
THis UNTVERSITY OF_ ASTON IN BIRMINGHAM 

INDUCTION HeATING OF NILD STEER, VioSE DS 

IN A PULSATING FIELD 

16926\ 2.6 MAR 1974) 

ROBERT CHARLES LLetT 

Submitted for the Degree 

of Master of Philosophy 

January, 1974.



aad se 

SUMMARY 
This work examines the heating of mild steel vessels 

in a pulsating field. The vessel heater is a constant 

voltage mains Pace uanay device which is closely related 

to a transformer with a short circuited secondary. The 

development of a design method is the objective of this 

thesis which is primarily concerned with unshielded heaters. 

Chapter two discusses. the electrical design problems: 

the number of heater coil turns required and the prediction 

of its powerfactor. The chief complication is masnetic 

saturation and it is worsened by the lack of a highly perme- 

able magnetising flux path. Chapter three outlines the 

solutions of the latter problem, whilst Chapter four exam- 

ines the literature and other authors’ approaches to the 

total problem. It shows the necessity of further experi- 

mental work. Chapter five describes the author’s experi- 

ments. Simple power index laws relating power input and 

magnetising flux are demonstrated and compared with the 

theories We cuenea in Chapter four. The permeances of the 

major flux paths are found to be unaffected by magnetic 

saturation. Chapter six’s analysis rests on this work. A 

new theory of field distribution above a permeable and 

conductive surface is developed and used to describe the 

permeances and the loss distribution. This analysis com— 

bines with the vector diagram yielding a design method. It 

is presented in tabular form in Appendix D and is demon- 

strated in the desien study of Chapter seven. The related 

problem of flux shielded heaters is discussed in Appendix A. 

It is felt that the major problems of design have been 

overcome in this work.
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LIST OF SYMBOLS 

The list contains certain symbols specific to particu- 

lar theories; a few Symbols have been changed to avoid 

confusion but in general those of the original author have 

been kept. Wherever possible generally xacepnted characters 

have been used, though this does allow some overlap when 

discussing related electrical and thermal problems; this is 

explained in the relevant text. 
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A. z directed magnetic vector potential function V/ms 
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B Flux density T 

Vessel resistance function Q 

(Vauchan and Williamson) 

e Maximum flux density (Agarwal) r 

B,, Harmonic solution constant - 
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Current density 
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Vaughan and Williamsons’ modification of 

Nagioka’s constant for induction heating 

Peak value of current density 2 directed 

(Stoll and Hammond) 

Gonstants defined by Vaughan and Williamson 

Sum of exponential series 

Number of coil turns 

Demagnetising factor for an ellipsoid 

(Osborn) 

Reactance multiplying constant for a solid 

cylinder (Baker) 

Eddy-current loss 

Hysteresis loss 

Power input to heater (Baker) 

Prandtl number 

=
 <= 
=
 

- Power input to heater (Vaughan and Williamson) 

Power input to vessel (Baker) 

Resistance multiplying constant for a solid 

cylinder 

Heater coil resistance 

Reluctance of magnetising flux path (Baker) 

=



> 
te
es
 e
e
e
 

0 
e
d
 

S
N
 

7% 

- viii - 

Reynolds number = 

Equivalent hysteresis resistance 

Vessel resistance 

Vessel resistance refered to the coil 

Primary resistance of transformer 

ak
 

ee
 

ke 

Secondary resistane of transformer 

Vessel current distribution factor - 

Voltarce V 

Velocity in main stream or mean velocity 

Loss density W/m* 

Loss density at the knee point of the B-H curve Bilat 

Heater coil conductor reactance 

Maenetising reactance (Baker) 

Reactance of the air gap path between coil and 

vessel 

Magnetising reactance 

Total reactance refered to the supply 

Vessel reactance 

Transformer primary reactance 

Transformer secondary reactance oD
 

ee
 

ee
 

we
 

ome
 

Total heater impedance (Baker) 

real Gonstant of a bilinear transformation = 

” bed 99 ” 

m 
steel saturation law constant T/ (Athy) 

bus-bar semi- thickness m



p
e
 

O
r
 

a
 

eff 

pi 

ee 
‘ 

Real constant of bilinear transformation 

Real constant of bilinear transformation 

Diameter of coil 

Diameter of flux shield 

Diameter of vessel 

Supply frequency 

Mean. coil-vessel gap 

Bus-bar thickness 

Plate thickness 

Limiting penetration depth (Dreyfus) 

