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Foreword \

FOREWORD

Induction technology for melting and holding continues to enjoy great impor-
tance in the production and processing of a range of metal materials. A new
impetus for this environmentally friendly process has arisen from global tar-
gets for the reduction of CO, emissions which, as the percentage of renew-
able sources used for the generation of electricity continues to increase,
unequivocally favour the use of electro heat rather than fossil energy sources
for thermal production processes. This is true, in particular, of the primary
users of inductive melting, namely the iron and steel foundries. One may not
agree with the Federal German Environmental Bureau’s claim that the cupola
furnace is an obsolete and climate-harming piece of apparatus, but the trend
toward inductive melting in foundries, one boosted by climate policy, is unde-
niable. High-performance induction furnaces developed specifically for steel
production are of special interest in this context, in view of numerous conver-
sions to inductive melting in major melting shops which were previously able
to produce cost-efficiently only using the cupola furnace.

This title provides a sound basis not only for this specialised application, how-
ever. The book’s overall layout has remained unchanged for this 3rd edition:
an introductory examination of the fundamental principles

of the induction process and a description of the

technical equipment and the melting metallurgy
of the different metals are followed by details
of the metallurgical process technology of
melting, holding and processing with induc-
tion systems in the ferrous and non-ferrous
metal industries.

| am pleased to renew here my sincere thanks
to the Board of Management of ABP Induction
Systems GmbH, of Dortmund, which has now
also made possible the 3rd edition of this work
and which give me the opportunity of remain-
ing in daily contact with ongoing developments
in this field. My particular thanks also to

all ABP colleagues for their ever-pleas-

ing cooperation, which is reflected in

updated form in this 3rd edition, for the

benefit, as | hope, of all readers.

Dortmund 2018
Dr.-Ing. Erwin D6tsch -
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PREFACE

Inductive melting and holding are among the most important applications
for electrothermal processes and are two of the most quickly expanding and
best performing sectors of all applications for induction technology. Follow-
ing the rapid growth of inductive melting during the 1960s on the basis of
line-frequency technology, this sector underwent a renewed boom thanks to
the development in the 1980s of suitable energy-supply systems for medium-
frequency technology. The global importance of induction melting in iron
foundries, in steelmaking plants and in non-ferrous metallurgical plants now
continues to rise steeply.

The year 2009 saw the publication of the first edition of this specialised title,
in which the author presented his expert knowledge, acquired during many
years of work in the field of induction melting both in plant engineering and
in various field applications, in detail and with strict practical orientation. The
second edition (2013) incorporated the system- and process-engineering
advances in induction melting technologies achieved during the interven-
ing period. The third edition again constitutes a revised and updated version
of this standard work for engineers, technicians and practitioners in melting
shops and foundries. This specialist title has thus also been

augmented with the topic of advanced cooling sys-

tems for high-performance crucible furnaces,
including waste-heat recovery and utilisation,
as well as recent developments in the energy-
efficiency of induction furnaces.

The author has thus expanded the available
expert knowledge in the field of inductive melt-
ing and holding to reflect the latest state of the
art. This book, too, will without doubt provide
excellent support for numerous specialists in
their daily activities at universities and colleges,
in Research & Development, and in practical
application.

Prof. Dr.-Ing. Bernard Nacke

Managing Head of the
Institute of Electrotechnology
at the Leibniz University of
Hannover
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GREETING

Dear Reader,

In times of digitalization you have to think twice before publishing the 3rd edition
of a bound book.

However, the demand for the 2nd edition and the numerous inquiries into
whether a new edition would be published in future finally convinced us to
launch a 3rd edition.

This 3rd edition would not be possible without the dedication of Dr. Erwin
Dotsch. He deserves my great respect and personal thanks for the hard work
required to revise the previous edition by adding the latest developments in
regard to technology and processes.

Based on my personal experience | can ensure that the state-of-the-art con-
tent and the practical writing are making this book so valuable.

When joining ABP three years ago “Inductive
Melting and Holding” was a supportive
helper to get familiar with our industry.

We hope that this book simplifies your
first steps into inductive melting and
holding and that we can thereby con-
tribute towards generating enthusiasm
among young, talented people for our
exciting industry and its applications.

Please enjoy reading it.

With best regards and
Gluckauf!

