
If Tength m mches = T, and aoss sccbion mosquate mches = S, then
I 00000068 L
Ve -
S
H000OO6S L*

SLo=
! R

Let 1 = mean length of one turn momches

L = number of tuins
It=1L
5L = J0UO0ULS 2
R

000006 C* /42

CTR
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0_1_7£ = amperefeet (ampere tuins x mean length of one turn m feet)
Clt =12 x ampere-fect
QP = 144 (amperc teet)
C" R = watts
N ampere feet)?
G B ( 10?0”)
’ 7 watts
32 x 68 x 144 x (iunpexvf.ct)I
Ih = 28L= 1000
watts
feat *
31 mpare
Ih = - 1000 )
watts

Arprication To Carcunation ofF A Sreoor. WinNpiNG For A Snune-
Wounp Dynanmo

Thus, suppose the case of a machine for which 1t had been determmed
that 5,000 ampere-turns per spool would be 1equned  Assume that the
mean length of one twin 15 4 0 f&  Then

(nmpel@-feet)“ _ (5000 X ‘L)ﬂ= 400

1000 1000

The radiating smface of the spool may be supposed to have been
600 squaie mches  After due consideration of the opportunitics for
ventilation, 1t may be assumed to have been decided to pertmt 40 watts
per squate mch of radiating surface at 20 deg Cent (it, ol comse
mcreasing to a lngher value as the machime warms up)

watts = 600 x 40 = 240 per spool

31 x 400
1b copper per spool = —:(T = 521h

Thus 1llustiates the application of the formula, but 1t will be of interest to
proceed fuither and determme the winding to be used

A six-pole machme will be taken, designed for separate excitation
fiom a 250 volt exater Jn order to have room for adjustment, as well as
to allow for probable lack of agreement between the caleulated and
actual values, it 1s desnable to have but 220 volts at the winding termmals
under noimal conditions of opeiation  This 15 220/6 = 367 volts per
spool
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Field Wanding Calowlatron 13

The conditions as regards ventiation mdicate a rise of 80 deg Cent
in the temperature of the spool winding under the conditions of

operation
Then the watts per spool arc

TIT x 240 = 280 watts at 50 deg Cent

A =20 .
mperes 357 76
Tuins per spool = qg%q = 655
7

TYPICAL MAGNETIC CIRCUITS
Fig136
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And as the mean length of onc twn 15 40 ft, the total length of
winding 1s
655 x L = 2620 tt
Pounds per 1000 f¢ - 2563 =198
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From the Table of properties of commercial copper wire, 1t will be
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found that No 12 B and S has 19 8 Ib pe1 1,000 {t, and is, thurefoln‘, the
proper size  Generally, the desired value for the pounds per 1,000 £ does
not come out very nearly like that of any standard size of wie, ‘ Tn such a
case, the winding may be made up of two dlﬂmvnfz suzes of wne, o
smaller and the other larger than the desired size (.mnvml]y, liowever 1t
18 sufficiently exact to take the nearest standard size of wire

Suppose the space mside the spool Hanges to have 1>uuu‘lo m long,
then, after msulating, 95 m would probably be avalable for \\111:111154
From the Table of propeities of commercial copper wire 1t will he found

_—

TYPICAL MAGNETIC L[IRGUITS
1'!*‘"'{ -
el L Ly 87
- 0¥ .. g

ED

- ul o?

T NTL
iy

10

ﬁ'\ K Alle sential purt

oo
7
\'\‘«\ substantially to sl

4220

T 1T
S ]
] - I Gross dupth arm
lam tovy
yaullll Sdurt s each s wide

s L

§| L
’ JVH j I

forr S o sl

that double cotton-covered No 12 B and S has a diameter of 091 m
Therefore 1t should have Y 5/091 =105 tuins per layer  Plan to take only
100 turns per layer, so as to have a margin

Number of layers = G55/100 = 6 6 layers

Therefore, winding will consist of G 6 layers of 100 turns cach, of
DCC No 12B and S » and will require 220 volts at 1ls termmals when
warm, 1t cariying 7 6 amperes

Caleulations 1elating to the compounding coils of machmes will he
given later, after the theory of armature 1eaction has heen developed

It 15 now proposed to give experimentally determmoed no-load satura-
tion curves for several different types of machmes, together with sufticrent,
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Magnetric Cuicurt of the Transformer 1

of the leading dimensions of the machines to enable the results to
profitably studied and compaied

In the case of Fig 128, two machines weie tested Same fields, L
one armatuie having slots as shown at A and B, and the other as shown
C, D, and E The armature coils used m the tests were those m slots
and C respectively For figuiing the flux i the case of A, the “for
factor ” was taken as 1 25  Tor C, the “foim factor” was taken as 11
In the casc of a winding at B, the results would probably have con
sponded to an appreciably difierent “ form factor” from that used for +
In the tests the coils contaned m the slots B were not employed

The satwmation cuives A and C exhibit the 1esults and show the tot.
reluctance of the magnetic cireutt to be substantially the same for the tw
cases  In Figs. 129 to 137, welusive, nme other examples are given, th
necessary data accompanying the figures

Maanerie Cireulr or THE TRANSFORMER

The calculation of the magnetic circwit in the case of transformer
cannot, of couise, be at all completely dealt with until the whole matter o
transformer design 1s taken up 1n a later section But the following
cxample will give a geneial idea of the considerations mvolved, anc
will dlustiate the usc of B-H and hystoresis and eddy current curves

Ten-hilowatt Transformer —The magnetic circwit 15 shown m the
accompanymg sketch (Tig  138) Primay voltage = 2,000 volts
Secondary voltage = 100 volts Prmaiy twns = 2,340, pertodicity 80
cycles pet sccond E =4 FTNM x 107 Assume that the trans-
former 1s to be used on a cncurt having a sine wave of electiomotive
force  The “{orm factor ” of a sine wave 1s 1 1L, hence

F=111
2000 = 4 x 111 x 2340 80 x M » 10~®
M = 210,000 Imes = 24 megalines

Effective cross-section of magnetic cnemt =313 x 313 x 90" =88
square inches.

Denmity = 27 3 kilolmes per square mch

Tust calculate magnetising component of leakage current From
cmve B of Fig. 22 (page 26), we find that at a density of 27 8 kilo-

! Ninoty per cent of the total depth of lamnpations m non, the remaimng 10 per cent
bung japan varmsh or paper fou nsulating the Jammations from each other
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lines, thete 18 required about three ampere-turns of magnetomotive force
per mnch length of magnetic circult
Mean length of magnetic encuit = 59 51

Require magnetomolive force of 595 x 3 = 179 ampere tuans

There are 2,340 tuins

179 .
Requie a maxmum cuient of ‘75140 = 077 amperes
RMS cunent = %7 = 054 amperes

bng139°

Curve for calculabing Hysteresis loss

'§ 120, n Transformer_cores -
< Take dotted curve for Tmnsfnm.m
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Next estimate core loss component of leakage curient Weight of
sheet mon = 595 x 88 x 282 =148 Ib At 80 cycles and 27 3 lilo-

lmes, Fig 139 shows that theie will be a hysteresis loss of 6 x 8 = 48
watts per pound

Volts per turn per square inch of 1ron cioss-section = __2,000_
2,340 x 88
= 097 From Fig 140 the eddy current loss 1s found to be 21 watts
per pound
Consequently hysteresis and eddy current loss will he 48 + 21 = 69
watts per pound Total 1on loss = 148 x 69 = 102 watts Core loss
component of leakage current = 102 — 2,000 = 051 RM S amperes
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Resultant leakage current = /0547 + .051* = 074 amperes  Full

10,000
1 § = 10000
load curren 5,000 50 amperes
Consequently resultant leakage curent = 14 per cent of full-load
current Coie loss = 102 per cent of full-load 1ated output

Ezample —Find core loss and leakage current for the same tians-
former with the same winding when runnmng on a 2,200-volt 60 cycles
cireut

Maanerie Circuir or ik Inpucrion Mortor

In Fig 141 1s repesented the magnetic structure of a six-pole three-
phase mduction motor  The pumary windng 15 located m the external

Lig b
—— Width of slot 72
g 18 — - cpenng

Paset ; Mo NETI CIRCUIT OF INOUCTION MoToR
poles " tatorfgrmary), s 54.lots, aelta connected
Sphase winsting with 108 rns s s or phase, for 10 volts at 60 Cycles

stator, wlich has 5.4 slots  There are 12 conductors per slot, consequently
12 x 54 = 048 total face conductors, 324 twmins, and 108 twins m seiies
per phase  The motor 15 for 100 volts, and 60 eycles, and 1ts prmary
wmndigs are A connected  When ran from a sme wave cineurt, we have

TI0 - 1 % 111 x 108 x 60 x M ~ 1073
M = 35 megalines

Before oceeding to the caleulations duectly concerned m the de-
termmation of the magucetising cunent for the magnetic enewt of this
mduction motor, 1t will be necessary to sbudy the relations between
magnctomotive foree and flux distitbution i this type of magnetic encuit
and winding

In Thg 142, a portion of the gap face of the prmary 1s developed

along a stiaght lme, and the slots occupied by the three windings are
T
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lettered A, B, and C The relative magnitudes of the currents n the
three windmgs at the instant under consideration are given numerically
mmediately under the letters, and the 1elative directions of these cwrents
are imdicated m the customary manner by pomts and crosses  The instant
chosen 1s that at which cwuirent m phase A 1s at 1ts maximum, denoted
by 1, the curients m B and C then having the value 5

The curve plotted inmediately above this diagram shows the
distribution of magnetic flux in the gap, at this mstant, on the assumption
that the gap density is at each point directly proportional to the sum total
of the magnetomotive forces at that pont  Thus the magnetic hne which,
m closing upon 1itself, may be concerved to cross the gap at the ponts

Ll T
r olerign s T HH
.;.Aﬁng@F{I zfovsf‘e |
-+ | -
A ™~ —
T -
™~ 1
Y - i I -
A
\ / \
N A ™
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= ]
P - u
AATA A A A AR AR
st D

G2

M and N, 1s hnked with the maximum ampere turns Taking the
mstantaneous current m conductors of phase A as 1, and 1n phases B and
Cas 5,and for the monent considering there to be but one conductor per
slot, the total hinkage of ampere turns with the lme m n1s3 x 1 4+ 6 x 5
= 6, and the maximum ordinate 1s plotted at this pomnt with the value 6
In the same way the other ordinates are plotted Fiom this curve 1t
appears that the resultant of the magnetomotive forces of the three phases
at the pomts M and N 1s two times the maximum magnetomotive force of
one phase alone  This 15 a general property of such a thice-phase winding
Moreover, an analysis of the cmave shows the maxmum ordmate to be
16 times as great as the average ordmmate But this 1s only m tlus
particulai case  With different numbers of slots per pole-piece, this value
would vary, and, owing partly to the increased 1eluctance m the high
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density teeth, the carve would tend to be smoothed out and become less
peaked Consequently, the distribution of the flux density should be taken
to have a smusoidal foom  Practical calculations of the magnetising
cuzent agree best with observed results when the maximum value of the
an-gap density over the pole-face 1s taken equal to o/2 times the average
value

The above considerations are suflicient, as they enable us to determme
the maximum values of magnctomotive force and flux, and 1t 1s from such
values that the maximun magnetising cunient 1s derived  But 1t wall be of
mterest to refer also to Fig 143, m which are 1cpresented the conditions
onc-twelfth of a complete eycle (30 deg ) later, when the current i phase B

INDUCTION MOTOR

Fig143 ) Distribution of Resultant Magnetomotive force
- | - ,‘P’\’TT i N O Y Y
N B T4 7’7‘?7‘:::7“ N ‘(\ ‘ 7‘[
o] -] - RO I R |
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has become scro, the curent w phases A and G having become 867
Ties 112 and 113 represent the hnnting values between which  the
o o

resultant magnctomotive frce uctuates as the magnetic field proceeds m
1ts rotatory course about the magnetic stiucture Various experimenters
have shown this small vaation m mtensity to be, m practice, practically
elmimated  An exanmnation of the diagrams of Figs 142 and 143
shows that the masmoun ordmates aic 52 and 6 respectively, which
corrcsponds to the theoretical ratio of

N3

2

1=1 116

From Ig 141 the following cross-sections of the magnet cncwt per
pole-puece at difleient positions are obtamned
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Sq In
A Cioss-section an gap per pole-piece at face of stator, 1 ¢, smface
area of exposed non of projections 21
B Dutto for 10tor face 21
C  Cross-section at narrowest part of p1ojections 1n stator 10
D Cross section at nanrowest part of projections mn rotor 8
E Cioss-section 1n lammnations back of slots mn stator 10
F Cross section 1n laminations back of slots m rotor 8
Frux DeNsITY
Avelage Maxmum
A 18 kilolmes 25 kilohnes
B 18 s 25 .
C 38 " 54 "
D 48 » 68 »
E — 38 ,,
F — 48 "

The depth of the aw gap 1s (% m (047 i), and the ampere-turns for
the amr gap amount to

313 x 25000 x 047 = 370

For the won, should allow about 8 ampere-turns per mch of length
of the magnetic circmt, which, through the high density teeth, 1s about

9 m
Ampere-turns for non = 8 x 9 = 72

Total ampere tuins per pole-prece = 370 + 72 = 442

Magnetomotive force of the three phases 1s equal to two times the
maximum ampere-turns per pole-piece per phase There are 18 turns per
pole-prece per phase, therefore, letting C = R M S ampeies per phase,
we have

141 x C x 18 x 2 = 442

442

C=1iixis%2

= 87 ampeles = magnetising cuirent per phase

Taking the core loss at 300 watts, the friction at 150 volts, and the
C* R loss wunning hight, at 50 watts, gives a total power, running lhight, of
500 watts, or 167 watts per phase Energy component of leakage cuirent
N _ 167 _
per phase = g = 1 5 amperes



Eaamples 141

Resultant leakage cuient per phase = A/ 87° + 15° = 9 amperes
Ditto per line leadimg to motor = 9 x A/3 = 15 6 amperes
Letting power factor, 1unmng hght, equal P, we have

P xY x 110 = 168
P=17

Exampres

The followmng examples relate to matters treated of m the foregong
sections

1 A three-phase gencrator has 24 poles, 86 slots, 20 conductors
per slot, Y commcction  Volts between collector rimgs at no load
and 500 1evolutions per minute = 3500  What 1s the flax from
each pole-prece mio the armatme, assuming the curve of electro-
motive force to be a sme wave? (For type of wmding, see Fig 82,
page T4)

2 A contimuous-cunrent dynamo has a two-circut simgle winding (dium)
Its output 15 100 kilowatts at 550 volts The cunrent density m the
aamatwe conductors 15 1200 amperes per squaie meh It has 668 face
conductors  Moan length of one armature tmn 1s 75 m

What 15 the cross-section ot the mmature conductors ?

What 15 the resistance of the anmatwe fiom positive to negative
brushes at 60 deg Cent ?

The dynamo bas six poles Lt the speed 1s 200 1evolutions per
nunute, what 1s the magnetic flux entenng the armatwe fiom each
pole-prece ?

3 A siv-pole contmuous-cuient genciator with a two-cneutt, smgle
winding, gives 600 volts with a certam field exatation and speed  Theie
are 560 face conductors, ananged two per slot m 280 slots If thus
wmdmg 15 tapped ofl at two pomts, equ-distaut with reference to the
winding, what would be the alteinating cunient voltage at two collector
1mgs couneeted to these ponts ?

Assumc the pole are to be 60 per cent of the polar prteh.

4 100-kilowatt dynamo, 250 volts, 4 poles, 500 1evolutions per
mmute, armature wound with a two-cucuit, tnple-wmdmg, 402 face

102 201

conductors arranged m 201 slots  Therefore =i 201 total twins =
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500 x 2

o 167 cycles per

— 885 twins 1n series between biushes

second
250 = 4 x 335 x 167 x 10—

M = 112 megahnes Take leakage factor = 120

Flux m magnet cotes = 112 x 120 = 185 megs Magnet cores
of cast steel, and 1un at density of 95 kilolines per square inch, therefore
cross-section = 1_3%%0_0 = 142 square inches  Circular cross-section

)
Diameter = 13 5 m

Length aimatwe core parallel to shaft = 16 wn, of which 12 mn 1s
solid 1ron, the 1emaimnder bemg occupied by ventilating ducts and the space
lost by the japanmng of the non sheets Diametcr armatme = 30
Length ar gap = + m  Length wagnet cores = 12 i TLength
magnetic arrewt 1 yoke = about 24 in per pole-piece  Yoke of cast ron
and run at density of 85 kilolmes  Tooth density = 120 kilolmes Cme
density = 70 Iulohmes  Therefore, depth of 1iron under teeth =

)
2-)(—1% = 67 m Length magnetic ciewt m armature =

10 m per pole-prece  Pole arc measmed along the aiec = 17 5m  Cross-

section of pole-face = 16 m x 17 51 = 280 square inches
Pole-face density = %@ = 40 lalolmes
Ampere-tuins per pole-piece for yoke = 24 x 60 = 1400
Ampere-tuins per pole-prece for mag-
netic cole 12 x 50 = 600
Awpere-turns per pole-prece for teeth = 15 x 350 = 525

Ampere turns per pole-piece for ama-
ture core = 10 « 12 = 120
Ampere-tuins pei pole piece for an gap = 25 x 40,000 x 313 = 3130

Total ampere-turns per pole prece at no load and 250 volts = 5775
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CONSTANT POTENTIAL, CONTINUOUS-CURRENT
DYNAMOS

Tre problems pecubar to the design of the continuous-current dynamo
are those rclating to commutation The design of the magnetic cirewmt,
and considerations rclating to the thermal hmt of output, to efficiency
and to 1cgulation, although matters of impoitance m obtaimng a satis-
factory result, are neveitheless secondary to the question of commutation,
and they will conscquently be considered incidentally to the treatment of
the design ftom the comnmtabing standpoint

Under the geucial class of constant potential dynamos ae mecluded
not only dynamos designed to mamtam constant potential at thewr termi-
nals for all values of the cmient output, but also those designed to
mamtamn  constant potential at some distant pomt or pomts, m which
latter case the voltage at the gencrator termimals must increase with the
cantent output, to compensate for the loss of potential m the transmission
system

In the commutatmg dynamo, great mprovement has been made m
the last few years m the matter of sparkless collection of the commutated
cuntent, m consequence of whieh, the commutator undergoes very httle
detertoration, and 1t 15 customary to requue the dynamo to deliver, without
harm{ul spahing, any load up to, and considerably 1 excess of, 1ts 1ated
output, with constant, position of the brashes This has been made neces-
cary by the conditions of serviee under which many of these machmes must
operate, and the pettormance of such machmes 1s i maiked contrast to
that of the dynamos of but a few years ago, mn which the necessity of
shfting the brushes forward m proportion to the load was looked upon as
& matter of comse  The ehange has been brought about by the better
mderstandmg ol the occmrenees durmg commutation, and to the gradual
acquisttion of data from which satisfactory constants have been deduced
One of the most noportant factors has been the very general mtroduction
of Tugh-resistance hrushes, the use of copper brushes now generally bemg
1esorted to only for special puiposes
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Radial bearing carbon brushes are now used very extensively, and
although they were at first considered to be appheable only to high poten-
tial machines, where the quantity of current to be collected would not
require too laige and expensive a commutator, themr use has been extended
to low-voltage machwes of fanly large output, the advantages bemng con-
sidered to justify the mereased cost of the commutator  Vaiious types of
brushes have been developed, intermediate i resistance between carbon and
copper, and different grades of carbon brushes, from high-1esistance grades
with fine gran for high potential machines, to grades of coarscr gramn and
lower resistance for low potential maches A correspondmg dovelop-
ment has been taking place in the design of brush-holding devices In the
construction of the commutator, care 1s now taken to msulate the scgments
by miea, which shall wear at as near as possible the same rate as the coppar
segments , and the construction of the commutator has now rcached a stage
where uneven bars and other sowces of trouble of earler days now no
longer give concern  Of less importance, owing to the greatly mevased
durability of the modern commutator, are the modes of construction
whereby sectors of the commutator may be 1enewed without distwabance
to the remamnder of the commutator This 15 a method much employed
in large commutators Amongst the examples of modern dynamos which
follow the diseussion of matters of design, will be found illustrations of
vailous types of commutator construction

The advance thus briefly summed up, 1 the mechanical design and m
the careful choice of material for biushes, brush holders, and commutatons,
has been i no small measure 1esponsible for the mmprovement m comn-
mutating dynamos, and, when accompanied by correct electro-magnetic pro-
poitions, has enabled manufactwers to dispense with the many mgenious
but complicated windings and devices airanged to modify spaking by
maling use of vaious electro-magnetic pumcples requring  auxthiany
windings, subsidiary poles, and other additions Some of these non.
sparking devices accomplish themr purpose very effectively, but, notwith-
standing the care and mgenwity displayed i then application, 1t does
not appear hkely that 1t will be commecicially profitable to 1cmo
to them, smee the caeful apphcation of oidmary methods appears Lo
have already brought the constant potential commutating dynamo 10 that
stage of development where the theimal It of vutput of ammatwe
and field 15 1eached below that output wheie haimful sparhing ocenns
Further 1mprovement rendenng 1t permissible to use more Inghly
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conductig brushes without encountering sparking, would of course result
m a saving m the cost of the commutator, and from some source or other
such unprovement way appear  But as the saving can appaiently only be
cffected at the commutator, 1t will not be sufficient m amount not to be
morc than ofiset by the inereased cost of resoiting to any of the auxihary
windmgs and devices yet proposed

Anrparure Rescrion

The study of the problems relating to sparking 1esolves 1tself down
principally to the study of the reaction of the anmatwe, which will now
be considered and lustrated with 1elation to 1ts mfluence upon the propor-
tionmg of commutatmg dynamos, the chowce of windmgs, and, finally, «*
by descuptions of some modern dynamos ! ’,

When discusang the formule for clectromotive force and the designg -
of the magnetic encwt, 1t was pomted out that considerations lelatmgi.‘\;l
to armatuie leaction make 1t necessary to modify the condusluns\'\:"}
armved ot when these phenomena are left out of consideration The ¢
fonmula ot the clectiomotive force E = KT N M 1075 has aheady s
heen given  Additional conditions are, however, imposed by the necessity
of gnmg T, the twns, and M, the flux, such relative values as to
falhl the conditions neeessay to obtam spaikless collection of the
carrent, and satisfactory regulation of the voltage, with vaiymg load

The requiements lo1 commutating o1 1eversmg the cwmient m the
corl that 18 to be transferred from one wide of the liush to the
other, consist i so placing the biushes that when the coil 1eaches the
position ol shovg-cncut under the hiushes, 1t shall have just arnved m
o magnetie hicld of the diection and mtensity necessaly to 1everse the
curtent 1t has Just been catiymg, and to buld up the 1cveised cwent
to o stiength cqual to that of the cunient m the cucwt of which 1t 18
aliout o hecome o part  In such a case, there will be no spaik when
the catl passes oub from the position of <hort cncuit under the brush
Now 1t 15 plam that, as the cunrent delivered from the machme 18
mercased, 1t will 1equre a stionger held to reverse the coil this
stronger  cunent But, unfortunately, the presence of tlus stronger
curtent 1 the twns on the amature, so maguetises the armatwre as to
distort the magnetie ficld mto a position m advance of the position of
the Drushes, and also to weaken the magnetic flux  The brushes must

U



146 Electre Generators

therefore be shifted stall further, whercupon the demagnetising effect of the
armature 15 agamn mtensified  Finally, a curent output will be 1cached
at which sparkless collection of the cuirent will be mmpossible at any
position, theie bemg nowhere—by the time the brushes arc moved
to 1t—any place with sufficient strength of field to 1everse and bwild up
to an equal negative value the stiong armatwe current, dming the tinc
the coil 15 passing under the brush

These distorting and demagnctising effects of the aimatwme cunient
are made qute plain by the diagrams given m Figs 144, 145 and 1.0,
mn which the winding 15 divided mto demagnetising and distorting belts
of conductors

In Fig 144 the brushes are mn the neutral zone, and the cuuient
15 distubuted m the two sets of conductors, so as to tend to sct up
a flux at nght angles to that which, the amatmc CAITYING 110 cullent,
would be set up by the fleld The 1esultant Aux will be distorted
towaid the forward pole tip, consmdered with reference to the duvction
of 1otation  Therefore, at this posmtion of the brushes, the clectio-
magnetic effect of the armature 15 puiely distortional Sumlaily, 1f, as
m Fig. 145, the biushes weie moved forward through 90 deg until
they occupred positions opposite the nnddle of the pole faces, and of m
this position, cwirent weie sent through the biushes mto the aimature,
(the aimatwe with this position of ihe Lrushes bemg  meapable of
genelating current), the electiomagnetic cficet of the armaturc would
be puely dewagnetising, there being no component tending to distont
the field, and 1 any teimediate position of the biushes, such, for
nstance, as that shown m Fig 146, the electiomagnetic effcet of the
aimature cuient may be 1esolved mto two components, one demagnetising,
and due to the ampeie tmins Iymg 1n the zone defined by two limes (¢ «)
drawn perpendiculaily to the direction of the magnetomotive force of the
unpressed fleld, and passing through the forward position of the two
brushes, and the other component due to the ampere turns lying outside
of the zone, and pwely distortional m 1ts tendency  Fig 1do, of course,
represents roughly the conditions occuiring m actual practice, Figs 144 and
145 bemg the himiting cases, shown for explanatory pu poses

In this connection, the results will be of nterest of a test of
aimature 1eaction under certam condrtions A small fow-pole 1on-clad
generator of 17-kilowatt capacity, at 250 volts, with a four-cucuit
single-winding, was tested with regard to the distribution of the magnetic
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flux m the gap For this purpose the gap was divided up wnto a
number of sections, fiom each of which successively an exploring coil
was withdiawn The coll was 1 cucumt with a resistance box, and
with the moveable coil of a Weston voltmeter TFrom the deflections
and the total resistances of the cucut, the mmtensity of the flux at
different portions of the gap was deteimmed  These determinations
were made with the aimature at rest As shown on the curves of
Tig 147, readings wete taken, first with the field excited, but with
no cuwrrent m the axmatwe, (curve A), and then with full-load cmirent
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m the armature, and for various positions of the brushes.  With the
brushes ab the neutral pomt (curve B), the distortion 1s at a maximum, hut
there 15 no demagnetisation It would bave been cypected that the
distor tional ctowding of the hnes would have so meieased the maxmum
densiby as to shghtly dunmsh the total Hux at the excitation used, this
exartation hemg mamtamed at a constant value throughout the test  The
wtegration of curves A and B, however, gives equal areas, consequently
there was m this case no dimmution of the total flax

But when the brushes are shifted over to the mddle of the pole face
(emve E), the demagnetisation becomes very marked, as may be seen,



148 Electrc Generators

not only by the shape of the curve, but by its total area which 1s
proportional to the total flux, but there 1s no longer any distortion
This last curve (curve E), representing the flux distribution corresponding
to the position of the brushes at the middle of the pole face, should have
been symmetrical, 1ts lack of symmetry possibly bemg due to varation
m the depth of the gap

Dr Hopkmson* has made expeiments upon the distribution
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of the magnetic flux m the awr gap of two Siemens Brothers’ hipolar
dynamos, the results of which coirespond very closely with lus
calculations with reference to the mfluence of aimatme reaction A
similar analysis of the cmves of Fig 147 also confirms the theoy of
armatuie reaction The machme experimented upon had a fowr-cirewit

1 “Orignal Papers on Dynamo Maclnery and Allied Subjects ” By John Hopkinson
Whittaker and Co, London, 1893
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drum-windig, with 79 coils of six turns each, mm 79 slots i the

periphery  There were, therefore, 9% 6 _ 119 turns per pole piece

on the armatuic  The armature curient being 71 5 amperes, there were
715 — 4 = 18 amperes per tmn, consequently, 119 x 18 = 2140 ampere
tmns per pole piece on the armatuie The area of the curves, which
are proportional to the flux entermg the armature, are as follows

A 19 square centincties = 100 per cent

B 19 » » =100
C 36 " » = T
D 27 . . = 5,
E 2 " " = 1 .,

Fo cmives A and B. the demagnetising component 1s zero, there
bemg, however, m the casc of B, maxmmum distortion, which would
have been capeeted to s0 ncrease the mavimum gap density as to
cut down the total Hux duc to the 3,000 field ampere turns per pole
prece  This was not, however, the case

In cmves C, D, and E, the demagnetising component, of the aimature
strength rose to | x 2,140 = 710 at C, % x 2,140 = 1,420 at D, and
to the fall strength of 2,140 ampere twns at B These 1esults can be
tabulated as follows

Tanen, XXXVI

JR | R _
1 l 2 | 3 l | 3 0O 7
| I
[ Lo Domagnt tisimg
I * | Field Amperc ‘\'\""“‘““’ Component of | Resultant [;gxcm‘\tmg: ;!“‘t
[ Tutns, “,]‘"'l""o Armature Amperc|  Ampere %“T‘m m-
Design v Al s ot | Muntned A s, Mwins Detcrnuned|Turns, Deter pe'r;' \\\Lm z{me
o of | Totil Ilusy W no | Cgpgtant Mantame 4 from Tostion of | mined from >\o no ’.[?m
Curve - Load - Detevmned! gy Gy ot l( st Iniidics See Dia | Columns 8 |Bp?e u\nls,
Iom \iea of the Tests throughout s of Figs 144, wd 5 etetnnec
Curves ot g 117 the Tests 143, and 146 from Column 6
1
A Loy 3000 0 0 3000 100
Y oo 000 2110 0 3000 100
¢ 7l 000 2110 710 2290 76
D Hh 4000 2110 1120 1580 53
I 1l %000 2110 2110 860 29

[ S S —

The Jage pereentage of flux wm cuive B (41 per cent ), as compared
with the small percentage of vesultant ampere turns (29 per cent),
15 oxplaumed by the fact that with the brush at the muddle of the pole face,
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as was the case m curve E, many of the armature turns aie so situated
m space as not to be lmked with the entire flux, and consequently
cannot be so effective 1 demagnetisation In other words, the aymature
turns are umformly distributed, mstead of being concentrated m a coil
placed so as to fully oppose the field cols ~ The extent of this non-
effectiveness 1s proportional to the pole are, but with the positions of
the brushes which would occur m practice, the demagnetising component
of the aimature ampere tuins would be fully effective,

It will be observed that for curves A, B, C and D, the proportion
of flux to resultant ampere turns 1s very close

Avrrrication oF THESE CONSIDERATIONS TO THE PROPORTIONING OF
Dynanos

If 1t were not for these effects, due to the electromagnetic reaction
of the armature, the proportionmg of dynamos would resolve itself
mto a deternnnation of those values of T and M 1 the formula E =
KTNM x 10~%, which would, with a mmmum cost of material, give
the deswed current and voltage, switable cross-section of copper and
won bemng chosen, to secure mmmumty from excessive heatmg  Thus
suppose the problem should arwse, of the best design for a 500-volt
100-kilowatt generator, to 1un at 600 1evolutions per minute  The current
output 1s 200 amperes  Let us t1y a two-pole drum winding with 10 face
conductors ThenT =5,N =10,500 =4 x 5 x 10 x M x 1075 M =
250,000,000 lwes  The aimature won could not properly be run at
mote than 100,000 limes per square 1nch Therefore, the cioss-section
of the aimature = 2,500 square mches at least Tt thus appears that
the aimatme would have to be 50 m m dameter and 50 m long, or
else some other equally extreme dimensions The field turns would be
of great length, and as the ar gap density would be very hgh, there
would be need for very many field ampere turns Without caymg
the calculations any farther, 1t 15 apparent that, as 1egards cost of materals
alone, the machme would be poorly designed

On the other hand, suppose the mimatwe had 2000 face conductone
Then T = 1000, 500 = 4 x 1000 x 10 x M x 1075, M = 1,250,000
limes  Necessary cioss-section = 12 5 squaie imches as far as regaids
transnutting the flux  Therefote, the magnet cores would be 4 1n n
diameter  But to have on the armatuie 2000 face conductors, each

P
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catymg 100 amperes, would 1equie a very laige armatwe, probably
as latge a drameter as was necessary m the former case, but then 1t was
a question of cariymg a large magnetic flux, which determined the size
of the aamatwe In this case we should have a very laige weight of
atwatwie copper, but otherwise the matermal would not cost much, 1f we
look no further wto the matter of field copper than relates to that
neeessary to obtain the 1equired Hux at no load  But, nevertheless, on the
scote of mateial alone, some mteimediate number of conductors would
be found to g1ve a more econonvcal 1esult

INFLULNCE OF ARMATURE REACTION IN THESE 1Wwo ExtreME Cases

In the first case, that of the aimatwe with only five turns, there
5 x 100
would have been but - 7, === 250 ampeie turns per pole-piece on the

armatute, whieh, as far as armatwie 1caction effects are concerned, would
be entirely neghgible , but, as 1elates to the collection of the current, theie
500
25

would be = 200 avoiage volts between commutator segments, and

this would have cotresponded to such a high mductance per coil as
to have rendered quite unpossible the reversal of 100 ampeies, 20 tunes
per second, with any ordinary ainangement of commutator and biushes
In the other case (that of the machme with 1000 axmatme turns), there
would have been oue volt per twin, a value which, with the methods of
constiuction gencrally employed, would correspond to a very low ductance
1000 x 100

2

mdeed, but there would have been on the atmatwe =50,000

ampeie buns per polerece, wlhieh would completely overpower the ficld
exartation, and the design would be entirely out of the (uestion

We find, theielore, that while m the fivst case the aimature 1eaction
15 small, the mductance per commutator segment 1s excessive  In the
second case the imductance par commutator segment 15 small, the aimature
15 altogether too stiong  With but two poles, some mtermediate value
would have to he sought for hoth quantities, probably something Like 100
tuns would grve a fanly good 1esult
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Conprrions EssENtiaL 10 SpaArkLEss CoMMUTATION

As a consequence of armatwie r1eaction and mductance, 1t becomes not
only desnable but necessary to hmit the aimatwe strength to such an
amount (at full load current) as shall not too greatly mterfere with the
distribution and amount of the magnetic flux set up by the magnet spools
It 1s furthermoire necessary to make each armature coil between adjacent
commutator segments of so low mductance as to permit of the complete
reversal of the current by means of the residual flux 1n the commutating
field The location and amount of this residual flux 1s deternuned by the
strength of the aimature, and the position of the brushes and the 1eluctance
of the gap To best understand the method of fulfilling these conditions,
attention should be given to the following illustrations, which lead up to a
very definite method for assigning the most desirable electromagnetic
proportions to constant potential dynamos, particulaily with reference to
the determination of the proper number of poles

DETERMINATION OF THE NUMBER oF PoLks For a Given Ourrur

Suppose we want a 50-kilowatt 400-volt bipolar generator  We
conclude to lumt the armature stiength to 3,000 ampere turns per pole-
prece, and the volts per commutator segment to 16 volts (a very high Limit)

Amperes output = 5(1’880 = 125 amperes Therefore, each conductor
5 3,000
carnes —- = 625 amperes Twns per pole-piece = o5 = 48, v¢, 96
400
total turns % = 25 commutator segments between brushes, o1 50 total

o
commutator segments Therefore ‘5)—3 = about two turns per coil (ze, per

commutator segment)

In the 100 kilowatt machine for the same voltage, to retain the same
strength of armature, and the same volts per commutator segment, we
must have only one twn per col

For these values of armature strength and volts per commutator
segment we have now reached the limiting output, and the problem aiises
What shall be done m the case of a machine of twice the size, in this case
200 kilowatts, 1f the type of winding remams the same 2 We cannot have
less than one tuin per commutator segment, so we find that mn a bipolar
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machine 1t will be necessary to erther double the armature strength,
which case we can retam the low voltage per commutator segment, or we
can double the voltage per commutator segment, and keep the armature
strength of the same low value used m the previous cases, o we can
compronnse by 1a1smg both limits to a less extent  This latter plan 1s that
which would he adopted to 1etamn the bipolar design But the 1esult
would be unsatisfactory as regards sparking, and even though 1t could be
made passable at this output, the same quesiion would anse with the next
larger size  But by the use of a multipolar design, the difficulty 15 entirely
overcome  Suppose we let our 200-kilowatt 400-volt machine, have four
poles  Then thete will be four paths through the armature, cach carrymg
200,000

100~ 500 amperes

a quarter of the total cunient  Amperes output =

Therefore amperes per conductor = 5’.22 =125 The turns per pole-piece
3,000 ,
=S5 24 We have, also, 24 commutator segments per pole-piece,

400 \
glving - — = 16 6 volts pe1 commutator segment
24

A machine can conscquently be made to operate entnely satisfactorly,
as regards sparking, by designing 1t with a proper number of poles

Mourriere Circurr WINDINGS

With multiple-encuit windmgs, the aymature strength and the volts
per bar may be reduced to any desned extent by sufhciently e easmg the
numbet of poles  Thus, suppose that m a certan case the conditions given
are that the anatme stiength of a 500-kilowatt 600-volt genciator shall
be 4,000 ampere-tuins per pole-piece, and that theie may be 15 volts per
commutator segment Then the number of poles would be determmed

as follows
Commutator segments per pole-prece (%) =40

Therefore 10 tmins per pole piece

14000 _ 100 amperes per mmature branch
It peres p
5
Tull load cunrent 10g’()%% = 833 amperes

833 _ o
Therefore we want 100 = 8 poles
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But suppose 1t were considered advisable that this generator should
have only 3000 ampere-tuins per pole-piece on the armature, and that 1t
should have but 8 volts per commutator segment, then turns per pole-piece

600

= — =175
8
Amperes per armatuie conductor = 3220 = 40
Theiefore number of poles = »ng = 20

Two-Circurr WINDINGS

But m the case of two-circmt windings, these values cannot be
adjusted by changing the number of poles, for the 1eason that the current
divides mto two paths thiough the armature, mdependently of the number
of poles, mstead of dividing mto as many paths as there are poles

Suppose, for example, that 1t were desired to use a two-cnewt winding
m a 500-kilowatt, 600-volt generator, and to have 15 volts per commutator
segment  Then

Number of segments pet pole-piece = (%9 = 40
5
Full load ampeies = 20_2’00_00_0 = 833
Ampeires per turn = 833 _ 17

)

Therefore, ampere-tuins per pole-piece on armature = 40 x 417
= 16,700

This would be mmpracticable  To 1educe this to 6000 ampere-turns, the
turns have to be reduced, and consequently the commutator scgments, to

6,000 x 40 = 14 per pole-prece There would then be 600 = 43 volts
16,700 11

per commutator segment, which, with ordinary constiuction, would corics-
pond to so ugh a 1eactance voltage i the shott-cucuited coil (in a machine
of this output) as not to be pearnussible  Moderate values can only be
obtamed by mterpolating commutator segmeunts 1m accordance with some
well-known method, or by the use of double, tuiple, o1 other multiple
windings  Such methods generally give unsatisfactory 1esults, and two-
cwewt windings are seldom used fur machmes of luge output  When
they are used, mn such cases, exceptional care has to be taken to counteract
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then objectionable featwcs by the choice of very conservative values for
other constants

Mourrirte Winpinas

But the use of multiple windings (such, for mstance, as the double
winding of Fig 74), permits of employing two-circurt windings

Thus, suppose 1 the case of the design of a 350-kilowatt, 250-volt
generator, 1t appears desnable, when considered with 1eference to cost of
mater1al, or for some other 1eason, to use 14 poles, and that, furthermore,
a two-cneuwtt multiple windmg 1s to be used The question aises, how
many windigs shall be cmployed, m order to have only 9 volts per
commutator scgient, and to permit not over 5,000 ampele-turns per
pole-piece on the armature ?

