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By-pass protectors, 506
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Cambric (varnished), thermal properties of,
245

Capacitances of windings, effects of, on frequency 
characteristics, input transformers
, 486

output transformers, 472
in measurement of inductances, 448, 449
on voltages between ungrounded circuits,

624
Y -connected autotransformers, 604
Y -connected transformers, 580

Carter, F. W., 90
Carter's formulas for toothed air gaps, 90
Chlorextol, 300
Chrome steel, demagnetization curve of, 101

hysteresis loop of, 26
Chromium crystal, magnetic properties of, 13
Circuit breakers, 306
Cloth or felt (untreated), thermal properties

of, 245
Cobalt steels, hysteresis loops of, 26

properties of, 27
uses of, 37

Coefficient of coupling, 269, 438
Coercive force, defined, 18
Coercivity, defined, 21
Coil, hybrid, 524

induction, 519
repeating, 522

Common winding of autotransformer, 394
Communication transformers, bibliography,

702
Compressed-powder cores, 35
Condenser bushing, 303
Conduct a,nce, apparent, 195
Conductance and permeance, 50
Conduction of heat, 244
Conductivity, thermal, 244
Conpernik, 35

properties of, 27
Constant component of Fourier series, 174
Constant-current transformers, 503
Control circuits, design considerations, 263
Convection of heat, 248
Conventional efficiency, 373
Converters, rotary, 656
Cooling of electrical apparatus, 250

of transformers, 251, 280, 299, 386
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Copper, thermal properties of, 245, 247
Copper -loss maximum demand , 416
Core loss , curves of , 148 , 149 , 150 , 191

in magnetic cores, 124
in magnetic materials , table of , 141
measurement of , 144

Epstein apparatus , 145
reduction of , 142

total , 138

in transformers , 372 , 374

variation with gauge of sheets , 152

Core-loss component of exciting current , 182,
188

Core - type transformer , 42 , 286

three -phase , 614
Cores , design considerations , 142

losses in magnetic , Ch . V , 124
transformer , 42 , 286

Cost considerations , general , Ch . IX , 259
Costs , transformer , Ch . XVI , 407

comparison of old and new transformers
, 416

fixed , 410

indirect , 421

maintenance , 422

operating , 411
summary , 429

table of , 409

Coupled -circuit equations , 435
Coupling coefficient , 269, 438
Crawford , C . II ., 291

Crystal iron , magnetization curves of , A
Crystal lattice , 7
Curie point in magnetic materials , 39
Current , magnetic field set up by , 5
Current transformers , 279 , 498

Cutouts for transformers , 310

Cyclic condition of magnetization , 20
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Dahl , O . G . C ., 184 , 320 , 355

Daily losses in transformers , 379
Darrow , K . K ., 5

Davis , A . II . , 250

Decibels , 477

Delta connection , comparison with Y , 538
Delta and line currents , effects of harmonics ,

564

vector relations , 530 , 589 , 592

Delta -connected autotransformers , 605

Delta -connected tertiary windings , 582
Delta - delta transformer connections , 527
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and skin effect , 132

Effective kva demand , 424

Effective resistance , 156

Effective values of alternating currents and
voltages , 180

Efficiency of transformers , 367 , 372
conventional , 373

energy , 379

Electrical machinery , design considerations ,
259

Electromotive force , analogy with magneto -
motive force , 46

induced in winding , 159

by nonsinu50idal flux wave , 162, 166
by sinusoidal flux , 168

Electron , magnetic moment of , S
motion of , 6

Electron spins , 13

Electronic devices , design considerations , 262
Electrons and nuclei , 5

Electrostatic shieldin 'i!" 310

Elmen , G . W ., 34 , 291

Elmore , W . C ., 9

Emissivity (thermal ) coefficients , table of ,
247

Energy , monthly charge , 416
Energy efficiency , 378
Energy in magnetic field , 114

in permanent magnets , 98

Energy of magnetic states , 7
Energy product ffimXm , 103
Epstein core loss apparatus , 145
Epstein test for core loss, 152
Equivalent circuits , autotransformers , 400

input and interstage transformers , 486 , 489
at high frequencies , 491
at low frequencies , 486

iron -core reactors , 195 , 214

multicircuit transformers , 631

output transformers , 478

paralleled transformers , 674
three -circuit transformers , 643 , 645 , 649

three -phase transformer banks , 552
balanced conditions , 554

zero - sequence , 600

two -winding transformers , 326 ,336,355,551
simplified , 348
various forms , 455