Yours,

Till Schreiter

CEO of
ABP Induction
Systems GmbH



increased securityliogoOpPeratingStan, #nad plants|

@ Saveway °

" c ndition diagnosis of refractory linings and
1ponents during furnace operation

measurement of the remaining lining thickness
- comprehensive hotspot-monitoring
""drying measurement

detection of cooling water leakages
selective monitoring of the coil-shunt-insulation
extensive temperature monitoring

www.saveway-germany.de

Wuembacher Str. 8 | 98704 Langewiesen/Germany | phone: +49 (0) 3677 8060-0 | saveway@saveway-germany.de




Contents IX

CONTENTS

FOREWORD e \Y
PREFACE e e W
GREETING e e Vil
1. INTRODUCGCTION ... 1
2. FUNDAMENTALS ...ttt 5
2.1 Inductive power transmission............ccc.cccooiiiiieiiiininiiineeen. 6
2.2 Induction furnace structural shapes ................ccccceee. 9
2.3 Induction crucible furnaces..............cccccceiiiiiiiiieiin e, 10
2.3.1 Electrical efficienCy....ccccvccciiieeiiiccieee i, 10
2.3.2 =Y o o = 11
2.3.3 Bath agitation ... 12
2.3.3.1 Bath superelevation..........ccccceriniiiiieeiiei e 12
2.3.3.2 Bath floW ..coeviieieeee e 14
2.4 Induction channel furnace...............ccccoceiiiiii e, 16
241 Efficiency factor.......ccooviiiiii 16
24.2 Electromagnetic field and melt flow .......cccc.oeueneeen. 16
3. COMPONENTS OF A CRUCIBLE FURNACE PLANT.................. 21
3.1 Furnace body.........ccccooiiiiiiiiii 23
3.1.1 Refractory lINiNG ......ccevvviiiiiiiii e 23
3.1.1.1  Structural ceramics .......ccccceveeviiviiiiieeee e 23
3.1.1.2  Refractory crucible........ccccccveiiiiciiiiieiiie e 24
3.1.1.8 Refractory technology ......ccccccevvcuiiiieieeiiiiciieeeeen 29
3.1.2 Coil and magnetic YOKES.......ceeeriiiiiiriiiiieeiee e 32
3.1.3 Tilting frame and furnace cover.........ccccccoecverreneen. 36
3.1.4 Hydraulic system including emergency tilting.......... 38
3.2 Power supply .....ccoooviiiiii 39

3.2.1 Mains network and medium frequency
CONNECTION. ...ttt 39
3.2.2 Parallel and series resonant converters ................... 41
3.2.3 Converters with IGBT modules ..........occcvvveeeieiiinnnnns 43
3.24 Circuit feedback .......ccuvevieiiiiiiiiee e 44

3.2.5 Optimizing power utilization by tandem
arranNgemMEeNt ....ooeiiiii e 45



Contents

3.2.6 Frequency changing........cccccoeviiimeeincee e
3.2.7 Magnetic leakage fields........cccccviieiriieiinceecee
3.3 Peripheral Systems ..............ccccooiiiiiiiic e
3.3.1 Re-cooling deVIiCEeS.......couiiiviiiiiiiieeiieee e
3.3.1.1  Furnace cooling CirCuit..........ccccceeiiiiiiii,
3.3.1.2 Cooling circuit for the electrical system..................
3.3.1.3 Common cooling circuit for the electrical system
and the furnace ..o
3.3.1.4 Frost protection and adjusting the water quality......
3.3.1.5 Use of waste heat........ccoooeiiiiiiiiiiii e
3.3.2 Charging deVICeS........cccmiiiieerieeeee e
3.3.3 Extraction hood..........ccciiiiiiiii e
3.34 SKIMMING dEVICES ......uueiiiiiiii i
3.3.5 Process control system ........cccoooiiiiiiiiiiiiiiiii,
3.4 Overalllayout.......................
COMPONENTS OF INDUCTION CHANNEL FURNACES ............
4.1 Furnace VesSel..........ccoooiiiiiiiiiiii e
411 Structural shapes for holding ........ccccoeveviiiieeiiens
4.1.2 Structural shapes for dosed pouring.........cccceeeeeennn.
41.3 Structural shapes for melting .........ccoceeiiieniiiienens
41.4 Refractory liNiNg .....cooeiiiieieee e
4.2 INAUCTOrS ..o
421 Structural Shapes ........ccooieiieiiiiee e
422 Refractory lINiNG ......eeeviiiiiieeee e,
4.3 PoWer SUPPIY ...
4.3.1 Line frequency power SUPPIY ..coeveeeicevreeeneeeeniiieeenn.
4.3.2 Converter power SUPPIY ..ueevveieeiiciiieeieeieesiriieeee e
4.4 Co0ling deVICES .........ccovviiiiiiieieeeieeeeeeeeeeeeeeee e
ELECTROMAGNETIC STIRRERS AND PUMPS...............coceeeee.
FURNACE DESIGN AND ENERGY REQUIREMENTS..................
6.1 Characteristic data for melting metal in
crucible furnaces............ccccooiiiii e
6.1.1 Furnace power consumption ........ccccceeeeeeeeiceeeneennnns
6.1.1.1 Specific enthalpy.......ccccovieriiiiiiii e