T = 2b commutator segments par pole-prece

Theicfore, 28 tuins per pole-prece
1000

Thercfore, g = 180 ampeices per twin
Ampercs output = 1}?2",0009 = 1100 amperes,
25
1100 _ -
— =18
U

Therelore theie must be eight paths thiough the aimatwe fiom the
positive to the negative brushes Consequently, a two-cucmt quadiuple
winding 1s 1equuced

It may, however, be well to agamn emphasise the fact that poor 1esults
generally follow fiom the adoption of such windings, except in cases wheie
a width of commutator can be afforded which permits of dispensing with all
but two scts of biushes' By adopting such a width of commutator, one of
the savings ctiected by the use of multipolar designs 1s lost By careful
designing, two-cnewt double and sometimes two-cwemt tiiple windings
have given good 1esults

1 If only two scts of Inushes are retamed, the short-cucmted sct of conductors no longer
consists of the two cortesponding to one turn, but now meludes as many in senes as theie
are poles A lugh teactance voltage 15 consequently present m this sho t-cucuited set  The
presence of the full number of sets of biushes, 1f correctly adjusted, should 1reduce this, but

cannot m practice be 1ehied upon to do so
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Two-Cmreurr “ Coi.” WinpINGs

But two-cncwt smgle windings can be very popeily appled to
machmes of such small capacity, that, when good constants are chosen,
they work out to have one o1 more turns per scgment It follows
that, within certamn ranges, any deswred values of armature stiength
and volts per commutator segment may be obtamed, not, however, by
a switable choice of poles, but by the usc of a switable number of tuins
between commutator segments Suppose, for mstance, a 10-kilowatt
100-volt genciator, with an amatuic strength of 2,000 ampere twins
per pole-piece, and with 5 volts per commutator segment

Then
Segments per pole-piece = }_g,o =2
TFull load cunnent = 10,000 _ 100 ampetes
100
Amperes per conductor = 129 = 50
2
Tuins per pole-pieco = :gg,o = 40

40
Therefore, 50 = two turns per commutalor segment

If 3,000 ampere-turns had been permissible, we should have used
b 1 )

3,000
9000 % 2 = 3 turns per commutator segment

Fially, 1t may be stated that two-ecncurt armatmies are bult muls-
polar mamly fiom considerations of cost, and should not be used for
large outputs except 1n special cases

Aside from the reasons dependent stuetly upon the magnetic Tt
of output, 1t may be smd that two-cwemt wmdings arc unsatbislactory
whenever the output 1s so large as to requic the use of more than two scte
of brushes (n order to keep the cost of the commutator witlun reasonable
hmuts), because of the two-ciiewt wmdings lackimg the propaity of
compellng the cqual subdivision of the cwrent among all the sets of
brushes used Selective commutation ocewrs, one sct of  hiushes
carrymng for a time a large part of the total curient, this scb of brushes
becommg heated This trouble 15 greater the gicater the number of
sets of brushes, and the practicability of two-circuit windimgs may be
sald to be mverselv as the number of poles  If, however, m multiple
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encurt windings the pait of the wmding opposite any one pole-pie
should tend to take moie than its share of the cwmrent, the mcieas
ammatme 1caction and CR diop tends to restore equilibrium, tl
piloperty constituting a great advantage

Vorract rer Comduraror SeeMENT As RELATED T0 INDUCTANCE

As already stated, the average voltage between commutator segment
although 1t can be 1ehed upon to give good 1esults, 1f care 15 used
spectal cases, 13 not a true eriterion of the mductance of a coll  Fe
m different types, this expression may have the same value for coils
different imductances

Thus, 1f the design 1s for an armature m which the conductors a
located 1 holes beneath the surface, the inductance will be very high, a1
1t would be necessay to hint the aveiage voltage per commutat.
scgment to a vory low value Tf the slots are open, the inductan
will be somewhat lower, and m a smooth core construction with tl
wmdmg on the surface, the nductance 1s very low  In this latter cas
a much lugher value for the average volts per commutator segme:
could be used

The possible value also varies according to whether carbon
copper biushes are used  Carbon' brushes may be much less correct
set and still have sparkless commutation, due to the ligh resistance
the biash Imuting extieme vauation of curent m the short-encuite
coll, as well as Decanse the biushes ame not so subject to njw
thiough this cause, as would be the case with copper brushe
conscquently, the average volts per commutator segment may be permitte
to be thice or fowmr timmes as great as with copper brushes, witho
endangering the dutahnhity either of the biushes or of the commutator, a1
on account of this, 1t 15 found deswrable to merease the density 1n tl

* There has lately been a tendency amongst some designers to attibute still oth
propertics to hghesistance biushes, and even to mamtam that they play an mmportant pa
not only 1n lunitimg the short-cuumt cunent, but m accelerating the buldng up of t
1eversed curient  Ilowever, one would tcel mclined to hold that the main element m t
commutating, + ¢, stopping and 1eversimg of the current, 1s attiibutable to the mfluence of t
residual commutatig field , and that wiile the caabon biush awds m promptly anesting t
ougmal curient, 16 1s pethaps of stall more 1mportance m vitue of 1ts possessing a certa
meitness 1n combmation with the copper commutator segments which renders the spark:
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air gap to cowrespond with this higher inductance between commutator
segments

We have now shown that although the prehminary design for a
commutatmg machine may be airived at from the maximum pernnssible
armature reaction and the number of commutator segments per pole
necessary for good commutation, the average voltage between the
rommutator segments is not the ultimate expiession as regards com-
nutation The ultimate expression must be i terms of the inductance
»f the coil o1 coils ncluded between a pan of commutator bats

In general, commutation occurs when a coil 1s m a fecbly magnetised
ield, so that the mductance can be approximately calculated fiom the
nagnetomotive force of the coils, and the reluctance of the magnetic
meutt around which the coils act  The frequency of 1eveisal 15 determmed
tom the thickness of the brush and the commutator speed

The commutated curent consists of two components one a wattless
nagnetising component, and the other an energy current, due firstly to
he dissipation of energy by C*R loss in the coil, and secondly to
ddy currents genciated imnternally m the copper conductors, and i the
urrouncding mass of metal

It follows from tlis that there 1s a loss mcieasing with the load n
ommutating machmes due to the commutation of the currents There

uch less destructive than between copper biushes and copper segments It has the property
bwnishing the commutator, giving 1t a lustrous refractory sw face

The following ibliography comprises the most 1ecent contitbutions to the discussion ot
«¢ subject of sparking m commutating dynamos

Weymouth , “Dium Armatures and Commutators

Reid, “Spaking, Its Cause and Eftects,” Am Inst Elec Engis, December 15th,
397 Also The Electricran, February 11th, 1898

Thomas , “Spamking mn Dynamos”  Z%e Llectrrcran, February 18th, 1898

Gnault, “Sur la Commutation dans les Dynamos & Courant Continue ’ Bull de lu
¢ Int des Eleuts , May, 1898, vol xv, page 183

Dick, “Ueber die Ursachen der Funkenbildung an Kollektor und DBuisten ber Gleich-
com-dynamos ”  Eleh Zeit, December 1st, 1898, vol xix, page 802

Fischer-Hinnen, “Ueber die Funkenbildung an Glechstiom-maschinen ”  Eleh Zet ,
scember 22nd and 29th, 1898, vol aix, pages 850 and 867

Arnold, “Ire Kontactwiderstand von Kohlen und Kupferthwisten und die Tempera
cethohung emes Kollektors ”  Eleh Zet, January 5th, 1899, vol ax, page 5

Kapp , “Die Funkengrenze bex Glerchstiom-maschinen ”  Elek Zewt , January 5th, 1899,
| ax, page 32

Arnold and M, “Ueber den Kuizschluss der Spulen und die Kommutation des
omes enes Glewhstiomankers  Zlek Zewt, Febiuary 2nd, 1899 vol xx, page 97.



Inductance Constats 159

are also other load losses m commutating machmes, brought about by
the distortion and the mereasing magnetisation m the won, so that the
hysteresis and eddy curient losses merease from no load to full load, as
also the cddy current losses i the armature conductors themselves! It
has been generally assumed on the part of designers that these losses 1n
the armatures of commutating dynamos do not crease with the load
This, however, 15 meoirect  The crease does exist, and 1s mn general of
the same natuic as the merease m these losses 1 alteinators, due to the
load, although they may be restiicted to a gieater extent by proper
desigmng  The eflect of the mduced eddy cwirents on commutation 1s
often appreciable, smce the frequency of commutation 1s generally from
200 to 700 cycles per second For this reason, calculations on mductance
mn 1cference to commutation have to be considered with reference to the
paticular constiuction of the armatme core  Constants as to mductance
are, therefore, best deteamined by actual measurements In practice, a
good average expression 1s, that one ampeie turn will give a field of
20 C &GS hnes per mch of length of armature core

It 15 convement to assume this as as a basis upon which to woik
out a design  As the design developes, the figures should be corected
according to the dimensions selected Tlis 1s the most satisfactory:
method, and several tests will be described, the results of which have a
dnect bearmg upon the value of the constant By a study of these
1esults one may determine the most desrable proportions to give to the
armatute slot m order to bimng the inductance down to, o even below,
the value of 20 C G S lnes per ampete turn and per mch of length of
armature lammation  In cases where 1t 15 mpracticable to use such slot
oportions as shall give the mimmum value, the tests afford an mdication
of the value to be used It 1s, of course, very desnable that such
experments should be mdependently caried out on the particular lme
of commutatmg dynamo with which the mdividual designer 1s conceined
In this connection, that 15, m relation to mductance m commutating
dynamos, interest attaches, not to the inductance of the aimature winding

as a whole, as m the case of alteinating-current dynamos,® but to the

1 See g 114, on page 106, for expernnmental confinmation of this statement

2 Rotary converters contam the clements of both these types, and m then subsequent
tieatiment 1t will appear that wiile the coil undergomg commutation shonld have the least
practicable inductance, the mductance of the coils m scries between collector 1mgs must have
a suttable value for 1easons entirely other than those 1elated to commutation
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nductance of those components of the wmdmg which simultancously
andergo commutation at the brushes In well-designed dynamos of this
Eype such coils will, at the tine of commutation, be located m the space
between pole-tips, practically at the position of mnmum nductance

I'he measurement of this mductance was the object of the tests now to
be described.

Pracrical DEFINITION oF INDUCTANCE

A coil has an mductance of one henry when 1t 1s situated m a
nedium of such permeability, and 1s so dimensioned, that a current of
me ampere sets up a magnetic flux of such a magnitude that the product
f the number of lines linked with the coi, by the number of tuins n
Aie coil is equal to 100,000,000 If the coil has but one twin, then 1its
nductance, expressed m hemys, becomes 10~° times the number of lincs
inked with the twn when one ampere 1s passing thiough 1t If the
soil has T turns, then not only 1s the magnetomotive foice T times as
rreatl (except in so fa as satwation sets m), but this flux 1s hnked with
I' turns , hence the product of flux and tuins, ve, the total limkage, the
nductance of the coll, 13 proportional to the square of the mumber of
urns in the coil

D EscriPrioN oF EXPERIMENTAL TESTS oF INDUCTANCE

st Haperyment —In Fig 148 15 shown a sketch of a commutating
lynamo with a projection type of armature with a fow-encmt smgle
vinding. The mductance of several groups of coils was measwed with a
j-c¢yele alternating ewrent, and the 1esults, together with the steps of the
aleulation, are set forth m the following Tables

TapLe XXXVII —MiNinun INDUCTANCE

(fonductors 1m position of mmmum inductance are m the commutating sone, = ¢, mdway
between pole coiners

umbar of| Amperes Impe Resist React Induct C G5 Lanes per
Tuins n Volts dance ance ance ance Ampere Turn and per
Undor these m mn mn m Inch of Length of
Test Tuins. Ohms Ohms Olins Hem ys Lammation
1 75 594 00790 00692 00388 | 0000247 150
n 65 728 0120 00865 00708 | 0000450 180
G 68 944 0139 0104 00930 | 0000592 165
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The air gap of this machie was afterwards shortened from 1ts origin:
depth of about 188 1n to about 1 1n,and the mductance 1n the position ¢
maxunum mduetance was agamn measuied In the position of mimmun
mductance, the values a1e unaffected by the depth of the air gap

Fg57 7
Nof sioes <~ - 93
Conaluctons par slot &
Turns per coll — -

g
N
H )
Gross lengthofArmature 8 §
ol

No of slots - 180
No of Pole s~ 4
Conductors persiot 4
Ho of commueator sogments 240

Fg1s2,

o of Poles ...
No of Siots 75 0 of Zoles

No of Poles 4 No of Slots -
Condluctors perslot~G Condluctersper slo¢
Torns por slot -3 Turns per slot .-

]
No of commutator ssgmeats 75 tagn g Noof Commutator uynenl..v “ise

Length of Armoture  -——- - 87

Fg160

@57 T TN o SL 66
61 oss Lcngl]u of Armeture lamuncdvons 1l 25

Second  Lxperiment —A commutating dynamo, illustrated m Fig 149,
has a four-cucuit single winding consisting of 75 coils of three twrns each,
arranged m 75 slots  Tests with 25-cycle alternating cuirent were made

on the mductance of from one to five adjacent coils, and the results are set
forth m Table XL
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TapLe XXX VIIT —Mavinon INpucranc
1 position of maximum mductance are under the middle of the pole faces

s Impe- Resist- React Induct C G5 Lanes pel
Volts dance ance ance ance Ampere Tuin and per
n mn n m Inch of Length of
Ohms Ohums Ohms Henrys Lamination
391 00535 00316 00407 | 0000260 650
730 | 0103 00529 00890 | 0000567 630
5
{] g?g} 0174 | 00692 | 0159 [000102 635
594 | 0270 00865 0256 000163 650
770 | 0350 010k 0333 000212 590

—Coxnpucrors I¥ PosirioN or MANIMUM INDUCTANCE WIrll SIIORTLNLD

Are Gap
s Impe Resist React Induct C G S Inspor
Tolts dance ance ance ance Ampere Turn and por
m m mn n Iuch of Length ot
Ohms Ohms Ohms Henrys Lammation
189 | 00235 | 00173 | 00138 | 00000576 876 h
230 00575 | 00346 W "
23 | ooces | 0o3se } 00452 | 0000238 730
256 0125 00519 Jt
500 0128 00519 0116 0000735 8lb d
109 0133 00519 1"
+32 0210 00692} S . ]
850 0221 00692 | 0202 000129 805 '\i
610 0328 00865 0314 000200 800 b
915 0465 0104 0452 000288 800 {

g the air gap has ncreased the inductance mn the position of mavimum nductance
12

TasLe XL —PosrrioN or Minimum INDUCT \NCE

Impe Resst React Induet | © N ! "hes pet
Amperes | Volts d’:‘f:ce B.:':lce a’lnl;’e nlnce afl\mglll);eelrc] IJI-(‘.!]: “ol
o
Ohms Ohms Ohms Henrys L];:?:‘T;Lml:.l?)fn
L3 225 0357 0309 0173 | 000110 155
58 300 0518 0412 0308 | 000197 150
52 370 0710 0515 0482 | 000307 150
Posuron of Mavimum Inductance
61 75 0123 0103 00655 | 000042 53
58 195 0339 0206 0268 | 000171 5t
52 345 00668 0309 0590 | 000376 55
21 230 111 0412 103 000655 52
20 330 165 0515 156 00099 50 1
i ) |
agam he drawn (o the fact that 1t 1s the 1unmum 1nductance, which coresponds to Z
position of commutation, which 1s of chief interest in the present section I
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Tables XXXVIIT and XXXIX, and the last half of Table XL
1‘01‘1tmg to the position of maxmum inductance, are useful for a coriect
understanding of the 1elation of the proportions of the magnetie cicut
of the amature coil to the resulting inductance, but ate not drectly
applicable to the conditions obtammg duiing commutation

Thud Evpervment —Tests were made with 60-cycle alternating curient
upon the inductance of a six-pole commutating generator, the armature
of which had 166 slots with a six-crremt simgle-winding of 166 complete

colls, each of two turns TFig 150 gives the dimensions The results
arc set forth m Table XLI.

Tapurn XLI —Position or Minmrom INpucTANCE

C G S Linesper
I;If“a);:’l': g\g ‘,‘11“::’3‘5 Am . Impe Mean | Resist | React | Induct ;:“[ippe;f ITI:;?
Under Undet peres Volts dance Impe- [ancen|ancemn| ance Length of
Test, Test mn Olms | dance Ohms | Ohms jin Hemys Armatme
Lammation
1 2 98 5 46 | 00467 - 9
1 2 126 5 585 | 00463 00465 | 0015 | 00439 0000117 260
2 4 850 | 142 | 0167
2 4 957 | 162 | 0169 0168 | 0030 | 0165 | 0000440 245
2 4 105 179 | 0169
3 653 | 221 | 0343
3 6 750 | 260 | 0346 0345 | 0045 | 0342 | 000091 218
3 6 870|300 | 0345
4 8 655 | 374 | 0571
4 8 760 | 436 | 0573 0573 0060 | 0570 | 000152 211
4 8 870 | 500 | 0575
Losition of Mazimum Inductance
2 898 T 00738
1 2 952 7 0081 0080 | 0015 | 0078 | 0000203 463
2 1118 91 0081
2 4 710 | 224 0316
2 4 780 | 242 0310 0312 0030 | 0310 | 000082 456
2 4 842|260 0309
3 6 723 | 468 0648
3 6 &3 7 | 538 0643 0644 005 | 064 | 000170 420
3 6 893 | 574 0613
4 8 666 | 714 1072
4 8 770 | 832 1062 1052 0060 | 105 000279 388
4 8 863 | 89 1031
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Fourth Eaperiment —This 1elates to the carcass of a 30 horse-power
railway armature, the leading dimensions of which are mdicated m Fig 151
Only four coils, of three turns each, were n position m four adjacent
armature slots The aimature was out of 1ts field frame, which was
equivalent to 1ts bemg m the position of minimum inductance  The testing
cmirent was supphed at a frequency of 100 cycles persecond  Gross length
of armatute lammation=8 5 m  The 1esults obtained are set forth m the
following Tables

Tasur: XLII —Posirion or MiNtmunm INDUCTANCT

Nomh CGS T.mle‘xpel
umber | Number . Ampere Turn
Amper Volts at | Impe Resist- React Induet
o Cols | of Tums | VeS| "Ter | dance | amo | anco | ameo | andperToch
Test Couls Turns minals mOhms | mOhms |1mOhms | Hemys of Avmature

Lanation

1 3 55 5 111 0200 0085 0181 | 0000286 371
1 3 170 94 0200 0085 0181 | 0000286 37 4
1 3 340 68 0201 0085 0182 | 0000287 3756
1 3 315 62 0195 0085 0176 [ 00002738 377
2 6 519 278 0536 017 0507 | 000080 262
2 6 425 227 0536 017 0507 | 000080 26 2
2 6 363 197 0542 017 0513 | 000081 2065
2 6 314 171 0545 017 0517 { 000082 2607
3 9 237 227 0960 026 0924 | 000147 21 1
3 9 189 184 097 ¢ 026 0937 [0001t9 216
3 9 169 162 0959 026 0921 [000146 212
3 9 158 150 0947 026 0910 | 000145 211
4 12 198 201 147 034 143 000227 185
4 12 159 251 158 034 154 000245 200
4 12 144 215 149 034 145 000230 183
S 12 124 188 152 034 148 000235 192

Mean of the fow obseriations for thice tuins 375

”» » sIX » 26 4

» » nne ,, 213

» » twelve,, 191

Fifth - Expervnent — Fig 152 gives a sketch showing the leading
dimensions of the dynamo experimented upon  The armature was m place
m the cast-steel frame  Testing cuirent had a periodicity of 100 cyeles per
second The gross length of the armatwie lammation =87 m  The
results are given m Table XTLIIT
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TaBLe XLIIT —PositioNn or MiNmum INpucTance

165

Numl Nuand C S S Limnes per
o Wmbel | Ampeies | Voltsat | I Resist React Induct Ampere Turn
of Corls | of Twne | 7L | "0t ™ | ahe | amce | amce | ance | andperInch
Tost Corls Turns mimals | mOhms | nOhms | mnOhms jin Henrys ;folngﬁl_;
Lamnation
1 3 390 838 0215 0065 0205 | 0000330 422
1 3 135 941 0216 0065 0206 | 0000332 424
1 3 460 992 0216 0065 0206 | 0000332 424
2 6 200 118 0590 0130 0584 | 000092+ 295
2 6 216 124 0577 0130 0562 | 0000895 286
2 6 2L0 139 0580 0130 0565 | 0000900 288
2 6 250 145 0581 0130 0565 | 0000900 288
3 9 1t9 184 124 0195 122 | 000194 a7 6
3 9 169 205 122 0195 120 | 000191 272
3 9 189 229 122 0195 120 | 000191 72
3 9 209 252 121 0195 119 | 000190 269
1 12 134 246 184 026 182 | 000290 232
4 12 1L8 274 185 026 183 | 000291 233
4 12 158 301 190 026 188 | 000299 239
4 12 183 344 188 026 186 | 000296 237

Mcan of the ohservations with three turns

i
1

s
a
»

sV
mne

»
”

twelie ,,

1O 1O 10 e
WG o
EICE-EY

Swth Eapervment —This expermment was made m 1espect to the

ductance of an armature of a 25 hoise-power tramway motor
The following data applies to this armature —

Drameter of armature

Number of slots

coils

Tuins per coil

Conductots per slot

Ghoss length of a1matuie Jamnations

16 m
105
105

4
12
8m

The inductance tests were made with a current of a pertodicity

of 100 cycles per second

Inductance measurements were made upon one, two, three, and
four colls 1n series, and under the condition of mmmmum mductance,
which was considered to coirespond with the aimature m air, and then
with air gaps of vaious lengths arranged by a special pole-piece of
laminated non of the dimensions shown m Fig 153, which shows the
pole-piece 1n place, with pieces of leatheroid between 18 and the armature
Owmg to this pole-prece bemg of the same radius as the armature, on
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mserting the leatheroids a gap was obtamed which was lager at the
mner edge of the polepiece than at the outer (sce Fig 153), so that m
the calculations and cuives a mean gap 18 given

| CGS LINES PER AMPERETURN & PER INCH LENGTH
7 b QF ARMATURE FOR VARIOUS TURNS IN SERIES __
fpen
" Figis 4 TURNS PER COIL GROSS LENGTH OFARM LAMNS
: S
X
g 2 ™~
y ] .
— 3
g \ 54 GAP
'; 100| \
H
g ™~
5 —~1 | -
80 8
E P
i =
|
z
= 6 \\
E pi
& ] 64GAP
z
S
™~ R et S 7
a 64 GAP
3 ~
INAIR
§
§
3
“
¢ 1
o TuRNS  |IN | seriEs
(508101 2 8 8 10 12 & 16

In Tables XLIV to XLVII mclusive, and m the curves of
Figs 154 and 155, are given the results of these tests
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Tapur XLIV —Oxe Cort or Four Turss PER CorL  RESISTANCE — 0014 Onus

Cvel Td C G Limnes

C! t

Awmperes Volts I::‘l;zd Reactance Sll)e: ¢ all:cemm 1});;2::1[)?; Mean Meu‘.u Aw

Second | Heurys |Inch Length Gap
of Armature

2376 108 0455 0433 97 0000710 555 "
23 107 0466 0444 97 0000728 570 56 6 0
202 945 0468 0466 97 0000732 572
235 1325 0562 0549 99 0000884 690
22 1268 0576 0558 99 0000897 700 698 23
1975 1120 0568 0551 99 0000887 693
20 1385 0693 0678 99 000109 852
225 156 0694 0079 99 000109 852 855 Ers
21 1675 0698 068+ 99 000110 860
215 218 0891 0880 99 000141 1100
20 1725 0863 0852 99 000137 1070 108 2 5
22 191 0868 0857 99 000138 107 8
22 253 1151 1141 99 000159 143 6
20 229 115 1137 99 000183 1430 14325 o
18 203 1128 1119 99 000180 1410

TasLe XLV —Two Coirs oF Four TurNs prr Coi  REsiytanct = 0033 Omms

i I C G S Lies A
- { o i pet Ampeic ean
Ampetes | Volts | Impedance | Reactance L%:L‘;né’er! Ind]\;[etan(: " 'Igé\ﬁ l}. :g(g cll:Et])f Mean L:}\;
| Avmatwe

. m
21 264 1256 1212 99 000195 381

19 212 1274 1230 99 000198 337 382 *®
175 | 218 1245 1202 99 000193 378
17 265 1676 16145 100 000262 513

155 | 261 1650 1646 100 000262 513 510 | 22
13 215 1655 1620 100 000258 50 4
13 281 216 213 100 000340 60 4

15 320 213 210 100 000334 653 659 | 1
165 | 355 215 212 100 000338 061
125 | 318 278 276 100 000440 860

11 303 275 273 100 000435 850 856 | -k
10 277 207 275 100 0004338 858
10 359 359 358 [ 99 000576 1125

9 320 350 355 99 000572 | 1117 1116 | %
8 282 353 352 ‘ 99 000567 1107
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TasLe XLVI —Turee CoiLs o Four Turns por Corn

C N Lies
per Ampero

Mean

Mcan

Cyel Induct: m
Amperes | Volts | Impedance | Reactanco %é?e::ngm mﬁil:[;ie m lx! 3:‘)1{ :‘L’l‘l‘g“l‘mlu !
Armatuie
15 368 215 240 99 000386 B
135 335 248 243 99 000391 339
12 296 246 241 99 000388 337
10 317 347 344 98 000558 185
9 298 331 328 98 000533 163
8 245 306 303 98 000492 427
17 78 458 452 98 000737 048
15 675 450 +47 98 000726 630
14 63 450 447 98 000726 630
13 784 603 601 98 000976 816
12 708 590 588 98 000958 843
10 532 532 530 98 000863 77
18 146 812 811 98 001317 Ity
16 125 782 781 98 001270 1101
15 116 774 773 98 001255 109 0
Tasre XLVII —Four Coits oF Four Turns por Coin  Risisrance
C (N Lames
Cyel Inductancem | M1 Am pet e
Amperos | Volts | Impedance | Reactance .)S;c?n(m Heury# Inln o x:xln]«” L‘lyu"«le
Armature

19 742 390 385 100 000613 299
17 6 47 380 375 100 000598 203 !
14 532 380 376 100 000598 294 i
15 823 514 539 100 000872 126 1
13 706 543 538 100 000871 126
11 548 500 495 100 000802 302
10 758 758 7565 100 00120 a8 7

9 664 738 735 100 00117 073

8 540 675 672 100 00107 6523
17 19 04 112 1117 100 00178 870
15 16 25 1082 1079 100 00172 84 2
13 1375 1057 1054 100 00170 83 2
17 240 1411 1410 100 00225 110
155 [213 1375 1374 100 00219 107
14 190 1356 1355 100 00216 105 5

The cuuves m Figs 154 and 155 are plotted fiom the above Lesults
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No results are given for the position of zero aiwr gap, smce grea
maccuracy was mtroduced by the pole-piece not making a umfor
magnetic contact each tume 1t was replaced

Seventh Experiment —The armature of a 20 horse-power railwa
motor characterised by an especially small number of slots (twenty-nme
was measured as to mductance, and 1t 15 mteresting to note that despit
the concentration of many turns m each slot, the mductance as expresse:
m terms of the number of CGS lines per ampere turn and per incl

1 G.ALINES PER AMPERE TURN &PER IN LENGTH
\ OF ARMATURE FOR VARYING AIR GAPS 4TURNS PER
COIL GROSS LENGTH OF ARMATURELAM"~ =« 8
o
Enn
: \
5 % 165,
s T
L3
<
w
o
z
5 ™
z 80]
E T
E \ ULTIMATE VALUE OF 56 6INAIR
: SuN
-
E B N = W . 982
3 ]
5 M~ . . . 7
$a — P
<
§
g,
z
3
1)
N
EAM LENETH OF AIR GAFIN £ OF ANNCH

p—7 4 8 12 16 20 24

length of armatwie lamiation, 1s but very hittle greater than in machme
with many slots and but few conductors per slot
The pneipal dimensions of the aimature are given below, and

Fig. 156

Diameter of atmatwie 11m

Number of slots 29
» colls 87

Tuins per coil 6

Conductors per slot 36

Ghoss length of axmature laminations 9 m

Length of air gap average S m

The values for the position of minmum mductance were taken wu
the armature out of 1ts fiame , ¢ ¢, 1 air
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ARRANGEMENT OF COILS IN SLOTS

Fig 168
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For the position of maximum inductance, the armature was 1m :
fiame with the coils under test dnectly under the pole face  The pole fa
was bult of lamations

Fig 157 shows the ai1angement of the coils in the slots, and also serv
a» a key to the combiwations of coils taken Taking slot 1, 1t was fow
that the inductance of coils A, B, and C were practically the same

The results are plotted m Fig 158 In the cuive marked A, tl
turns are situated m one and the same slot except for the last pox
(e, twenty-fom turns), m which case, eighteen tmins weie 1 one sl
and six tuins in the adjacent one  In curve B, the twins weie situate
six 1n each slot, (2 ¢, one col per slot), the slots being adjacent

The observations are given below i tabulated foim

Tasre XLVIII

M Crel Toduct CGDd Lines p
ean ycles per nductance 1 [Ampere Tuin
Ampores | Impedance Tmpedance Reactance Second Henrys Pelr Tnch Leug‘:

of Aimatwe

One Codl of 6 Twrns  Posttion of Minumum Inductance
Slot 1, Coll B Resistance = 0230 ohms