Eddy - current component of exciting current ,
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Eddy -current losses, in magnetic cores, 124
separation from hysteresis losses, 151
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inductive interference caused by , 572
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Y -connected ,vindings , 571
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vector representation , 186
waveforms , 163 , 169

Exploring coils , in transformers , 331
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Fringing magnetic flux , 67
Full -load impedance voltage of transformer ,
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Fuses , for transformers , 306
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Laird , A . G ., 291

Lamina , eddy -current loss in , 134
Laminated cores , 287

Lampblack , thermal emissivity
247

Lattice , crystal , 7
Lawrence , R . R ., 439 , 513 , 656

Leakage , magnetic (see Magnetic
Leakage coefficient , 438
Leakage flux , 45 , 67

in long air gaps , 81
in permanent magnets , 105

Leakage flux , in transformers , 280 , 313
Leakage impedance of transformers , Ch .

XIII , 332

bibliography , 700

Leakage inductance , 324 , 327 , 333
interrelations ,vith self - and mutual induc -

tances , 453

Leakage reactance , 333, 349
Legg , V . E ., 34
Lewis , C . II ., 421

Lightning arresters , 304
Line -to -ground fault in Y -,:1 bank , 596
Linkages , flux , in transformers , 161, 313
Load component of primary current , 268,

325

Ijoad cycle , effect on heating , 254
Load factor , 413

Load loss in transformers , 373 , 375 , 411

annual , 418

Loading -coil cores, 35
Loeb , L . D ., 5

Loop -insulating transformer , 506
Loss , core (see Core loss)
Loss product , most economical , 427
Loss ratio , most economical , 423

table of annual costs , 426

Losses in magnetic cores containing time -
varying fluxes , Ch . V , 124

Lyon , W . V ., 587

Magnet , permanent (see Permanent magnets )
plunger type , 95
relay , 43 , 122

Magnetic circuit , definition of , 43
electric analogy , 44
laws for , 41

lumped parameters of , 46
Magnetic circuits , air gaps in , 65

series-parallel paths , 78
Magnetic -circuit computations , Ch . III , 54
Magnetic -circuit concept , Ch . II , 41
Magnetic cores, compressed -powder , 35
Magnetic devices , design of , bibliography ,

695

Magnetic field , definition of , 43
energy in , 114

set up by electric current , 5
Magnetic leakage , 45, 67, 75

in dynamos , 88
with long air gaps, 81, 82
in permanent magnets , 105



Magnetic leakage , in transformers , Ch . XII ,
313

Magnetic materials , aging of , 39
general properties of , 15
heat treatment of , 28, 39
magnetization curves of , 18
normal magnetization curves of , 23, 25, 56
properties of , bibliography , 694

tables , 27, 141
testing of , 29
theory of , 5
\velding of , 39

Magnetic moment of electron , 5
of atom , 6

l\ Iagnetic paths \vholly in iron , calculation of ,
55

Magnetic pern1eability , curves of , 23
Magnetic potential difference , 48
Magnetic potential distribution , in dynamo ,

87

in permanent magnet , 106
Magnetic pull , 117
Magnetic shielding , 312
Magnetic structure of nonuniform cross section

, calculation for , 61
Magnetic testing , 29

bibliography , 695
Magnetic units , 54

conversion table , 55

Magnetism , remanent , 18
theory of , 4

bibliography , 693
Magnetization , cyclic , 20

directions of easy , 9

of permanent magnets , 100
three regions of , 11

Magnetization curves , direct -current dynamo
, 84

experimental determination , 29
intrinsic , 56 , 57
iron cr)'stal , 8

negative , 64
normal , 18, 21, 25

Magnetizing current , 187
curves of , 190
waveform of , 188

Magnetizing force , distribution of , 32
Magneto motive force , defined , 47
Magneto !'triction , 13
Magnets , permanent (see Permanent magnets

)
Maintenance cost of transformers , 410 , 422
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Matched resistances , 469