6.1.1.2 Electrical losses

47
48

50
50
50
54

54
55
57
58
61
63
65

67

71

72
72
75
78
80

81
82
85

86
87
88

88

91

95

96
96
96
99



Contents Xl
6.1.1.3 Thermal IoSSES ......ooiiiiiiieii e 100
6.1.1.4 Furnace effiCienCy ......ccooceeieiiee e 102
6.1.1.5 Design of furnace POWEr ........ccccuvveeeiieiiiiiiieneeeeeenn 103
6.1.2 Specific power and furnace limit-rating ................... 103
6.1.3 Frequency of the coil current .........cccocoeiieiieninnn. 105
6.1.4 Energy requirement ... 106
6.1.5 Electricity prices and load management.................. 110

6.2 Characteristic data for channel furnaces ........................... 111
6.2.1 Melting non-ferrous metals ..........cocccvvveevieeiniciinnenn. 111
6.2.2 Holding and superheating iron melts ............ccc.uu.... 112

7. MELTING METALLURGY OF IRON AND

NON-FERROUS MATERIALS ... 115

TA CastiroN ... 116
711 Iron-carbon diagram...........cccoceeiiiiinincee e 116
71.2 Cast iroN tYPES ..cevvi et 119
71.3 Oxygen content of the melt and C/Si isotherms...... 123
7.1.4 Inoculation and nucleation .............ccccveeviiiiiiiiinneen. 128
7.1.5 Magnesium treatment ..........ccccooi i, 131
7.1.5.1 Pour-over and sandwiCh proCess..........cccccvvveereeenn. 133
7.1.5.2 Tundish COVEr ProCEeSS ......cccevvviimiiiieeiieeiiciiieeea e 133
7.1.5.3 Converter process (Georg Fischer System) ............. 134
7.1.5.4  Wire flushing proCess.........cceeueeirriiireeiiiee e 135
7.1.5.5 IN-MOId PrOCESS ...cooeieiiieee et 136
7.1.5.6 Other processes of Mg treatment ...........ccccoveeennenn. 136
7.1.6 Desulfurization...........ooeer e 137
7.7 Monitoring the melt ..., 138
7.1.7.1  Wedge test pieCe.......ccoviiiieeiiiiee e 138
7.1.7.2 Thermal analysiS........cccoueeeeiiiiiiiiiiieee e 139

7.2 Caststeel ... 140

7.3 AIUMINIUM L. 142
7.3.1 Primary and secondary aluminium...........cccceveeneee. 143
7.3.2 Cast and wrought alloys........ccooceiieiiiiiieniiiieeeeeeeee 144
7.3.3 Quality of the aluminium melt.........ccccoeiieiiiiiennns 145
7.3.4 Treatment of the melt ... 150

7.4 Coppermaterials...........ccccceeeeiiieiiiiiiie e 151
7.4.1 Copper ProdUCHION .......cccceeeeeieee e ceeeeeseeee e reeeaeaes 151
7.4.2 Copper types and alloys .......cccceeeeeceereeiieereenieneenns 151