15 0793
17 0782 0786 0752 97 0001237 382
19 0784

Two Couls of 6 Tuins per Col  Posron of Mamamum Inductance
Slot 1, Coils Band ¢ Resistance = 048 ohms

8 299
10 290 293 289 97 000476 367
11 291
Slot 1, Coal B Slot 2, Coul B Resistance = 049 ohms
10 204
13 199 199 195 96 000322 248
15 195

Thiee Coils of 6 Twins per Corl  Posttion of IJnumum Inductance
Slot 1, Coils A, B, and C  Resistance = 0738 ohms

9 578 643
11 668 607 614 609 97 0v10 343
13 T 593

Slot 1, Cods A and B 8lot 2, Coil B Resistance = 0722 ohms
13 526 404
15 652 407 412 405 96 000673 231
17 723 426
Slot 1, Coil B Slot 2, Cal B Slot 3, Coll B Resistance = 0722 ohms

13 44 338
15 508 339 338 330 96 000548 181
17 572 336
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TasLe XLVIIT —Contenued
C G S Lumes
. el Ampere
mpetes | Volts | Impedance hnﬁiff:;ca Reactance c%“‘;lfosm °r| I"dﬁiﬁ‘;g‘“ m I::ﬂ }t:}ngt]:
of Aimatme
Forr Couls of 6 Tuans per Coll  Posutron of Mansmum Inductance
Slot 1, Cols A, B, and O Slot 2, Coll B Resistance = 0976 ohms
13 1017 782
15 115 767 e 765 96 001272 26
17 1308 769
Slot 1, Coll A and B Slot 2, Coils A and B Resistance = 098 ohms
8 602 752
95 697 732 743 736 96 001223 236
105 762 746 74
Slot 1, Colls A and B Slot 2, Corl B 8lot 3, Col B Resistance = 0984 ohms
85 545 642
10 627 627 626 620 97 001020 197
12 730 608
Slot 1, Coil B Slot 2, Coll B Slot 3, Coil B Slot 4, Coil B Resistance = 0984 ohms
10 525 525
13 665 512 511 501 97 00082 159
15 T 47 498
Oune Corl of 6 Turns  Position of Mavwnum Inductance
Slot 1, Coil B Resistance = 0232 ohms
15 216 144
13 189 145 T4k 142 ‘ 101 000224 692
10 142 142
Teo Couls of 6 Tuing per Corl  Positwon of Masrmum Induclance
Slot 1, Coils B and O Resistance = 0469 ohms
10 56 56
9 + 94 55 553 551 100 000877 67 T
8 44 55
Slot 1, Coil B 8lot 2, Coil B Resistance = 0479 ohms
10 435 435
11 481 +37 438 136 101 000687 530
12 532 443
Thiee Couls of 6 Turns per Corl  Posstron of Marwmwm Inductance
Slot 1, Cails A, B, and C Remstance = 0735 ohms
15 192 128
14 18 128 128 1 128 102 0020 t 689
13 166 128
Slot 1, Coils A and B 8lot 2, Coil B Resmstance = 0748 ohms
9 96 107
10 107 ’ 107 107 ‘ 107 101 ] 00169 583
11 1185 108
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TapLe XLVIIT —Conivnued

(o]

Ampaes | Volts | Impedance | 1 Mean Reactance |CYcles per Inductance n ’11')
mpedance Second Hemys T

of

Slot 1, Coll B Slot 2, Coll B Slot 3, Coal B Resistance = 0739 ohm

11 92 837
12 10 834 ‘ 835 830 97 ‘ 00136 }
13 10 85 835

Four Couls of 6 Tuans per Corl  Posutron of Marunuwm Inductance
Slot 1, Coils A, B, and C  Slot 2, Coll B Resistance = 0984 ohms

12 233 194
13 253 195 194 ; 194 ‘ 103 0030
14 273 195
Slot 1, Coils A and B Slot 2, Colls A and B Resistance = 0992 ohm
12 224 187
13 21 185 185 185 101 00292
15 276 184
Slot 1, Coils A and B Slot 2, Coll B Slot 3, Coil B Resistance = 101 ¢
13 207 159
15 236 } 157 157 157 101 00247
17 265 156
Slot 1, Coll B Slot 2, Coll B Slot 3, Coll B Slot 4, Coil B Resistance = 0
15 196 131
16 209 131 ‘ 131 131 101 00206
17 2922 131

Ewlhth Evpermment —These measmementsielated to an armat
alternating cuient dynamo The considerable number of slots,
make the results instructive fiom the standpoint of com
machimes  Fust, the colls A A and B B of Fig 159 were ¢
m series, and the inductance was measured at a periodicity of .
i the position of nunmmum and masmum wductance, the
shown 1 Fig. 159 being, of course, the position of maximum 1nduc

The values deduced from the obseivations weie —

Position of mimmum nductance 20 CGS hnesper a
and per mch gios
armatui e lamimatio

” mavmum inductance 35 . 1

Then the turns m fow adjacent slots were connected 1
and then, as shown m Fig 160, mductance was measured m the
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mumn and maxmum mductance The following 1esults wele

I —

Position of mmimum mductance 13 C G S lmes per ampere turn
and per mch gioss length of
armatuie Jammation

maximum mductance 19 » » »

ey
1A

s W
S b

s
'

Col AA =17 tarns vv Sertes 8
Coll BB =12 turns uv Series s
Gross depth lowrunations 12°
Net) depth " 86

qufeuuaogp
T + %

study of these tests indicates that i projection armatures, 1t 1s
Jble to so proportion the <lots and conductors as to obtam as small a
20 CG'S hnes per ampere tuin and per mch of gioss length of
te lammation for the cols i the position of mmimum inductance
the conditions conform appionimately to any paiticular case
1g which more definite experimental data 15 available, this moie
ta should of course be employed

e experimental data i the possession of other designers relating to
es with which they are accustomed to deal, may lead them to the
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use of numerical values for this constant other than those mdicated by tl
preceding tests, but 1t will be at once aduntted that the chief value of suc
data lies more 1 the relative results obtamned for various machines, than
the absolute results The method of applying the constant must ho
equally forall types, but doubtless the most swtable value to take for tl
constant will vary to some extent according to the degree of divergen
between the types.

TLLusTRATIONS OF THE CALCULATION OF THE REACTANCE VOLTAGE

The determination of the inductance having so important a beaur
upon the design, the method will be explamed by working out sever
cases, and when m the following sections several complete working desig:

<
[IT T T I fwse] T 1111

(2 7T

BRUSHA B8BUSHE

are desciibed, the value of the inductance as related to the gener
performance of the machie will be considered ~ All the following cas
relate to drum windings

Case T—In a four-pole contimuous-current dynamo for 200 kilowai
output at 550 volts and a speed of 750 1evolutions per minute, the armatu
1s built with a four-cucutt sigle-winding, anianged m 120 slots, with fo
conductors per slot  The commutator has a diameter of 20 m, and b
240 segments

The brushes are 75 m  thick  The segments are 26 m wid
consequently as there 15 one complete tun per segment, thiee comple
turns 1s the maximum number undergomg shoit arcwit at one brush
any 1mstant

Considering a group of adjomning conductors m the slots occupying t
commutating zone between two pole tips, six of these conductors, occupy:
one and one-half slots will be short-cirewited, three at one set of brusl
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and three at another, as shown diagrammatically m Fig 161 Now the

2
full-load cmtent of this machine IS:M =364 amperes, the cuirent per

cicwt bemg 3_2_4: 91 amperes Consequently, while any one coil 1s short-

encurted under the brush, the current of 91 amperes in one dircetion
must be reduced to zero, and there must be bwlt up m 1t a curient of
91 amperes m the other direction by the time 1t emerges fiom the
position of short ercuit under the brush, to jomn the other smde of the
cncut  This change 15 at tumes occming simultaneously mn a gioup of
six adjacent conductors

A coll has an mductance of one henry when 1t 15 situated 1 a medium
of such permeability, and 15 so dimensioned that a curient of one ampere
sets up a magnetic flux of such magmtude that the product of the number
of lines lmked with the coil by the number of turns m the coil1s equal to
100,000,000 If the coill has but one turn, then its mductance becomes
107® times the number of hines hnked by the twrn when one ampere 1s
passing through 1t Tnthe case under consideration, the coil 15 of one turn,
but the varymg flux linked with 1t, and hence the voltage mduced n 1t 1s
proportional not only to the rate of change of 1ts own current, but to the
rate of change of the cuirents m the adjacent tnrns simultaneously under-
gomg commutation at different sets of brushes, and at different powmnts of
the smface of the same biushes In this case five other turns ae
concerned 1 determning this varying flux, hence the voltage induccd
will be six tumes as great as 1if the coil had alone been undergoing
commutation at the moment Tt will not be the square of six tmucs
as great, smece 1t 15 the voltage i the one turn that 1t 19 requued to
determine

Had the six twns wn seres belonged to the one coil undergoing
commutation, then the mduced voltage would have been the square
of s1x tumes as great as for a one-turn coil

Ghoss length of lamination = 10

Flux set up n one twin, per ampere m that twn and pet mch of length of amatmic
lammation = 20 CG S lines

Hence flux of selfanductance = 10 x 20 = 200 hines

Self-inductance = 200 x 10- = 0000020 henrys

Mutual mductance of one tuin with relation to the six tuins simultancously undeigomng
commutation = 6 x 0000020 = 000012 hemys

Curcumference of commutator = 20 x = = 628 1
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Revolutions per second = 750 — 60 = 125
6 x 1

Peiipheral speed of commutator = 628 25 = 785 m per second
Thickness of 1achal catbon biush = 751n
Curient 18 completely reversed 1n 7—;'27 = 00095 seconds, which1is the time of compl
tion of a halfcycle Consequently, the 1cveisal occurs at an aveiage rate of 0—(1)—00‘
a2 X <

= 530 cycles pe1 second

We are now prepared to obtain the 1eactance of the turn, and shal
for want of a better, make the—n tlus case—very unwarranted assumj
tion of a sine wave rate of vailation

Reactance = 2 x = x 530 x 000012 = 040 ohms
Reactance voltage = 91 x 040 = 36 volts

This 1s the voltage estimated to be mduced i the turn durmn
the process of commutation  In each of the other five tuins independentl
undergomg commutation under other sets of brushes, and under othe
parts of the bearmng suiface of the same set of biushes, there 1s als
an mduced voltage of 35 volts

In this design, the factors most concerned 1n the process of commute
tion aie the following

Reactance voltage of short encwted coil 36 volts
Inductance per commutator segment 000012 heniys
Aimatuie ampete tuins pet pole-piece 5500 ampere tuins
Curient per armature eircutt 91 amperes
Aneiage voltage per commutator segment 92 volts

Case 1] —A six-pole continuous-current dynamo has a 1ated outpu
of 200 kilowatts at 600 1evolutions pexr mmute and 500 volts
The aamatuie has o six-civemt windmg, aranged m 126 slot:
with eight conductors per slot  The commutator has 252 segment:
There aic two tuins 1n series por segment  The diameter of the commute
tor 1s 20 m and the width of a segment 15 24 m  The thickness ¢
the 1adial beanng carbon brushes 1s 63 w, consequently the maximu
number of cois short-cucuited at any time at one set of brushes i
thiee  Hence 3 x 2 x 2 =12 conductors grouped together m th
neutral zone between two pole tips, and occupymng one and one-hal
slots, ate sinultaneously undergoing commutation, that 1s, six conductor
at one set of biushes and the other six at the next set

Ghoss length of Jamnation = 9 m
2 4
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Flux set up m 12 twns by 1 ampere m those turns, and with
9m length of armature lammation = 12 x 20 x 9 = 2160 CG S lmes
Mutual mductance of one coil (two turns) with relation to the six coils
sunultaneously undergoing commutation = 2160 x 107 x 2 = 0000432
hemys

Cucumference of commutator = 6281

Revolutions per second = 600 — 60 = 10

Peripheral speed commutator = 628 x 10 = 628w per sceond
Tlnckness of 1adial bearng carbon biush = 63 1n

Cutrent completely 1eversed m (T(ii = 0010 seconds

Average 1ate of teveisal = ?T%)TO— = 500 eycles per seeond

Reactance = 2 x = x 500 x 0000432 = 136 ohms

9

51)000’292 = 667 ampeies
9

Reactance voltage = 667 x 136 = 91 volts

Amperes per aimatue enemt =

(Thus, of course, 15 an undesnably high figme, and would only be
permussible m connection with especially good constants m other 1enpects )

Reactance voltage of shoit-cucuited coil 91 volts
Inductance per commutator segment 000043 henrys
Almature ampere tmns per pole-piece 5600 amperc tuins
Curient per armature cucut 67 ampeics
Average voltage per commutator segmeut 12 volts

Crise IIT—A 10-pole hghtning generator has a 1ated output ol 300
lalowatts at 125 volts and 100 revolutions per mmute It has a 10-cncuit,
single-winding, auanged, four conductors per slot, m 180 slot~  The
commutator has 360 segments, one segment per twn  Diamcta ol
commutator 1s 52 m , and the width of a segment 15 15 1

The thickness of the 1adial beanmg carbon brushes 19 1 m , and the
maximum number of colls short-cucutted at any time at one set of brushes
1s three  Hence siv conductors, giouped together at the ncutral zone

between any two pole tips, are conecined smultaneously i the
commutating process

Guoss length of lammation = 17 6 m

Flux set up mn sic turns by one ampere m cach of thew, and with
17 61 length of aimatme lammation=6x20x 17 6=2110 C G S Imes
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Mutual mductance of one coll of one turn, with relation to the six
oils simultancously undergomng commutation =2,110 x 10=5x 1 = 0000211
henrys
Cucumference of commutator = 52 x 7 = 164 m
Reyolutions per second = 100 — 60 = 167 1evolutions
Penipheral speed commutator = 161 x 167 = 274 m per second
Thickness of 1achal bearing carbon brush = 1 1m
Cumient completely 1eversed m 32; = 00365 seconds
=T
1
2 x 00365
Reactance = 2 x 7 x 137 x 0000211 = 018 ohms
300,000
125
2400
10

Average 1ate of 1eveisal = = 137 cycles per second

Rated full load cuirtent output = = 2400 amperes

Curient per armature conductor = = 240 amperes

Reactance voltage = 240 x 018 = | 3 volts

Reactance voltage of shoit cncuited col 4 3 volts
Inductance pel commutator segment 000021 hemys
Aimatme ampere turns per pole-piece 8600 ampere tuins
Culrent per aimatme enemt 240 amperes
Anverage voltage per commutator segment 3 8 volts

Mobnery Constant Porentisar Commurating DyNaMos

Durect-Connected, 12-Pole, 1,500-Kilowatt, 600-Volt Ranlway Generato
Speed = 75 Revolutions per Minute —This machme 1s remarkable m that,
at the time 1t was designed no commutating dynamo of miore than a
fiaction of 1ts capacity had been constructed Owing to the great weight
of the vaious paits, and the shoit time i which the machine had to
be constiucted, 1t was assembled and tested for the first time at the
Columbian Exposition

It was found that the machine comphed with the speafication n
all paticulars as to heating, and that sparking did not occur between the
hunts of no load and 50 per cent overload — Mention 15 made of this, smce
this was the fiist of the modern traction geneiators developed m the
United States, and the constants of tlhis machine, which were novel at
that tmne, have smce become common in the best practice m designing
Porhaps the most 1emarkable feature of this machine 1s the range of load
at which spaikless commutation occuis, and the gieat magnetic stiength
of the armature as compared with that of the field-magnets This result
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was accomphshed, first, by comparatively low mductance of the armatwe
colls, secondly, high magnetisation m the armature projections, which
to some estent keeps down distortion of the magnetic field, and, thirdly,
by the ovel-compoundmg of the machmes to suit railway practice that
15, no load volts of 550 and full load volts of 600  The meiease
of magnetisation corresponding 1o this merease of voltage 15 a condition
favourable to spaikless commutation, and 1t will be noted fiom the
particulars given of the machine, that the magnetismg force of the series
coll at full load 18 approximately equal to that of the shunt col at
no load

Drawmgs ate giwen, Figs 162 to 160, showing the constiuction,
and m Figs 167 and 168 a1e given satmation and compounding cuives for
this machme  The following speafication sets forth the constants of the
machine and the steps m the calculations

SpECIFICATION OF 12-PorEk, 1,500-KiLowarr, 600-VoLr GENERATOR, TOR Sp1np OT
75 REVOLUTIONS PER MINUTE

Number of poles 12
Kilowatts 1500
Revolutions per mmute 75
Frequency 1 cycles per second Th
Terminal volts, no load 550

» " full load 600
Ampetes, full load 2500

Divrysions
Armature

Diameter over all 126 m
Length over conductors 481,
Diameter at bottom of slots 121; ,,
Internal diameter of core 1034 ,,
Length of core over all 33,
Eftective length, magnetic 11on 268
Pitch at smface 3 m
Insulation betwecn sheets 10 per cent
Thickness of sheets oIt m
Depth of slot, 20,
‘Width of slot at 100t o,

1 » sw face -
Number of slots 318
Minmum wadth of tooth 412 1n
‘Width of tooth at armature face 763 ,,

5 conductor S
Depth of » 3

T
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Nuaber of ventilating ducts
Width of each ventalating duct
Eftective length of core — total length

Maygnet Core
Length of pole face
Length of pole axe
Pole a1c — pitch
Thickness of pole-piece at edge of core
Radual length of magnet core
Waidth of magnet core
Thickness of magnet core
Diameter of bore of held
Depth of an gap

Spool
Length over flanges

,»  of winding space

Depth »
Yoke

Outside dianeter

Inside 1

Thickness, body
Length along aimature

Commatator

Diameter

Number of segments
' " per slot

Whdth of segment at commutator face
1 » 100t

Depth of segment

Thickness of mica 1nsulation

Axalable length of swiface of segment

Cross-section of commutator leads

Biushes
Number of sets
Number m one set
Wadth
Thickness
Area of contact of one brush
Type of brush

MATERIALS

Aimatwe core
» spider
Conductors

1903w and 180} m
168 m
6 .

36

»

803 ,
696

2

312 m
313

3

05
197
130 square mches

»

5

»

»

&)
eI

"

1875
Radial carhon

Sheet non
Cast non
Copper
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Commutator segments

» leads
Spider
Pole picce
Yoke
Magnet coie
Brushes

TecuNICAL DAaTA
Aimature, 10 load voltage
Numbe: of tace conductors
Conductois per slot
Number of cucwts
Style of winding
Gramme 11ng o1 dium
Type construction of winding
Mean length one aimatuie tuin
Total aimatuie tuins
Tuins 1n sentes between hiushes
Length between biushes
Cross-section, one armatuie conductor
Ohms per culic inch at 20 deg cent
Resistance between biushes at 20 deg Cent
» » 60

Volts diop m axmatue at 60 deg Cent

" rush contact

» serles winding
Terminal voltage, tull load
Total internal voltage, full load
Awmperes per squate mnch m amature winding

” s commutatol connections
Commatation

Average voltage between commutator segments
Armatwe tuins per pole

Ampeires per turn

Armatme ampere tuins per pole

Segments lead of Liushes

Percentage lead of Inushes

3 demagnetizing ampele tuins
» distorting ampeire tuins

Demagnetizing ampete turns pex pole

Distortang » "

Frequency of commutation (cycles per second)

Number of coils simultaneously shoit-ciicmted per brush

Tuins per col

Number of conductois per gioup simultaneously undeigong
commutation

Copper
German silver
Cast non
Cast steel

”

»
Carbon

550

1392

4

12
Smgle
Dium

Evolute end
connections

176 m
096
58
10,200 1n
161
00000068 ohms
043,
050 ,,
103
25
19
600
620
1290
3200
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Flux per anpere tuin per mch length aimatuie lamination
Flux hnked with fom twins = 367 x 20 x 4
Inductance 1n one tuin constituting one col, m henivs

1 x 2700 x 10-*
Reactance shor t-cucurted twin
Reactance voltage = 0385 x 208

20 (assumed)
2700

000027
0385 ohms
8 0 volts

In operating these machines, the biushes are set at a constant lead
of 6% segments for all loads, and the output may temporaly exceed the
full load rated output by 50 per cent

MacNeTIC DATA

Coeffictent of magnetic leakage

Megalines enteilng simatuie per pole-piece at no load and

550 volts

Megahnes enteling armature per pole-piece at full load and

620 mter volts

Armature

Section
Length (magnetac)
Density at no load
»  ab full load
Ampere turns per mch length no load

. " full load
Ampere tmns, no load
» full load

Teeth

Gap

Transuntling flus from one pole-prece
Section at 100ts
Length
Appatcnt density at no load

2 » funll load
Conected density at no load

" » tull load
Awpere tuins per mch length, no load

» . full load

Ampere tuins no load

» full load

Section at pole face
Length gap
Density at pole face, no load

» M full load
Ampere tuins, no load
” full load

115
316

356

241 square ches
19m
66 kilols
7,
15
18
290
340

24

264 squaie mches

2125 m

120 kalols
135
116,
120,
1800
1400
1700
3000

»

820 squate inches
43 m
39 kalols
44,
5300
6000



8,300 ampere tuins
armature strength expressed i ampere tuins per pole-piece 1s, at full load
current of 2,500 ampetes (208 amperes per cicuit)

Fifteen-Hundred Kilowatt Renlway Generator 187

Magnet Core
Section
Length (magnetic)
Density, no load

s full load
Ampere tuing per mnch length, no load
» » full load
Ampers turns, no load
. full load

Magnet Yoke
Section
Length pex pole
Density, no load
1 full load
Aumpere turns per meh length, no load

» » full load
Ampere tuns, no load
» full load

JAnpere TURNS PCR SPouL

No Load and
550 Volts

Aimatare coic

. teeth 1700
An gap 5300
Magnet core 1350
Yoke 1320

9960

Demagnetising ampere tuins per pole-piece at full load
Allowance for maease 1n density thiough distortion

Total ampere tuins at full load of 2500 amperes and 600

terminal volts

420 square nches

20 m

87 lalols
98 ,,
67
160
1350
3200

225 square mches

27 m
81 kilols

No Load and
620 Internal Volts

310
3000
6000
3200
3000

15,540

2600
1000

19,140

If the field rheostat 1s so adjusted that the shunt winding shall supply

will be supplying ?% % 9,900 =10,840 ampere tuuns
5

1392
2% 12

the 9,960 ampere twns necessary for the 550 volts at no load, then, when
the termunal voltage has 11sen to 600 volts at full load, the shunt winding

The series winding

must, at full load, supply the temainng excitation, e, 19,140 — 10,840 =
The armatuie has 1,392 face conductors, hence the

x 208 = 12,100 ampere tuins per pole-pece, on armature
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CALCULATION Or SpPooL WINDINGS

Shunt

Mean length of one shunt tuin

Ampere tmins per shunt spool at full load
Ampere feet

Radiating surface one shunt spool

Permmt 36 watts per square inch at 20 deg Cent
Then shunt watts per spool at 20 deg Cent

And » »o 60,
22
Pounds copper per coll = 3_1£':J_‘ = 650 1b

85 £t
10,840
92,000

1130 square inches

405
468

A margm of 16 6 per cent 1 the shunt rheostat when coils are hot

leaves 83 per cent of the available 600 volts, or 500 volts, at the terminals

soo—| Fig 167 i
T [ [ wr?T_'*ul*"—F—: 1950 W RAILWAY GENERATOR N
20000 ‘FW 768 _—Load Saburation cummn rom
/ Depth, Lt 2"
pehtir gapJie o Yo
1000 W ——
" B |
12P0LE 1500 Kw AATLWAY o §n T
o Load Gurve ot Tsepm—{ & o0 o ST
7 « Ig™
e 8 L—TeF
; 12 000
g
: S wooo
/ ¥ so00
b
H
3 6000
H
Z 2000
200 L& T 16001800 E” 500 200 206
/ 1 (es060) aaperes borroe V0¥ e
[ 124 HO00 76000

whac)

of field spools

4200
Gmrene onns VR rielt Seoor

when spools have a temperature of 20 deg Cent

ampere turns at full load

Hence 1equue% 11 3 amperes n shunt coils
Tuins per shunt spool = 110’1_820

Length of 960 tuins

Pounds per 1000 feet

No 6 B and 8 gauge weighs 79 5 1b per 1000 feet
Bate diameter = 162m DCCD = 174 mch
Cioss section = 0206 squaire inch

Cunrent density = 546 amperes per squaie inch

960

8150 ft
798

Length of the poition of wmding space available for shunt

coll = 9 01nches
Depth of winding, 3 9 inches

This 15 equivalent to 432 volts, o1 36 volts per spool,

Series Winding —The series winding 1s requned to supply 8,300
With 4 5 turns per spool, the full Joad cumirent
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will g1ve 2,500 x 45 = 11,250 ampere turns Consequently, 650 amperes
must be diverted through the diverter 1heostat, leaving 1,850 amperes

m the series winding, giving 8,300 ampere turns

The 45 turns consist of ten hands m parallel, each 7 i wide by

¢ I thick

Cuoss section conductors

Curient density

Resistance of 12 spools at 20 deg Cent

Series 0* R at 20 deg Cent pet spool
» » 00 ” »

Weight sexies copper per spool

EstivaTep Core Loss

Total weight aimature lammations
Cycles per second

Kilolmes density m core

Cycles x Density

© 1000

Coriesponding watt core loss per pound

Total estimated coire loss

TurRMAL CALCULATIONS
Armature
C?R loss at 60 deg Oent
Cote loss (estimated value)
Total aimatme loss
Pernipheral radiating suiface armatuie
Watts per square inch 1adiating suiface armature
Penpheral speed aimatuie, feet per mmute
Rise m temperature at 15 deg Cent, rise per watt per squaie
mch
Spool
Total C* R loss at 60 deg Cent, per spool
Penpheral 1adiating sui face one spool
Watts per squate meh of 1aciating surface, warm
At 80 deg Cent 11se per watt per square inch, nse m
temperatwe ot field spool 15
Commutator
Aiea bearing suiface all positive biushes
Amperes per square mch of hrush bearmg surface
Ohms per squaie meh bearmg sw face of carbon brushes
Biush 1esistance, positive + negative
Volts drop at brush contacts
O R at brush contacts
Birush pressme

4 375 square inches

24 amperes pe1 sq

000855 ohms
244 watts
282,

650 1L

26,000 1b
75
T4
56

9
23,400 watts

25,850 watts
23,400
49,250
19,100 squaie inches
26 watts
2480

39 deg Cent

750 watts
2080 square mches
41 watts

33 deg Cent

67 5 squaie mches
37 amperes
03 ohm
00089 ohm
2 22 volts
5550 watts
1251b
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Coeflicient of friction 3
Peripheral speed of commutator in feet per mnute 1700

Brush fuction 1040 watts
Stiay power lost m commutator oo,

Total commutator loss 7310 ,
Radating smface commutator 5100 squure mches

Watts per square inch of 1achating smface
Rise m temperatuie at 20 deg Cent rise per watt per square
1ch

ErriciENcy CALCULATIONS

Output at full load

Core loss (estunated)

C’R aamatwe at 60 deg Cent
Cowmmutator and b ush loss
Shunt spools C* R at 60 deg Cent

» 1heostat » »
Series spools — C2R at 60 deg Cent
, theostat . '
Total mput

Commercial etheiency at full load and 60 deg Cent = 95 7 per cont

‘Wrieirrs (Pounps)
Armatuie

Magnetic core
Teeth
Copper
Commutator, segments
Twelve magnet cores and pole-preces
Yoke
Twelve shunt coils
5 seiles cols
Total spool copper

0-Pore 200-Kizowarr RamLway Gryeraron

136 watts

27 deg Cent

Watls

1,500,000
23,100
25,850
5,550
5,600
1,130
3,380
1,190

1,566,150

21,000
2,120
6,360
3,100

30,000

35,000
7,800
7,800

15,600

Figs 169 to 183 1elate to a six pole rallway generator for an output
of 200 kilowatts (500 volts and 400 ampetes) ab a speed of 135 1evolutions
pet winute  The constants of this machine are set forth i the tollowing
specification, which also exhibits the steps 1n the caleulation ‘

Number of poles
Kilowatts

200
Revolutions per minute 135
Fiequency 1n cycles per second 07
Terminal volts 500
Amperes
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DiMENSIONS
Arnature
Diameter over all 59} w
Length ovexr conductors 361 5,
Diameter at bottom of slots 5,
Internal diameter of cole 38} 5
Length of core over all 1
Effective length, magnetic 11on 99 ,,
Pitch at surface 311,
Insulation between sheets 10 per cent
Thickness of sheets 025 m
Depth of slot 15 4
Wadth of slot at 100t 416 ,,
» at sutface t16 ,,
Number of slots 220
Minmmum width of tooth 3811
Wadth of tooth at axmature face 129 ,,
,»  conductor 057 ,,
Depth of conductor 658 ,,
Number of ventilating ducts h
Width of each ventilating duct Ty and }m
Efficient length of core — total length 70
Magnet Core
Length of pole face 13 m
Length of pole aic 231,
Pole atc — pitch 71
Thickness of pole-piece at edge of core 1% m
Radial length magnet core 1n
Diameter of magnet core 141,
Bote of feld (diameter ) 599 ,,
Depth of an gap 33,
Spool
Length over flanges 151,
Length of winding space 1},
Depth of winding space 2l
Yoke
Outside diameter 112} i and 106} 1
Inside diameter 96Lm
Thickness 8 and 5 m
Length along a1 matuie 17} m
Commutator —
Diameter 9,
Number of segments 410
» segments per slot )
‘Width of segment at commutator face 210 m

» segment at root 5
210 ,,
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DiMENsIONs—continued

Thickness of mica nsulation 04 1
Available length of swiface of segment 63
Cross-section commutator leads N 01 squaie mch
B ushes
Number of sets 6
In one set 3
Length (1adial) 2 m
Width 2 .,
Thickness 3,
Axea of contact (one brush) 100 squaze mch
Type of brush Radial carbon

el e 8

284 e
MarTrrIALS
Armatuie core Sheet Steel
1 spider Cast 1ron
Conductors Copper
Commutator segments »
» leads Rheotan
" spider Cast-1on
Pole-piece Cast steel
Yoke ,

Magnet core »
DBrushes Carbon
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Electrie Generators

TECHNICAL DATA

Aimatme, no load voltage
Number face conductors
Conductors per slot

Number cireuits

Style winding

Gramme ring or drum

Type construction of winding
Mean length, one armatuie tuin
Total armatme turns

Twins 1 series between brushes
Length between brushes
Cross-section, one armature conductor

Ohms per cubic mch at 20 deg Cent
Resistance between brushes at 20 deg Cent
» » 60 5,
Volts drop m axmature at 50 deg Cent
» 1n biushes and contacts
Total inteinal voltage, full load
Anperes per squate inch i armatwm e winding
”" " commutatol connection

Commutation

Asverage voltage between commutator segments
Armature twins per pole
Amperes per turn
A1mature ampere tuins per pole
Segments lead of brushes
Peicentage lead of Inushes

,, demagnetlsmg ampete tuins

s distorting ampele tmins
Demagnetising ampere turns pet pole
Distorting ampere tuins pex pole

500

1760

8

6
Single
Dium

Bairel-wound

107 m

830

147

15,700 m
0375 square mches

00000068
048 ohms
055
22 volts
3,
5256
1780
6670
68
147

9800

96
192
808
1880
7920



Two-Hundred Kilowatt Realiway Generator

Frequency of commutation (cycles per second) 275
Number of coils simultaneonsly short-cucuited per biush 3
Turns per coil 2
Number of conductors per group symultaneously undeigomg

commutation 12
Flux per ampere tuin per meh length aimatme lannation 20 (assumed

»  lhnked with 12 tuins with one ampere in those tuins =

1425 x 20 x 12 3420 hines
Inductance of two tuins constituting one coll = 2 x 3420 x

10— = 000068 henr
Reactance shoit encuted coil = 118 ohms

» voltage short-cncuited coil = 7 85 volts

The amount and distribution of the magnetomotive force ma;
1oughly estimated as follows

Megalines entering aimatuie per pole-prece, no load 126
» » ' full load 133
Qoefticient of magnetic leakage 115
Megalines 1n magnet frame, per pole-piece, no load 145
1 " ” full load 153
Armatur e
Section 174 square e
Length, magnetic 15 1
Density, no load 72 kilolnes
»  full load %
Ampete turns per mch length, no load 22
» » full load 26
" no load 330
' full load 390
Teeth
Thransmitting flux from one pole prece 29
Section at roots 110 square el
Length 161
Apparent denstty, no load 115 Lalolines
" ” full load 121 1
Cortected density, no load 113 1
» » full load 118 »
Ampetre tming per inch length, no load 350
» ” full load 500
» no load 560
" full load 800
Gap
Sectron at pole face 300 squaie el
Length gap 33 m
Density at pole face, no load 42 Ialolnes
2 ” full load 5,
Ampere tuins, no load 4500

. full load 4800



Electrme Generators

gnet Core
Section
Length (magnetic)
Density, no load

»  full load
Ampere tuins per inch length, no load
" » full load
. no load
” full load
tgnet Foke
Section
Length per pole
Density, no load
» full load
Ampere turns per inch length, no load
" ” full load
» 1o load
» full load
Anrere TURNS PCR SPOOL
No Load and
500 Volts
Armatme core 330
" teeth 560
Gap 4500
Magnet core 1320
»  yoke 920
7630

Demagnetismg ampere turns per pole, at full load
Allowance for inciease in density thiough distortion

159 square inches
164 m

91 kilohnes
96 »
80
100
1320
1640

220 square mches
2T,
66 kalolines
0,

No Lol and 525 Inteinal
Volts, Corresponing
to a Full Load Terminal
Voltage of 500

390
800
4800
1640
1080
8710
1880
400

Total ampere turns at full load and 500 texmmal volts 10,990

CarcuraTiON OF SPooL WINDINGS

wn
Mean length one shunt twin = 50 m = 416 ft
Ampere tuins per spool = 7630

feet = 7630 x 125 = 31,800

Radating surface one held spool = 870 squaie mches

Permit 35 watts per square mch at 20 deg Cent
35 x 870 = 305 watts per spool
7,630
2 = 212
10,990 ¥ 305 12 watts
,»  copper pex spool =
31 ampere feet\?
* ( 1000 /) _ 31 x 1010
watts 215

Shunt watts per spool

= 148 1b



Two-Hundred Kilowatt Rulway Gener ator 199

Of the 500 volts available for excitation, should plan to make use
of 90 per cent, or 450 volts at 60 deg Cent, or 390 volts at 20 deg

Cent. This 1s 890

= 65 volts per spool at 20 deg Cent Hence
212 — 65 = 325 amperes

%) = 2350 tuins

Length of 2350 tuxns = 2350 x 416 = 9800 ft

Pounds per 1000 ft = 152 No 13 B and S has 157 1b per 1000 ft, and bhas a
diameter of 072 m bare, and 082 i double cotton covered

This should be wound m 14 layers of 168 tuins each Choss-section No 13 =
00407 squaie mch

Hence current density m shunt winding = 800 amperes per square ich

Consequently tuins per shunt spool =

Serres Winding —This must supply 10,990 — 7630 = 3360 amnpeire
turns at full load of 400 amperes, of wlich 70 amperes should be carned
through a diverting shunt, leaving 330 amperes for the series coils
Hence there must be 10 turns per spool .