Maximum demand , 413

Maxwell , defined , 54

McEachron , K . B . , 320

McElroy , P . K . , 197

Metering outfit , 502

Mica , thermal properties of , 245

Mishima metal , properties of , 27

Mks system of units , 55

Model theory , applied to entire networks , 232

bibliography , 697

and design of iron - core reactors , Ch . VII ,

212

effects of an air gap , 228

effects of changes in dimensions , 218

effects of changes in \ vinding , 216

energy considerations , 221

Molybdenum alloy , 35

Molybdenum permalloy , properties of , 27

Monthly energy charge , 416

Montsinger , V . M . , 243

Moore , A . D . , 248 , 250

Multicircuit transformers , Ch . XXVII , 622

bibliography , 705

equivalent circuits for , 631

general theory , 624

loop - voltage equations , 625

measurement of admittances , 635

node - current equations , 627

short - circuit admittances , 626

summary of theory , 641

three - circuit transformers , 643

Mumetal , properties of , 27 , 141

Mutual flux , 316

Mutual inductance of transformers , 433

measurement of , 446

N

Negative air - gap line , 71

modified , 72

Negative magnetization curve , 64

Negative - sequence component , 567 , 597

Network analyzer , 638

Net , , ' orks , nl0del theory applied to entire , 233

Neutral voltages in Y - Y banks , equalization

of , 580

Nickel crystal , magnetization curves of , 9

Nickel - chromium alloys , use of , 36

Node - current equations , multicircuit transformer

, 627

Nonlinear circuit for critical voltage control ,

240
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Permanent magnets , stabilization of , 111

,, ' atthour meter , 111

Perm :lnent -m:lgnet m :lteri :us, hysteresis
loops of , 26

Permeability , free space, 55
increment :1-l , 200 , 201

initial , values of , 27

largest obtained , 14
maximum , values of , 27

st :ltic , defined , 24

Perme :lmeter , Fahy simplex , 29
Sanford - Bennett , 33

Permeance , defined , 50

l "}ermendur , 36

properties of , 27, 141
Perminvar , 35

properties of , 27, 141
Peterson , E ., 165 , 443

Ph :intom circuit , 523

Ph :lse char :lcteristic of transformers , 468

inpllt and interst :lge transformers , 486
Olltput tr :ms formers , 472

Ph :Lse transformation , Ch . X-..:- XVIII , 656

bibliography , 706
cross -connected secondaries , 663

forked - Y or dolible zigzag connection , 6(>4

three -ph ~se to six -phase , 657
three -phase to t \,-o-phase , 665

Photomicrographs of silicon steel , 143
Ph ) 'si (:al features of tr :lnsformers , Ch . XI ,

286

Plunger m ::Lgnet, 95
Poi ;trity of tr ::Lnsformer termin ;t!s, 691
Pole pieces on m :lgnets , 107
Po !ycryst ;l,lline subst ::inces , 10

Po !Je, En ., 184

Positive -sequence component , 597

Potent i;tl di1 Terence, m ::Lgnetic, 48
Potent  i ::Ll transformers , 497

Po\\'der p ::Lttcrns of m ::Lgnetized cob::Lit, 10
Po \\ cr , in terms of Fourier series , 177

matching imped ::incesform ::Lximum , 469

per unit , 382

Po\ver systems , design considerations , 261
Po \\ er -system transformers , economy in applications 

of , Ch . XVI , 407

Pragilbcrt , defined , 55
Pr ::Loersted , defined , 55

Precession of rot ;l.Tin ~ ch ::Lrges, 6

Preferred r ::Ltings of tr ::Lnsformers, 687
Pressbo ::Lrd, therm ::Ll properties of , 245
Primary current , 325

Nonlinear effects , reduction of , by means of
air gap , 228

Normal values of currents and voltages , 380

N or \\'ay iron , table of properties , 141
Nuclei and electrons , S

0

Odd functions , 175

Odd harmonics , 175

Oil , transformer , 299

Open -circuit tests on transformers , 352 , 444
Open -delta connection , 543

of autotransformers , 606

of three -phase transformers , 618

Operating costs of transformers , 409 , 411, 422
Orthohydrogen , proton spin of , 6
Oscillograms of current and induced voltage ,

163

Oscillograms of exciting current , for sine-
wa , -e flux , 17

in three -phase circuits , 571, 575, 577
Oscillograph , magnetic circuit of , 82
Output transformer , 468

d\~sign c:>nsiderations , 485
equivalent circuits , 478
frequency and phase characteristics , 472

Overloads , recurrent short - time , 389

Oxidized iron , thermal emissivity of , 247

P

Paluev , K . K ., 287

Parahydrogen , proton spin in , 6
Parallel operation of transformers , Ch .