7.4.3 Oxidizing and reductive melting......ccccccovvvivvveenneennn. 153



Xl Contents
8. OPERATION OF INDUCTION SYSTEMS IN
IRON FOUNDRIES. ... 157
8.1 Melting in induction crucible furnaces....................occuuneee. 159
8.1.1 Process engineering features..........ccccvvveeeeieiicnnnnenn. 159
8.1.2 Induction furnace versus cupola furnace................. 160
8.1.3 Emissions during inductive melting........cccccooeevvneeen. 162
8.1.4 Line frequency (LF) or medium frequency (MF)
crucible furNaces........ccccveeeiii i 163
8.1.5 Input Materials........ccceveeeiiiiiieeei e, 165
8.1.5.1  StEEl SCrap .ueeeeieeeeeeiieee et 165
8.1.5.2  PIQirON coviieiieeeee ettt 167
8.1.5.3 Return material..........ccccmiiiiiiiiiii e 167
8.1.5.4 CastifON SCrap ..ccueeeceeeeiciiee e eee e 167
8.1.5.5  ChiPS .eeeeiiiiiiei ettt 167
8.1.5.6 AdAItiVES.....eiiiiiii e 168
8.1.6 Producing the melt..........coooiiiii e 168
8.1.6.1 Making up the charge and charging......................... 168
8.1.6.2 Adjusting the target composition of
the melt ..o 171
8.1.6.3 Heating to tapping temperature .............ccccuvveeeeeenn. 173
8.1.6.4 Processor-controlled melting run...........cccceevvcveeens 173
8.1.6.5 Performance-optimized charging..........cceeccvvvveenennn. 176
8.1.6.6 Deposit and bridge formation ..............ccccoceiiiiiis 178
8.1.7 Extraction of fumes .........cooeiee i 179
8.1.8 Melting zinc-coated SCrap.......cccceeeeerrriiiniiiie 181
8.1.9 Melting ChIPS -..eve e 184
8.1.9.1 Charging 100S€ ChipS......cueeiiiiiiiiiiiiiiiieeeeiriiieeee e 184
8.1.9.2 Melting chip briquettes..........cooiiiiiieiiiiiiiiieeeeeee 186
8.1.10  Melting SPONGE IrON.......uvtiiiiiiiiiiiiieee e 186
8.1.10.1 ProduCtion ........cceeiiiiiiiiiiieeee e 186
8.1.10.2 Characteristic properties.......ccooveerceeeeiiiereeicieeens 188
8.1.10.3 Melting ProCESS.....cceviivriiiiiieeeeiriieee e 188
8.1.10.4 Profitability.......cccueeeiiiiei e 190
8.1.11 Downtime procedure.........cccccceveviiiiiiiiiiieeeeeeeeee, 191
8.1.12  Refractory behavior........cccccceeiiiciiiieiiie i 192
8.1.12.1 Chemical abrasion...........cccceeeriieieniiiieeiie e 192
8.1.12.2 Infiltration via the liquid or vapor phase ..........c........ 193
8.1.13  Crucible monitoring .........ccceveriieriiiiee e 195
8.1.13.1 Integral measurement of wear.........cccccoeeevericneennnns 195
8.1.18.2 Earth fault monitoring .......cccceeeviciiiieeiie s 197
8.1.13.3 Further-going monitoring systems ............ccccccceenes 200