Effective power penetration depth 

Complex operator V-1 

Diffusion equation constant 

Thermal conductivity 

Base length for dimensional analysis 

Axial length of heater coil 

Axial length of vessel 

Initial magnetisation curve index B=b H” 

Loss index 

Perimeter of heater coil 

Reactance multiplying constant for a solid 

cylinder (Vaughan and Williamson) 

Skin effect factor (Stoll and Hammond) 

Power factor 

W/Cm



W 

Yn
 

- x =- 

Distance between points on coil and vessel 

Resistance multiplying constant for a solid 

cylinder (Vaughan and Williamson) 

n / pole pitch of current sheet (Stoll and 

Hammond ) 

Radius of vessel to limiting penetration depth 

(Dreyfus) 

Mean of ry and ro 

Vessel radius (Dreyfus) 

Mhickness of the vessel wall 

Time 

Potential function 

Distance from coil mid plane 

Stream function 

Angular frequency 

Bilinear transformation function 

Cartesian co-ordinate 

Decay depth of permeability (Ollendorf) 

Cartesian co-ordinate 

Complex number 

Cartesian co-ordinate 

Coil-vessel gap field decay correction 

factor (Lavers) 

Loss index 

Phase angle total flux to total current 

Hz 

degrees.



e
d
.
)
 

oD
 

- xi- 

Lass constant = 

Phase angle magnetising flux to total flux degrees . 

Relative thickness to skin depth ~ 

Coefficient of thermal expansion m/C 

Finite length leakage flux modifying function . 

Classical eddy-current skin depth m 

Phase angle leakage flux to magnetising flux degrees. 

Vv 

Vessel wall temperature c 

Vessel wall temperature aa 

Resistivity Qm 

Density (5-10 and B ) kg/m? 

Apparent resistivity Qm 

Loss index, flux driven = 

Magnetic permeability Wbh/Atm 

Relative permeability - 

Surface value of permeability ta Ole 
‘At m 

Free space permeability Wb /At m 

Magnetic flux Wh 

7 
Heat transfer / unit area w/m 

Magnetic flux per unit length of vessel periphery Whim 

Leakage flux Wb 

Magnetising flux Wb 

Magnetic flux per unit length of vessel periphery 

at the knee point of the B-H curve Wb/m 

Total heater magnetic flux Wh



 



CHAPTER 1 INTRODUCTION 

CHAPTER SUMMARY 

A brief account is given of the applications of this form 

of vessel heating, and the aims and objects of the thesis are 

stated,



1___ Introduction 

The chemical enrincering industry frequently needs a 

flame-proof source of heat. Heat is required for certain 

reactions, and yet the reaction products may be highly 

inflammable. 4A typical example is to be found in the 

production of paint resins. Paint is produced by a batch 

process in steel retort vessels. The retort cannot be 

flame heated because of the fire hazard. it .is inthis 

type of application that Induction Heating comes into its 

own, being in practical terms the method with the simplest 

form of construction and lowest capital cost. Induction 

heating creates heat where it is most useful- directly in 

the vessel walls. Other methods of heat input require 

intermediate stages between the production of heat and 

the heat input to the vessel. Non-electrical methods of 

heating, e.g. by a heat transfer oil, require ancillary 

equipment and inevitably cost more. These other types 

of heating introduce an additional thermal mass which 

complicates the control of the reaction. Induction 

heaters are currently offered in a range of 9kW to 454 kw. 

However, each heater is an individual construction, and 

current design methods are insufficiently accurate to 

permit manufacture on other than a cut and try basis. 

The aim of this thesis is to improve the methods 

of design and to enlarge the understanding of induction 

vessel heaters.



CHAPTER 2 THE INDUCTION HEATING PROBLEM 

CHAPTER SUMMARY 

Induction heating is discussed by means of comparison with a 

transformer with a shorted secondary, and this is used to produce 

an equivalent circuit. In section two the eddy-current loss 

mechanism is discussed in non mathematical terms, and the discussion 

shows the importance of the steel properties and the tangential 

magnetic field strength. The equations controlling the external 

field are discussed, and the complication of magnetic saturation 

is introduced. 