Mean length seires turn = 53

Total length ten turns = 530

Setles C* R per spool = 93 watts per spool

Hence 1esistance pe1 spool = 93 — 330* = 00085 ohms

Copper cross-section = 425 squaie mch

Seiies winding per spool may consist of two coils of flat stirp copper 7 m wide and
06 m thick, wound five twins per col Weight series copper one spool =
70 1b

Current density m series winding = 770 amperes per squaie nch

TuERMAL CALCULALIONS

drmatwnre

C°R. loss at 60 deg Cent 8800 watts

Core loss (observed value) 2760 wabts

Total axmature loss 11,560 watts

Observed increased temperature by creased 1esitance of armatumie winding =
63 deg Cent

Peuphoral 1adiating smface mmatme = 6800 square nches

Watts per square meh anmatwe racatimg surface = 170

Incieased tempeiature per watt per squaie inch armature 1adiating swiface
37 deg Cent, as determed fiom 1esistance measm ements

Peripheral speed armature (feet per mmute) = 2030

Tncieased tempeiatule of axmatuie by ther mometer = 30 deg Cent

Ditto, per square inch perrpheral radiating suiface = 17 7 deg Cent
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Spool

Total C?R loss at 60 deg Cent, per spool, = 353 watts

Observed 1mcieased temperature by mereased 1esistance of winding = 45 deg Cent

Peripheral 1adiating surface, one spool = 870 squaie inches

‘Watts per square inch spool 1adiating surface = 405

Increased temperatuie per watt per square imnch spool 1adiating smface = 111 deg
Cent , as determined from resistance measurements

By theimometer the obseived meiease 1n temperature of spool was only 16 deg Cent

Comnwutator

Aiea of all positive brushes 9 0 squate mch
Amperes pet square inch, brush-bearmg suiface 445
Ohms per square inch beating surface, carbon brushes 03
Biush resistance, positive + negative 0067 ohms
Volts drop at biush contacts 27
C* R as biush contacts (watts) 1070
Biush pressute, pounds per square mch 125
Total brush piessuie, pounds 225
Coefhicient of fiiction 3
Peuipheral speed commutatol, feet per minute 1330
Buush fiiction, watts 270
Stray power lost in commutator, watts 200
Total commutator loss, watts 1540
Radiating surface, square mnches 800
Watts per square mch 1adiating smiface 192
Obse1ved 11se temperature 36 deg Cent
Increased temperatuie per watt per square inch iradiating

surface 19 deg Cent

‘With further reference to the temperature measurements, the machine
on which the mnciease of temperatuie was observed, had been run at full
load for mme hows, and had probably about 1eached 1ts maximum
temperature The spool windings were equvalent to, but not identical
with, those described m this specfication In all other respects, the
construction was substantially that described

ErriciENcy CALCULATIONS

Watts
Output at full load 200,000
Core loss 2,760
Commutator and brush loss. 1,540
Aimature C? R loss at 60 deg Cent 8,800
Shunt spools — 0% R loss at 60 deg Cent 1,470
,, rheostat - C? R loss at 60 deg Cent 180
Series spools ~ O R loss at 60 deg Cent 640
»  rheostat (diverter) C* R loss at 60 deg Cent 130

Total output 215,520
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Weicnrs (Pounps)

Armatuse
Core magnetic 3,600
Teeth 400
Spider 1,600
Copper 1,150
Commutalor
Segments 450
Complete without shaft 12,000
Frame
Six pole-pieces 750
Six magnet cores 4,100
Yoke 11,000
Fueld TWandwngs
Six shunt eoils 890
S seres cols 420
Total spool copper 1,310
Other paits 3,800
Machmne complete with hase plate 33,000

The results of tests of this machine are given 1 the curves of Figs
184 to 188, relating respectively to saturation, compoundmg, core loss,
cfficiency, and gap distribution

10-Pore 800-Kimowarr LicHTING GENERATOR

A ten pole lightmng generator, designed by Mo A H Moore, and bult
m 1897 by the Union Elektniertats-Gesellschaft, of Beilm, 15 1llustiated 1
Figs 189 to 206 Its rated output 15 300 kilowatts at 125 volls and
9,100 amperes, and at a speed of 100 1evolutions per mmute In
Figs 190 to 193 aie given cwives of this machme denved fiom the
results of tests and covering the subjects of satmation, coie loss, com-
pounding, and efficency The most terestmg featmre of this demgn 15
that caihon brashes are used, notwithstanding the low tension and heavy
cuirent

In this instanee the commutator 1s ciowded considerably, and, as will
be seen 1 the following specification, the temperatwe 1me at the
commutator was largely m excess of that at other parts of the machie
Mr Moore has modificd the design m this 1espect by lengthening the

commutator segments about 25 per cent
2D
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Three-Hundred Kilowatt Lighting Gener ator

The caleulations are arranged below m the form of a speafication

Number of poles 10
Kilowatts 300
Revolutions per mmute 100
Fiequency 1n ¢y cles per second 833
Termnal volts, no load 110
» 5 full load 125
Ampeies, full load 2400
DinnNsioNs
drmatuie
Diameter over all 65}
Length over conductots 337,
Diameter at bottom of slots 61}
Inteinal diametet of core 507 ,,
Length of core over all 175,
Eflective length, magnetic non 127
Pitch ab smiface 205,
Per cent msulation belween sheets 10
Thickness of sheets 025 m
Depth of slot 1},
Width of slot at 100t 59,
1 » su face 59,
Number of slots 180
Muumum width of tooth 178 m
Width of tooth at armatme face 539 ,,
» conductor 197,
Depth of conductor 650 ,,
Number ot ventilating ducts 7
Width of each ventilating duct bm
Eflectave length of cone — total length 72

Magnet Core

Length of pole-face 16 m
Length of pole arc (average) 133 ,,
Polearc — pitch 65
Tluckness of pole-piece at edge of core 1} m
Radial length of magnet core 121,
Diameter of magunet core B,
Bote of held (chameter) 6557 ,,
3

Depth of an gap

Spovl
Length over flanges
Length of winding space 13,
Depth of winding space 2% »
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Thiee-Hinlied Kilowatt Laghting Generator 20!

Yoke
Outside dhameter 111 and 105 m
Inside chameten 97 m
Thickness Tm and 4m
Length along aimatuie 16
Commutator
Diameter 52,
Number of segments 360
» ,, per slot 2
Width of segment at commutator face 125
,, » 100t 372,
Thnckness of mica msulation 03
Total depth of segnent 30
Approsunate useful depth of segment 15 ,
Masimum length of segment 124,
Avalable length suiface of segment 113,
Cioss section commutator leads 059 squate mnch
Brushes
Number of sets 10
Number m one set 8
Wadth 125 1m
Thickness 1,
Aurea of contact of one brush 1 25 squaie mches
Type of biush Radial caibon
MATCRIALS
Aimatute core Sheet steel
' spider Cast non
» conductors Copper
Commutator segments "
. leads Rheotan
" spider Cast non
Pole-pieces Cast steel
Yoke »
Magnet cores »
Biushes Carbon
TECHNICAL Dara
Armatuie, no load voltage 110
Number of face conductors 720
Conductors per slot 4
Number of cucuits 10
Style of winding Smgle
Ghiamme 11ng ot dium Dinm
Type construction of windmng Banel wound
Mean length one armatwre turn 88 51n
Total armatuie tuins 360

/;w
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Three-Hundred Kilowatt Lighting Generator 2
Tuins m seites between brushes 36
Length between biushes 3190 mn
Cross section one axmatme conductor 128 square mch
Ohms per cubne inch at 20 deg Cent 00000068 ohms
Resistance hetween brushes at 20 deg Cent 00171 ,,
» 5 60 deg Cent 00198 ,,
Volts diop m armatwe at 60 deg Cent 475
” s brushes and contacts and series mainding 325
Termmal voltage, full load 125
Total inteinal voltage, full load 133
Ampetes per squaic inch m armature winding 1880
1 " commutator connections 4000
Commattibron
Average voltage hetween commutator segments 35
Aumatuie tnins per pole 36
Amperes per tmin 240
Aimatwie ampere tuins per pole-prece 8650
Segments lead of brushes 3
Peicentage lead of hrushes 83
0 demagnetising ampere tuins 16 6
" distorting ampere turns 844
Demagnelising ampere turns per pole 1450
Distorting " ’s 7200
TFiequency of commutation (cycles per second) 138
Number of coils simultaneously short-cicutted per hiush 3
Tuins per co1l 1
Number of conductors per group simultaneously undergoing
commutation 6
Flux per ampere tuin per mch length aimature lamination 20
Flux hinked with siv tuins with 240 ampezes 1n those tuins =
176 x 20 x 6 2110 lmes
Tnductance m one {urn constituting one col, 1n hemys = 1 x
2110 x 10~ = 0000211 hemys
Reactance short-cicurted tuin = 0183 ohms
. voltage = 0183 x 210 = 4 4 volts
MaayrToMoTIVE Force CALCULATIONS
Megalmes entciing anmatme, per pole-piece, at no load 917
" " " at full load 111
Coellicient of magnetie leakage 115
Megalines 1 magnet frame, per pole-piece, at no load 105
. " » full load 128
Armature
Section 113 squaie 1nches

Length (magnetic) 10

~t






Tha ee-Hundred Kilowatt Laghtuwg Generator 20

Density at uo load
» full load
Ampere tuins per mch length, no load
” » full load
Ampere turns, no load
1 full load

2 eeth

Transmtting flux fiom one pole-prece
Section at 100ts
Length
Apparent density at no load
“ » full load
Corrected density at no load
» ,, full load
Ampere tnins per meh length, no load
» " tull load
Ampeie turns, no load
. full load

Gap
Section at pole-face
Length
Density at pole-face, no load
» . full load
Ampere turns, uo load
Ampere tuins, full load

Magnet Core

Sectron

Length (magnetic)

Density, no load

“ full Joad

Ampere tuins per meh length, no load
» » full load
» no load

full load

”

Maynet Yoke

Section
Length per pole
Density no load
,»  full load
Ampere tarns per mch length, no load

» » full load
’ no load
» full load

63 5 Ialols
75
14
23
140
230

14
8 5 squaie mclies
175 m
108 Jalols
130,
106 ,,
125,
100
750
180
1310

213 square mches
31
42,800
52,000
4,050
4,900

132 squate mches

135m

79 0 kilols
965
48
93
650
1250

150 squarc tches
151
67 0 Lilols
820 ,,
32
58
480
870
2 E
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AMPERE TURNS PFR SPOOL
‘ No Load and 133
No Load Internl Volts, corres

an ponding to 125
110 Volts Ternumal yolts at
Full Load
Armatute core 1;0 . ;ig
Armatue teeth 180

Gap 4050 4900
Magnet core 650 1250
yoke 480 870
5500 8560
Demagnetisig ampere twins per pole-piece, at full loacd 1150
Allowance for mcrease m density thiough distor tion 550
Total ampere tmins at full load and 125 texmmalvolts = 10,500

If the 1heostat in the shunt crcuit 13 adjusted to give 5,500 ampere
tuins at 110 volts, then, when the termmal voltage 1s 125, the shunt

excitation will amount to %?—g % 5,500 = 6,250 ampere tuins 10,560 — 6,250

=4,310 ampere twins must be supplied by the series winding

CALCULATION OF SpooL WINDINGS
Shunt
Mean length of one shunt twn = 51 m = 425 £t
Ampere tuins per shunt spool at full load = 6250
»  feet = 26,600
Rudiating swface one teld spool = 730 squaic mches
Perunt 36 watts per square weh at 20 deg Cent

263 tot1l watts pet spool  This 15 divided up mto 8% watls m senes winding and
177 m shunt

Shunt watts per spool at 60 deg Ceut = 204
31 (Ampele feet>3
Pounds = —\ 1000

watts
Shunt copper per spool = ‘% =1251h

Plan to have 90 per cent of the available 125 volts, o 113 volts, at the termmals
of the field spools when hot, the 1emainder bemg consuned 1 field 1heostat
This 15 98 volts at 20 deg Ceut or 9 8 volts per spool

Hencelequ\relg—'lg = 181 amperes pe1 spool

6250
181
Length of 345 turns = 1470 4
Pounds per 1000 £t = 85

Turns per shunt spool = = 345
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212 Electre Generators.
No 8 BW G has 824 1b per 1000 ft
Bare diameter = 165in DCCD = 177m
Chross-sectrion = 0214 squate mches Cuirent density = 845 amperes per square
mch
Length of the poition of winding space available for shunt wmding = 6} m
‘Winding conssts of 10 layers of 35 turns each, of No 8 BW G

Series Winding —The series winding 1s required to supply 10,560
— 6250 = 4,310 ampere turns at full load
With two turns per spool, the full load curnient will give 2400 x 2 =
4800 ampere turns  Consequently, 250 amperes must be diverted through
the diverter rheostat, leaving 2,150 amperes m the series winding, giving
4,300 ampere turns
The two twins consist of flat strips wound on edge spirally, as shown
m Figs 196 and 197 The conductor is made up of 44 strips 110 n by
079 1n, making up a total cross-section of 3 8 square mnches
Curirent density = 630 amperes per squaie mnch
Mean length of twin = 51 1
Resistance of ten spools at 20 deg Cent = 000183 ohms
Series C’R = 2150 x 000183 = 840 watts
Ditto pet spool = 84 watts
At 60 deg Cent = 97 watts
‘Weight series copper = 1250 1b

TrErRMAL CALCULATIONS

Armnature
C°R loss at 60 deg Cent 11,400 watts
Core loss (observed value) 4150 ,,
Total axmatuie loss 15,550
Obseived 1ncreased tempeiature by mcieased 1esistance of
aimature winding 64 deg Cent
Peripheral 1acdhating smface armatme 7,000 squaie mches
Watts per square inch 1adiating surface armature 222
Incieased temperatwie per watt per squaie mch aimatue
1adiating sw face 29 deg
Penpheral speed armatue, feet per minute 1720
Increased tempeiatme of axmature by thermometer 29 deg Cent
Dutto, per square mch peripheral 1adiating swface 13 »
Spool
Total C*R loss at 60 deg Cent per spool 301 watts
Observed increased temperatmie by mcieased 1esistance of
winding 61 deg Cens

Peripheral radiating surface of one spool 730 square imnches
‘Watts per square nch of spool 1adiating surface 41
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214 Electine Generators

Tnceased tempeiatme per watt per square mch of spool

5 ;
56 deg Cont
1adiating sw face 156 dey C

By thermomete: the inciease 1 temperature of spool was 16 ”
Ditto, per square mch radiating swface 112 .
Commutator N
Area of all positive biushes (bearmg swiface) 50 square mches
Amperes per squate mch of brush bearmg smface 48 ampeics
Ohus per square inch bearmg swi face of carhon hinshes 03 olims
Biush 1esistance, positive + negative 00120 ohmns
Volts diop at biush contacts 29 volts
C*R at biush contacts 6900 watls
Brush pressure, pounds per square mch 125 1
Datto, total 125,
Coethcrent of friction 3
Peripheral speed of commutator 1n feet per minute 1365
Biush fietion 1160 watts
Allowance for stiay power lost in commutator 500,
Total commutator loss 8560 ,
Radiating surface comimnutator 1920 square mches
Watts per square inch of 1adiating suitace 115
Obser ved 11se 10 temperatuie 80 5 dey Cent
Increase m tewpelatule per watt per squaie mch of 1adiating
surface 18 deg Cent

These temperatwe observations were made on the machme after it
had been run on full load for eight homs As readmgs weie made only at
the end of the test, 1t cannot be stated that the machine was not still
Increasing 1n temperature

ErricieNcy CALCULATIONS

Watts
Output at full load 400,000
Core loss 1,150
Commutator and brush loss 8,560
Aumatuie C2R loss at 60 deg Cent 11,100
Shunt spools — C2R loss at 60 deg Cent 2,010
»  rheostat 230
Seics spools 970
»  rheostat (diverter) C*R loss at 60 deg Cent 100
Total mput 327,150
Commercial efficiency at full load and 60 deg Cent =91 6 per cent
\7- 1 g
Ly mature Weicnrs (Pounns) "
Magnetic core 3,500
Teeth 560
Spider and flanges 7,000
Copper

1,310



Sta-Pole 250-Kilowatt Electric Generator 21

Commutator

Segments 1,480
Spider and press 11ngs 1,300
Cowplete axmatme and commutator without shatt 14,500
Frame

Ten pole preces 1,000

» Magnet cores 5,000
Yoke 8,500
Ten-shunt coils : 1,250
Ten series  ,, 1,250
Total spool coppe: 2,500
Other parts 3,000
Machme complete 34,500

In Figs 207 and 208, page 213, are given the results of tests o
saturation and core loss

Pomts A and B of Fig 209 are expenimental values The cumves o
Fig 209 show appoximately the ampere turns that would be 1equned fo
vaitous outputs, 1f the termunal voltage increased m a straight line fron
110 volts at no load, up to 125 volts at full load Tlus would not auto
matically merease m a stiaight line, but the dewviation was not tested
Cuwves of losses and efficiencies are given 1 Fig 210

Six-Pore 250-Kmowarr Ernecrric GENERATOR

The following 1s one of the latest designs In Figs 211 to 224 aic
given diagiammatical sketches, setting forth the electromagnetic dumen
sions to wluch the ultnnate designs should correspond  Figs 225 to 23.
show some 1nteresting details of constiuction of frame, sprder, commutator
biush holders, bearmg, &c, suggested among other alternative schemes
1 the mechanical development of the generator

SPECIFICALION
Number of poles 6
Kilowatts 250
Revolutions per minute 320
Frequency m cycles pe second 16
Teiminal volts, full load 550
no load 500

” tH

Amperes 455
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Sre-Pole 250-Kilowatt Electi e (lenerator

DIMLNSIONS
Ao rniate
Ihameter over 1l 16 1
Lenwth over conduetors 33,
Duuneter at hottom of slots ity
Internal drunetor of core Hi

-
oo

s

e Fig 216
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Tacngth ot core over all 12 5m
T flective length, magnetic won I}
Piteh at smfue 20,
Inisulation hotween sheets 10 per cent
Thickness of shects 01t
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Depth of slot
Wadth of slot at, o0t

» ,  surface
Number of slots
Mimimum width of tooth

Width of tooth at armature face
‘Width of conductor

Depth of conductor

Number of ventilating ducts

Width of each ventilating duct
Efficient length of core — total length

379
10 ,,
i,

44 m
80



Suz-Pole 250-Kilowatt Electie Generator

Magnet core, length of pole face
Length of pole arc

Pole arec — pitch

Thickness of pole-piece at edge of core
Radial length, magnet cote

Diameter of magnet core

Bore of field (diameter)

Depth of air gap

Spool

Length over flanges
»  of winding space

Depth

Yole

Outside chametcr
Inside diameter
Thickness

Length along armatuie

Connuletor
Diumeter
Number of segments
» » per slot

Width of segment at commutator face
Thickness of niea msulation
Available length surface of segment
Cross-section commutator leads

Brushes

Number of sets

Number m one set
Width of brush
Thickness of brush

Arca of contact one brush
Type of biush

DMATLRIALS

Aimatuie core
Spider
Conductors
Oommutator segments

1 leads

» spider
Pole-pieces
Yoke
Magnet cores
Biushes

1238
17 n

167 n
030 ,,
906 ,,
03 square 1

G
L
176 m
625 ,,
109 square n
Carbon

Sheet 1101
Cast non
Copper

»

»

Cast 11on

Cast steel
»

m

Caibon
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TroHNICAL DATA
drimatwre

No load voltage 500
Number face conductors 1200

Conductors per slot

Number of encumts

Style winding [

Gramme 1mg, o1 drum Ml;ltlple
tum



Sie-Pole 250-Kilowntt Electre Generator

Type of coustruction of winding Batel
Mean length, one mmmature tuin 84 ¢
Total aimatuie tuins 6(
Tuins 1 sertes between brushes I
Length between biushes 845¢
Choss-section one a1 mature couductor 045 syu
Ohms per cubie meh at 20 deg Cent 0000
Resistances between biushes at 20 deg Cent 0213
» » 60 " 215
Volts diop 1 armature at 60 deg Cent 11
» Lrushes and contacts 2
Total mternal s oltage, full load 5(C
Amperes per squate meh m aimature winding 17¢
” » commutator connections 250
Commutation
Average voltage hetween commutator segments 5
Armatute tuins per pole 1C
Amperes per turn 7
Armatwe ampere tuins per pole 760
Segments lead of brushes
Peicentage 1 8 per
s demagnetising ampere tuin 16
» distor ting » » 84
Demagnetisiug ampere turns per pole 122
Distorting » ’ 638
Tequency of commutation, cycles per second 50
Number of coils sumultaneously short-ciicurted per hiush
Turns per coil
Number of conductors per group sumultaneously undergomg
commutation 8
Tlux per ampere turn per inch length armature lamination 20
Flux linked with eight tuins with one ampere 1 these tuins 19701
Inductance of one turn m hemys=1x1970x 107 0000
Reactance shoit-cncuited col 062 ¢
» voltage short-cu cuited co1l 17w
Mexcro-Morive Force CALCULATIONS
Megalines entelng armature, pet pole prece, no load 780
3 » 2 » full load 880
Qoctheient of magnetic leakage 115
Megalines m magnet frame, per pole piece, at no load 897
' ” » ” full load 101
Armature
Section 132 squa

Length, magnetic 130 ,



Electine Generators

Density, no load
. full load
Ampere turns per mch length, no load
» » »  full load
10 load
full load

Teeth
Transmitting flux from one pole-prece
Section at roots

Length

Apparent density, no load
" ,  fullload

Corrected , 1o load
1 . full load

Ampere turns per mch length, no load
full load

» » »
10 Joad
full load

”

”

Gap
Section at pole face
Length gap
Density at pole-face, no load

" " full load
Awpeie tuins, no load
5 full load

Magnet Core

Section

Length (magnetic)

Density, no load

. full load

Ampete turns per wch length, no load
» " » full load
,, 1o load
" full load

Magnetre Yoke
Section
Length per pole
Density, no load
,»  fullload
Ampere tmns per mnch length, no load

» » full load
, Do load
5 tull load

59 kilolmes
66 "
11

13
140

179

20

65

128

132 klolnes

118 .
124 1
134 »
700

1250

890

1ouo

210 square inch

31 m

37 2 lalohmes
12 "

3610
4150

119 squarc mch
1275 m
76 kilohmes
89 "

140 square mches

18 m

64 Laloles
72 »
25
32
450
570
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AmpEre TURNS PER SPOOL
No Load and 564 Volts, Corves
No Load and ponding to Internal Voltage

500 Volts 1t Full Load, when Terminal
Voltage 13 550

Armature core 140 170
» teeth 890 1600
Gap 3640 4150
Magnet cole 450 590
»  yoke 450 570
55670 7080
Demagnetisig ampere tmins pex pole, at full load 1220
Allowance for mcrease m density thiough distortion 700
Total ampere tuins at full load and 550 termnal volts 8920

If the rheostat n the shunt circwt 1s adjusted to give 5570 ampere
rns at 500 volts, then when the termmal voltage 18 550 the shunt

citation will amount to .g% x 5570 = 6130 ampere turns

8900 — 6130 = 2270 ampere turns, must be supplied by the seres
ndmg

CALCULATION OF SPooL WINDING

Shunt
Mean length of one shunt tmin = 485m =405t
Ampere tuins per shunt spool at full load 6,130
Ampere feet 24,800
Total radiating suiface of one field spool 530 square inches
Proportion available for shunt = 6130 530 5
P 1 shun 3900 X 365 »
Permt 40 watts per square inch at 20 deg Cent
365 x 40 = 146 watts per shunt spool at 20 ”
And 168 watts per shunt spool at 60 ”
31 x (omp feet 2
Shunt copper pe1 spool = 3 x 615 131 1b |:Lb = ( 1070,07)
146 watts

Plan to have 50 per cent of the available 550 volts, 1 e, 440 volts,
the terminals of the field spools when hot, the remamder being con-
ned m the field rheostat This 15 382 volts at 20 deg Cent, o1 63 5

lts 146 _ N
perspool Hence 1equire 535 = 2 8 amperes per spool



Swx-Pole 250-Kilowatt Electre Gener ator 225

Turns per shunt spool = —6% = 2660
Length of 2660 turns 10,800 ft
Pounds per 1000 ft 121

No 14 B and 8 has 12 41b per 1000 ft

Bare diameter 0641 m

D CC diameter 075,
Cioss-section 00323 square 1nch
Ampetes per square mch 710

Length of the portion of winding space available for shunt wimding, 6 5 1n
‘Winding consists of 33 layeis of 81 turns each, of No 14 B and

Skries 'WinpinG

The series winding 1s required to supply 2770 ampeie tmns at full
load of 455 ampeies.

Planning to divert 25 per cent through a rheostat m parallel with
the series winding, we find we have 75 x 455 = 342 ampeies avail-
able for the series excitation, hence each series coil should consist of
2770

——— = 8 turns

342
Mean length of series tuin 485 m
Total length of exght turns 388 ,,
Radiating sw face available for seres spool 165 squaie inches
Permit 40 watt per square inch in series winding at 20 deg Cent
‘Watts lost per seres spool at 20 deg Cent = 40 x 165 = 66
Hence 1es1stance per spool at 20 deg Cent = %’ = 00057 ohms

Copper cross-section = 46 square nch

Series winding per spool may consist of eight turns made up of fom st 1ps of sheet
copper 23 m x 050 1n

Weight of series copper 1 one spool = 58 1b

Current density sertes winding = 740

THERMAL CALCULATIONS
Arimature

C°R loss at 60 deg Cent 5050 watts
Core loss 4000 ,
Total atmature loss 9050 ,,
Peripheral 1adhating surtace of atmature 4700 square mches
Waitts per squaie inch radiating smface 193
Peripheral speed armature feet per minute 3850
Assumed mciease of temperature per watt per squaie mch m

rachating surface as measuied by incieased 1esistance = 25 deg Cent
Hence estimated total inciease temperature of aimatuie = 48 »

2 G



226 Electiwe Generators

mutator

GmArea of all positive brushes 13 1 square mch
Amperes per square mnch brush-hearng suiface 35 amperes
Ohws per squaie nch bearing swiface carbon brushes 03 ohm
Brush resistance, positive and negative 0046 ,,
Volts drop at brush contacts 21 volts
C'R at hush contacts 959 watts
Brush pressuie, assumed 1 25 1b per square meh 3281b

Ct a i,
EAE AT

Segments

<
N
)
!

Coefticient fiiction 3
Peripheral speed of commutator, feet per mmute 3130
Buush fiiction 700 watts
Allowance for stiay power lost 1n commutator 150,
Total commutator loss 1800 ,,
Radiating suiface w square inches 1100
Watts per square inch radiating surface of commutator 164
Increase of temperatwe Per watt per square inch rtacdhating

surface 20 deg Cent

Total estimated meiease of temperatuie of commutator 33

LI



Six-Pole 250-Kilowatt Electric Generator

ErricieNcy CALCULATION

Output, full load

Core loss

Commutator and brush losses

Armature C*R at 60 deg Cent

Shunt spools O°R at 60 deg Cent
,, 1heostat at 60 deg Cent

Series spools C*R at 60 deg Cent
,» 1heostat at 60 deg Cent

Friction m bearings, and windage

Comumeicial etheiency at full load and 60 deg Oent

5 SIX POLE 250K W 550 VO GENTARTOR
lig 234 S50 n P

94 4 per cent

Watts

250,000
4,000
1,800
5,050
1,000
250
460
150
2,000

264,710

227
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FATUR
71X POLE 250K W 550 VOLT CENERATOR
5 Fug %345 sz0rPm
o KEFFICIENCY & LOSSES
3 / | 7
B a0l 0co
/ o/
S A
2000 00 G000 0G0 10000 N 1 2
o AMPERE TURNS PER SPOOL H
Soof 200
.=
SIX POLE 250K W 550 VOLT GENERATOR ?ﬂ:
3 2
Ig 23 COMPUUNDING GURVES |
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so00
L 0 s e CORE LOSS
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K
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w588 x AMPERES OUTPUT
WEIGHTS
Armature Lb
9
Magnetic core 2,100
Teeth 210
Spader 860
Shafting 1,700
End flanges 750
730

Copper
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Commutator
Segments 680
Spuder 530
Rings 260
Other parts of armature and commutator 180
Armatuie complete, 1ncluding commutator and shaft 8,000
Freld
Six pole-pieces and magnet core 2,400
Magnet yoke 5,000
Six shunt cols 790
Six seres coils ... 350
Total spool copper 1,140
Brush gear 300
Bedplate and bearmngs 2,600
Machime complete 20,000
Fug 235
o Fug 236
T dix povt alon Ssovatk ey
, || | sseevee cone Loss 7
" . M P 6-250-320~550V ] i‘ N {
. P SATURATION CURVE] J J ’
HHHHHH S !JH i
g,. I 1] [TT1] g"’HI/TLIII I
S | ] NN N I A T [
I ] LI <4 N
wl il [ [ [ - 1]
/| T 11 N |
,M;va‘—l, HV [ 11T} Ak i i
o Fwpcat rans sen ep snoL T T

In Fugs 234, 2344, and 2348 are given satmation, compounding, and
efficiency cuives 1n accordance with estimated values  This machine
has 1ecently been completed TFigs 235 and 236 show the results of
saturation and core loss tests They agiee very well with the me-
determmed values of the above speafication As shown m Fig 235, the
exatation required at no load and 500 volts was, by obseirvation, 5100
ampere turns, as agamst the predetermimed value of 5570 ampere turns
given m the calculation on page 224

Core Losses 1v Murrirorar Commuraring MAcHINES

In determming the core losses of electiic generators, 1t 1s frequently
convenient to resort to empirical devices, as a check upon more theoretical
methods, owing to the conditions m piactice aflecting the results As



Cure Losses v Multipolar Commutating Machwues 229

already explained in an earher section of this series, the machine-work
upon the armature, the periodic vaiiations in the magnetic 1eluctance, with
resulting eddy current and hysteric losses m the magnet frame, and the
eddy currents i the armatuie conductors, supports, shields, &c, all tend to
mtroduce uncertain factors

wE - Fre 237

(1806 ar

T 38 CURVE E/MIBITING /M5 RFLATYT  CETWEEN
16 2 CYGLE§ PER SEGOND | 1LOLINES DENSITY BELOW SLOTS-1000
AND WAT S PER POUND IN ARIFTURE GORE

|

X

Y

CYCLES x DENSITY#1000

o

3

£
o

1]

0 2 4 6 8 /0 /2 14 16 /8 20 22 £4 26 28 JOS2 JQ 56 98 40 92 2495 96 20
s146 WATTS PER POUND

In the Table on page 230 ae set forth the dimensions and the
observed core losses of twenty-three large multipolar commutating
machmes, m the design of which there was a wide range of periodicies and
magnetic densities  The results set forth m this Table are useful m
drawing practical conclusions as to the probable core losses of new designs
Although m these designs the rate of dissipation of energy m the teeth 1s
high, the small percentage which the mass in the teeth bears to the total
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Core Losses v Multipolnr Commutating Meachines

mass of the core of the armature, makes 1t practicable, as shown
results given n the Table, to draw conclusions from a comparison
watts per pound of total lanmations as related to the periodicity anc
density below slots  But this would not be found to be the case,
when tooth densities are chosen, lying within the hmits generally a
since the higher the density in the projections, the more considerabl
loss due to eddy cuirents in the embedded copper conductors,
sequence of the stray field crossing them  Another factor affect:
value of the core loss 1 commutating dynamos, 1s the mfluence
conditions during commutation of coils, 1 relation to which the fre
of commutation has an mmportant bearing

The cmrve given m Fig 238 1s plotted from the tabulated resu
will be found useful for this type of machme

Suppose, for example, we wish to predetermine the core lo
multipolar generator having, say, eight poles and running at 240 rev
per minute  From previous caleulations we find 1t requues 7000 Ib
of total laminations, ncluding teeth and core body, allowing a fi
working density of 76 kilolnes per squaie inch cross-section area
core body  Now, eight poles at 240 revolutions per minute w.
sixteen eycles per second

Cycles x density m kilohnes _ 16 x 76 _ 199
1000 1000

According to curve, Fig 199, we obtain 2 1 watts per pound,
there 1s 7,000 1b, the total core loss will be 21 x 7,000 = 14,700

For the range of penodiceity and flux density covered by th
tabulated machines, an average value of 1 7 1s obtamned for K He
following approximate 1ule 1s derived —

‘Watts pet Ib = 17 x cycles per second x kilolines density
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ELECTRIC TRACTION MOTORS

Motors for electric traction must, from the nature of their work, be
designed to be reversible, and to have the brushes set 1n a fixed position at
a pownt midway between pole ends  Smce the brushes cannot be shifted,
the magnetic field cannot be utilised to reverse the current in the short-
arcmted coll, in fact, whatever impressed magnetic flux 1s passing
through the coil while 1t 15 short-ciremted under the brush, 1s mn such a
direction as to tend to maintan the current in 1ts origimal direction, mnstead
of assisting to reverse 1t The commutation may be termed brush commu-
tation, and the commutating element 1s mn the 1esistance of the brushes
For satisfactory commutation, tiaction motois are designed with very high
magnetisation at full load Much higher densities aire practicable, as
regaids the heating limut, than 1n machines running at constant loads, since
the average curient mtake by a traction motor 1s not ordinarly above
one-fourth of 1ts rated capacity, so that m aveiage work the magnetisation
of the air gap and armature core 1s not very different from that m machimes
designed for constant load At rated capacity, however, the magnetisation
m the projections and armatuie core 18 frequently 50 per cent higher than
m machines designed for constant load, and at iated load the heat
generated per square inch of radiating surface 1s generally more than double
that of machimes for constant load

Because of the unfavourable commutating conditions, the armature
reaction of railway motors and the reactance voltage of the short-circwited
coil, should be comparatively small at 1ated capacity ~This 1s the more
mportant on account of the desnability of lessening the diameter of the
armature, so as to shorten the magnetic circmit and diminish the weight of
the motor  Material progress has been made m tlus direction by putting
three or even four, colls i one slot, where m former practice but one,
corresponding to one commutator bar, was placed m one slot This 1s a
condition which would be adverse to satwsfactory commutation with
reasonable heating, n large generators for constant load, bhut i the casc
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of railway motors, on account of the lesser number of projections and
consequent less room occupied for insulation, the cross-section of the pro-
Jections has heen mereased so that a higher magnetisation m the gap 1s
permissible, under which condition sparking 1s dimimshed at heavy loads
A material advance has been made 1 efficiency at average loads, and m
sparking, by gieatly incieasmng the magnetisation of the armature core
proper

It may be farly said that all efforts to improve commutation have
been, first, to mcrease magnetisation, so that distoition 15 dimimished , and
secondly, to dumimsh the inductance of the aimatwie coils by employmg
open and wider slots  Machines have been constructed of 300 and 400
horse-power capacity, capable of being reversed mn either direction without
much sparking  That the commutation 1s never so perfect as m the case of
machines wheie the reversing field can be utihised, 1s shown by the gradual
roughening of the commutator, which requires more attention than in the
case of generators or other non-reveisible machimes The remarkable
progress that has been made m the design of this class of machinery
will be apparent by comparmng the drawings and constants of well-
known types of machines, with those of machines constructed but a few
years ago

Desoription ofF A Gearep Ramway Moror For A RaTep Drawsar Purw
oF 800 LB. AT A SPEeD oF 11 4 Miues per Hour

This motor has been 1n extensive use for some years, hence 1t does not
represent the latest developments, except in so far as modifications have
been mtroduced fiom time to time  The fundamental design, however, 1s
not 1n accordance with the best examples of recent practice. On account
of 1ts established 1eputation for rehability, 1t 1s stall, however, bwilt i large
numbers Its constants are set forth below, i specification form, and 1n
Figs 239 to 254, pages 234, 236, and 240, are given drawings of the
motor.