Contents Xl
8.2 Duplicating, holding and storing melts in a
crucible furnace.............ccccooiiiii i 201
8.3 Holding in the channel furnace..................occcoiiiiiiiiineee. 204
8.3.1 Integrating into the production cycle ....................... 204
8.3.2 Characteristic features of the channel furnace......... 205
8.3.3 Method of furnace operation..........ccccceeeeeeiieiiececnnn. 207
8.3.3.1  COmMMISSIONING.....teiiiereeireeiiee e 207
8.3.3.2 Operational procedures.........ccceeerriereeiiieeeeeiieeeenns 208
8.3.3.3 Automatic process monitoring .........cccceeeeiiiiiinnnn, 209
8.3.3.4  INnducCtor Change ........cccuuiiiiiiiiiiiiieeee e 210
8.3.3.5 Dealing with disturbances.........ccccooccviiiiiiiiiieennnnnn. 211
8.3.4 Inductor Monitoring.........cooviee e 211
8.3.5 Wear behavior of the refractory lining ........ccccocueeee. 215
8.3.5.1  ErOSION coceeeieiieee e 216
8.3.5.2  INfiltration......ccooceeeiieee e 216
8.3.5.3 Crack formation........cccceeeereeeiiiiir e 217
8.3.5.4 Deposit formation..........cceeevieiiiiiiiiieniieeeeeeee 217
8.3.6 Energy consumption and profitability.............c......... 219
8.4 Pouring with pressure-actuated pouring systems............. 219
8.4.1 Pressure-actuated systems........cccooociiieeiiiiniiiiineen, 220
8.4.2 Tundish pouring deviCes ........ccccoeiiiiiiiiieeeeeniiiieeeen, 222
8.4.3 Use of heated and unheated pouring devices ......... 223
8.4.4 Pouring Mg treated melts......cccccovviiiiiieniiicniiiieen, 224
8.4.4.1 Deposit formation caused by suspended oxides..... 225
8.4.4.2 Magnesium vaporization ...........ccccoeeeeeeeiiiiiiieeeneeenns 226
8.4.4.3 Magnesium reactions with metal oxides
AN SUIFUN .. 226
8.4.4.4 Practical experience.........ccccccevviiiiiiiiiiiiieeeeeeee, 227
8.4.5 Alternate pouring of GCl and NCI .........ccccovevveenen. 231
8.4.6 Pouring with intermediate ladles..........ccccccoevinnneen. 231
8.4.7 Stopper for automatic pouring ........cccceevcveeeeiiienenns 232
8.4.8 Pouring in closed control circuit........cccccceveeeiiininnenn. 233
8.4.9 Integrated inoculation...........ccccoeeiiieence e 234
8.4.10  LOW-PresSSUre POUNING ....ceeeeeeeerraurrrreeeaeessanneeeeeaaaenns 236
8.4.11  Process monitoring .........cceeeeeeeiiiimmeeeeeeesiiireeeeeeeen 237
8.5 Continuous supply of molteniron............ccccccevvvvviiiviinnninnnn, 237
8.5.1 Melting cycle in a tandem plant ..........ccccceeeiiiineeen. 238
8.5.2 Plant concepts for a continuous supply of
MOIEN TN i 239

8.5.2.1 Channel furnace as buffer.........cccccvvvvveiieeeeiievinnnnnnn. 239



XV Contents
8.5.2.2 Tandem plant as melting and buffer unit................. 240
8.5.2.3 Pouring furnace as buffer........cccccveeviiiiiiiiciiieennnn, 242
8.5.3 Optimized design of the melting and
POUNNG PIant .....cooiiee e 243
8.6 Melting cast steel in induction crucible furnaces .............. 244
8.6.1 Frequency and gas absorption ..........ccccceeeeviiiinneen. 245
8.6.2 Adjusting the target composition ........ccccceeevviiineeen. 247
9. INDUCTION FURNACES IN STEEL WORKS. ............c.coccoiiiiiennn. 249
9.1 Induction furnace versus electric arc furnace.................... 252
9.2 Design of an induction melting system...................cccuvuee. 253
9.3 Production of different types of steel.................................. 255
9.4 Combination of electric arc furnace and
induction fUrNACe ............ccoooiiii i 258
9.5 Melting ferroalloys................ccoooiiii 261
9.6 Using sponge iron to produce steel .................................... 262
10. INDUCTION SYSTEMS IN THE ALUMINIUM INDUSTRY ............ 269
10.1 Deploying crucible furnaces in foundries ........................... 270
10.1.1  Metallurgical-process engineering benefits ............. 271
10.1.2  Duplicating in crucible furnaces...........cccccoveeeernunee. 272
10.1.3  Refractory behavior..........cccoueeviiiiiiiciiiei e, 272
10.2 Melting aluminium chips ...........ccccooiiiiiiiiii, 274
10.3 Melting in works for semi-finished products...................... 276
10.3.1  Examples of established production plants............. 277
10.3.2 Behavior of the inductor refractory lining................. 279
11. INDUCTION SYSTEMS FOR COPPER MATERIALS. .................... 283
11.1 Induction furnaces in copper foundries............cccccceeeennnne. 284
1 P I O /1 g T S 284
11.1.2  Pouring copper materials with
pressure-actuated pouring furnaces.........ccccceeeeeunns 285

11.2 Inductive melting in works for semi-finished
Products ..o, 286
11.2.1  Channel furnace with high-performance
INAUCTONS et 286



Contents
11.2.2 Deployment of crucible furnaces ............ccccoceeeneee. 289
11.2.2.1 Melting brass chips ......cccccoeveeiiiniee e 289
11.2.2.2 Recycling cable wastes.........ccccoviiiiniiiiiceeee 291
11.2.2.3 Flexible melting of copper alloys.........ccccceeeiiinrnnen. 292
12. INDUCTION FURNACES FOR MELTING ZINC...............ccoeerneenne 293
12.1 Re-melting zinc cathodes..................ccooiiis 294
12.2 Melting zinC alloys..............uum 296
12.3 Galvanized Strip........ccccceiiiiiiieec e 297
LITERATURE ... 299

GLOSSARY .o 311



Get what you need
right now!