CHAPTER CONTENTS 

2-1 Principles 

2-2 Eddy-current loss



2-1 Principles 

Tnduction Heating is based on the mechanism of 

induced ohmic loss. If a current is passed through a 

conducting body, in this case a steel retort vessel, 

it heats that body. If heating is done directly, this 

means that electrodes have to be fixed to the surface 

of the steel, a current being fed from a matching 

transformer through the vessel between these electrodes. 

A matching transformer changes the supply voltage 

to a suitable secondary voltage, the transformer being 

a source of both loss and capital cost. By this 

arrangement (fig. 2-1) the vessel takes the place of 

two parts of the transformer; it has become both the 

secondary winding and the central limb of the flux path. 

Under certain conditions the rest of the magnetic 

circuit can be removed and this is the usual form of an 

Induction Heater 7° (fig. 2-2). There is a point of 

interest as this machine corresponds closely to the 

air-gap transformer of reference 36: the chief 

aifference is that the transformer has a laminated core; 

the important and encouraging aspect is that the 

machine is claimed to have a performance comparable with 

a conventional transformer.
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Much may be learnt about the vessel heater by 

comparison with a conventional transformer on load. The 

physical differences show in the performance of the 

Induction Heater. A transformer has well defined flux 

and current paths, which in turn give rise to its 

lumped equivalent circuit (fig. 2-3). The circuit 

  

  

R, xy X» R 2 

oO" FL. pT . 

3 | : | 
A Se a ee 

o= } { 

Ideal 
Supply. Transformer ae 

Fig. 2-3 

Transformer Equivalent Circuit 
  

consists of lumped resistances and reactances which are 

not necessarily formed by discrete flux and current paths. 

The magnetising reactance a is set up by the flux which 

links with both primary and secondary windings, whereas 

the leakage reactances X, and X., are formed by the fluxes 

which link one coil only. The two resistances Ry and Ry 

are created by the primary and secondary windings. The 

hysteresis resistance Ry is included to account for the 

transformer core loss. Tig equivalert circuit may be 

simplified when representing an Induction Heater (fig. 2-4). 

The Induction Heater has no secondary terminals and it is
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reasonable to refer all quantities to the exciting 

winding. Furthermore, there cannot be loss in the 

non-existent transformer limbs and thus Ry must be 

infinite. The primary resistance is unaltered. The 

secondary resistance has become part of the load and 

its calculation is not as straightforward as might at 

first be supposed. The load resistance is bound up 

with the mechanism of eddy current heating, and this is 

both determined by and determines the field pattern out- 

side the vessel. , 

2-2 Eddy current loss 
The eddy current heating mechanism is the basis of 
  

the machine. Consider a ring from the vessel middle. 

The mild steel annulus carries a pulsating flux of r.m.s. 

magnitude ¢. It is reasonable to assume that, as a first 

approximation, the flux-density is uniform. The pulsat- 

ing flux induces an e.m.f. according to Faraday’s Law; a
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progressively larger e.m.f. H is induced from the centre 

of the ring outwards. The induced e.m.f. drives an eddy 

current through the resistance of the ring creating heat. 

The eddy current sets up its own reaction field HL: Thus 

H. increases from the outer surface inwards and acts on 

the magnetic permeability of the material to give a 

reaction flux density. A second approximation to the 

flux density has been derived. This simple approach 

serves to illustrate a number of points. Firstly, 

the eddy currents screen the inner steel from flux, creat- 

ing a skin where flux, current and losses exist. secondly, 

the loss depends on frequency, resistivity and permeability. 

Thirdly, the tangential field strength is controlled 

by the eddy current loss. 

In an Induction Heater it is the field pattern set up 

by the exciting coil that influences the distribution of 

loss over the vessel. The field pattern controls the 

overall performance of the heater, describing both the 

reluctances of magnetising and leakage flux. 

It can be shown simply, 6 that the tangential 

component of H and the normal component of B are 

continuous across a metallic boundary. ' Thus the surface 

value of H in the steel is also the air-gap value just 

outside the steel. It is this component which sets the 

level of flux and loss. The tangential value of field 

strength is not uniform over the surface of the vessel; 

both H, and the loss are greatest under the coil'centre. 
t



The Induction Heating problem would be relatively 

straightforward if thiswere all that was involved. 