SPECIFICATION

Number of poles 4
Rated drawbar pull 800 Ib

Under standard conditions at this rating, the field windings are
2 H
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24 Horse-Power Geared Rawlway Moto, 235

connected 1 parallel with an external shunt which diverts from the field
winding, 30 per cent of the total current

Revolutions of armatuie per minute at this rating 555
Number of teeth on armatuie pmion 14
» » axle gear 67
Ratio of gear reduction 478
Revolutions of axle per mnute 116
Speed of ca1 m feet per mnute on 331n wheels 1000
” miles per hour " 114
Foot-pounds per minute, output for above diawbar pull and
speed 800,000
Horse-power output for above diawbar pull and speed 242
Kilowatts output fo1 above diawhar pull and speed 181
Efficiency of above rating, motor waim 795 per cent
Coriespondimg kilowatts input 228
, amperes ' 455
Teinunal voltage 500
Thequency i cycles per second at 1ated conditions 185
Dinrysions

Annatwe

Diameter over all 16
” at Lottom of slots 132, ..

Internal diameter of core ) 41, [
Length of coie over all 8, W
Effective length, magnetic non 72, g
Pitch at armature suiface 126, %! ¥-
Japan 1sulation between laminations 10 pexr cent g‘ ‘\
Thickness of laminations 025 1n N
Depth of slot 140
‘Width of slot at 100t, die punch 240 ,,

» ,»  suiface, che punch 240 ,,
Number of slots 105
Minimum width of tooth 164 mn
Width of tooth at axmatuie face 239 ,,
Size of aimature conductor, B and S gauge No 9
Bare chameter of armature conductor 114
Cross-section 0102 square mch

Magnet Core

Length of pole face 8 m

» aic 825 ,,
Pole arc — pitch 655 ,,
Length of magnet core 8 1n
Width , » 775,
Diameter of boie of field 16% o
Length of gap clearance above aimatuie )

5

<
o

» »” below »
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1 Commutator *

Diameter . . . " 81 m
Number of segment: . 105
» » per slot . 1

e - M - -

Fig 2497
:‘__,__.. |1 6% e - o

)
T &) T B
Mﬁﬂ%W
0 "

JV/I‘%I/;,
r—J

RSP —

faare 0) e - = 2%
Width of segment at commutator face 214 m
» » 100t 128,
Thickness of mica sulation . 04

Avalable length of surface of segment . 33,
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Brushes
Number of sets 2
3 brushes 1n one set I
Length, radial % m
Width 23
Thickness 5
A‘rea of contact of one brush 1125 squa:e mches
Type of brush 1adhal carbon
TECHNICAL DatA
Termmal voltage 500
Nuwber of face conductors 840
Conductors per slot S
3 col 4
Number of encuits 9
Style of winding Smgle
Girammering oo dhum Dium
Type of construction of winding Foimed coil winding
Number of coils 106
Mean length of one armature tuin 43 m
Total axmature turns 420
Tuins 1n series between biushes 210
Length between biushes 9000
Cioss-section of one axmature conductor 0102 square 1nch
Ohms per cubic inch at 20 deg cent 00000068 ohms
Reustance between brushes at 20 deg Cent 305 ,,
. N 95 394,
Volts of drop i armatme at 95 ,, 18
Mean length of one field tuin 465 m
Field conductor, B and § gauge No 6
Bare diameter 162 m
Chross-section of field conductor 0205 square inch
Tuins pet held spool 203
Nuwber ot field spools 2
Total field turns 1 series 406
. length of spool copper 18 800
,, 1esistance of spool wmding at 20 deg Cent 625 ohm
» » » 95 ” 81,
Thuty per cent of the mamn cwirent of 45 5 amperes 1s
diverted fiom the field windmg by a smtable shunt
1esistance, hence cmient m field winding 18 32 amperes
Volts diop m field windmng at 95 deg Cent 26 volts
Resistance biush contacts (positive plus negative) 055 ohm
Volts diop 1n brush contacts 25 ~olts
" armatumie, field, and brushes 65
Counter electiomotive force of motor 1535
2230

Amperes per squaie mch in armature windmg
field . . 1560

» ”
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wmutation
Average voltage between commutator segments 18
Aimatme twins per pole 105
Ampetes per tmin 228
Armature ampere tuins per pole 2100
Fiequency of commutation (cycles per sccond) 250
Number of coils simultaneously short-enemted per biush 3
Tutns per coil 4
Number of conductors per group smultaneously undergoing
commutation 24
Flux per ampere tuin per mch length of axmatme lamination 20
Flux hinked with 24 twins with one ampeie 1n those tuins
=20 x 8 x 24 = 3840

Inductance of four turns = 4 x 3480 x 10-8 =

000154 hemys

e

3ut m a two-circmit winding with four poles and only two sets of
es, there are two such fowr-turn coils in series, being commutated
one biush, and then mductanceis = 2 x 000154 = 000308 henrys

Reactance of these two short-cucuited cols 484 ohm
Amperes 1 short-cncuited coils 228
Reactance voltage of short cucuited coils 11 volts

Maexeromorive Foren

Megalines entering armature, per pole-prece
Coefficient of magnetic leakage
Megalines per field-pole

lrmature
Section 62 8 square 1nches
Density 46 5 kilols
Length (magnetic path) 4m
Ampete tuins per mch of length 8
» for axmatuie core 30
Teeth
Tiansmtting flux from one pole-prece 19
Section at 100ts 22 5 square inches
Length 14m
Apparent density at 100t tooth 130 kalols
Corrected . » 125,
Ampere tuins per mch of length 700
” for teeth 080
Gap
Section at pole face 66 squaie inches
Length, aveiage of top and Lottom 14 m
Density at pole face 44 kilols
Ampere tuins for gap 1920
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Cast-Steel Portuon of Cucurt

Average cross-section 52 square mches
Length, magnetic 91
Average density 70 Ialols
Ampere twins per meh of length 35

» for cast-steel frame, per pole-prece 320

Only two of the fow poles cariy exciting windings, hence of the 203
turns on one spool, only 1015 are to be taken as coriespondmng to one
pole-prece  Thuty per cent of the mamn current bemg diverted from the
fields, the field exciting current 1s 32 amperes, and field ampere tuins per
pole-piece are 32 x 1015 = 3250 ampere twins These are probably
distibuted somewhat as follows

Ampere tmins for armature core 30
» »  teeth 980

» » gap 1920

a 2 frame 320
Total ampere tuins per pole-piece 3250

TrermaL CONSTANTS
Armatwre

Resistance between biushes at 95 deg Cent 394 ohm
Ampeies mnput at 1ated capacity 45 5 amperes
Aimatwie C?R loss at 95 deg Cent 815 watts
Total welght of a1mature lammations, including teeth 314 1b

,, ohserved core loss (only appatently coie loss) 800 watts
Watts per pound 1 a1matwme laminations 255
Total of aimature losses 1615
Length of aimatwme (over conductors) 12m
Perpheral radiating surface of armatuie 600 square wmches
Watts per square inch penpheral 1adiating s face 27 watts

Feld Spools
Total resistanceof the two field spools at 95 deg Cent 81 ohm
Amperes 1 spool winding 32 amperes
Spool C*R loss at 95 deg Cent 830 watts
Commutator

Airea of bearing sm face of positive brush 113 square mches
Ampetes per square mch of biush beming surface 40 amperes
Ohms per squate mch of bearng surface of carbon brushes 03 ohm
Brush 1esistance, postiive + negative 053 ,,
Volts diop at biush contacts 2 4 volts
C2 R at brush contacts 110 watts
Biush presswme per square mch 21

Total brush piessuie 45,
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Coeflicient of friction 3
Peripheral speed of comnmnutator, feet per minute 1240 1t
DBiush firction 36 watts
Stray powel lost m commutator (allowance) 50 ,,

Total commutator loss 198,
Peripheial 1adiating smiface 100 squaie inches
Whatts per squar e meh 1adiating suiface of commutator 2 watts

ErricirNcy CALCULATIONS

Watts
Output at rated capacity 18,100
Core loss 800
Commutator and biush loss 198
Aimatme C? R loss at 95 deg Cent 815
Field spool C*R » » 830
Gearing friction 2,000

Total mput 22,743

Commeraal efficiency at 1ated capacity and 95 deg Cent = 795 per centi !

Weicirrs

b

Aimature core (magnetic) 250
’ teeth 67

» coppel 60
Commutator bais 45
Aimatuie complete 635
Magnet pole 520
Spool copper 129
1525

Machine complete

In Figs 255, 256, 257, and 258 are given 1espectively curves of draw-
bar pull, output, speed, and efiicency for this motor

In many of the more modern stieet-railway motors, the design has
followed lmes differing m many respects fiom those of the motor just
described  Thus several armature coils aie artanged 1 one slot, largely
1educing the number of slots, and the pole-faces are lammated, simce other-
wise these few wide slots would set up too great an eddy current loss m
the pole-face It has been found meferable to have one field spool per
pole-piece, nstead of having two salient and two consequent poles The
armature iameter has been laigely 1educed, and sparking 15 mminnsed by
runnimg not only the teeth, but also the coie, up to extiemely high
magnetic density, nevertheless, owmg to the greatly 1educed mass of the

1 In this 1esult, the loss m the diverting shunt to the feld spool windng 1s not

allowed for

21
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aimature won, the core loss 1s small A motor designed on these limes, and
of not very different capacity from the one just described, will next he
described

Gearep Ramwsy Motor For A Rarep Outpur oF 27 HORSE-POWER AT
AN ARMATURE SPeED oF G40 Revorutions PER MINUTE

The rating of this motor 1s m accordance with the now generally
accepted standard practice of limiting the tempeiature 11se of field and

Fg 269

T

armatwe to 75 deg Cent, as measured by thermometer after a full-load
run of one how’s duration The motor 1s llustrated m Figs 259 to 277
mclusive

Applymg this same standard permissible temperature 11se to runs of
dufferent dmations, the following Table gives the coiresponding ratings at
500 termmal volts
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Length of Run  Hows Amperes Horse Power

% 75 389

1 51 27

1% 395 213

2 325 175

3 235 125

4 17 86

5 1t5 69

6 14 66

f
,|.5g

|

The following specification 1s prepared on the basis of the rating of
27 horse-power for one hom’s continuous operation at full load  In tram-
way service, of couise, the motor 1s on the average called upon to develop
but a small percentage of 1ts full capacity , and hence such a motor, when
continuously m service under normal conditions, 1uns much cooler than the
above-quoted tempelatures
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SPECIFICATION
Number of poles 4
Rated horse-power output 27
5  kilowatts 202
Etficiency at above 1ating and at 95 deg Cent 79 per cent

The efficiency 1s a lhttle higher at lighter loads, and 18 at its
maximum at about two-thuds full-rated load, so that 1t 15 high through-
out the cntire range of working, that s, from quarter load to heavy
overloads (See efficiency curve in Fig 282.)

Kilowatts mput at 1ated load 256 ‘
Teiminal voltage 500
Corresponding amperes input 51

' 1evolutions per minute of axmatme 610 "

Number of teeth on axmatuie pimion 14

. . axle gear 67
Ratio of gemr 1eduction 478
Revolutious of axle per mmute 134
Speed of car m feet per wnute, on 33an wheels 1160

’ miles ,, how » 131
Output 1n foot-pounds per minute, at normal 1ating 890,000
Pounds chawbar pull, at normal r1ating 770
Thequeney at 1ated conditions n cycles per second 21t

DIMENSIONS
Armatuwre

Diameter over all 11 m

" at bottom of slots 842
Tnternal diameter of useful magnetic portion of core 617 '
Length of core over all 9,
Number of ventilating ducts, each } m wide 3
Ellectrie length of magnetic non T2 m
Prtch at amatme suface 865 ,,
Japan 1sulation between lammations 10 per cent
Thickness of lJaminations 025
Depth of slot 129
Width of slot at 100t e,

,, at smface 1,
Number of slots 29
Mmunum width of tooth 445 m
Wadsth of tooth at armatuie face 72t
Size of samatme conductor, B and 8 gauge No 10
Bare diameter of mmatuie conductors 102 1n

(Choss-section 3 » 0081 square inches
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246 Electrc Generators

Magnet Core

Length of pole face 9 m
» ae 61 ,,
Pole arc — pitch 69
Length of magnet core 87 m
Wadth 43
Diameter of hore of field 117,
Length of gap clemance above armature .,
” » helow " £ n
Commutator
Diameter 8 m
Number of segments 87
» segments per slot 3
Whdth of segment at commutator face 213 m
»  segment at 100l 108 ,,
Tlnckness of miea msulation 050 ,,
Available length of surface of segment 2T,
By ushes
Number of sets
. m one sct 2
Length, rachal 2L m
Width 1},
Thickness 1.,
Arca of contact of ane bhiush 625 sqn;ue inches
Type of nush Radial cabon
MATTRIALS
Armatnie core Sheet steel
Magnet Hrame Cast ,,
Pole faces Sheet ,,
Biushes Caibon

TrenNIcAL Dara

Teiminal voltage 500
Number of face conductors 696
Conductors per slot 24

» coll 4
Number of circmats 2
Style of winding Single
Gramme ring or dirum Dium
Type construction of winding Formed coill winding
Number of coils ST
Mean length of one ammature tuin 385 m
Total axmature turns 348
Turns m series between Lrushes 174
Length botween brushes 6700

Cross-section of one aimature conductor . 0081 square 1nch
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27 Hoise-Power Geared Realway Motor

Ohms per cubic mch at 20 deg Cent
Resistance between biushes at 20 deg Cent
» » » %,

Volts drop 1n armature at 95 deg Cen
Mean length of one field turn
Size of field conductor, B and § gauge
Bare diameter
Choss section of field conductor
Turns per field spool
Number of field spools
Total field tmns 1 seties

» length of spool copper

,» 1esistance spool winding at 20 deg Cent

” » ” w9y,
Volts diop 1 held winding at 95 deg Cent
Reswstance brush contacts (positive + negative)
Volts drop 1 brush contacts

» 5, armatuie, field, and ushes
Counter electiomotave force of motor
Amperes per square mch m armature winding
field

5 » ”» »

Conmmutation

Avelage voltage between commutator segments

Aimature turns per pole

Ampetes per twin

Anmature ampere turns per pole

Frequency of commutation, cycles per second

Number of coils simultaneously shoit encuited, per brush

Turns per corl

Number of conductors per group, simultaneously undeigoing
commutation

Flux per ampeie tmn per mch-length of aimature Jamination

hnked with 16 twns with 1 ampere m those turns,

=20x9x16

Inductance of four tmns = 4 x 2880 x 10-$

In a fom-pole, two-cirewit winding, and with only two sets of
brushes, there are two such fom-tuin coils 1n series, bemg
commutated under the biush, and then 1nductance 1s

Reactance of these two shoit-cucuited colls

Amperes m short-cncmted couls

Reactance voltage of short cucmted cols

»

Maynetomotrve Force Estunatrons

Megalmes entering aimatwe, per pole piece
Cocfficient of magnetic leakage
Megalines per field pole

Armatare

Section
Density

o

00000068
28 ohm
36,

18 3 volts
36 1n
No &
1821

026 square inch
156 5
4
626

22,000 1n
59 ohm
7%

38 6 volts
048 ohm

2 4 volts

593 ,,
441
3130
1920

16
20 lines

2880 ,,
000115 hemy

000230 hemy
39 ohm
25 5 amperes
99 volts

w o
=110 ©
=

o &

16 7 square incl
177 kalols

2 K
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But, as 15 evident fiom the drawing of Fig 260, many lines will
flow thiough the mner parts of the punchings, and also, to a certain

extent, through the shaft, and a corrected density may be taken of,
say, 130 kilolmes

GEARED RAILWAY MOTOR

Bg 280  FORARATED OUTRUY OF 3TN AATAN
ARMATURE SPEEC OFGI0APM GEARED RAILWAY MOTOR

Horse Power Curve Fig 28]  Fom 4 meveo oureur oF 274 AT
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nw) Amperes Inpub tanie M) TIME IN HOURS
Length (magnetic) 3 m
Ampere turns per mch of length 900
» for axmatuie core 2700
Teeth
Thansmitting flux from one pole-prece 6
Section at 100t of six teeth 20 square mches

Length 129 1
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Apparent densiby i 100t tooth 118
Corrected 5 » 138
Ampere turns per mnch of length 1300
» for teeth 1680
Gap
Section at pole face 55 squaie mches
But owmg to the special method of constructing the pole-face
(see Tugs 262 and 263), wheieby the entue suiface 1s not
’ equally effective, a coriected section at pole-face should
be taken, equal to, say 45 squaire mches
Mean length of air gap 14 m
Pole-face density (from corrected section) 66 kalols
Ampere tmins for gap - 2900
Cast Steel Po tuom of Cu ot
Aveiage c10ss-section 39 square mches
Length (magnetac) 751
Average density 96 kalols
Ampere tuins per mch of length 90
» for cast-steel frame per pole prece 670

Each spool carries 156 6 turns, and i this motor full field 1s always
used, 1e, no portion of the main current 18 civerted through an ausiliary
shunt  Hence

Ampere turns per held spool at full 1ated load are equal to 156 5 x 51 =
7950 ampere tuins

This magnetomotive foree of 7,950 amypere turns can be considered to
be distiibuted somewhat m the followng mannex

A\mpere l'uins

Armature core 2700
Teeth 1680
Gap 2900
Steel F1ame 070

Total magnetomotave toice per pole prece 7950

It 1s not intended to convey the impicssion that any high degree of
accmacy 18 obtamable, i these magnetomotive force estimations mn railway
motors, but working fiom the obseived 1esults, and from the known
dimensions of the apparatus, and the assumed properties of the materal
employed, some rough 1dea of the distibution of the magnetomotive force
1s obtained
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TaprMAL CONSTANTS

Armature

Resistance betw een biushes at 95 deg Cent

Amperes 1nput at 1ated capacity

Armatume C? R loss at 95 deg Cent

Total weight of armatmie lammations mncluding teeth
,» ©observed core loss (only appaently core loss)

‘Watts per 1b 1n armatme laminations

Total of axmatuie losses

Length of aimatuie, over conductois

Peurpheral radhating sw face of armature

Watts per squaie inch peripheial 1achating swiface

Iueld Spools

Total 1esistance, all field spools at 95 deg Cent
Current m spool winding
Spool C*R loss at 95 deg Cent

Commautator

Aica of bearing suiface of positive biushes
Amperes per squaie inch of brush-beaing suif wce

Ohms per squaie mnch of beaing suiface of carbon brushes

Biush 1esistance, positive + negative

Volts drop at biush contacts

C°R at biush contacts (watts)

Brush pressute, pounds per square mch

Total brush pressure

Coeflicient of fiiction

Peripheral speed of commutator (feet per minute)
Biush friction

Allowance for stiay power lost mn commutator
Total commutator loss

Penipheiral radiation suiface

Watts per squaie mch peripheral 1acdiating surface of com-

mutator

Errrciency EsTimaTions

Output at r1ated capacity

Qore loss

Commutator and brush loss
Aimature C?R loss at 95 deg Cent
Field 1 » »
Gearmg friction

Total mput

36 ohm
51 amperes
925 watts
120 1b
1120 watts
93
2015
135 m
165 square 1nches
4 1 watts

»

”»

76 ohm
51 ampercs
2000 watts

1 25 square nches
105 amperes
03 ohm

018,

2 1 volts
122 watls
21b
5,

3
1850 ft
16 watts

50 ,,
216,
95 squarc mches

2 3 watts

Watts
20,200
1,120
218
925
2,000
1,200

25,663

Commercial efficiency at 1ated capacity and 95 deg Cent = 79 per cent
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WEIGHTS
1h
Aimatnie lammations = 120
M complete (with pinion = 357
Motor complete (without axle gear and gear case) =1460

In Figs 278 to 283 are given, respectively, curves of D P.B, speed,
output, core loss, efficiency, and theimal chaiacteristics.

Dirrcr-Connectep Ratnway Moror

This motor gives an output of 117 horse-power at a speed of
238 mules per hom on 42-m wheels It contubutes 1,840 1b to the
drawbar pull of the 35-ton locomotive, for the equipment of which, four
such motors are employed Consequently the total diaw-bar pull of this
locomotive at the above speed 1s 7,350 Ib, but the motor 1s capable of
exerting a torque far in excess of this figure, m fact, up to the lmut of
the tractive effort possible for a locomotive of this weight, before shippig
takes place Drawmgs for this motor aie given m Figs 284 to 319, and
1ts constants are set forth i the followmng tabularly-arianged calculation

Number of poles 4
Diawhar pull at 23 8 mles per hom 1810 1b
Corresponding speed (miles per hou) 23 8 mules
Speed 1n feet per mmute 2100 ft
Diameter of diaving wheels 2 m
Armature 1evolutions per ninute 190
Output m foot-pounds per mmute for above diawbar pull and
speed 3,860,000

Ditto i hotse-power 117

»  kilowatts 875
Conresponding kilowatts mpnt 958
Teimmal voltage 500 volts
Cutient mput 192 amperes
Fiequency m cycles per second 6 35 cycles

DinENs10Ns

Armature
Diameter over all
Length over conductors
Drameter at bottom of slots
Inteinal dhameter of core
Length of core over all
Eflective length, magnetic non
Pitch at axmature surface

—
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Japan insulation between laminations

Thickness of laminations

Depth of slot

Width ,,  at root

» " sm face

Number of slots

Mimimum width of tooth

Width of tooth at armature face
» conductor

Depth .

Appaient cross-section of armature conductor

10 pe1 cent
025 m

173,
52 ,,
52 ,,

61
463 m
635 ,,
10,
60
060 square mches

This1s a pressed stranded conductol, made up of 49 stiands
of No 19 B and S gauge The cross-section of a No
19 gauge wne 1s 0101 square inch, hence the cross-

section of the 49 stiandsis 49 x 0101

ag 2R e B
B j ]

Fug 295

0495 square inch

R

o
A et
!

- s ngﬁ

1727 i

u,,,m.

" ¥,

But allowance must also be made for the increased 1esistance
due to the increased length of the wndividual strands
when twisted 1n the process of forming Hence the
equivalent cross-section of sohid copper should be esti-

mated at

046 square mnches

This was the expenmentally-determined value 1 this case, and 1s
farrly representative of stranded conductors of about these dimensions

Magnet Core
Length of pole-face
M arc
Pole arc — pitch
Length of magnet core
Width .
Diameter of bore of field
Length of gap clearance above armature
M » below ,,

Commutator

Diameter
Number of segments

» »  per slot “

28 m
132,
73 per cent

S 1n

(X}
5 o o
-

= o 2

)

o



117 Horse-Power Ralway Motor 259

Width of segment at commutator face 286 1m

» » 100t 200 ,,

Thickness of mica msulation 04,

Available length of suiface of segment 8,
Brushes

Number of sets

[

. 1n one set 4
Length (1achal) 2} m
Width 13,
Thickness u
Auea of contact of one brush 1 2 square inch
Type of brush Radal carbon

MATERIALS

Armature core Sheet Steel

’ spider No 3 metal

’ flanges Cast 1non

» conductors Pressed stranded

coppet
Commutator segments Copper
» spider Malleable cast 1on
Pole-preces Sheet steel
Yoke and magnet cores Cast ,,
Brushes Carbon
TECHNICAL DaTts

Termmal voltage 500 volts
Number of face conductors 366
Conductors per slot 6
Number of enrcuits 2
Style winding Single
Giamme 1mg o1 dium Dium
Type construction of winding Barel wound
Mean length of one aimatuie tuin 103 i
Total axmatme turns 183
Tuins m serles between brushes 91
Length between biushes 9400
Vrtual cross-section of one aimatuie conductor 046 square mch
Ohms per cubic meh at 20 deg Cent 00000068
Resistance between brushes at 20 deg Cent 070 ohms

, , . 70, 08¢,
Volts diop 1n armatme at 70 deg Cent 16 volts
Mean length of one field turn 95 1

The winding on the small spools consists of fifteen turns whose
section 15 made up of two strips of 050 m by 875 m,m wultiple with
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117 Horse-Power Rulway Motor 263

two of 060 mm by 875 m
thickness of 010 in of asbestos

Choss-section of field conductor on small spools

Tnsulation between turns consists of a

193 square mch

The winding on the large spools consists of seventy-six tuins, whose
section 1» made up of a stup of 050 m by 2} m, 1n multiple with one of

.060 mn by 24

Cross-section of field conductor on large spools

234 square inch

Total tuins on all fom spools—all are 1n series 182
Resistance of two small spools at 70 deg Cent 012 ohm

™ ” lamge 2 047
Total spool 1esistance at 70 deg Cent 059
Volts of drop 1n field 11 volts
Resistance of biush contacts (positive + negative) 012 ohm
Volts of diop 1n biush contacts 2 volts

' ,, armatuie, field, and brushes 29 ,,
Counte1 electromotive force of motor 471
Amperes pe1 squaie nch 1 armature winding 2100

" . " winding of small spools 1000

» » " " 5 laige 820

Commutation

Average voltage between commutator segments 107
Armatuie turns per pole 46
Amperes per turn 91
Aimatuwe ampete turns per pole 4200
Trequency of commutation, cycles pel second 138
Numbe of cotls sumultaneously short-cncurted per brush 3
Turns per coil 1

Number of conductots per group simultaneously undergoing

commutation 6
Flux per ampeie tuin per mch of length of armature lamina-

tions 20
Flux linked with six turns with one ampere 1 those tuins 3360

Inductance of one tuin

0000336 henrys

The aimatuie having a two circmit winding with fowr poles
and only two sets of brushes, there ate two such turns i
series, bemng commutated under the biush, and thewr

inductance 1s

000067 henrys

Reactance of shoit-cncuited turns 058 ohm

Amperes 1n » m 91

Reactance voltage of short-cucuited turns 53 volts
MAGNETO-MOTIVE FORCE ESTIMATIONS

Megalines entering armatule, pe pole prece 206

Coefficient of magnetic leakage taken at 115

Megalines n magnet fiame, pel pole-prece . 238
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117 Ilorse-Power Radway Motor 265

Armatwe

Section 240 square mch
Density 86 kilolnes
Length, magnetic 6 m
Ampere tuins per inch of length 40
. for armatuie core 240
DIRECT CONNECTED RAILWAY MOTOR ... DIRECT CONNECTED RAILWAY MOTOR
Frg 3%0— SATURATION GURVE —— Feg 822_cope_LOSS CURVES ——
When driven on open circunt at 190rp m, field - 7 Ll .
Separatsly Excited 1o
T ] . o
EEB=s o with brsties ragsed .
= 2800
2600
2400 e
N =
3 2000
250f5
S 1800
1600 [
> 1300{3, f— ]
1200
2
o {PERES] 27 ] =
ey X3 & w0 W0 W0 160 160 200 220 240 280 200 500 g
600
a0
AHPERE,
Fug 321 o
L
TCDIPECT CONNECTED RAILWAY MOTOR-H---+-H
v i srteh s Bar bULlLIAT Soavo0r DIRECT CONNECTED RAILWAY MOTOR
2500 - ~— CURVE OF COMMERCIAL EFFICIENCY —
1 Fug. 323  500Voltsand 70"Cent
w u EEmmEEm T
oo 0
T 2l
: i
5 . HH
= P
N mEmY 3 T
3 T2 8 -
< == S T
3 g |
N I
H : B
s a8 50
g 8§ By
z g 2
g P
N FAEREE NPT oL AN Cr |
YT W 100 20 140 160 180 20 ZV «W 260 20 30 60 B0 M0 ) 130 160 160 200 2.0 210 260 280 500
s A
Tecth
Thansntting flux from one pole-piece 13
Section at 100ts 152 square mches
Length 173 m
Apparent density at 100t tooth 137 hilolnes
Cornected » » 127 2
Ampete tuins per mch of length 1000
5 for teeth 1730

2 M



Gap

Cuast-Steel Porbwon of Cucuat

Section at pole-face

Electric Generetors

Length gap, average of top and bottom

Density at pole-face
Ampere tuins for gap

Avelage c1oss-section
Length, magnetic
Average density

Ampere turns per mnch of length

Ampere turns for cast-steel frame (per pole-piece)

370 square mches
28 1n
56 kilohnes
5000

240 square inches
17 1n
102 kilohnes
105
1780

In the followmng Table 1s given the estimated subdivision of the
magnetomotive force observed among the cifferent portions of the magnetic

carcuit —

bottom poles, and two large spools on the other two poles

Armatue core
» teeth

Gap
Cast steel frame

Total ampere tutns per field spool

Anipere Tuins
240
1730
5000
1780
8750

The field excitation 1s furmshed by two small spools on the top and

There bemng

fifteen turns per small spool, and seventy-six per large spool, the average

excitation per spool at full rated load 1s

turns

Armatwe

THRERMAL CONSTANTS

Resistance between brushes at 70 deg Cent
Amperes mput at 1ated capacity
Armature C?R loss at 70 deg Cent

Total weight of armatme laminations, mcluding teeth

Watts per pound m aimature lammations
Total core loss (appatently coie-loss)

”»

of axmature losses

Peripheral radiating surface of atmatuie

‘Watts per squate inch peripheral 1adiating suface

Feld Spools

Total 1esistance of fou1 field spools at 70 deg Cent

8pool C*R loss at 70 deg Cent

x 192 = 8,750 ampere

08+ ohm

192 amperes
3100 watts
1900 1b

115 watts
2200 ,,

5300 ,,

3250 squate nches

163 watts

059 ohms
2200 watts
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Commutator

Atea of bearing surface of all positive brushes 1 8 square inches
Amperes per square 1ach of biush-bearing suiface 40 amperes
Ohms pe1 square mnch of bearing surface for carbon biushes 03 ohm
Brush resistance, positive + negative 0125 ,
Volts drop at brush contacts 2 4 volts
C°R at brush contacts 160 watts
Brush pressure, pounds per square mch 21b
Total biush pressuie 192,
Coefficient of friction 3
Peripheral speed commutator, feet per minute 915
Brush friction 120 watts
Allowance for stray powei lost in commutator 150 ,,
Total commutator loss 730
Radiating surface 510 square 1nches
Watts per squaie ich of 1adiating smiface 1 43 watts
ErricieNcy EstivaTioNns Watts
Output at rated capacity 87,500
Core loss 2,200
Commutator and brush loss T30~~~
Armature O2R loss at 70 deg Cent 3,100
TField spool C?R loss at 70 deg Cent 2,200 -
Total mput 95,730 *

Commeraial efficiency at 1ated capacity and 70 deg. Cent = 913 per cent

‘WEeHTS Lb

Weight of armatwre lammations 1,900
Total weight of armature copper 270
3 with commutator 3,000

Total welght of spool copper 1,300
. fiame with field coils 9,000

Total weight of motor 12,000

Insulation resistance, measmed on 500 volts cncuwt, was, for the
average of several motors, 2 megohms from frame to windings of
armature and field, at 20 deg Cent, and 80,000 ohms at 70 deg Cent

The results of experimental tests of efficiency, saturation, speed,
torque, and core loss, are given i Figs 320 to 323
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Commautators and Brush Gear 27

CoMMUTATORS AND BRuUsH GEAR

A number of illustrations of vatious types of commutators are give
m Figs 324 to 340 Figs 324 to 331 illustrate designs widely employe
m traction motors, that of Figs 330 and 331 bemng used on a 100 horse
power direct-connected motor, the three former mn smaller, geared motors

Moores Invesugation, of the Relotions between
Reswstance o Corbor brusty Contacts and Currents
Densuty w Amperes per equare Jnch. of Gortact, Surface
errent of Apparatus
Mequsterce measured, from Ato

1 "y T MOORES RESULTS FOR T ]
Fug 342 RELATION BETWEEN RESISTANCE|OF CARBON
— BRUSH CONTAGTS AND C! TPENSITY IN
AMPERES PER S0 IN OF CONTACT SURFACE
06 | T
\ Peripheral speed - 1400 per minut
05 \
04
z N\ &2
o e
o & Sg&
03 .
@ 3
W . ™~~~
Q Nz, %, [~
Q
e
e €7 g~
T LSy Il
Q T
o1
T 20 30 % 7 80 )
281 AMPERES PER SQ IN