Print. Digital. Back Issues.

With the All-in-one Subscription to heat processing, you can read whatever you want,
when- and wherever you want. On paper, digital, on- or offline, any time, any place.
And all for the same price. Register now and enjoy the best of all worlds. e

Simply visit www.vulkan-verlag.de, enter your customer and subscription numbers,

and get started right away. p rocessin g




1. Introduction 1

1. Introduction



2 1. Introduction

1. INTRODUCTION

Inductive melting and holding has found wide acceptance in metal producing
and processing industries. Two main types of induction furnaces are deployed
for this purpose: the induction channel furnace and the induction crucible fur-
nace. These are depicted in diagram form in Figure 1.1.

The first technically feasible induction furnaces were based on the principle
of the channel furnace [1]. Milestones were the first patent obtained by de
Ferranti in 1887 and the construction of the first induction furnace in 1899 by
the Swede Kjellin. In Kjellin’s furnace, the melt is guided around the coil in a
horizontal, open channel, hence the name “channel furnace”. The open chan-
nel underwent further development, by the American Wyatt in particular, to
become an enclosed refractory channel in a vertically standing U-form.

Induction crucible furnaces became significant to industry at the start of the
1930s with the development of high frequency furnaces, fed by motor gen-
erators, so-called rotary converters. A large number of such furnaces were
installed over a period of just a few years in the USA, Russia and Europe with
capacities of up to 8-t for melting iron and non-ferrous metal materials.

After World War I, there was firstly the development of high frequency (HF)
to medium frequency (MF) crucible furnaces with the power being supplied
through rotary converters or static frequency multipliers (triple or quintuple

Crucible induction furnace

Channel induction furnace

1 Coil, 2 Melt, 3 Crucible, 1 Insulation, 2 Transformer core, Channel.
4 Yokes 4 Refractory wall, 5 Coil

Figure 1.1: Diagram of an induction crucible furnace and an induction channel furnace
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multipliers). Then came the era of the line frequency (LF) crucible furnace. With
the advantage of being able to be connected directly to the 50 or 60 Hz mains
electricity grid, the LF crucible furnace experienced a rapid development as
a melting unit in the foundry industry. This progress reached its provisional
peak in 1970 when 60-t furnaces were installed with a power consumption of
21 MW at an operating frequency of 60 Hz [2, 3]. Inductive melting thus came
to be regarded in iron foundries as an economically viable technical alternative
to cupola furnaces, while it was able to supplant the majority of gas and oil-
fired plants for melting non-ferrous metals. A drawback was the heel operation
required for economical power consumption. On the one hand, this allows only
small tapping amounts, and on the other hand, it requires upstream drying of
scrap metal for reasons of operational reliability.

Inductive melting was given a new impetus at the start of the 1980s with the
development of the static frequency converter which, after the introduction of
thyristor technology, was successful from a number of aspects: The efficiency
of frequency conversion was raised from the 60 to 80 % at that time up to
around 97 to 98 %. At the same time, high operational reliability and avail-
ability was achieved and procurement costs were cut by half. Compared to a
line frequency furnace, the higher and more adaptable coil current frequency
enabled a converter-fed crucible furnace with the same capacity to be oper-
ated at approximately three times the furnace power level and without heel,
without lowering melting performance [4, 5].

In the case of channel furnaces, the furnace power levels able to be installed
were restricted for a long time, mainly because the inductor refractories had
inadequate service lives. Ground-breaking developments in the 1980s led to
a significant increase in performance while extending the life expectancy of
refractory linings, particularly for melting non-ferrous metals. Compared to
crucible furnaces, induction channel furnaces nevertheless have a much lower
specific power based on capacity, due to their construction principle. Their
particularity lies in the fact that large volume furnace units can be constructed
in siphon execution with an enclosed gas chamber. This type of furnace is
accordingly well suited for storing larger volumes of molten iron. Moreover,
channel furnaces can also be advantageously deployed for melting non-fer-
rous metals because their high electrical efficiency, in the form of low energy
consumption, pays off well here.
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6 2. Fundamentals