However the air-gap field is Laplacian, obeying the equation 

YA = 0 

which when written.in Cartesian coordinates in full is - 

a OP 20". 
S—h 4 Sy + Sage = O 

when A represents a scalar quantity such as magnetic scalar 

potential, and when A is a vector quantity i.e flux density B 

or field strength H 

Ba ,< O83 A, 
x oe 622 = ° 

oor es ¥ 4. oe O 

2 Se 
Under en conditions the field gucntities in the 

steel vessel obey the Diffusion equation - 

VA sks 

which may be expanded in a similar manner to Laplacés 

equation. The diffusion equation constant k for steel 

is given by the relationship - 

x? = JWL 
p 

where 

4 = V-1 

w = angular frequency 

w = magnetic permeability 

pe resistivity 

The field problem of this air and steel combination has
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been epived and the solution is discussed in section 

4-3-g . However, the tacit assumption has been made that 

the magnetic permeability is a constant whereas the B-H 

relationship is a non-analytic curve. The curve for mild 

steel is shown in fig. 2-5 together with the permeability 

curve. The permeability is defined as the slope of the 

chord passing through the origin on the B-H curve. The 

permeability rises to a marked knee point and decays with 

increasing H or B. Moreover, the variation of has two 

main effects. The first effect is that the flux in the 

steel is no longer linearly related to the field, so that 

the penetration pattern of flux and loss in the vessel is 

altered and the surface value of H, is linked non-linearly 

to the flux within the vessel. The second difficulty 

arises from the first in that the field pattern changes 

shape with the level of excitation. Hence the changing 

field pattern alters the resistance end reactances of the 

machine. 

Since the major problems arise from the non-linear 

B-H relationship it is felt that it would be worthwhile to 

elaborate on the magnetisation process. Weiss has shown 

that the increased flux density due to the presence of 

iron arises from magnetic domains, (Brailsford describes 

this theory a Domains are small regions within the 

crystals of steel which have a self magnetic field. In 

a demagnetised state these domains are semi-randomly 

orientated through the steel. They have preferential 

directions in the crystal lattice but in most materials
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the crystals themselves have a random orientation. 

In any case the domains order themselves in the positions 

of minimum stored energy. They produce no net external 

field of their own. A small externally applied field 

causes a growth of favourably orientated domains at the 

expense of the other domains. The domains continue to 

increase with an increasing applied field until an 

instability sets in to the domain pattern. The pattern 

now changes in sudden small finite steps - Barkhausen 

jumps. This is the steepest part of the B-H curve. 

The Barkhausen process will continue until the domains 

are fully aligned in the crystal lattice directions 

closest to the direction of the applied field. Increasing 

H above this level pulls the domain alignment from the 

crystal axes, the steel is operating above the knee of the 

B-H curve. The above is a description of the initial 

magnetisation process which does not include the effect 

of eddy-currents. All that will be said at this point 

is that eddy-currents have a damping effect. Similarly 

the magnetisation process must influence the eddy-current 

mechanism. If the steel is excited with a cyclic flux 

the magnetisation curve follows the familiar B-H loop, 

where the peaks of the loop lie on the initial magnetisa- 

tion curve. Similar processes occur within the domains 

in loop processes as in the initial curve. 

Induction Vessel Heating requires the operation of 

the vessel steel at flux levels that are well into
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saturation. Moreover the steel is operated under 

conditions of elevated temperature and strong eddy- 

current flow, all of which influence the inter- 

relationship of B and 47 . An important point of 

discussion in future chapters will be the selection 

of a suitable mathematical substitution for this 

relationship. However Cain must not obscure the 

chief aim and object of this thesis, namely to provide 

a workable engineering solution for Induction Heater 

design. The major problems to be overcome are those of 

eddy-current loss in steel and the free field distribution 

surrounding the vessel and heater coils.
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CHAPTER 3 M&THODS OF SOLUTION OF THE EXTERNAL FIELD 

CHAPTER SUMMARY 

This chapter concerns the fields outside the vessel. It extends 

the discussion of Laplace's equation, begun in the previous chapter, 

to cover the possible means of solution. It outlines their weak- 

nesses and strengths, and brings the study to a point where a 

selection of the most suitable method of analysis may be made in 

Chapter 6. 