Figs 832 to 334 give some early designs of Mr Parshall's, whic
have been much used with general success i many later machme
espeaially traction generators ~Other useful modifications and alternatr
designs are shown m Figs 335 to 340, the last one being employed in
1,600-kilowatt generator
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Commutator segments should preferably be diawn, although good
results have also been attammed with diop-forged segments, cast segments
have been generally unsatisfactory It 1s not on the score of 1ts superion
conductivity that wrought-copper segments aie necessaiy, smce the loss
due to the resistance itself 1s neghgible, but 1t 1s of primary importance
that the material shall possess the gieatest possible umfornity throughout,
and freedom from any sort of flaw on mequality Any such that may
develop duing the hfe of the segments will render the commutator
unequal to further thoroughly satisfactory service until turned down or

o J [ MOGRES RESULTS FOR |
Fig 343 | AL iOn St sreth ComEraNGE |

OF CARBON BRUSH CONTACT 8 BRUSH PRESSURE
Feripheral Speed Gommutator=1400 ft permin

z \\

é N 19 4 Amps per. sq in}
I

§ ™~

0

H ™~

H N~ ~L_|

z ~ —]

: T~ I~ 32 2Amps persg in
d P S — 7 P s

2 4 6 10 12 14 16 18 20 22 24 26 28 80
ta9.2800 BRUSH PRESSURE IN POUNDS PER SQ IN

otherwise remedied, as the effect of uneven wear, once started, 1s cumu-
Jative  For smmlar reasons great care must be exercised m the sclcction
of the mica for the insulation between segments, 1t should peferably e
Just soft enough to wear at the same rate as the coppar, but sbould m
no event wear away moie slowly, as under such conditions the commutator
will not continue to present a surtably smooth suiface to the brush

The wrters have found the method of piedetermmng the com-
mutator losses and heating, set forth brefly on page 112, to give very
good results, and to amply cover piactical determmmations But an
mtelhgent handling of the subject of the 1elations existmg betwcen
commutator speeds, brush pressuie, and contact 1esistance, 15 facihitated
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by a study of the results of tests that have been made, showing th
dependence of these values upon various conditions
The most complete and careful tests on carbon brushes at presen

1—}5 3d4 MOORES RESULTS FOR
RELATION BETWEEN RESISTANCE
OF CARBON BRUGH CONTACTAND
PERIPHERAL SPEED OF COM MUTATOR
on C rrjz dsrls:(y 32 2 Ampy per Sq In
2
2
o
a 512
04| e
7L
3 1
u
Q n L1
oy 142 Lbs pertSL10—1
forT
H Py T I e
§ 1 |
o
1
S N SN R U JUOU [ UGN S N —
qo0 800 1200 1600 2000 2400 2800 ae00
928 P SPEED IN FEET PER MINUTE
9% T RAYMOND S RESULTSFOR CONTAGT RESISTANCE ]
Fug 3495 OF CARBON BRUSHES AT VARIOUS PERIPHERAL SPEEDS
— OF COMMUTATOR AND VARIOUS CURRENT DENSITIES
o8 Brush Pre. surlu 12Lbs |perSq In
Z \
o
§
@
03
H N
@ N
3 NS 4000Ft perMin Periphbral spes
z 02 ocr T v 3y
s 2000 | » D
P
Q
«
s
]
B
3
H
kl 20 30 a 50
492801 CURRENT DENSITY ATCONTACT IN AMPERES PER SQ IN

available, appear to be those conducted by My A H Moore, m 1898

and the results are graphically represented m TFigs 341 to 844 Ir

Fig 841 1s given a sketch showmg the disposition and nature of the

parts A rotating cylinder, A, of 6 8 1 diameter, of cast copper, took the
2N
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place of a commutator, and this mtroduced an element of doubt as to
whether a segmental structure of haid-drawn copper segments and mica
would have given the same 1esults But masmuch as the constants
derived fiom these tests agiee with those which have been found to lead
to comect predictions of the performance of new commutators, 1t may
be safely concluded that this pomt of dwsmmlarity was of no special
consequence  In all other 1espects the tests seem especially good The
set of tests also mecludes values for the resistances of the brush holders,
but with good designs of brush holders the resistance should be neghgihle,

a
] 1] \
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g d46 \
o )
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¢ |
]
o —
g ARNOLDS <
> CURVES OF CONTACT
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Lo 5 1
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< Lau Diametar of -61
8§ [ |Commutacor compose1 of 46copper ssgments -
« |0 Brysh prescurs L 7lbs per g
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0021
ool
o3
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20 3 @0 50 L go 80
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hence 1t has been deemed adwisable not to divert attention fiom the
important results 1elating to contact 1esistance, by the addition of these
less useful observed values

M E B Raymond has, m America, conducted tests on this same
subject  Somec of the results for carbon brushes are shown m the curves
of Tg 345, and 1t will be obseived that, for all practical puposes, hus
results, hke My Moore’s, lead to the general working constants given on
page 112

Dr B Ainold, m the Elektrotechmsche Zeatschryft, of January 5th,
1899, page 5, deseribed investigations on both copper and carbon brushes,
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from which have been derived the curves set forth m Fig 346, showing
the relative values for the contact resistances m the two cases Dr Ainold
also pomts out that while the coefficient of friction for carbon brushes
on copper commutators 1s i the neighbourhood of 3, he has found 2
to be a more sutable value for copper-gauze brushes But m the
absence of thorough tests i support of this, the writers would be
mehned to contmnue using a coeflicient of 3 for both carbon and copper
brushes

Of cowse, all values velating to this whole matter of commnutator
losses must necessarily be, m practice, but hittle better than very roughly
approximate, as they are so dependent upon the material, qualty, and
adjustment of the brushes, and the condition of then swifaces, as also upon
the constiuction, condition, and mateiial of the commutator and brush
holders, and—fully as important as anything else—upon the electiomagnetic
properties of the design of the dynamo

A collection of designs of biush holders for generators and ralway
motols, are given m Kigs 847 to 365, the first six (Figs 347 to 352)
being for use with radial caxbon biushes on traction motois, wheie the
dnection of runnmmg 1s frequently 1eversed In Figs 353 and 354 13
shown a brush holder which has been used on a 3 hose-power launch
moto1, for 1eversible running, with catbon hushes Tigs 355 to 358
Wlustiate useful types for generators with caibon brushes, and m Fig 359
1s shown a holder designed for a copper-gauze brush

The Bayliss 1eaction brush holder, shown m Figs 360 and 361, 15 one
of the latest and most successful developments m lnush-holder design
Another design, wheie the holder 1s constiucted laigely of stamped
parts, 18 given m Figs 362 and 363 The holder shown m Figs 364
and 3865 15 essentially a modification of the design represented m
Fig 357

Of carbon brushes, a wide range of giades have been used, 1angng
from the soft, amo1phous, graplute brushes, up to hard, 1ather cystalline,
carbon bLrushes The latter have the lower specihe 1esistance,' a lower
contact resistance, and a lower coefficient of fiiction on copper com-
mutators, and are for most cases much to be prefeired Tests made by

1 Some types of giraphite brushes have a lower specihe resistance than some types of
carbon brushes A gieat deal depends upon the composition and upon the wethods of
manufactme By varying these, a wide 1ange of specific 1esistances may be obtamed, both
for carbon and for giaphite brushes
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Mr Raymond, show the extent of these differences between graphite and
carbon brushes of two representative grades

TasLe L —Raimoxp’s Trsrs o8 GrapHITT AND CARBON BRUSHES

Amperes per Square Inch of Ohms per Hyuame Inch of
Biush-beanng Swmface Bunsh heaig Sw face
Graplute Carhon
10 075 043
20 0th 035
30 033 026
40 027 022
50 022 019
60 019 017
70 017 —
80 0L —

The above results were obtamned at peripheral speeds m the neighbour-
hood of 2,000 ft per mnute, and with brush pressuies of about 13 Ib per
square 1nch

‘While the coefficient of fiiction for cabon brushes 1s about 3,
Mr Raymond obtained the value of 47 for these graphite brushes

The specific resistance of a good grade of carbon brush s 2,500
microhms per cubic meh, ¢ ¢, about 4,000 times the resistance of copper

Another objection to graphite Inushes, at any 1ate on higher potential
commutators, say 500 volts, 1s that thcy are lable to have thewr contact
surface gradually pitted out to a gieater extent than occurs with the
hard-grained, coarser carbon biushes  Nevertheless, the matter of
obtamng the best commutating conditions for each particular case, still
remains partly experimental, and graphite brushes have, in certamn mstances,
been found helpful, although the commutator smface requires more con-
stant attention to be kept clean and bright, mdeed, with soft graplnte
brushes 1t 15 almost mpossible to obtain such a hard, glazed commutator
suiface, as with coarser, haider caibon brushes

There are very many more varieties of brushes, made of all soits of
materials, and giving many mtermediate grades of 1esistances, lying
between the limits of carbon and copper It 15 not worth while to attempt
to classify and describe these varieties of brushes, theiwr relative ments are
dependent partly upon the choice of materials, but still more upon the
methods of constructing the brush from these materals Scaicely any
one type of brush and giade of resistance, 1s switable for any considerable
range of variety of dynamo-electiic machine.
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ROTARY converter 1s, structually, m many respects similar to
a continuous-current generator, the chief outward diffexence consist-
mg 1 the addition of a number of collector rings, and 1 the commutator
bemng very much laiger, m comparison with the dimensions of the rest of
the machine, than m an ordinary continuous-cuirent dynamo  Under
the usual conditions of runnmmg, the armature 1s duven, as m a plam
synchionous motor, by alternating curient supphed to the collector rings
fiom an exteinal source  Superposed upon this motor cmient m the
armatwie winding, 1s the geneiator current, which 1s delivered from the
commutator to the external cirewt, as continuous curient Occasionally
rotary converteis are used for just the opposite purpose, namely to convert
continuous mto alternating curent With this latter arrangement, how-
ever, some sort of centrifugal cut-off governor should always be used, as
the reactions on the field strength occasioned by sudden changes m the
alternating cutient load, may so weaken the field as to cause dangeious
merease of speed But i by far the greater number of cases, the appa-
ratus 15 employed for transformmg from alternating to contmuous current
The most interesting propeity of a 10tary converter, 15 the overlappng
of the motor and generator currents in the armatwe conductors, m virtue
of which, not only may the conductors be of very small cross section for
a given output, fiom the thermal standpomt, but, the armature 1eactions
also hemg neutralised, laige numbers of conductors may be employed on
the amature, which permits of a very small flux per pole piece, and a
correspondingly small cross section of magnetic arcmt But the commu-
tator must be as large as for a continuous-current generator of the same
output, hence a consistently designed rotary converter should be charac-
tersed by a relatively laige commutator, and small magnetic system  This
1s best achieved by an aimature of fanly large diameter and small axial
length, and this, furthermore, gives 10om fo1 the many, though small,
armature conductors, and for the many poles requued for obtamng reason-
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1s at economical periodicities The mechamecal lmut imposed Ly
A force, becomes an 1mportant factor 1 the design of the armatmec
wtator of a rotary converter, as compaied with continuous-current
s
sme 1nstallations, a good deal has been heard of ¢ surging” troubles
g rotary converters These were largely due to msufficiently
angular veloaity of the engmne driving the Central Station gene-
hose power was ultimately used to operate the rotary conveiters
¢ of uniformuty 1n angular velocity, had the effect of causing cumu-
callations mn the rotary converters, in their efforts to keep perfectly
romsm with the direct-driven generators throughout a 1evolution
ased especial difficulty when 1t was attempted to operate several
sonverters at ciflerent pomnts m parallel The true solution for
fculties 18 to have engines of such design as to give umiform
veloaty  In describmg the proper lines on which to design rotaiy
srs, 1t will be assamed that this condition, as regards the generating
been complied with , otherwise 1t 15 necessary to employ auxihary
to counteract such causes, and theie results a serious loss 1
y, through the dissipation of energy n steadying devices
[ —Ourrur 18 TerMs oF Ourpur or CoNrINUOUS-CURRENT GLNERATOR FOUR EquaL

Toss 1IN Awnmarurn Conpucrors For UNITY POWER FAcrtor AND ON THL
JeTioN oF A CoNversion ErpicniNes or 100 Prr Cent

TUhafoun Distribution of

Umform Disttibution of
'ype of Number of Magnetic Flux ovel 5]‘\1{ Ef’i::’t:f ]31;1:1\{ ;\;\m
7 Converter Collector Rings Pole Face Spanning Entue Spanumg 67 Per Cent ot
Polar Pitli Eatie Polar Prtch
hase 2 85 5d
. 3 134 1338
" § 164 167
N 6 196 198
12 224 226
»
I DU
S .

"ho extent to wh L the motor and generator currents neutiahise one
er, and pernut of small arn ~tuie conductors to cairy the iesidual
1t, valles with the number ox phases Table LI gives the output
otary conveiter for a given C* R loss m the aimature conductors,
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urterms of the output of the same aimature when used as a continuous-
current generator, this latter bemng taken at 1 00
Table LII shows the extent to which the preceding values have to be
modified for power factors other than unity
TapLe LII —Oureur 1N Trrms oF Ourpur or _CoNTiNuous-CURRENT GENERATOR FOR
EquaL C?R Loss 1§ ArMaTURE CoNDucrors ror 100 Prr Cent EFFICIENCY, AND

vor Unirorm GP DistrisuTioNn oF MiaNeric Fruv ovir o Pork Fact Spannine
67 Pce Cent oF ToE Porik Pircm

Powa Factor of
Type of Numbei of
Rotary Comvurter Collector Rings

100 090 030
Single phase 2 88 81 73
Thiee ,, 3 138 128 117
Four » 1 167 160 144
S » 6 ’ 198 192 177
Twelve , 12 2926 220 206

The writers have investigated by graphical and other methods the
subject of the C* R loss m the aimature of a thiee-phase rotary converter,
m comparison with the C* R loss for the same load dehivered from the
commutator when the machine 1s used m the ordinary way as a mechani-
cally driven continuous-curient dynamo  Not only aie the 1esults of
considerable value, but a study of the graphical method of investigation
pursued leads to an understanding of many interesting featmes of the
10tary converter

Asa basis for the analysis, Figs 366, 367, 368, and 369 were prepared
in Fig 366 are given sine curves of mstantaneous curient values n the three
sections of the aimature winding (as 1t would be 1f the alteinating cuirents
alone were present), and also the conesponding curves of resultant cmirent
1n the three lines leading to the collector 11ngs  The fiist thiee cuives are
lettered «, b, and ¢, and a current clockwise duected about the delta 1s
mdicated as positive  The hine curients ave derived by Kirchhoft’s law that
the sum of the cwirents from the common junction of several conductors
must always equal zero  Outwardly divected cumients are considered
positive  These curves of resultant line current are designated in Fig 366 as
a-b, b-¢,and ¢-«  Thirteen o1dinates, lettered from A to M, divide one com-
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yele up mto 30 deg sections InThg 367 are given diagrams of line and
ig currents from each of the ordnates from A to F The remamder,
om G to M, would merely be a repetition of these An examination
that these s1x diagrams, so fa1 as relates to curient magmtudes, are
> kands, of which A and B are the types In A, the three current
s m the windmgs, are respectively 0, 867 and — 867, whilst these
wm B,.5, 5and —100 Hence 1t 1s sufficient for practical purposes
dy the current distribution m the aimatwe conductors, corresponding

Fig 366
¥
/
AN XN X )
/! / N,
o y N\
/
\
A 8 [3 F 6 H a J K\\ L M
Y \ L
o)
¢]
N _ N
[s00a

positions A and B, and to then calculate the average C°R loss for these
> positions  For this purpose, developed diagrams have been mapped
,m Figs 368 and 369, for the winding of a rotary conveter, from whose
nmutator 100 amperes at 100 volts are to be delivered from each paur
witive and negative), of brushes The number of poles 1s 1mmaterial
.> armature has a multiple-ciicuit single winding, and 1t may be assumed
Wb there are two conductors per slot, though this assumption 15 ot
cessary It was thought best to take a fanly laage number of conductors,
d to take mto account, just as 1t comes, the disturbing influence of the
ushes, which somewhat modities the final result Of cowse, this
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disturbing 1nfluence would vary with the width of the brushes C
paratively narrow biushes aie shown, and this will tend to off-set
number of conductors’ bemg considerably less than would be take
practice for this voltage

) The assumption 1s made that the rotary converter 1s of 100 per c
efficiency, only calling for an mput equal to the output To su
100 amperes to the commutator brushes calls for 50 amperes per conduc

so far as the contmuous-current end 1s conceined This 1s show:

asb--ger Fig 367

arb 1500

e gor e e -
cx- 867 PN b

a-b=o

wh- 867 arbe1600

/y
. . . ca-o
ca-rrsg T T, T ad e et

(5091 B)

direction and magnitude by artowheads and figures at the lower enc
o vertical lines 1epresenting face conductors
100 volts and 100 amperes give 10,000 watts per pawr of |
Therefore, mput per phase = 3330 watts Volts between collector
= volts per wmding = 100 x 615 = 615 volts® Amperes per wit
3330 .
<iE - 54 amperes (effective) In this analysis, which cons
1 The Tstimation of the Electio-Motive Force n Rotary Conveitels, Tables of °
of the Ratio of the Alternating Voltage between Collector Rings to the Contmuous-C
Voltage at the Commutato, and the Estunation of the ‘Effect of the Pole Face Spreac

these Values, have alieady been given on pages 84, 85, and 86, in the section on Fo
for Rlectro-Motive Force
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heads

gures on the 11¢ht hand of the vertical lines should 1n each case be 1eferred to

60) the fig

a
positions immediately under the wnow

Nore —In the above and opposite diagiuns (Figs 368 and
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294 Rotary Converters

mstantaneous values, a sine wave current cmive has been assumed, working
from the maxmum value of 54 x /2 = 76 5 amperes

When the cuirent 1s i phase with the electiomotive foice, the
distubution of thngs for positions A and B 1espectively, 1s as shown
m the diagrams of Figs 368 and 369 There are 48 conductors, correspond-
mg to two poles, and these are numbeled from 1 to 48  Any 48 successive
conductors will give the same result The values and arrowheads at the
upper part of the lines representmg the face conductors, give the
instantaneous values and diections of the currents corresponding to
the mstantaneous conditions The figures and airowheads at the nuddle
of these lmes give the instantaneous values and directions of the resultant
cuttents These results aie also given in Tables LIIT and LIV, wheie a
cwirent from bottom to top 1s regarded as positive, and from top to bottom,
as negative  There are also given values for lagging currents, the results
from which show a rapid 11se i C?R loss

These 1esults are summed up 1 Table LV, the figures given being
the average for positions A and B —

TapLe LV —Per Cexr THAT ARMATURE C2R LoSS IS OF THAT OF SAME ARMATURE IN A
CoNTiNUoUS-CURRENT GENCRATOR FOR THE SAME OQutput, Assuming 100 Per Cenr
ConversioN EFFICIENCY

Power Factor Per Cent:
100 58
87 85
50 375
0 @

Some mwdefimteness 15 mtroduced by the exact position and width of
the Liushes under the condition of power factor of umity, the results for
this value being higher, n proportion as the number of conductors per
pole 1s low But for the other values of the power factor, this indefiniteness
does not appear. It will be noted that, yust before reaching the position
of shoit-circurt under the brush, the cuirent 15 often the sum of the
alternating and continuous cuirents

Throwmg the results nto the above form, bings out foreibly the fact
that 1t 15 only for comparatively high-power factors that the 1euidual C2R
loss 1s s0 greatly decreased
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Wandangs for Swgle-Phase Rotaries

SmverLE-Prase Rorary CONVERTERS

The winding 1s connected up to the commutator segments, exact’
for an oidinary contmuous-current dynammo For the alternating-cu
connections the winding 1s tapped, for a two-circuit winding, at some
pomt, to one collector ring Then after tiacing through one-half of
armature conductors, a tap 1s carized to the other collector ring  This

WiNDING FOR A SINGLE-PHASE Rorary CoNVERTER Two-CIrculr SINGLE TWINDINC
64 Oonpuctors, Six Pores, Prren 11

of a two-arcwt single winding, connected up as a smgle-phase
converter, 15 1llustrated m the winding diagram of Fig 370, which 1
to a six-pole aimature with 64 conductois

In Fig 371 1s given a diagram for a six-pole smgle-phase
converter, with a two-circuit singly re-entrant triple winding
winding has 72 conductors  Single-phase rotary converters, wit]
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Adventages of Polyphase over Single-Phase Rotames 29

crewtt multyple windings, have two taps per windmg, hence the two-circu
triple winding of Fig 871 has 2 x 3 = 6 equi-dustant taps

In Fig 372 a six-arewt single winding, also with 72 conductors,
connected up as a smgle-phase 10ta1y converter  For such a wmdw

Winping Tor A TiREE-Prasc Rorary ConvERTER — Sia-Circurr SIiNGLE WINDING WIT
108 Conpucrors, Six Porgs, Froxt Prrce 19, Back Prrcu 17

there are two taps per pawr of poles, hence six taps m all, the windi
being divided up mto six equal sections of 12 conductors each
In sigle-phase rotary converters, the oveilapping of the commutar
and collector-1ing curients 1s so much less complete than for multipha
as shown alieady on pages 284, 285, Tables LI and LII, as to render th
209



Rotary Converters

ry uneconomical, because of the 1educed output in a given machine
1s the farther disadvantage that a single-phase rotary cannot be
) to synchromsm from the alternating-current side  In general, the
10n of single-phase rotary converters 1s distinctly unsatisfactory, and

pING FOR A THRED-PEASE RorTary CoNvERTER Two-Circulr SINGLE WINDING WITH
90 Conpucrors, Ergar Pores, Prrcm 11

are rarely used except for small capacities An examination of the
ings shows that, due to the distitbution of the conductors over the
e peripheral suiface, the turns m series between collector rings are
r simultaneously lmked with the entwe magnetic flux, mn fact. such
ading used as a pure alteinating cmrent smgle-phase generator, gives



Advantages of Polyphase over Sungle-Phase Rotoies

but 71 per cent as great a voltage at the collector 1mgs as the s
machme used as a contmmuous-curient dynamo would give at
commutator* The ratio of the outputs, under such conditions, 1s
cqual loads m the armatwe conductois, 71 100 It will be seen 1
following that tlus 1s largely avoided when the wmding 1s subdivided

WispING ror A Trree-Prasc Rorary Convirrer —Two-Circulr SINGLY RE-ENTRAN
PripLn WiNpiNg witn 108 CoNpucrors, Six Porgs, Prreix 17

polyphase connections, and the relative advantages of these differc
polyphase systems 1s largely dependent upon the extent to which they :
fice fiom tlus objection.

I A discussion of the 1at10 of commutator and collector-rng voltages m 1otary convert
lLas aheady been given on pages 84 to 86, 1 the section 1elating to Formule tor Elee

wolave Force
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THreE-PHASE RoTary CONVERTERS

The earlier rotailes were genelally operated as three phaseis, the
tput for a given C?R loss in the armature winding being 88 per cent
sater than for the same armature as used 1 a contmuous-cuirent

(5099 &)

NDING FOR A Srv-Paase Rorary Convirter — Six-Crrourr SiNeLe WINDING wiTm 108
Conpucrors, Sty Pores, Prren, Front 19, Back 17

rerator  To-day, however, most rotaries aie bemng airanged to he
wated erther as four or six-phasers, with the still further advantages
67 per cent and 98 per cent mcreased output respectively, for a given

sting 1 the aimature conductors These aie the values given m
sle LI
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For thiec-phase

o ¢ 11;]mT¢, lotaly converters, there are thiee sechions per pan
o poles mon 3
: 1 l wlbiple-encut single windimgs, and thiee sections per pau
o W 0P W
it poles per winding m multiple-circuts multiple windings  There aic
1ee sectl > X C

»echions per winding, 1egardless of the number of pans of poles

WinniNG ror A Siy Pinase Rorary Converrer  Two-Circurr SinGLE WINDING wiTH 90
Conpucrors, EicHT PoLEs, Pircr 11

m two-cirewrt windings  Thus, a six-pole machme, with a siv-ciremt
tiple windimg,would have § x 3 = 9 sections At equal mmnths thiough
the windmg fiom begmning to end, leads would be cained to collector
1ngs, thiee leads to each of the thiee collector 1mngs — But af
the axmature had had a two-ciremt double windmg, there would have
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e sections per winding, regardless of the number of poles
s two-cncut double windmg there would be 2 x 3 =6
a1x leads to the three collector 1mgs  In Figs 373, 374 and

| diagrawms of thiec-phase rotary conveirter windings. fiom a

Jy)

el
)
T8’
b3
L
k]

a Six-Puase Rorary Converrer  Two Crrculr SINGLY RE-ENTRANT TRIPLE

WixpiNG witi 108 Conpucrors, Siv PoLEs, Prrox 17

1ch familiarity with the mnheient characteristics of such windings
uned  The most distinctive characteristic 1s the overlappmg
of the conductors of the thrce phases, in consequence of
me portion of the periphery of the aimature carries conductors
At one portion, the conductors will belong

o two phases
then to 2 and 3, and then to 3 and 1, then

to phases 1 and 2,

i Aa‘“_-m
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acam to 1 and 2, the 1epetition occurring once per parr of poles

consequence of this propetly, the condactms of any one phas
distnibuted over two-thnds of the entne peniphery, and when the
of the maguetic flux exeeeds one-thnd of the polaw

generally, when spreading 1s considered, ab least three-quarters
polar prtch—all the turns of one phase will not be simultancously
with the entiee flux, and the consequence 15 a lower alternating-c1
voltage per phase than 1if sunaltancous Imkage of all the twns «
phase with the entire flux occuried  Tlence, for a given heatig, the «
1 Jumted, although alveady, hecanse of more cllective Imkage of
and flux, 56 per cent higher than o1 single-phase rotaies

Six-Prask Rorary CoNVERTER

This disadvantage 1s mamly overeome m the so-called sie-phase 1
eomverter, m wluch—as will appear later—the eonductors of an
2

T 6 )
Fig 879 |
!

\
\

EEEEEEEEE R

phase are distmbuted over only onc-thind of the cntive peniphery,

THRFE_PHASE

A

POLE F/ECE
POLE PIECE |

CENTRE LINE OF

51X PHASE

CENTRE_LINE OF

result of wlieh an almost sumultancous hinkage of all the tmns o
phase, with the entne magnetie flux, 1 obtamed  The 1esultant o
of such a machme, for o gwven heatmg of the armatwe condu
ncreases, as stated m Table LI on page 281, m the 1atio of 188 to
ve, iy 1TF per cont heyond that of an erdimary three-phase machme
a matter ol fact, this so-called sia-phase 15 only a speeal ease of
phase anangement  This distinetion will be subsequently made clem
Mg 476, 377, and 378 are the same wimding diagiams as for g
L and ATH (pages 297, 298, and 299), but with  the connections ma

so~ealled “si-phase,”
] )

with sy colleeton 1mgs This 1equnes - cach
subdividing the windimg up mto just twice as many sections as fo

case of three-phase windings A study of these windmgs will shov
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vith these connections with six sections (wheie before there were thiee),
he first and fourth, second and fifth, and thud and sixth, taken m pars,
nve a distitbution of the conductols, switable fin a three-phase windimng,
;‘&dl of the above pans constituting a phase Futhermore, each poition
»f the periphery 1s now occupted exclusively by conductors belongmg to
me phase, 1 ¢, the fiist and fomth gioups, the second and fifth, or the
hnd and sixth, and m this way 15 distmgmshed from the previously
lescribed thiee-phase windmngs m which the phases oveilapped

This distinetion will be made more cleax by a study of the diagrams

nven m Fig 379

HIGH TENSION
BUSBARS

111

HIGH TENSION SWITCHES

\\J Fg 380

LOW TENSION SWITCHES

p4-1-—o
o —
b o

RINGS

1 }m THE COLLECTOR

509.

£

INTERCONNECTION OF STATIC TRANSFORMFRS AND RoTARY CONVERTERS

For thiee-phase 10tary converters, the transformers should preferably
e connected m ““delta,” as this peimmts the system to be operated with
wo transformers m case the thind has to be cut out of errcutt temporarily
or repairs

A satisfactory method of connection 15 given 1 Fig 380

For sin-phase 10tary converters, erther of two arrangements will be
atisfactory  One may he denoted as the “ double delta ” connection, and
he other as the “ diametiical ” connection  Let the windmg be represented
ya encle (Fig 381), and let the six equidistant pomts on the circamference
apresent collector rings, then the secondaiies of the transformers may be
onnected up to the collector 1mgs 1m a “double delta,” as m the fiist
laglam, o1 acioss diametrical pairs of pomts as m the second diagran
n the first case 1t 1s necessary that each of the three transformers have
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Stz-Phase Rotaries

two 1ndependent secondary coils, as A and A', B and B', C and C', w
1 the second case there 1s need for but one secondary coil per tiansfe
The two diagrams (Fig 382) wake this clear

In the first case, the ratio of collector ring to commutator volt.
the same as for a three-phase 1otary converter, 1t simply consisting o
“delta” systems In the second case, the ratio 15 the same as
sigle-phase 10tary converter, 1t being analogous to three such systen

Feg 381

DOUBLE—DELTA CONNECTION "DIAMETRICAL CONNECTION

‘DOUBLE—~DELTA CONNECTION

Fig 982
it

'DIAMETRICAL CONNECTION

JUL
AT

10 6 COLLECTOR RINGS TO 6 COLLECTOR Rmcs
TapLn LVI
Style of Connection tor Six Phase Ratio Of\%;)bnff(ifg:) 13
Tiotary Comveater Ccmmulatcx:\'olt(\,
Double-delta connection 612
Diametiical 707

The latter—the ““ diametiical "—connection, 1s, on the whole, t
prefared The higher voltage at the collector rings, permuts of can
lighter cables about the station i wiring up fiom the static transfor
to the rotary converter. It also only requues two secondary leads t
brought out—per tiansformer—and 1t simplifies the switching arrangem

2 R
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0

A switchboaid connection surtable for a plant with {our, sn—phu[\«‘-
converters 1s given In Fig 388, where 1t 18 -t}l:mgc(l Uh.Lt t.u
<vnelnomsing shall be done on the high-tension side of ic tl’(\llhll)lllll'l>
Thi~ mcthod of synchronismg avouds the necessiby u)f' siv-bladed, ]u-ll\y.
current, low-tension switches The switches A and I3 arc moie fo e
the line cncuits arc mtended to be made and

1o0tary

purpose of connectors, > made and
bioken by the mgh-tension, quick-break switches C  Another featwre of

the arrangement shown, 1s that 1t brings the entire alternating-cunrent
<ystem to the left of the hne L, and the entue contmuons-cw rent h)—'.\’t:‘lll
to the nght of the hne I, thus keeping them cntucly sepuate . The
particular scheme shown, has two imdependent scts ol Iigh-tenston feedets
coming to the two feeder panels shown

In conclusion, 1t may be said that six-phasc rotary converters have,
in practice, been found to 1un stably, and have been free from suigmg and
tlashing  The six collector 1mgs can hardly be said to constitute any
scrious disadvantage, and there 1s the alieady explamed gamn ol (1 pa
cant o output from the standpomt of the heatng of the ammatu
wnductors  This latter 1s, of course, an 1mportant advantage, hut if,
must he kept m mind that tlus gam does not apply to the connuudator,
which must be—for a given output—just as laige for a six-phase 1otay
a~ tor a thiee-phaser

Four-Puase Rorary CoNverrins

In Fig 884 15 given a six-cireurt smgle winding connceted up as a
four-phase rotary converter Heie we subdivide the wimding into fow
eetions per pan of poles—hence 1n this case 4 x ¢ - [ Lotal scetions,
and four collector 1ngs )

A two-crewtt simgle winding connected up for o lom-phase 10tary
cony u'rtcr, 15 shown m Fig 385 Tt 15 subdivided wto for scchions, (I|‘<
: :1‘(; i(]’;;‘:l?:ﬁul(i:i gg;hsnepéil ;;:d ‘a's ?‘oull—phasc rotary <-nn\.e|tx;1.s, heme
of ke Honen oot peetion per wimdmg, mdependent of the number

) -arewrt tuple windmg shown Mg 380, the

winding 15 subdivided 1mto 4 X 3 =

s D = 12 sections  All (hese low Phas
are characten
g E sed by the winding per phase having a spread o

50 per cent of the polar prtch - Sections 1 and 3

as also 2 oand 1 are
¢ " ’ P
cally m the same phase, m this sense such rotary ¢

onverters are sometinnes
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08 Rotary Converters

alled two-phase, also occasionally quar ter-phase. The distribution 18 also
vell shown n Fig 387

Theie aie also 1n fow -phase, as 1n six-phase, alternative methods of

Srx-Circurt SINGLE WINDING, WITIL

CoNVERTER
Prrc 17 axp 15

WiNDING ror A Four-Pmase ROTARY
96 Conpucrors, Six PoLEs,
transformer terminals to collector rings  The

connectimg from secondary
forred, and for the same reasons as in

diametaical connection 1s to be pre
the case of six-phase
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Twerve-Pruise Rorary CoNVERTERS

Another mteresting combmation of appaiatus pernnts of obtammg
the advantages of a 12-phase rotary converter with only two static
transformers  Each transformer has one primary and fow equal secondary

Wimvpive For A Four-Prast Rorary Convirter  Two Crrcuir SINGLE WINDING, WITII
80 Conpucrors, Sin Porrs, Prrcn 13

cols  The primaries me esated from two circwts 1 quadiature with each
other, and there are twelve tappings mto the aimatuie per pan of poles m
a multiple-encwit winding, and twelve tappings per winding, mdependently
of the number of poles m two-cirewrt windings  The diagram, Fig 388,
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polar armatwe, the circle

g 1dea as apphed to 2 bi-
Tiansformers T

sts forth the undeilym
tapped at the pomts 1 to 12

spresenting the wmding,

rgsss /0 e

50340 v v
WINDING FOR A Tour-PrasE ROTARY Coxveerrr  Two CIRCUIT TrrpLE-WINDING, WITIL
96 Qoxpuctors, Sy POLES Prrent 17
and II have thew primaries connected to encuits in quadrature with cach

other
The 60 deg chords represent the transformer

Fig 387 FOUR PHASE
ﬂ ul @ (@ @ @
5] @ al g @ (@] @ @
e sel‘les-connected
based on

secondaries 11-9, 3-5,

12-2, and 8-6, while the two diameters represent th

pawrs of secondaries 1.7 and 10-4  Obwviously the whole 1dea 15
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two mscubed hexagons, the one standing at an angle of 90 deg fiom the
other  The fom equally-wound secondary cols conform to the equality
requirement hetween sides and 1adu

By letting the transformer prumanes have different windings, the
well-known method of changing fiom threc to quarter-phase permits of
ltetamng the greater economy and other advantages of thiee-phase