XXIX , 673

bibliography , 706
single -phase , 673
three -phase groups , 681

Paramagnetic materials , permeability of , 12
Paramagnetism , 6
Per cent quantities , 380
Per unit quantities , 380

use of , in three -phase computations , 558
Periodicals , abbreviations for , 693

Perm alloys , 34
properties of , 27, 141

Permanent magnets , Ch . IV , 98

Alnico , 111

demagnetization curve of , 100
design of , 103
energy in , 99

fringing and leakage fluxes in , 105
saturation curve , 100
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Primary current , referred to secondary , 340
Protective devices for transformers , 304

l >roton , of hydrogen , 6
Proximity effect in windings , 158
Pull , magnetic , 117
Push -pull amplifiers , 471
Pyrano I, 300

Q

Quality factor Q, defined , 213
effect of , on frequency characteristics of

input tr ~Lnsformers , 488 , 492
effect of air g ;lp on , 230

effect of flux density on , 225
effect of frequency on , 225

R

Radiation of heat , 246

Randall , \ \ r . F . , 34

Rated circuit voltage , 687
I~ating , of autotransformers , 396

of po \ver and distribution transformers , 386

bibliography , 701
Ratings , preferred , of transformers , 687
Ratio of transformation , 338 , 448

I~eactance , apparent , 195

equivalent , 349, 354 , 358
leakage , 333 , 349

I~eactive volt -ampere characteristics of silicon 

steel , 192

I~eactor , three -legged , 202
Reactors , iron -core , alternating -current excitation 

cbaracteristics , Ch . VI , 156

bibliography , 696
design of , 193, 221
equivalent circuits for , 195, 214
model theory and design of , (see i \Iodel

theory )
\vith superposed direct and alternating excitations

, 202
Rectifiers , transformer connections for , 656

I~ecurrent short - time overloads , 388

I~egulation , voltage , 367
bibliography , 701

I~egulator , induction , 511
step , 511

Relay , magnetic , 122
reverse - power , 309

structure of , 43

Reluctance , defined , 49

Reluctivity , magnetic , 24
Remalloy . properties of , 27
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applications of tran5-Telephone systems,
formers in, Ch. XX, 519

Silicon steel, microphotographs of, 143
thermal properties of, 245

Silver, thermal emissivity of, 247
Simplex telephone circuit, 523
Sine-wave flux, Fourier analysis of exciting

current for, 181
Single-phase currents in three-phase banks,

593
Single-phase equivalent circuits for balanced

three-phase circuits, 554
Sintered Alnico, demagnetization curve,

101
Sintering process, 37
Six-phase connections, 657
Skin effect, in laminations, 133

in windings, 158, 296, 373
Snyder, E. II ., 421
Spin of electron, 5, 13
Spirakore transformer, 66, 291
Spot checks of transformer loading, 423
Stacking factor, defined, 59
Standard terminal markings of transformers,

690
Starr, F. M., 631, 638
Static loop, flux-current, 171
St. Clair, H. P., 622
Steel, intrinsic magnetization curves of, 56,

57
sheet carbon, thermal properties of, 245
silicon (see Silicon steel)

Stefan's law, 246
Steinmetz, C. P., 128
Step regulator, 509
Strains, effect on magnetization, 14
Stray load losses in transformers, 158, 373
Substation, open-type, 308
Subtractive polarity of transformers, 691
Successive approximations in solving magnetic 

circuits, 62
Sumner, W. A., 423
Superposed direct and alternating magnetiz-

ing forces, 197
Surge phenomena, bibliography, 699
Surges, high-voltage, 304
Susceptance, apparent, 195
Symmetrical components, 567
Symmetrical-component analysis, 597

T
T connection of transformers, 669
Tanks, transformer, 300
Tap-changing transformer, 507

hybrid coil , 524
induction coil , 519

repeating coil , 522
Temperature , ambient , 243, 387
Terman , F . E . , 444 , 482

Terminal marking of transformers , standard ,
690

Tertiary windings , A , 583
Textbooks , bibliography of , on transformers ,

698

Thermal characteristics , bibliography , 697,
701

Thermal conductivity , 244
Thermal emissivity coefficients , table of , 247
Thermal properties and heat flo \v, Ch . VIII ,

242

Thermal properties of materials , table of , 245
Thevenin ' s theorem , 356 , 400 , 462 , 550 , 589

Third harmonics , inductive interference

caused by , 572

in three -phase circuits , 565
in three -phase core -type transformers , 616
in Y - connected autotransformers , 604

in Y - A banks , 574

in Y - Y banks , 571 , 576

Thomas , E . J ., 291
Three -circuit transformers , 643

determination of impedances , 646

equivalent circuits , 645, 648
illustrative example , 650

Three -phase circuits , effects of transformer
impedances in balanced , Ch . XXII ,
550

harmonic phenomena in , Ch . XXIII , 564
Three -phase connections , autotransformers ,