CHAPTER CONTENTS 

3-4 Laplace's equation 

3-2 Solution by empirical assumption 

3-3 Harmonic solutions 

3~-) Method of images 

3-5 Complex function solutions 

3-6 Analogues



-15- 

4-1 Taplace’s Equation 
  

Half of the total Induction Heating problem is 

concerned with the field outside the vessel. The fieid 

in air outside the vessel is governed by Laplace’s 

equation V*A=O. This equation is the simplest form of 

partial differential equation; its solutions obey 

Duhamel’s Theorem - they are super-imposable, and can be 

added. Moreover the solutions are closed and obey the 

Cauchy-Riemann conditions which are 

Ou ov 
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y 

Where u = potential function ----------- ll 

v = stream function 

(as defined in 3-1) 

  

  

  
Pig. 3-1 

Stream function and Potential function 
 



=A Gee 

As Laplace’s-equation is the simplest form of 

partial differential equation and boundary value problem 

it is also natural that it should also have the widest 

possible range of solutions. They range from empirical 

ae for fields in salient pole assumptions as used by Pohl 

machines to the elegant Schwartz-Christoffel transforma- 

tion methods applied by Gibbs?® , Carter/4 and others. 

It is the purpose of this chapter to discuss these methods 

and highlight their suitability and their weaknesses, 

Only certain methods can be applied to the problem of 

Induction Heating of vessels. 

3-2 Solution by Empirical Assumption 

Pohl” successfully applied this technique to salient 

pole machines. This method works in this particular case 

because the designer is able to control the field patterns. 

There is no additional magnetic field set up by eddy-currents 

and hence the field pattern is essentially magnetising. 

Moreover this field is two-dimensional in a long salient 

pole machine. Conditions are very different in the vessel 

heating problem. Firstly, it is not easy to visualise 

the full field pattern which is influenced by eddy-currents. 

Secondly, the magnetising flux effects are strongly 

three-dimensional and very sensitive to error. 

4-3 Harmonic Solutions 

Although this technique may be applied in three 

dimensions, for simplicity it will be discussed in two 

dimensions. In Cartesian coordinates Laplace’s equation
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becomes ; 
2 2 

oa, OA. 2% 
Ox oy 

and a general form of the solution may be written 

A= tad Be") [C, Sintkny)+ D,Costkny)] 
where(,4,C,,0,4 are constants. 
Applying the principle of superposition 

A= (qe 

n=0 
Now since any single value continuous periodic function 

-knx 
’ p.° JC, Sinfkny) + D, Cos(kny)] 

may be written as a Fourier series of the form 

S= D0 (M JIC, Sin(kny) + Dp Costkny)] 
it follows that@BC.D, may be found by matching given 

boundary conditions and hence a solution for A may be 

obtained. This procedure may also be applied to 

cylindricai coordinates. Moreover if the period of y 

is sufficiently large the effect of repeated excitations 

are minimised and the solution becomes that for an isolated 

excitation pattern. This form of solution also applies 

to regions obeying the diffusion equation and as such it 

offers the possibility of a-complete solution to the 

Induction Heating problem 34 39 . However, this is only 

applicable in as far as the diffusion equation truly 

describes the behaviour of steel. The second criticism 

is that the spacial harmonics introduce artificialities 

into the problem. For example, consider the unit step- 

function, When this is described in terms of a Fourier 

series the function over shoots at the discontinuities 

and it becomes impossible to fully represent the step- 

function.
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Providing that geometries are simple and that some 

mechanical means are O ekiebic to calculate the Fourier 

series sums the harmonic method provides an excellent 

means for handling the excitation and field problems. 

Nevertheless if the field solution is to be at all accurate 

the large number of terms in the solution masks the true 

nature of the field pattern and the hekees does not lead 

to a gooc physical understanding of the problem. 

3-4 Method of Images 
  

A third and interesting method of solution is the 

Method of Images. The method relies on the properties 

of material surfaces. Tt can be shown he that if the 

material beneath the surface has a very high magnetic 

permeability ( p,, 2 LOO ) then the surface of that material 

behaves as an equipotential to the surrounding field. 

Similarly if the vessel material is highly conductive then 

it acts as a barrier to flux, and the surface becomes a 

line-of force. The Method of Images may now be introduced 

+] Source 

  

Fig. 3-2. 

High permeability image of a conductor 
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Fig. 3-2 

High conductivity image of a conductor 

utilising this as a basis. Consider the field pattern 

produced by a pair of conductors carrying currents in 

the same dipbetion C fig. 53-2755 The straight line of 

equipotential passes midway between the two conductors. 