2. FUNDAMENTALS

2.1. Inductive power transmission

Power is transmitted in induction furnaces in that an alternating current is
passed through a multi-winding coil to heat the charged material, usually an
electrically conducting metal (Figure 2.1) [6]. The alternating current running
through the coil creates an alternating magnetic field. Voltage flows through the
feed material when it is introduced into this magnetic field in accordance with
the law of induction, whereby eddy currents are created due to the conductiv-
ity of the metal. The inducted current heats the charged material in accordance
with Joule’s law and it becomes molten after a certain heating time.

i 1
; i E /
1 I
on | .
on .
f=tl] = l .
an I -
4 x i u
B x| e ——— .
L ; b
T ——— b T
x . A
.9
h \ _
field lines
.m_ﬁ/
(= d J :currentdirections

Figure 2.1: Principle of inductive energy transmission [6]

The eddy currents flowing through the feed material generate a secondary
magnetic field which is opposed to the primary magnetic field. This causes
the resulting magnetic field in the middle of the charge to weaken and thus
the induction effect in the inside is reduced. The overlap of the magnetic
fields displaces the current in the charge towards the outside. The skin effect
causes the current density to decrease from the outside towards the inside
(Figure 2.2). For an induction crucible furnace, the Equation (2.1) gives an
approximation of the current density | at the distance x from the surface of the
material
-,

L ()=ly-e /> @1
The variable & represents the penetration depth of the electromagnetic field
and designates the distance from the surface, in that the current density decays
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current density |

Figure 2.2: Course of current
density within a cylindrical
metal piece [7]

to 1/e of the surface value, thus to 0.37 - lg. The penetration depth results
from

2.2)

In this equation, p is the electrical resistance of the feed material, u its perme-
ability and f the frequency of the coil current.

The penetration depth can be interpreted as an equivalent plane conductor
thickness, as shown in Figure 2.3, through which a current flows that has the
surface current density Iy over the complete layer thickness.

a
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Figure 2.3: Course of current density
during inductive heating [6] i
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current density

volume power density

Joule’s law:
P~J2

86 % of the induced power
within the penetration
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0
0 i} %= 0 058 p e
distance from the surface distance from the surface

Figure 2.4: Course of current- and power density within the electromagnetic
penetration depth [7]

In accordance with Joule’s law, the power density is proportionate to the square
of the current density. That is why the course of the power density P over the
distance x from the surface is steep, as depicted in Figure 2.4, in comparison
to the course of the current density. Therefore, 86 % of the inducted power in
the material to be heated flows within the penetration depth 6.
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Figure 2.5: Penetration depth in dependence on frequency for different metals [7]
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The penetration depths of common metals are shown in Figure 2.5 in depen-
dence on the frequency [7]. The strong influence of the electrical resistance

and also that of the magnetic conductivity p can be recognized, as these
apply to ferromagnetic steel in dependency on the temperature. At room tem-
perature, this material has a permeability of 100, which drops to 30 at 400 °C
and to 1 at the Curie point (768 °C). At a frequency of 200 Hz, the associated
penetration depths are some 1.3 mm at 20 °C, for example, or 4 mm at 400 °C.
At temperatures above the Curie point (and generally with non-magnetic steel),
the penetration depths at 200 Hz are 35 to 40 mm, something like ten times
as deep.

2.2. Induction furnace structural shapes

Induction furnaces can be differentiated into crucible and channel furnaces;
their construction principles are illustrated in Figure 2.6 [7].

In a channel furnace, the inductor flanged onto the furnace vessel can be
regarded as a transformer, consisting of one or more primary coils with mul-
tiple turns around a closed ferromagnetic core and a short-circuited secondary
winding. The current flowing through the inductor’s primary coil generates an
alternating electromagnetic field that primarily flows through the iron core. The
single-winding secondary circuit represents the refractory lined inductor chan-

Channel furnace Crucible furnace
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Figure 2.6: Principles of channel and crucible furnaces [7]
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nel filled with liquid metal, into which a high, short-circuit current is induced.
The thermal energy generated (Joule’s heat) is transmitted from the inductor
channel to the melt in the furnace vessel via the turbulent flows formed by the
electromagnetic forces and thermal forces of lift. This principle of functionality
delivers greater electrical efficiency as the main advantage of channel furnaces
over induction crucible furnaces.