Ch . XXV , 604

current transformers , 501

delta - delta , 527

delta - Y and V - A , 540 , 546

general considerations , Ch . XXI , 526
open delta , 543

T , 669

Y - Y , 532

Three -phase groups , parallel operation of , 681
Three -phase to six-phase transformation , 657
Three -phase to two -phase transformation ,

665

Three -phase transformer banks , single -phase
currents in , 592

trobalanced conditions in , Ch . XXIV , 587
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A-A groups, 682

W

Wagner, C. F., 587
Watthour-meter magnet, 111
Waveform, triangular, 175

  Transformers , input ( see Input transformer )

instrument , 497

interstage ( see Interstage transformer )

loop - insulating , 506

multicircuit ( see Multicircuit transformers )

output ( see Output transformer )

physical features , Ch . XI , 286

potential , 497

shell - type ( see Shell - type transformer )

tap - changing , 507

telephone , Ch . XX , 519

three - circuit ( see Three - circuit transformers

)

three - phase (see Three -phase transformers )

volt <. ge - regulating , 509

Transient heating , 253

Treanor , E . D . , 289

Triangular wave , 175

- - - banks ,

V connection , 543

van Urk , A . Th . , 105

Varnished cambric , thermal properties of , 245

Vector representation of exciting current , 186

Vibrations , effect on permanent magnets , 113

Vogel , F . J . , 277

Voltage control by nonlinear circuit , 240

Voltage induced by sine -wave flux , 166

Voltage ratio , measurement of , 339 , 447

Voltage regulation of transformers , 367

bibliography , 701

Voltage - regulating transformers , 509

bibliography , 704

Voltage - selective nonlinear bridge circuit , 240

Waveforms of flux and induced voltage , 165

Weber , defined , 55

Windings of transformers , 296

concentric , 298

disc - type , 298

Three-phase transformers, Ch. XXVI, 611
advantages and disadvantages of, 621
core-type, 614

excitation phenomena, 616
zero-sequence currents in, 617

open-delta connection of, 618
shell-type, 612

Ticonal, demagnetization curve, 101
Ticonal magnet, leakage flux, 106
Time constant of coil, 213
Toroid, magnetic field in, 46
Transfer admittance, 626
Transformation, phase (see Phase transformation

)
Transformer (see Transformers)
Transformer connections, autotransformers,

Ch. XXV, 604
(see also Autotransformers, three-phase

connections)
current transformers, 501, 516
diametrical, 660
double-A, 661
doubleY, 660
forked- Y, 664
open-delta, 543, 618
parallel (see Parallel operation of transformers

)
phase transformation (see Phase transformation

)
potential transformers, 501
Scott, 667
six-phase, 657, 664
star, 657
T, 669
telephone circ".lits, Ch. x..,~, 519
three-phase, autotransformers, Ch. XXV,

604 (see also autotransformers, three-
phase connections)

general considerations, Ch. XXI, 526
twelvl'-phase,665
two-p!lase, 665
V, 543
zigzag, 607

Transformers, adjustable-ratio, 507
autotransformers (see Autotransformers)
constant-current, 503
core-type (see Core-type transformer)
current, 279,498
distribution (see Distribution transformers)
elementary theory, 265
general principles, Ch. X, 265
ideal, 268

   U

Unbalanced conditions in

Ch . XXIV , 587

bibliography , 705

Unit system , 367

Units , magnetic , 115

Unsymmetrical parallel

V



pancake, 298
\\Tood,J. Albert, 182
Woodruff, L. F., 133
Woods, F. S., 428
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�

Windings of transformers, helical, 298

y

�

- .

�
.. �

Y -connected autotransformers, 604
Y -A and A- Y connections, 540

emergency operation of, 546
Y - ,::\ grounding transformers, 581
y - Y connection of tr,,-nsformers, 532

comparison with A-A connection, 533
equalization of neutral voltages, 580

- .:. :: ;�

Y - Y connection of transformers , equivalent

circuit , 552

general characteristics , 532, 535
harmonic phenomena , 570, 576
overvoltages , 580
single -phase loads , 536
three -phase core-type transformers , 616

zero -sequence currents , 617

Y - Y - ,:l connection of transformers , 582

z

Zero -sequence currents in transformer b " .nks :
, 598

three -phase core-type transformers , 617