This eauipotential could be the steel surface, in which 

case the second conductor can be seen as a reflection of 

the source current in the surface. Similarly fig. 3-3 

shows the field pattern around positive and negative 

current flows and it is the field line that forms the 

effective reflective surface: - this case corresponds 

to the high conductivity condition. Either case may 

be extended by the principle of super-pcesition and field 

patterns can be calculated for complicated conductor 

arrangements surrounding simple material geometries. 

In this way the method is much more powerful than the- 

narmonic method previously discussed. Surface field 

strengths are easily calculated and conductor geometries 

may be modified to change heating patterns.
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The actual vessel heating problem concerns surfaces 

which are conductive and permeable. Stoll and Hammond? 

alone apply the method to this case and they show that 

the image is out of phase with the coil current and that 

its relationship can only be determined from another type 

of solution. Chapter 6 extends and frees their work 

from this limitation. 

43-5 Complex function solutions 
  

It is well established that any complex function in 

its real and imaginary parts forms a solution to Laplace’s 

equation? ; Since only two variables are involved the 

solutions have to be two dimensional. Complex function 

solutions can, in general, only be applied to cases where 

the boundaries to the problem fit a known complex function 

and because of this its range of application is limited. 

Any known solution may be modified by a bi-linear 

transformation - wW = 77-3 

where a,b,c,d are real constants, and w and 2 are complex 

variables. The bi-linear transformation effects a rota- 

tion magnification or inversion of the solution. It is the 

property of inversion which is most useful, as in this 

case geometries are radically altered. im the fiéla: oF 

aerodynamics the equations of fluid flow are similar to 

mapnetic field equations. Bi-linear transformations are
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Fig. 3-4 

Joukowsky Aerofoils 

used to produce the flow pattern around certain aerofoil 

sections fig. 3-4. The lift and drag may be calculated 

from this field pattern. 

If the geometry of the problem is simple and consists 

of straight uniform potential boundaries with a small 

number of right angles, the complex function may be built 

up using the Schwartz-Christoffel transformation. The 

method may be applied to gaps in magnetic circuits to 

calculate fringing effects and the results of this type 

of analysis will be applied to the problems of flux-guides 

in small induction heaters ( App. 4A * However, this
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method cannot be applied to a three dimensional problem 

such as a large induction heater where the flux paths 

are free. 

2-6 Analogues 

There remains one major avenue of attack in a 

Laplacean field problem, namely, that of modelling the 

one aes The most obvious model is a real vessel heater 

where measurements can be taken directly from the apparatus 

( Gnan. 2 8"). Otherwise the analogue may either be 

numerical or physical. 

There is one major criticism which applies to all 

analogue methods. The model can only represent one 

problem in particular. Although the results may be 

partially generalised by the formation of dimensionless 

groups, the fact remains that general trends cannot be 

established from a single model. Only by building 

numerous models can the general behaviour be predicted. 

It is felt that apart from the real heater analogues 

should be seen as a check of analysis, or as a last 

resort if analysis proves to be impossible. 

Numerical analogues are due to soueuweit’ «The 

technique consists of considering the Laplacean field 

split into small regions where the equation may be 

linearised. The method may be applied in any number of 

dimensions. As a solution it is a long and slow process 

by hand and, in general, requires the use of digital
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computer. 

Physical analogues may be used. The principle of the 

method is that the analorue quantity obeys Laplace’s 

equation. Resistance analogues are commonly used’. They 

may be either a resistance paper model or an electrolytic 

tank analogue; the former applies to two dimensional 

problems whilst the latter is used to represent three 

{ : : : p ae elas 
dimensional situations. Tozinskii describes the model- 

ling of the induction heating problem by an electrolytic 

tank. A criticism of resistance analogues is that they 

model from one invisible system to another. A much more 

pleasing solution arises from the use of visible analogues: 

elastic strain models, fluid mappers and rubber membranes”.
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CHAPTER 4 LITERATURE SURVEY 
  

CHAPTER SUMMARY 

The relevant literature is concerned with two broad categories - 

the induction heating mechanism in the vessel wall, treated here in order 

of complexity, and the total circuit impedance, considered by reference 

to Baker's* design theory. 
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4 Literature Survey 
  

41 Previous Published Work 
  

Chapter 2 has shown that there are two major 

interrelated problems: | the effect of eddy-currents 

in steel and the prediction of the free air flux 

pattern surrounding the partially saturated steel 

vessel. There do not appear to be any references 

which deal specifically with both problems jointly 

and fully. Although certain papers deal in part 

with both questions, this survey discusses 

problems separately. The advantage of separate 

treatment is that it enables papers to be drawn upon 

which would otherwise be excluded. These papers relate 

to machines with associated problems - the eddy-current 

coupling, and from research specifically in eddy-currents 

and fields. 