I

" 2 Frg 388 ‘ I
” @ 07” VIR
OOIO0LIA0TTD Q0100100100

l U ] 2l L_l 4

PRIMARY IT

0

FRIMARY I

3 PHASE

Fig 388 2
GENERATORS LE40S

70 8 COLLECTOR
SECS 1t
RINGS

SECS 1

8
[ - ROTARY 12 COLLECTOR RINGS
CONT ! L
[
IR

|
CURRENT l conveRTER 1]
cmeurr T

_J AR IATJRE
transmission, and thesc further advantages of only two transformers per

1otary, and greatly mereased output per 1otary  This system 1s sufficiently
mndicated 1 diagram, Fig 389

LEADS TO 6 CQLLECTOR RINGS

Diesiey or o Six-Puask 400-Kmowarr, 25-CicLe, 600-Vorr Rorary
CoONVERTER

The hist question to decide 15 the number of poles  The penodicity
bemg given, the specd will be mversely as the number of poles  High
specd, and hence as few poles as ate consistent with good constants, will
generally lead to the best 1esults for a given amount of mater ial
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In considerng the design of continuous-current generators, 1t was
shown that the mmimum permissible number of poles 15 determined by
the lmuting a1 mature mteiference expiessed i armatuie ampere turns por
pole-piece, and by the reactance voltage per commutator segment, for
which, 1 the very fist steps of the design, the average voltage pci
commutator segment 18 taken But m polyphase rotary converters, the
superposed motor and generator currents leave a very small resultant
curient 1n the armature conductors, and 1n six-phase 10tary converteis
this 15 so small that aimatwe interference would not be a lmiting
consideration, m fact, as many turns per pole-piece will be used on the
armature as other considerations, first among which 1s that of permissible
petpheral speed, shall determme  As the motor and generator cmients
cancel each other to a very considerable extent, the conductors have only
to be of relatively small cross-section m order to carty the resultant
cunrent, nevertheless, by the tune each conductor 1s separately msulated,
no extraordmanly laige number can be ananged on a given periphery,
and hence no excessive armatme nterference can result With msuffi-
ciently wiform angular velocity per revolution of the generator supplyig
the 1otary converter, this assertion could not safely be made In such a
case, the pulsations of the motor component of the 10tary converter cuient,
caused by the mability of the 1otary converter to keep m perfect step with
the generatol, and by the consequent oscillatory motion super posed upon
its uniform rate of revolution, greatly deciease the extent to which the
motor and geneiator components neutialise one another, and hence 1esults
a lage and osallatory armature interference But wheie a satisfactory
genelafing set 15 provided, aimatwie mteiference 1 the rota: Yy converter
1s not a linuting consideration

The 1eactance voltage of the coil under commutation, must he made
as low as possible, as one has, mn rotary conver ters, a kind of “ forced ”
commutation,” that 1s, one does not make use of a magnetic field to
leverse the cmvent i the short-circmited col The brushes remam ab
the neutral pomt for all loads, smece any alteration m thew position
fiom the neutral pomnt would mteifere with the proper superposition
of the collector ring and commutator curients Moreover, the collector
ung  cuirent must continue wmdependently of the commutation going
on 1 the generator component of the 1esultant current The process
18 compheated, and for practical puzposes 1t appears desirable to estimate
& nommal reactance voltage based upon that which would be set up mn
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the short-circwited turns by the 1eversal of the continuous-curient
component

The diamcter of the armature 1s chosen as large as 15 consistent with
1etaming the armature conductors 1 place, using a reasonable amount of
binding wire, figured with a conservative factor of safety  Upon this
armatuie 1s generally placed as large a number of conductors as current

ey

and magnetic flux densities permit  For some 1atings, however, a
sufficiently low 1eactance voltage may be obtamed without approachmg
extremes, either of azmature diameter o1 of number of armatuie conductors
Another hmitation often met with m rotary converter design, s that of
width of commutator segment at the commutator face Tt 1s not desnable,
on machines of seveial hundred kilowatts output, that the commutator
segments should be much less than £ 1 width  For a given diameter
and number of poles, this at once restricts the number of commutator
segments, and, on the basis of one tuin per commutator segment, also
23
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ricts the number of armature turns  For large rotary conveitets,
» turns per segment would almost always lead to an undesirably high
stance voltage of the coil being commutated

The speed, expressed in revolutions per minute, 18, m rotay
velters, generally two or three times as high as for good continuous-
rent geneiators of the same output, and with an equal number of

ss  Hence the frequency of commutation 1s also very gh, often from
) to 1000 complete cycles per second Consequently the mductance ot
shoit-ciremited coll must be correspondingly low, m order not to lead to
h 1eactance voltage

Rotary conveiters have been built with two commutators, to escape
Limitations 1eferred to, of high peirpheral speed, and narrow com-
tator segments This method 1s rather unsatisfactory, since the chief
a would be in connecting the two commutators m series, but by so
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domg, the entire curient output has to pass through both, and the
commutator losses are thereby doubled, while the cost ot each commutator
15 so shghtly reduced below that of one, as to render the eonstruction
expensive A parallel connection of the two commutators at once saciifices
the chief gawn, there only remamg the advantage of commutating but
half the curient at each set of biushes, but this will not peinut of very
great 1eduction of the number of segments Moreover, thete 1s the
fmther cifficulty that unequal contact resistance at the brushes would
bring about an unequal division of the load between the two windings

In smaller rotary converters, 1t sometmmes becomes practicable to
employ multiple windings (ze, double, or occasionally even triple) In
such cases, the tendency to mcrease the frequency of commutation must

Fig 392

ssc

FULL SIZE DETAIL OF SLOT

not be overlooked TIf, for instance, one uses a double winding, the
caleulation of the tume during which one armatme coil 1s short-circuited,
must be made with due regard to the fact that the two termials of this
coll are connected, not to adjacent but to alternative segments, and the
mtervening segment 1s, so far as time of short crcwt 1s conceined, to be
considered as a wide msulating gap Hence, for a given width of brush,
the time of short civeuit 1s considerably r1educed, but as the number ot
paths through the armatme fiom the positive to the negative biushes has
been doubled, the current to be reversed 1s half what 1t would be for the
cquvalent smgle wnding  No general conclusions, however, should be
diawn, and the reactance voltage must be estimated for each particulax
case, from the inductance of the coil, the frequency of 1ts reversal under
the brush, and the current to be reversed,
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n a smilar manner, if one were comparing the ielative advantages
y, four and six poles, one should keep distmetly in mmd that while
nal effect on the frequency of reversal may not be great (because of
werse change 1 speed), the inductance per twin (largely dependent
the length of the aamature), may be quite different, and that the
nt to be reversed, 15, m the case of the larger number ot poles, less
m the machine with few poles It 1s much safer to make rather
lete comparative calculations, as the piobability of overlookng the
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of a certamn change, on all the constants mvolved, 18 very
lerable
As a general rule, 1t 15 preferable to arrange the conductors in many
thus having but few per slot It 1s also necessary to keep as small
ssible, the width of slot opening, and 1t should not be much, if any,
er than the radial depth of the air gap This 1s 1mportant, because
ated pole-faces should not he used where there 1s the least possibility
swiging,” due to mconstant angular velocity per revolution of the
ating set  Wheie, with laminated pole-pieces this “surgmng” 1s
1t to any extent, 1t will be dinimshed, and sometimes prevented, 1f
pole-faces of good conductivity, such as wiought-non forgimgs of
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good quality, are used The tendency of the supeiposed oseilla
the aimatuie, and the consequently varymg magnetic field, 1s te
mduced cuirents i this pole-face, which 1eact, and m turn tend t
these oseillations  This may be accomplished with mimum loss of
by switably arianged copper circwits, but under favourable conditi
surgmg will be of small extent, and may be made neghgible with b
dissipation of enexgy m the wrought-non pole-faces The magne
may be of cast steel, but this has not so high specific conductivity
best wiought 1ron, which latter should be employed for the po
The prevention of the surging will also be moie complete, the sho
an gap, but the lugh speeds of rotary converters generally rend
small clearances undesirable

Gaven the output, periodicity, and the voltage, trial calculation
with the foregoing vailous considerations m mind, lead one very d
to the cholce of a certam number of poles and the corresponding
best combining good constants 1 operation with economy m maters
most, the choice will lie between two successive numbeis of pans c
m which case both designs should be thoroughly woiked out, :
constants and cost compaied

For a wix-phase rotary converter for 400 kilowatts output at 2!
and 600 volts at commutator, the following design 15 worked ou
number of poles 15 eght, and the speed 15 375 1evolutions per
A good design with six poles and 500 1evolutions per mimute cou
een obtamed, and excellent practice m the application of these pi
would be found 1 working out a corresponding specification for
machine, and then making a compaiison of the costs of material

The eight-pole design 1s 1llustrated m Figs 890 to 393, melus)
m Tigs 394 and 395 are given the estimated saturation and e
caives

TaBvLATED CALCULATION AND SPECIFICATION FOR A 400-KILowaTt
Puase Rorary CONVERTER

DESCRIPTION
Number of poles €
Kilowatt output 40C
Speed, revolutions per minute 378
Teiminal volts, full load 60C
Amperes 667
2

Trequency (cycles pe second)
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DIMDNsIONS
Armature
Diameter over all 58 m
Length over conductors 29 ,
Diameter of cote at perrphery 58 ,,

» 0 bottom of slots 551,

. ' » lammnations 40 ,,
Length of core over lammations 91,
Number of ventilating ducts 4
Width of each ventilating duct m
Effective length, magnetic ron 72,

1 of core — total length 76,
Length round periphery 183 ,,
Pitch at smface 228 ,,
Insulation between sheets 10 per cent
Thickness of sheets 014
Depth of slot 125 ,,
‘Whadth of slot at root 28 ,,

» at smface 28 ,,
Number of slots 300
Ghoss radial depth of lamimation 9m
Radial depth below teeth 7T,
Width of teeth at root 303 ,,

» » armature face 330,
Size of conductor 051 x 45m
Magnet core, length of pole-piece 95 m along shaft
Length of pole-arc 141
Thickness of pole-piece at edge 1%

Pole-piece to consist of soft wrought-iron forging, so as to have
maximum specific conductivity

Pole-aic — pitch 61 per cent
Length of core, 1ad1al 14m
Diameter of magnet core 12,
Bore of held 58%,,
Clearance 1.
Spool
Length 14 1n
,  of shunt winding space 11%,,
,  of series ” 21,
Depth of shunt » 2,
,,  of senles " 2,
»  of winding space 2,
Yoke
Outside dameter 104 1 and 95} m
Inside ,, 88 1n
Thickness 3%,

Length along armature 20 ,,
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Commutator

Diameter
Number of segments
3 » per slot
‘Width of segments at surface
» ” at root

Total depth of segments
;5 length of segment
Available length of segment
‘Width of msulation between segments

Collector

IDiameter
Number of 1mgs
‘Width of 11ng

,»  between 1ngs
Length over all

Brushes

Number of sets
» n one set
Radial length of biush
‘Wadth of binsh
Thickness of brush
Dimensions of bearmg surface, one brush
Area of contact, one brush
Type of brush

Insulation

On core 1 slots

Of conductor

Erccrrican

Armature

Terminal volts full load
Total mternal volts
Number ot ciremits
Style of winding
Times re-entrant
Total parallel paths thiough armature
Conductors 1n series between biushes
Type constiuction of winding
Number of face conductors

3 slots

» conductors per slot
Axrangement of conductors 1n slot
Number 1n paiallel making up one conductor

5251
600

2
23 m
21 ,

2
»
11 ,,
95
045 ,,
151

6
2 1m

T
L
22 ,,
Contmuous Alternat
Curient Curien
8 6
4 3

21 m

1, 11
63 ,, o
15m x 75m lm x
113 square mches 1 squar
Radial carbon Cop}

Onl-taeated cardboa
012 1n thiel,
Vaimshed limen

600
614
8
Multiple ene
1

8
150
Bax
1200
300
4
2x 2

1
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Mean length of one armature tuin

78 m
Total number of turns 600
Turns m senes between hushes 75
Length of conductor between ushes 5850 1n

Chross-section, one conductor 0225 square nch

1 erght conductors m parallel 18 .
Olms per meh cube at 20 deg Cent 00000068
Per cent incicase in 1esistance 20 deg Cent to 60 deg Uent 16
Resistance betw een biushes, 20 deg Cent 022 ohm
Resistance between brushes, 60 deg Cent 0256

It has already been seen that in six-phase rotaries 1 96 times the
tput may be taken from thc commutator for the same C®R loss in the
nature conductors, as m a contmmuous-current generator with the same
nding  Hence, for a given load, the resultant curient m the armature
1ductors 1s a hittle over half that delivercd from the commutator In
: present machine, the full load output 15 G667 amperes Allowing for
wciency, and not quite umity power factor, we may take the current m
» armature conduetois at 667 x 55 = 370 amperes

C R diop mn axmature at 60 deg Cent 95 volts
» series colls 1 '
» brush contact sm face 22,
» not allowed for 1 above 1 3 1n cables and
connections
Amperes per square inch, conducton 2050 figuired on
1esultant cunrent
» » brush hearing smface 37 figwed on cunent
output from
commutatol
» . shunt windmngs 980
1 ' serles windings 1000

I but the armature cuiient density and diop results aie derived later
the specitication, but are brought together here fo1 reference

Space Facror

In transfoimers, 1t 1s the amm to secure as hagh a ratio as possible of
s total section of copper to the space m wlich 1t 1s wound, for a given

R >
seitied nsulation 1esistance  The same 1atio, texmed ““ space factor,” 1s

service 11 proportiomng the conductors and imnsulation to the armatwe
s
Sectional area of slot = 125 x 328 = 35 square mches

Sectional area of copper mn slot = 4 x 0225 = 09 squaie inches
‘““Space tactor ¥ = 09 — 35 = 26
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e, 26 per cent of the space 1s occupied by copper, and 74 per cent b
necessary msulation
Commutation

Average volts between commutator segments
Aimatwie turns per pole

[

-1

667 55

Resultant current per conductor = = 46 amperes

X
8
Resultant armature stiength per pole = 46 x 75 = 3450 ampere turns

As the biushes remam at the mechanical neutral pomt, these
only a distorting tendency, and do not have any demagnetising effe
long as the power factor of the alternatmg-current component 1s 1
It 15 also to be noted that, while the resultant mmatwme cure
46 ampores, the 3450 corresponding ampere turns are by no means
effective as magnetomotive force, bemg positive and negative 1 succe
groups—sometimes even 1n successive turns—opposite one pole-piece
Figs 368 and 369, pages 288 and 289 )

DrrorMINATION OF REACTANCE VOLTAGE OF COIL UNDhR COMMUTATION

Drameter of commutator 5251
Cucumference of commutator 1656 ,,
Revolutions per seconc 625
Peuipheral speed, inches per second 1030
Wadth of biush smface, across segments 75 m
Time of one complete 1eversal 00073 secs
Fiequency of commutation, cycles per second 685
Couls short-cncited together per brush 3
Tuins per col 1
Tuins short-cncutted together per brush 3
Conductors per group commutated together 6
Flux per ampere twin per mch gioss length aimatme

lamination 20
Flux thiough s1x tuins calning one ampere 1140
Inductance one coil of one turn 0000114 hem
Reactance of one col of one tmin 049 ohm
Cunient n one coil (continuous-curient component) 83 5 ampere
Reactance voltage, one coil 41 volts

PrororriONING THE BinpiNG WIRE

This 1s an 1mportant consideration m machmes which must run at
Iugh speeds customary with rotary converters Cases might easily o
where an otherwise good machine might be designed, but on calcula

2
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the binding wie, 1t would be found to require a larger portion of the
total peripheral surface than could properly be devoted to 1t

Length of conductor hetween biushes = 5850 m
Choss section of conductor between brushes = 18 squaie inch
Weight of armature copper = 5850 x 18 x 32 = 340 Ib

Every pound of material at the periphery 1ssubject to a contrifugal
force of 0000142 D N® pounds, where

D = chameter m 1nches
N = 1evolutions per minute

Hence, 1 this case, to a foice of

0000142 x 58 x 3752 = 1151b

The iron lamnations are dovetaled mto the spider, so the binding

wire need only be proportioned to retamn the weight of the copper wire 1n
place

Total centrifugal force = 340 x 115 = 39,000 1b

39,000
99 % 58 x =
Total projected area = 29 x 58 = 1680 square inches
Total stiess on binding wire = 1680 x 74 = 12,500 1b, or 6250 Ib per side

Foice per square mch of axmatuie surface = =T741b

Using phosphor-bronze binding wire, and estimating on the basis of

a tensile strength of 100,000 Ib per square inch, with a factor of safety
of 10, we require

6250 x 10

100,000

= 63 squaie mch

Taking No 12 Stubbs wire gauge with a diameter of 109 mn, and
cross-section of 00933 square mch, 72 of these would be requued These
should be arianged m mine bands of eight turns each Three of these
bands should be over the lammated body of the armature, and three over
each set of end connections (See Fig 392 on page 315)

Macneric Ciroutr CALCULATIONS

Megalines fiom one pole at full load and 600 terminal volts

(614 nternal volts) 820
Coeflicient of magnetic leakage 115
Megalimes 27 one pole at full load . 95
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Armature

Core section =775 x 72 x 2
Length, magnetic

Density (kilohnes)

Ampere twns per mch
Ampere tuins

Tecth

Nuwber tiansmutting flux per pole piece
Section at face
» 100ts

Mean section
Length
Apparent density (kilohmes)
‘Waidth of tooth “a” (mean)

” slot “0”
Ratio “e” — «p”
Corrected density
Ampere turns per mch
Ampere tuins

Section at pole face

Length, one side

Density at pole face (kilolines)
Ampere turns (313 x 61,000 x 25)

Aagnet Core

Section

Length

Density (Lilolines)
Ampete tuins per mch
Ampere tuins

Yoke

Section — 2 x 62
Length (per pole)
Density (kilolnes)
Ampere twins per mch

SummaRry oF AMPCRE TUkrNs

Aimature core

» teeth
Gap
Magnet core
Yoke

Total per spool

= 112 square 1nches
Tin
73
20
140

a7
6 £ syuare mches

60 »
62 »
125m

132

32

28

111

127

1100

1370

133 square mches
25 1
61
4800

113 square mches
14 m

124 squaie mches
17 m
77
640

110
1370
4800

700

640

7650
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SproorL WINDINOS

Shunt

Mean length, one tuin 366 ft
Ampere turns per shunt spool, full load 7,650
Ampete feet 28,000
Radiating suface, one field spool 700 squate inches
‘Watts per square inch to be allowed at 20 deg Cent 40
Watts per spool at 20 deg Cent 280

. ,»» shunt winding at 20 deg Cent 220

» 5 Selles 2 » » 60

» ,»  shunt winding at 6 " 255
Shunt copper per spool 110
Volts at terminals of spool at 20 deg Cent 56
Amperes per shunt spool 392
Tuins " ’ 1950
Total length of shunt conductor 7150 ft
Resistance per spool at 20 deg Cent 14 L ohms
Pounds per 1000 ft 154 1b
Size of conductor No 158 WG
Dimensions baie 072 1 1n diam
Dumensions double cotton covered 082 ,,
Choss-section 00407 square inches
Cuirent density, amperes per square inch 980
Avalable wmding space 10 m
Number of layers 17
Tuins per layer 115

Rotary converters do not run so well with much lag or lead, and the
superposttion of the motor and generator cuirents 1s far less perfect, but
1t 15 often found convenient to use a seiles coil of some 25 per cent of the
strength of the shunt coil, and to have, on the side of the machime, a
switch, which, when completely open, sends all the mamn current, except
a very small peicentage, through the series winding, the small balance
passing through a diverter rheostat In the next position, about half of
the current 1s diverted through the rheostat, the series coil being much
weaker, and m the final position, the series coill 1s completely short-
circutted, all the current bemng diveited from 1t  This enables the series
winding to be employed to the extent found desirable, considered with
relation to the high-tension transnussion line, as well as to the low-tension
continuous-current system, on which latter system, 1t 1s desirable to have
the terminal voltage merease with the load

By adjusting the shunt excitation so that the current lags shghtly at
no load, and by having sufficient series excitation, the total field strength
mereases as the load comes on, and thus controls the phase of the motor
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curent At some mtermediate load the motor current will be ex
m phase with the electromotive force, and at higher loads will slig
lead, thus also mamtanmg rather higher commutator voltage

S TN
.

et
,-;x‘f:

Serres
Ampere tuins, full load 2000
Full load amperes 667
Amperes diverted 167
» 1n series spool 500
Turns per spool 4
Bize of conductor used 21m by 05
Number m parallel 5
Total cross-section 5sq 1
Owrent density, ampeies per square mch 1000
Mean length of one twin 366 ft
Total length, all tmns on eight spools 1400 mn
Resistance of eaght spools at 20 deg Cent 0019 ohn
Series C*R watts, total at 20 deg Cent 475
’ »  per spool at 20 deg Cent 60
” ” » 60 » 70
Weight of seties copper 225 b

CarcuratioNs oF Losses aNpD HEeATING

drmatw e

Resistance between brushes 0256 ohm
60 deg ¢
C*R loss at 60 deg Cent 3500 watts figm
resultant cui
Fiequency, cycles per second = C = 25
Weight of aimatuie teeth 245 b
" » core 2310 ,,
Total weight aimatwie lammations = 2555 ,,
Apparent flux density m teeth (kilolines) 132
Flux density m core (kilohnes) = D = 73
CD - 1000 = 183
K = 165
ECD _ watts core loss per b = 302
1000
Total core loss = 3 02 x 2555 = 7,700 wa
,, aimatuie loss = 11,200
Aimature diameter 581
2 length 34,
Peripheral 1adiating swtace 5300 square
» speed, teet per winute 5700
Watts per squate inch m 1adiating smtace 21
Assumed 11se of temperatuie per watt per squaie inch by
thermometer, after 10 homs’ run 20 deg C
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tal rise estimated on alove bass

12 »
sumed 11se of temperature per watt per squale inch by
resistance, after 10 hours’ run 30 "
tal 115e estimated on ahove basis 63

iUl be observed that the total weight of iron 1 aimature, z ¢,
s multiplied by the ““ watts core loss per pound ” to obtain total

This mcludes loss m teeth, as the curve (see Fig 238, page 229)
h the constant was taken, 15 so proportioned as to allow for core
« losses for this type of construction and range of magnetic

CommuraTor LossEs AND HEATING

2a of all positive brushes

18 squazre mnches
peres per square inch contact surface

37
ms per squale inch contact surface, assumed 03
1sh 1esistance, positive and negative 0033
ts drop at brush contacts 22
* loss » 2 1500 watts
sh pressme 1251b persq mn
" total 45 1b
therient of friction 3

ipheral speed

5150 ft per mm
sh friction

70,000 ft -lb per min

” 1600 watts

y watts lost 1n commutator, assumed 400

il watts lost 1n commutator 3500

neter of commutator 525 m

wh o, » 9,

1ating swiface 1500 squaie mnches
ts pex square inch raciating sw face 23

mmed rise of temperatuie per watt per squaie inch after
10 houwss’ run

15 deg Cent
1 115e estimated on above basis

35 »
CQorrreror Losses aND HELTING

! contact area of all brushes 18 squaie nches

eres per square Inch contact su face 110
> per square mch contact (assumed) 003
1esistance of brushes per 11ng 001
drop at brush contacts 34
oss at brush contacts per ring 110 watts
1 " 1n SIX 11ngs 660 ,,

. pressure, pounds per square inch 10

» total pounds 18

a1ent of friction 3

%
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Peuipheral speed, feet per mnute 1470
Brush fiietion, foot-pounds per minute 8000

» 5 watts lost 180
Total watts lost n collector 810
Diameter collector 15 1m
Effective length of raciating smface 12,
Radiating surface 570 square mches
Watts per squaie inch 1achating surface 15
Assumed 11se of temperatme per watt per square nch after

10 hows’ 1un 20 deg Cent

Total rise estimated on above basis 30

2

Sepoor. Losses AND HrariNeg

Spool
C°R loss at 60 deg Cent per shunt corl 255 watts
” 4 pet series corl 70,
Total watis lost per spool 325
Length of winding space, total 1t
Cucumference of spool 50 ,,
Peupheral 1adiating surface per spool 700 square inches
Watts per square inch 1adiating surface 465
Assumed rnise of temperature per watt per square inch by
thermometer, after 10 hours’ run 80 deg Cent
Total 1186 estimated on above hasis 37 1
Assumed 11se of temperature per watt per square wnch by
1esistance, after 10 homs’ run 120 3
Total 11se estinated on above basis 56 "
LFFICIENCY
Output, full-load watts 400,000
Core loss 7,700
Armature C*R loss at 60 deg Cent 3,500
Commutator losses 3,600
Collector losses 840
Shunt spools losses 2,040
,  theostat losses 300
Ser1es spools losses 560
,»  dunerter losses 190
Frction, bearngs and windage 2,000
Input, total 420,630
Commer cral efliciency, full load 95 per cent
MATERIALS
Aimatuie core Sheet steel
' sprder Cast non

’ conductors Copper
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Commutator segments Copper
2 leads Rheotan
» spider Cast non
Pole-prece Wiought-non forging
Yoke Qast steel
Magnet core ”»
Biushes Caibon and copper
Drush-holder Bhass
» yoke Gun-metal
Binding wire Phosphor honze
Insulation, commutator Mica
» armatuie Varmshed hnen tape
Weienrs
dimatwie Lb
Laminations 2,550
Copper 310
Spider 1,550
Shaft 1,230
Flanges 700
Commutator
Segments 1,000
Mica 80
Spider 1,000
Press nngs 200
Other parts 300
Collector, complete 700
Axmature, commutatol, collector, and shatt complete 9,650
Hagnet
Cores 3,550
Pole-pieces 400
Yoke 5,000
Theld b
Shunt coils 880
Senes , 925
Total copper 1,105
Spools complete R 1,800
Bedplate, bearmgs, &c 6,300
Biush nggmmg 450
Other parts . - 1,000

Complete weight 10tary converter 30,360
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TaBuLATED CALCULATIONS AND SprcrFicaTioNs FOR A 900-Kimowarr THRE
Puase Rorary CONVERTER

The machie 15 1llustrated m Figs 396, 397 and 398, and cuives
1ts performance are given m Figs 399 to 402

DESCRIPTION
Number of poles 12
Kilowatl output 900
Speed, revolutions per nunute 250
Teimnal volts, full load 500

” ,» noload 500
Amperes, output 1800
Fiequency, cycles per second 25

DIMLNSIONS
Armatwre
Diameter over all 84 m
Length over conductors 27T,
Diameter of core at peniphery 81 ,,

" » bottom of slots 811,

» » » Jamnations 62 ,,
Length of coie over laminations 125,
Number of ventilating ducts 3
Wadth, each lm
Effective length, magnetic 11on 99 ,

» » of core — total length 79
Length 10nnd peiiphery 264 m
Pitch at smaface 22,
Insnlation between sheets 10 per cent
Thickness of sheets 016 m
Depth of slot 125 ,,
Width of slot al 100t 44,

" » sw face oy,
Number of slots 288
(ross 1acial depth of lamnations 11 m
Radal depth below teeth 975 m
Width of tooth at 100t 449,

aimatme face 475

» »
Size of conductor 125w by 400 u
Maynet Core
Length of pole-piece along shaft
» pole-aic, average
Pole prece and core consists of sheetmion punchings 04 m
thick, japanned on one wide, and built up to a depth of

12 m
155,

27U
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12m  The edges of poleface are chamfered back 3 m
by 3% m, and a copper Indge 14 m by {1, extending
13 m under pole tips, 15 mserted hetween poles to

prevent “surgng ”
Pole aic — pitch
Length of coe radial

Size of magnet core (lammations)

Boie of field
Clearance (magnetic gap)
Spool
Length
»  of shunt-winding space
»  » Seuneswinding space
Depth of winding space
Yole
Outside diameter
Tnside chameter
Thickness
Length along armatme

Beyond the 22-1n length along annatuie, projects o one side
a ung 1} m wide, which 1s giooved to 1eceive the biush

10cking gear

Cominutator
Diameter
Number of segments
,, s per slot
‘Wadth of 2 at smface
» at 100t

»
Total depth of segment

» length of segment
Available length of segment

‘Width of msulation between segments

Collector
Diameter
Number of 11ngs
Width of each ring
»  between 1ngs
Length over all
Brushes
Number of sets
Number 1n one set
Radial length of brush
Width of biush
Thickness of biush

Contmuous
Curent

12

Dumensions of bearmg sm face (one brush) 1251 by 871n

Airea of contact (one brush)
Type of brush

1 08 square mch
Rachal carbon

722
91fm
12m by 121
343
843 m
o

7
87 m
L9,
35,
2% .

123 m & 11410
105 m
1,

93

22,

54 m
576

24
215
22 m
173,
14,
05 ,,

24 1
3
3l m
13 5
18% m

Alternating
Cunent

3
8
1} m
6,
125 n by11lm
1 35 squaie inch
Copper
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Three-Phase.
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TrenmcaL Dara — BLeeTRICAL
A metur e
Ternnnal volts, full Toad
"Total mteinal volts
Number of envuts
Style of winding
Times re-cntrant
"Total parallel pabhs thiough amature
Conductors m sertes hetween hinshes
Type construction ot windg

Numhier of face conductors
» slots
3 conductors per slot
Aarangement of conduetors n slot
Number m parallel makmg up one conductor
Mean length of one aimature tuin
Total number of tuins
Tuins 1m sertes hetween brushes
Length of conductor betwern biushes
Choss-sectron, one conduclot
» 12 conduetors m parallel
Ohms per mch eube at 20 deg Cent
Per cent merease m 1esistanee 20 dog Cent to 60 deg Cent
Resistance between brushes 20 deg Cent
» » » o 60

”

500
513
12
Multple-cnrcut dium
1
12
90
Bar

1152
288
{
2hy 2
[
T8
HT6
A8
ST m
05 square mch
60 ,,
00000068
16 per cent
00125
00493
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Assuming the cwrent 1 three-phase 1otary converter armatt
be about thiee-foutths of that for continuous-current generator of

e ——— e
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output, and a power factor of not quite umty, we may take cun
armature conductor as 1,800 x 8 = 1,440 amperes
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CR drop m aimature at 60 deg Cent 71 volts
series cotls 16
al brush contact surfaces 21,
not allowed for 1 above 14 volts for cables and
commections, hguied
on component ecw-

”

»

»

rents
Amperes per square ich conductor (a1mature) 2100
» » 5 Inush bearing suiface JEh
" » » shunt wmdings 970
» ) » series wmdings 970
Space Factor
Scetonal area of slob = 125 x 41 = 6% squate mch
“ " wppetwslab =4 x 125 x 1 - 2 square mdch

f8pace tueton ™~ 2 — % = 30k o1 36 1 per cent ob tolal space 15 occaped by

copper, leaving 63 6 per cent tor the necessary sulation

Conunarlalion
Volts hetween segments, average 101
Armature twins per pole 18
800 = 8
Tesultant current per conductor = 1800 » 8 120 amperes

12
Resultant, aimature stiength = 120 < [8 & H800 armature

ampere tutns per pole

Drri RMINATION o REactaNcn Vorrawr or Corr uvnir Commuiation

Duuncter of commutaton Hlm
Cucumterence of commutator 170 ,,
Revolutions per second £
Penpheral speed, mehes per second TON
Wadth of brush smtace actoss segments NT
Tune ot one complete 1eversal, seconds 00125
Frequancy of commutation, cycles per second 107

i

Coils, shott-cucuted together per brush
Turns per corl !
Twins shott cncmited together per nch 3
Conductors per group commutated together G
Tlux per ampere turn per inch gross length atmature Jamma

Lion 20
Flux though s1v tuins cwymg one ampere 1500
Tnductance one col of one tuin 000015 henrys
Reactance of one coll of one tuin 039 chms

Current m one coul, amperes 150
(contimunous-cmrent

component)

Reactance vollage, one coil 5 8 volts
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Binping Wire

Length ot condnctor between biushes 3774 m
Cross-section of conductor between brushes 6 square mch
Weight of armatuie copper 374 x 6 x 32
=T7211h
Oentifugal force = 0000142 D N*1b

Therefore, 0000142 x 84 x 250° = 747 Ib exerted as centrifuga
foree by every pound of copper conductor on armatare, and as there aic
721 1b weight of copper conductors, the total centrifugal force =721 x 747
= 54,000 1b

Part of the centiifugal foree 15 resisted by strips of hard wood diiver
mto dovetail grooves 1unmng parallel to the length of the shaft at the
tops of the slots, while the end projections and connections are held n
place by 84 stiands of No 11 B and S phosphor-bionze wne annange
over both ends, in bands of six strands each, seven of these bands beng
employed for cach end

MaeNeric Oreult OALCULATIONS
Megalines fiom one pole at full load and 500 texminal volts
(912 5 inteinal volts) 10 4
Assumed coefhcient of magnetic leakage ! 120
Megalmes 12 one pole at full load 125

The maguetic reluctance and the observed total number of amper
turns per field spool required, were probably distributed approxmmatel
as follows —

Armatwie

Core section 99 x 975 x 2

= 194 square inches

Length of magnetic cizcurt 11m
Density (kilolmes) 54
Ampere turns per mch 16
Ampere turns 180
Teeth
Number t1ansnutting flux per pole prece 17
Section at face 76 square inches
» 100ts 30 ”
Mean section 78 '
Length 125m
Apparent density (kilolnes) 134
Wudth of tooth (mean) “a” 462 m
»  slot “0” o,
Ratwo of @ — b 105
Conrected density (kilohnes) 128
Ampere turns per wmch 1160
1460

Ampero tmins
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Section at pole-face
Length
Density at pole-face (kalohnes)

Ampere tuins = 313 x 51,200 x 1875 = 3200
Magnet Core

Section (ellective)
Length

Density (kilohnes)
Ampere turns per mch
Ampere tuins

Yoke
Section magnetic 2 x 136 = 272 square mches

Length per pole
Density (kilohmes)
Ampero turns per mnch
Ampere tuins

SumMMARY OF AMPERE TURNS

Aimatme core

» teeth
Gap
Magnet core
Yoke

SpoorL WINDINGS

Ampers turns per shunt spool, full load
Watts per spool at 60 deg Cent
shunt winding at 20 deg Cent
selies » » 1
" shunt »  at 60 deg Cent
Shunt copper per spool
Volts at termmals of spool at 20 deg Cent
Amperes per shunt spool
Resistance at 20 deg Oent per spool, ohms
Turns per shunt spool
Total length of shunt conductor
Pounds per 1000 ft,
Size of conductor
Dimensions hare

. double cotton coveired
Cross-sectrion
Cutient density, amperes per square mnch
Available winding space
Number of layers
Tuins per layer