The latter work without an iron sheet core (which is why they are also known
as coreless induction furnaces) under the electrical principle of an air-core
transformer. The cylindrical induction coil runs around the refractory crucible
for approx. 80 % of the crucible’s height. As almost the whole furnace space
is subject to the electromagnetic field, these furnaces can be operated with
high specific power. A further benefit is that the melt experiences a strong
inductive stirring in a crucible furnace; the drawback is their lower electrical
efficiency.

2.3. Induction crucible furnaces

2.3.1. Electrical efficiency

The following equation applies to the electrical efficiency ng of crucible fur-
naces

Ne = P/ (P + P 2.3)

The greatest part of the electrical losses P, occur in the furnace coil. The vari-
able for the inducted power P; is decisively dependent upon the ratio of charge
diameter d to penetration depth 8. For scrap feed materials, charge diameter
d is the diameter of the scrap pieces directly after charging, for melted metal
it is the diameter of the furnace. The penetration depth & is very small in com-
parison to the dimensions of the furnace. It changes greatly during the heating
process due to the temperature dependence of the electrical conductivity and
the permeability. Thus, an iron or steel melt has a penetration depth of approx.
80 mm at 50 Hz and of approx. 25 mm at 500 Hz, while cold-charged feed
material has a penetration depth lower by a factor of 10 (see Figure 2.5).

Figure 2.7 shows the electrical efficiency factor for different metals and tem-
peratures in dependence on the ratio d/d [7]. For the induction crucible fur-
naces used in industry, d/d is always greater than 6, thus in the high electrical
efficiency range. The highest values of over 90 % are obtained when heating
up cold ferromagnetic iron or steel. Once the Curie point has been passed
at 768 °C, or where austenitic steel is concerned, the values drop to approx.
80 %. In the case of non-ferrous metals, the maximum electrical efficiency is
far below as per Figure 2.7.
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Figure 2.7: Electrical efficiency of an induction crucible furnace as a function of the
ratio between feed stock diameter d to penetration depth 6 for different materials [7]

2.3.2. Field line

The eddy currents in the material to be heated can only be approximately
calculated by analytic processes. Thanks to the computer technology now
available, numerical calculation methods are widely applied today. These
obtain much more accurate results by simulating the crucible furnace in a two-
dimensional, axial symmetrical model. The numerical methods used have pro-
gressed with regard to user-friendliness and speed to the extent that they have
become the standard procedures for designing induction crucible furnaces [8].
Such calculation programs enable both the exterior electrical data of an induc-
tion furnace and also the field line inside the furnace to be exactly determined.
As an example, Figure 2.8a) shows the field line in a medium frequency cru-
cible furnace, consisting of the coil, magnetic yokes and melt.

The magnetic flux generated by the coil current partly runs through the melt,
although the greatest part flows through the crucible wall between the coil and
the melt. The exterior magnetic yokes form a magnetic return path and thereby
guide the outer magnetic leakage field. They thereby prevent any heating of
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Figure 2.8: a): Field pattern of a medium frequency crucible furnace;
b): Power distribution and course of flow (Source: ABP Induction Systems GmbH)

the furnace structure and an inadmissibly high leakage field outside the fur-
nace. It can be recognized from Figure 2.8a that the magnetic yokes protrude
quite far out over the coil ends in order to catch the field leaking upwards and
downwards. This is an important factor in the construction of industrial cru-
cible furnaces, and is discussed in Chapter 3.1.2 “Coil and magnetic yokes”.
The illustration also shows the high field density in the refractory wall, which
leads to inductive heating of metal which has penetrated into the wall. This is
described in more detail in Chapter 3.1.1 “Refractory Lining”.

2.3.3. Bath agitation

During inductive power transmission, electromagnetic forces are created from
the interplay of the eddy currents induced into the melt and the magnetic
induction (Figure 2.8b). These forces are responsible for the characteristic
phenomenon of the bath meniscus and melt flow in induction crucible fur-
naces (Figure 2.9).

2.3.3.1 Bath superelevation

The electromagnetic forces basically run in a radial direction to the crucible
axis and press the melt away from the crucible wall towards the center. Gravity
works against these forces, so that a dome is formed on the bath surface. The
dome hy in the center axis has the following dependencies:

hy =K 2.4)

B
o=