»

135 square inches
91 m
95
53
530

145m
48
29
130

180
1460
3200

530

430

5800

5800
405
200
143
240

110 1b

36
63
57
912
4400 ft
219

No 11 B and S gauge

0907 m 1n dhameter

101 » "
00647 squaie mch
970
4m
23
40
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Seres
Ampere tuins, full load
TFull-load amperes
Amperes diverted
3 1n senes spools
Tuins per spool
Size of conductor used
Number 1n parallel
Total cross section
Cuiient density, ampercs per squarc mch
Mean length of one tuin
Total Iength, all tmns on 12 spools
TResistance of 12 spools at 20 deg Cent
Seules O°R waltts, total al 20 deg Cent
” . pet spool
” » " at 60 deg Cent
Total weight of series copper, pound

Circurarios oF Lossis AND Ilnatine

Armatimie

Resistance hetween biushes, ohms

CR loss at 60 deg Cent

Trequency, cycles per sec = C =

Waght of amatme teeth

» » coie

Total weight of laminations

Fluy density m teeth, kilolnes
» s cole =D =
CD — 1000
Observed core loss per pound, watts
K = Watts core loss par pound _

(0D — 1000)
Total core loss
»  armatuie losses

Aimatuie dhametet

3 length
Peupheral 1adiating smtace
" speed, feet per minute

Watts per squaie mch 1adiating smface

Commuraror Lossts AND HELATING
Commautator

Aiea of all positive iushes
Ampetes per squate mch contact suiface
Ohms » » »
Brush 1esistance, positive and negative
Diop at brush contacts
C-R loss at biush contacts

assumed

3630
1800
350

1150
2}
25m by 075 m
8
1 5 square inch
970
183 ft
150 ft = 1800
000816 ohm
1718
113
165
861

00493 at 60 dcg Cent

9700
2n

500 1h
6500 ,,
7000 ,,
128
51
136

28

205

19,860
29,550
St
L

7150 squarc mches
5500
1

51 squaic mches
35
03
00116 ohm
21 volts
3700 watts
2 x



338

Rotary Converters

Biush pressare, pounds per squate 1ach 115

Y ,  total 117 1b
Coefficrent of fiiction 3
Pertpheral speed, teet per mmute 3550
Biush fiiction, foot-pounds per mmute 124,000

» 5 watts 2800
Stiay watts lost in commutator, assumed 600
Total » " » 7100
Diameter of commutator S5tm
Available length of commutator 14,
Radivting swiface 2100 square mches
Watts per squate mch of 1adiatmg smface 29
Assumed t1se of temperatme per watt per squate inch, after

10 hours’ 1un 15 deg Cent

Total 11s¢ estimated on above basis 43

”»

CorLEcTOR Losses aNp HEaTiNG

Total contact area of all brushes 33 5 squate mnches
Amperes pet square mnch of contact suiface 150
Ohms pet squaie mch of contact (assumed) 005
Total 1esistance of biushes per 11ng 00027
Volts iop at Inush contacts 18
C'R loss at brush contacts per rmg 850

" » » m thiee 11gs 1700
Biush pressure, pounds per squate mch 16

» ” total pounds Al
(‘oefherent of friction 3
Penipheral speed, feet per ninnte 1,560
Brush fiiction, ponnds per nunute 25,500
' 5 watts lost 600

Total watts lost m collector 2,300
Diameter collector 24 1m
Effective length 1adiating smiface 11,
Total 1adiating swi face 820 squarce inches
Watts per square mch r1adiating sui face 28
Assumed 11s¢ of temperatuie per watt per square inch, atter

10 howr s’ 1un 15 deg Cent
Total 115e estimated on above basis 42 "

Feld Spool Losses

Spool C°R loss at 60 deg Cent per shunt corl 240
C’R loss at 60 deg Cent pet seizes col 166
Total loss per spool, watts 405

3 m 12 spools, watts 1850

LrFiciENCY

Fall load, watts output 900,000

Cote loss 19,850



Three-Phase, Nine-Hundred Kilowatt, Rotary Convertes

Commutato1 losses

7,100
Collector losses . 2,300
Awmature C°R loss at 60 deg Cent 9,700
Shunt spools C*R loss at 60 deg Cent 2,900
Shunt 1heostat C*R loss at 60 deg Cent 300
Series spools CR loss at 60 deg Cent 1,700
Seties diverter C°R loss at 60 deg Cent 500
Fiiction, bearings, and windage o 5,100
Total mnput 949,450

Commer cval Efficrency

Full load 95 per cent

Muterrals
Airmatme core Sheet steel
» spider Cast non
' conductors Coppet
Commutator segments »
» leads Stiwnded cop
N spider Cast ron
Pole-prece Lammnated shee
Yoke Cast steel
Magnet core Lammated shee
Biushes Carbon
Biush-holder Biass
» yoke Gun-metal
Binding wite Phosphoi-bio
Insulation, commutator Mica
WrienTs
Armature b
Lammations 7,000
Coppel 720
Spider 3,000
Shaft 3,000
Flanges 800
Commuutator
Segments 2,100
Mica 150
Spuder 1,650
Press 1ngs 280
Sundty other parts 350
Collector rings, complete 1,070
Avmatute, commutator, collector, and shaft complete 20,000
Magnet
Yoke 13,000

Poles 6,000
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Fueld
Shunt cols, copper 1,320
Senes , 2 860
Total copper 2,180
Spools complete, meluding flanges aund all insulation 5,600
Bedplate, heanngs, &e 18,000
Brosh gean 1,200
Sundy other pats 2,200

Tolal weight of 10tary conveiter (6,000

Tue Starting or Rorary ConveERrTiRs

The starting and synchiomsing of rotary converters may be accom-
plished m any one of several ways The sunplost, at first sight, 195 to
throw the alternatmg-current termmals of the rotary conserter dnectly on
the alteinating-current mams, but this, although often practicable, has
several disadvantages By tlus method, the cwirent rush at the moment
of starting 1s generally 1n excess of the full-load current mput to the rotary
converter, and as 1t lags m phase by a large angle, 1t causes a sciious
drop of lme voltage, and affects the noimal line conditions, to the serious
detriment of other apparatus on the Ime This large ewmrent gradually
decroases as the 1otary converter’s speed meicases  The action of the
rotary converter, m starting, 1s analogous to that of an induction moto
The rotating magnetic field set up by the currents entering the avmatare
windings mduces—but very meffectively —secondary currents w the pole-
faces, and the mutual action between these seconday cunrents and the
1otating field impaits torque to the armature, wlich revolves with
constantly accelerating speed, up to synchromsm  Then the enewt of the
rotary converter field spools 1s closed, and adjusted to bung the cwirent
mto phase  But when the armature 1s first starting, the field spools
are mterhnked with an alternating magnetic flux, generated by the cunient
m the armature windings, and, m normally-proportioned ficld spools, with
several hundreds or thousands of twins per spool, a dangerously lugh
secondary voltage 1s generated n these spools Hence they must he
msulated better than field spools ordinarily are, not only between layers,
but Letween adjacent turns, and wire with double or triple cotton covermg
should be used However, the most frequently-oceurring breakdown due
to this cause, 18 from winding to frame, and hence extra msulation should
be used between these parts
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The termunals of the different field spools should be connected up to
a suttable switeh, airanged so that the field winding may be conveniently
broken up mnto several sections, otherwise, 1f a thousand volts or so are
mduced m each spool, the stiain on the msulation between the ends of
these spools 1 series, and frame 15 severe

At starting, this switch must always be open, and must not be closed
until the armature has run up to synchronous speed, which 15 observed by
the lme current falling to a much smaller value This special switch 13
then closed, and afterwards the mam field switch, whereupon a still further
decrease m the lime carrent occwis, due to improved phase relations, and
the process of synchronising 1s completed

By means of a compensator, this heavy current on the Ie at starting

LINE { [
g 4038
—
THREE COMPENSATORS
10R ONE THREE PHASE
COMPENSATOR )

COLLECT
‘- RINES

may be dispensed with The connections for a threc-phase 1otary with
compensator, are as shown m the diagram of Fig 403

At the instant of starting, the collector 11ngs are connected to the
three lowest contacts, hence 1eceive but a small fiaction of the line voltage,
and would receive seveial times the line cuirent, 2e, 1f the taps mto
the compensator winding are, say, one-fifth of the way from common
connection to line, then the rotary converter has one-fifth the line voltage
and five times the line current As the converter runs up in speed, the
termmals are moved along until, at synchionism, the collector 15 duectly
on the line

Another difficulty encountered when the rotary converter 1s started
from the alternating-cwirent end, 1s the indetermmate polarty at the
commutator, when the rotary 1s made to furmsh 1ts own excitation
Unless some mdependent source of continuous curient 1s available at the
rotmy converter sub-station, the 10tary 15 dependent for 1ts excitation upon
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the polanty that 1ts commutator happens to have at the mstant of
attaming  synchiomsm  If there are two 1otary converters at the
sub-station, and the first comes up with the wrong polauty, then 1t
may be allowed to run so, temporanly, till the second one 15 .sym]nom\:x-d
The second onc ean be given either polarity desned, by nsmg the first
as an mdependent source of continuous curtent Then fiom the second
one, the polarty of the first may be reversed mto the comect divection,
and the second 1rotary converter shut down  Obwviously, however, this
ndetermmateness of the mital polarity constitutes a further meonvemence
and objection to starting rotary converters by thiowing them ducctly on
to the alternating-current lme  But mn the case of large capacity, slow-
speed rotary converters, consequently machmes with heavy aimatures, 1t
has been found practicable to eontrol the polanty of the first machme when
1t 1s started up from the alteinating current side  One must stand yeady
Ly the field switch as the machine approaches synchronism, when the
pomter of the continuous-cmient voltmeter will commence to vibrate
rapudly about the zero mark with short swings  These will finally he
followed by a couple of fanly slow, mdecisive, long swings, m oppostte
dwections from the zero mark Near the maximum pomt of whicheve
of these swings 1s m the direction of the desired polaty, the ficld switch
should be closed, and the machme will excite 1tself, povided the ficld
termumals are correctly positive and negative  Otherwise—wlich nnght
happen on the fiist run, or after alterations—the field termmals will requne
to be 1eversed

The requued hne current 15 greatly reduced by starting generator
and rotay converter up simultaneously The latter 1s then, fiom the
mstant of starting, always m synchronismn with 1ts generator, and the
couditrons of runnmg are arived at with a mmmum stiam to the system
But the conditions of routine operation ra1 ely render this plan practicable

A method sometimes used, 1s to have a small mduction motor direct
coupled to the shaft of the 10tary converter for the purpose of staxting
the latter with small line curients Tlus, however, 15 an extra eapense,
and results m an unsightly combmation set

Where there ae seveial totary converters m a sub-station, a much
better way 1s that descitbed m a recent British patent specification, m
which the station 1s provided with a small auxihary set consisting of an
induction motor direct coupled to a contimuous-current dynamo, the latter
being only of sufficient capacity to 1un the rotay converters one at a tune
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up to synchronous speed as continuous-curient motors ~ When this
speed 1s airved at, and synchronsm attamned, between the alternating-
current collector rings and the line, the switch between them 1s
closed, and the 1otary converter runs on from the alternating-current
supply

In many cases, a continuous-cuirent system derives 1ts supply paitly
from contmuous-current generators and paitly fiom rotary conveiters In

Fig 406 N

e

ol

| =
[

(ol

tungc)

such cases, the rotary converter is siply started up as a motor from the
continuous-cuirent line, and then synchiomsed

On the Contment 1t 15 very customary to operate storage batteries
m the sub-stations, m pairallel with the 1otary converters, the batterics
bemng charged by the 1otaiies during times of light load, and helping out
the rotartes with heavy loads They are known as ¢ buffer batteries,”
and are of considerable assistance i mamtamnmg umiform voltage and
more uniform load on the generating plant Moreover, they render the

sub-station mdependent of the 1est of the system for staiting up the 10tary
converters



Methods of Synchromsing Rotary Converters 3

SyncHRONISING RorARY CONVERTERS

One has the chowce of gynchiomsing the rotary converter either 1
a switch between the collector rings and the low potential side of ¢
step-down transformers, or of considermg the step-down tiansformers a
the rotary converter to constitute one system, transforming from lo
voltage continuous current to high-voltage alternating cwrent, a
synchiomsing by a switch placed between the high-tension terminals
the transformers and the gh-tension tiansmussion hne This latter pl

Tig 408

15, perhaps, generally the best, as for the former plan, one requue
switch for rather heavy curients at a potential of often from 300
400 volts, and such a switch, to be safely opened, 15 of much n
expensive construction than a high-tension switch for the smaller curr
Morcover, for six-phase rotaries, the low-tension switch should pefer
have six blades, as agamst thiee for the high-tension switch It 1s m
sinpler m six-phase rotary converters to have an arrangement Wl
obviates opening the connections between the low-tension ter mmals of

transformers and the collector ring termmals, although 1n such cases s
2x
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type of connectors should be provided which may be readily removed when
the circwits are not alive, for purposes of testing

The arrangement shown m Fig 404 1epresents a plan for synchiomsing
and switching, on the Ilugh-tension circwits, and adapted to six-phase
rotaries

Fig 405 shows diagrammatically a plan for a three-phase system wheie
the switching 1s done on the low-tension circuits  The quick-break switch
used, which 1s necessarily of rather elaborate construction, 1s llustiated 1n
Figs 406, 407, and 408 This switch was designed by M1 Samuelson
The switch 1s designed for the breaks to occur on the back of the board,
thus protecting the operator

Vorrice Ratio in RoTary CONVERTER SYSTEMS

As already shown, there 1s a tolerably defimte ratio between the
alternating-current voltage at the collector rings and the contmuous-
cmrent voltage at the commutator This lack of flexibility 15, to a certain
degree, a source of inconvenience, hence, methods wheieby 1t may be
avoided possess interest A rotary conveiter with adjustable commutator
voltage, 15 deswrable for the same purposes as an over-compounded
generator, and also for charging storage batteries

If the generators, transmission lie, transfoimers, and rotary con-
verters possess sufficient inductance, the commutator voltage may be
varied within certain limits by variations of the field exeitation of
converter or generator, or both By weakening the generator exaitation
or strengthening the rotary exatation, the line current may be made to
lead, and a leading current through an inductive circutt causes an meieased
voltage at the distant end of the hne Hence, by switable adjustment of
the excitation, the voltage at the collector rings of the rotary, and con-
sequently also 1ts commutator voltage, may be mcreased Strengthening
the generator field or weakening the converter field, o1 both, causes the
cmrent to lag, and 1esults m a decreased commutator voltage These
effects may be 1ntensified by placing inductance coils m series m the
crcurts

Another method of controlling the commutator voltage 15 by
equipping the step-down transformers with switches whereby the number
of turns m primary or secondary, and hence the ratio of transformation,
may be adjusted A much better method consists 1n employing an
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mduction regulator between the transformer secondary terminals and the
rotary converter This consists 1 a structure like an induction motor

Series windings are put on the one element, say the stator, and potentia

HIGH TENGION ALTERNATING BUS BARS

Iig 409

R

i vy

ROTARY CONVERTER

csvzor 1

G 1vely advanced thiow
windings on the rotor The rotor may be pirogressively 1 t{
a cortamn angle, and at each angular position will 1ase or lower
< 5 i
voltage at the collector rings by a certamn amount, by virtue of the mutt
=]

action of the seres and potential coils The connections ate shoy

diagrammatically m Fig 409



348 Rotary Converters

A swall auxihary rotary converter, having a voltage equal to the
amount by which 1t 1s desied to wcrease o1 decrease the commutator
voltage of the mamn rotary, and with a current capacity equal to that of
the mam 10tary, may be employed with 1ts commutator in series with that
of the mamn rotary The auxihary rotary should have field coils capable
of exerting a great range of exatation Its collector should be supphed
from a special transformer o1 taansfoimets, with the prnmary and secondary
cols considerably separated, so as to permut of much magnetic leakage
between them. This gives large mductance to the small biranch cireuit

Ly 410 H T LINE T

RIRIEERIRIR!
/h

L
CONTINUOUS CURRENT / _H

i\‘” >

| i | v amnen_|
MAIN TRANSFORMERS

2 s 1 i il

RS J

g

L T THREE PHASE LINE
2

MAIN ROTARY

-

o,

-
h

1

AUXILIARY BOOSTER.
ROTARY

o {

leading to the auxihary rotary, and by regulation of its field exatation,
a very wide range of voltage at its commutator 1s secured It has the
great advantage over mductance mn the mam arcwit that 1t gives a wide
range of voltage varation for the combimed set, consisting of main and
auxthary 10tary, without working at low-power factors  Thig 15 obviously
the case, smce the mam rotary may be adjusted to woik at a power
factor of umty, while 1t 1s only the relatively small amount of encgy
consumed by the small capacity auxihaiy rotary, which 1s supphed at a
low power factor. The effect on the power factor of the mam system,
caused by the power factor of the small 1otary, may be completely
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neutralised, and the resultant power factor restored to umty by the simple
method of running the large mamn rotary with a shght over or under
excitation, and hence with a power factor shghtly lower than umty, to
compensate for the lagging or leading current, as the case may be, con-
sumed by the small auxiliary rotary conveiter The scheme 1s illustrated
diagrammatically 1n Fig 410

A similax prece of apparatus has been used for the express purpose
of charging storage batteries fiom a 500-volt hme  With maxinum
excitation, 1t supplied 200 volts more, giving the 700 volts required by the
battery toward completion of the charge This 1otary converter had a
shunt winding, and also a negatwe series coil, and when finally adjusted
1t had the interesting propety of automatically charging the battery fiom
a minimum potential 1w the neighbourhood of 530 volts at the commence-

Fg 412

CONTINUOUS CURRENT

ConTiNuoug
THREE PHA ’LME

L

ROTARY CONVERTER

ey

SERIES BOOSTER

ment of the charge, up to about 700 volts when fully charged Moicover,
the cuirent, amounting te some 40 amperes at the commencement, gradually
fell off to about 30 amperes when the battery was fully charged That 1s,
when the battery charge 1s low, and tlus rotary converter 1s thiown on in
series with the 500-volt line, 1t automatically 1egulates 1ts own excitation
so that, while giving 80 volts and 40 amperes at fast, 1t finished up with
200 volts and 30 amperes Its shunt cols are exated from 1ts own
commutator, hence at gradually mcreasing voltage.

Its series winding 1s connected to act in opposition to the shunt
winding  This negative series winding was at first put on to protect the
rotary from the effect of sudden vamations of voltage on this 500-volt
arcut  Thus, 1if the hne voltage suddenly rose to 520 volts, the addition
of the rotary voltage would have sent a much heavier current into the
battery , a negative series winding tended to equalise the resultant voltagc
in spite of line variations, and proved to contribute very markedly to the
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automatic 1egulation of current and voltage to the varying requirement
dwmg the process of charging the storage battery

In Fig 41115 given a diagram of 1ts connections

An alternative scheme to that of a small auxihary rotary converter
and, perhaps, on the whole, the best arrangement of all, consists mn th
addition of a small continuous-current machine on an extension of th
shaft of the mam rotary converter If its fields aie excited 1n series wit
the load, and 1ts commutator connected 1 series with that of the ma
rotary converter, the combmed set may be adjusted to over-compound t
any desired extent Fig 412 gives a diagram of this scheme

A great disadvantage of both these last schemes 1s that the con
mutator of the auxihary machine carrymg the mamn current must hav
substantially as great a radiating surface as the main commutator, an
Tence 15 expensive  The commutator losses are also doubled

Still another mteresting arrangement for giving an adjustable rat
of conversion of voltage, 15 that illustrated 1 Fig 413, wherem a sme
synchronous motor 1s directly connected on the shaft of the rotary, whic
requires no collector rings, those of the synchronous motor serving f
the set The synchronous motor has a separate field system, by varyn
the cxeitation of which, the percentage of the voltage consumed m t]
synchronous motor, 1s varied, and consequently also the total ratio
conversion This scheme avoids the losses m an extia commutator, a1
18 a very flexible method

Runvine CONDITIONS FOR RoTary CONVERTERS

The conditions relating to starting 1otary converters have been cc
sdered on pages 340 to 344  After bewng finally brought to synchronc
<pecd, there reman various adjustments ieqmsite to secme the m
officiont performance, and to adapt them to best fulfil the spec
1equirements

Plase Characterstic —The term “ phase characteristic” 15 genera
applied to a curve plotted with field excitation (preferably expressed
ampore-tuins per ficld spool), for abscissee, and with amperes mput ]
collector 1mg, as ordmates Such a curve has been given for no load
Fig 400, on page 333, and fiom an exammation of 1t, one leains tl
at mormal voltage between collector rings (310 volts mn the mach
m question), and a field excitation of 64 amperes (5800 ampe
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turns per pole), there was required only about 80 amperes per phase
to run the rotary converter unloaded  This 1s the condition of
nummum current mput, with weaker field exatation the current
lags, and with stronger 1t leads, m both cases imcreasing 1apdly 1
amount with the varymg field excitation The curve shows that with
no field excitation, the curent per phase mcreases to about 2100 amperes,
and 1t also reaches approximately this same value with twice the normal
field exertation.

If the current 1s i phase at the point of mmimum current mput, then
the volt-amperes will be equal to the sum of the no-load losses

No-Loap LossEs
Watts

Core and stiay losses at normal voltage = 20,000
Friction and collector C*R losses = §,000
Shunt feld self exeitation = 6 4 x 500 = 3,200
Tatal no-load losses = 31,200
Watts per phase = 10,400
310
“Y " voltage = —= = 180 volts
V3

Cunent per phase (ve, entermng each collector

_ 10,400 _ g
ring) 1% = 58 amperes
Hence we have an unaccounted-for balance of 80 — 58 = 22 amperes

This 1s due partly to a difference in the wave forms of the generator
and the rotary, but chiefly to so-called “‘surging” effects, and will be a varying
value, depending upon the motive power diiving the generating alternator,
and upon the methods employed to it the effect It will be considercd
m a subsequent paragraph

Neglecting the “smging” effect, for a given field excitation, the power
factor of the incommg cwrent may be estimated Thus the curve of Fig
400 shows that with the excitation of 3 2 amperes (half the normal excita-
tion) there 1s an mcommy curient of 1000 amperes per phase One
thousand ampeies entering a collecting 11mg coriesponds to 1—0/%0 = 580
amperes 1 the armatwe conductor A



Pre-determanation of Phase Chanactenstic Curves 3

Resistance of armature between commutator brushes las been
given as 005 ohm at 60 deg Cent =R (See page 332 )

Then the resistance of one branch (z ¢, one side of the A) will be 133
R = 0067 ohm *

In each branch there will be a C2RR loss of 5802 x 0067 = 2250 watts,
and therefore a total armature C?R of 3 x 2250=6750 watts The field
excitation with regulating theostat losses will be one-half 1ts former value,
ve, 1650 watts The core loss and friction remamn substantially an before,
but the collector C°R loss 1s mercased by 500 watls

SumMARY

Watts

Armatuie C*R 6,750
Field self-excitation 1,650
Core and stioy losscs 20,000
Friction and collector C*R losses 8,700
Total of losses 36,900

12,300

Total per phase
Volt-amperes mput phase = 580 x 310 = 180,000

123
factor = = © = 068
Hence power factot Ts0

1 Pioof that, 1f R = armatme reswstance between commulator brushes, then 135 R
= 1esistance of one sidc of the A

Take the case of the present rotary It has 12 poles, and a wmultiple conaul single
wmdmg  Therefore, theie are 12 paths thiough the armature fiom the positive (o the
negative biushes There a1e 576 total tuins on the mmatme  Ionce, cach of the 12 puths
has 48 tuins R = the resistance of the 12 paths i parallcl 12 R = resistune ot one
path of 48 tmains  But between two collector 1mgs, the 576 total turng are davided 1o thie
groups of 192 twins each  One mde of the A 13 made up of one such group anrangd m sin

192

parallel paths of - = 32 twins each, 32 tmns m senzes will have a 1csislance of
32 1R -8R
438
and six paths m parallel will have a 1esistance of 301} = 133 R, and this cquals the

10sistance of one side of the A () I D

Any difficalties 1 undeistanding this subdivision of the winding mto groups and puallel
paths may be 1omoved Ly a study of the wmdmg diagiam for the multiple cirewit wingle
wmnding shown m Fig 373, on page 297  Analogous imestigations of two ciranl sigle
windings, and of multiple wmdings of both the two-cuemt and wultiple-encuit type, will
yield the same result, z¢, that the resistance of one mde of the A& 1 equal to 143 R,
for thiee-phase 1o0taries TFor an exammation of these latter casos, one may muke use of
the winding dagrams of Figs 374 and 375, on pages 298 and 299
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Smular calculations for other values of the fleld excitation, give data
for plotting other phase characteristic cuives for no load, that 1s, for no
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output fiom the commutator Thas 1n Fig 414 the power factor 1s plotted
1n the terms of the field excitation , and 1n Fig 415 1n terms of the am peres
mput per collector rg  These curves have all corresponded to no load,
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but other phase charactemstic curves may be obtaned for various

conditions of load
In Fig 416 ave given phase characteristic cutves at no load, half load,

and full load for a 125-kilowatt rotary converter It will be observed

that the phase characteristic curves with load possess the same gencial

featw es as the curve for no load, though less accentuated
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In Fig 417 these curves are transformed mnto three others in which the
power factors are plotted m terms of field exctation, and m Fig 418 the
power factors are plotied m terms of amperes mput per collector xing

Figs 414, 416, and 117 show the importance, cspeeially with hLght
loads, of careful adjustment of the excitation The power factor falls off very
rapidly indeed with variations of the field exeitation fiom the normal value
However, with load, the variations are comparatively modeiate, and ficl
regulation can then advantageously be employed as a mecans of phas
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control, and through the mtermediation of lne and armature mductances,
sometimes aided by auxiliary mductances employed for the express purpose,
a considerable working 1ange of voltage, at the commutator of the 1otary
converter, may be obtamed

This brief description of the phase characteristic curves permits of
now explaming, m a rough, practical way, what causes the current to lag
or lead with varymg field excitation, and also what controls and determines

PHASE CHARACTERISTICS
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the extent by which 1t shall lag or lead Suppose a generator, say hy
hand regulation of the fleld excitation, 1s made to furnish 310 volts, under
all conditions of load and phase, to the collector rings of a rotary conveiter
(Assummg the 1otary converter to be of very small capacity relatively to
that of the generator these variations will not materially affect the gene-
rator voltage, which will remain approximately constant )

It has been shown that there will be substantially 500 volts at the
commutator when there are 810 volts between collector rimgs  This 1s
farrly independent of the field excitation. But figurmg from the 310 volts
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at the collector 11ngs, or the 500 volts at the commutator, the resul
arrived at is that there 1s a magnetic flux M per pole-piece, Inked wit
the armature winding turns  When the field excitation 1s such as to affor
the requisite magnetomotive foice for mpelling this flux M agamst th
reluetance of the magnetie circuit, there will be no current m the armaturc
ov, 1ather, only the small amount necessary to supply the power represent
ed by the no-load losses But 1if the field excitation 1s weakened, say, t
one-half, then, since theie 1s still the same ternunal voltage, 1t follows the
there must also be the same flux M impelled through the same magnet
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crcmt  The remaming part of the required magnetomotive force h
therefore, to be sought for elsewhere It 1s, 1n fact, fumished by a lagg
armature cwicnt which then flows mto the collector rings — This cc
ponent does no work, hence 1t is 90 deg out of phase. The 1esult:
current 15 composed of the energy component wiich overcomes the loss
and this wattless curient Thus i the analysis on page 352 of the ph
characteristic cuive of Fhig 400, 1t was found that ieducing the fi
cxertation from 64 amperes, (corresponding to umty power factor),
32 ampcres, mcreased the mput from 80 amperes per collector rmg
1,000 amperes per rng ~ The magnetising component of this 1,000 ampe
was /1,000° — 80% and hence scarcely cuffered for 1,000 amperes Th
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L 0/02 = 580 amperes per side of the ¢ delta,” or 5()& = 97
amperes per ann\atule conductor  This, assuming a sie wave of incoming
cuirent, 15 97 x 4/2 = 138 maximum amperes A cuirent of 6 4 ampeies
m the field corresponded to a magnetomotive force of 5,800 ampere-turns
This, with 3 2 amperes, was reduced to 2,900 ampere-turns, the remamning
2,900 ampere-turns per pole-prece bemng supphed by the lagging current in
the axmature winding The 12-pole armature has 576 total turns, or 48 pe1

419 | |
Three Phise Rotary Comverter }I\
Dstrdratiory of resultanty armamre
magnet motwve force over the 7 l \
armature surfice
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=15 =15 <15 =15 ~15 0 0 0 415 +15 415 4156 «15 +15 0 0 0 =15 -16 ~15 -15 -16 O

*Irmamtamus current valwes v llwuﬂ:a-wndzwwrs
wan Q}?Asultarw Current values perpair of Omduaars "

pole-piece, but these 48 turns per pole-piece belong to three ciffercnt
Phases, hence there are 16 turns per pole-piece per phase The maximum
ampere-turns per phase aic

16 x 138 = 2,200 ampere turns

In Figs 419 and 420 are shown, diagrammatically, the arrangement
of the conductors of the different phases n the armature slots of a thice-
phase rotary, and directly above, the corresponding curve of magneto-
motive force due to the curients m the armature condactors Fig 419
represents the mstant when these relative curient values in the phases
A, B, and C axe, respectively, 1, 5,and 5 In Fig 420 these have become
867, 0, and 867 Hence 1t 15 m Fig 419, that one phase reaches the
maximum vzflue 1, and as there are six conductors per pole-picce per phase,
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its maximum wagnetomotive foice may be 1epresented by 6  But
although, mn I1ig 419, the coiresponding maximwmu value of the magneto-
motive force of the three phases 1s 9,1t becomes 10 4, one-twelfth of a cycle
late1, at the mstant represented by Fig 420 Hence, m a thiee-phaserotary
converter winding, the maximum magnetomotive force exeited by the
armature conductors of all the phases 1s, per pole-piece, 5)6—%_ = 1738 tumes

as great as the maximum magnetomotive force per pole-prece per phase

Fug 420 ~—~| -1+ ThreePhase Rotary Gorwerter
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Now, for the case under consideration (the 900-kilowatt 10tary), tl
value of 2,200 ampere-tuans per pole-piece was found for the mayimw
magnetomotive force per phase  Therefore, the maximum 1esultar
armature 1eaction for the three phases would be

173 x 2,200 = 3,800 ampere-turns per pole-piece
But 1t 15 only mn opposition to the flux at the very centre of the pole-fac

that the armatwe magnetomotive force would exert this strengt
Appioachmg both sides, 1t shades off towards zero, as may be seen from tl
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curves of magnetomotive force distribution of Figs 419 and 420, whercas
the field spool aganst which 1t reacts, 15 linked with the entire pole-picce
In practice, these magnetomotive force curves would be smoothed out mto

something Iike sine curves  Hence we may take the average magneto-

3800 B
motive force exeited over the whole pole-face as about - N2 = 2,700
ampere-turns  This corresponds fanrly well with the 2,900 ampeic-turns
by which the field excitation was reduced .

At first sight, 1t would appear that this checks well enough for all
practical purposes, but an analysis of the curves of many other rotary
converters resulted mn almost always finding that 10 to 25 per cent less
magnetomotive force on the armature, suffices to replace the field excita-
tion, which leads to the conclusion that 1t 15 the location of this magneto-
motive force 1 the armature conductors themselves which enables 1t, with
from 10 to 25 per cent less magmtude, to replace the—in this respect—Iess
effectively situated magnetomotive force m the field spools, the flux set up
from which latter, suffers dimmution, by magnetic leakage, on the way
to the armature

The difference between three-phase and six-phase windings, as regards
the manner of distribution of the conductors of the different phascs over the
armature surface, has already been pomted out on page 303, and 1%
illustrated dagrammatically m Fig 379 Bearing m mind the differcnce
there explamed, 1t should be futher noted that the so-called six-phasc
winding gives a distitbution of 1ts almature magnetomotive force 1
accordance with the diagrams for the magnetomotive force m mduction
wotors, which were shown and explamed on pages 137 to 140 It
Is thete shown that the three phases of such a winding, excrt
resultant, magnetomotive force, whose maximum value 1s equal to two
tunes the maximum value of the magoetomotive force per phase  But
by Figs 419 and 420, on pages 358 and 359 ante, 1t has becn
shown that m the windimg of the ordmary three-phase rotary converter
(when the windings of the difterent phases overlap), this maximum value
1s only 173 times the magnetomotive force per phase A six-phaser will,

therefore, give equally effective response to field varnations, with but 173

700
or 87 per cent as great an mecoming current, as will g three-phage rotary con-
verter  This 1s a distinet advantage, even for the shunt-y

1 vound and for {he
compound-wound rotary, but 1t 1 still more mportant 1 the case of the
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series rotary, and for the rotary without field excitation (which will shortly
be discussed), since the cluef objections to these latter types relate to the
large incoming current due to absence of control of field excitation, except
by means of armatute reactions

The choice of as many turns per pole-piece on the armature, as good
constants, 1n other respects, will permit, 1s, of course, conducive m all
types of rotaries to the best result, from the standpoint of securing the
required magnetomotive force from the armature with as hittle 1dle current
as possible

By similar methods the magnetomotive force relations may be
analysed from the phase characteristics with load  Under these con-
ditions, 1 ¢, with current delivered fiom the commutator, there are furthe:
considerations The demagnetising influence of the commutated current
may be neglected, as the brushes remain at the neutral pomnt, and even the
dastorting 1nfluence upon the magnetic distribution may be considered
to be substantially offset by the overlapping energy component of the -
comng alternating current The main difference appeaiing m the analysis
of the phase characteristic with load, 1s that the energy component, except
with great weakeming or strengtheming of the normal field, will be a very
appreciable component of the total resultant incoming alternating carrent
Thus, 1 Fig 416 (page 355 ante), the upper cuive represents the phase
characteristic with full load output of 1100 amperes at 115 volts from
the commutator At normal field of 2750 ampere-turns, the amperes
mput per collector ring are 1030  Reducing the field excitation tc
zero, increases this incommg current to 1290 amperes The output 1
125,000 watts

The mternal losses under these conditions of full-load output and zerc
field excitation, a1e approximately as follow

Watts

Total armatme C*R loss 5,000
Bearmg and all brush friction 2,700
Core loss 2,700
Biush O°R losses 3,500

Total mternal loss 13,900
Watts output 125,000

Total watts mput 138,900
Total watts mput per phase . . . 46,300

3 A