42-1 Eddy-currents in Steel 

Many authors have attempted the problem of eddy- 

current loss in steel. The chief difficulty of solution 

rests in the analytical representation of the B-H curve 

and the methods of solution may be typed by curve fit. 

The chosen curve and the method of inclusion into the 

solution naturally influences the resulting theoretical 

loss. 

4-2-2 Linear Solutions 
  

The simplest analytic relationship that can be given
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to the B-H curve is a straight line i.e. B=pH. It. is 

natural that this the simplest relationship should be 

the first used. J. Jd. Thomson published a paper in 

37 dealt with eddy-current loss 1892; this classic work 

in thin sheets of: steel. He concerned himself with a 

uniform double-sided sinusoidal field excitation, and 

the solution is thus one dimensional. He showed that 

the loss in the sheet was 

hn? m? B? ( eomh_.-emh -2Sin(2mh)_ ) 
Sah _->mh (4-1) 

uw ( e +e ~2Cost2mh) ) 
W= 

where 

B = average flux density carried by the sheet 

m= Vp - (4-2) 

W = power loss per unit area 

h. = plate thickness 

yw = magnetic permeability 

w = angular frequency 

P 

The above is given in terms of M.K.S. units. Equation 

resistivity 

4-1 is still the standard loss equation for packets of 

laminations. The paper demonstrates that at 100 Hz 

there is no greater loss in an infinite plate than a 

2mm thick plate. In one sense then this paper can act 

as a guide to the induction Heeting obapies for.<it 

already shows that the thickness of steel used for the 

vessel walls has a diminishing effect on the heat 

produced in them. 

The simplest eddy-current problem is the penetration
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of a single electromagnetic wave into a semi-infinite 

constant permeability steel plate. Lammeraner and 

Stafl reproduce this theory in their excellent book?” 

“Rady-currents” in Chapter 3. . A tangential sinusoidal 

H wave with period w and peak value H is absorbed by 

the conducting material. It is proved that the induced 

current, flux density and e.m.f. decay exponentially and 

vary in phase with depth. The total eddy-current may 

be thought of as flowing in a skin layer 6 , where 

6 = Veo / wm (3) 
The power loss density which is derived from an I*R 

integral is 

ut 

W = 5 (4-4) 

The solution like that of Thomson is based on Maxwells 

equations, and it is hardly surprising that the results 

are Similar. However, this reference gives a useful 

table of skin depths for copper, aluminium, and steel. 

Vessels are naturally cylindrical and it might be 

expected that the most useful loss solutions would be 

those treating a cylindrical geometry. The first of 

these is due to Heaviside 1 Again this solution is 

for a material of constant uy . The diffusion equation 

applies and a one dimensional solution is obtained. 

The cylindrical nature of the problem causes the 

diffusion equation to have a Bessel form whose solution 

is in terms of complex Bessel functions. Heaviside
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did not put his results in this form but left them as a 

series. Ncteewen has given this solution together 

with tables of the necessary functions. The power loss 

for a unit length of cylinder is given by: 

he nat pomal Himes [Oo8(@r@r(n/4)) ? (4-5) 

where: 
mes Jwp/pe 

a = cylinder radius 
oS 

M,= magnitude of the complex Bessel function de fei) 

Qo =. argument 4 ” . = ™ 
Z 

M,= magnitude ” ” ” 9 J, Gai) 

9, = argument ” ” ” 99 99 

The chief point of relevence to the heating of large 

vessels at mains frequency is that if ma>lO the power- 

factor becomes 0-7 , equal to that of the semi-infinite 

flat plate. The power loss per unit area becomes 

The equation is identical in form to the semi-infinite 

slab equation 4-4 , with a multiplying factor of Va. 

Hence this is an indication of the error in taking a 

flat plane solution to « cylindrical problem. Dwight 

and paces “eo have applied Heaviside’s solution to a 

coreless induction furnace. The coreless induction 

furnace has the same geometry as a vessel heater, but it 

contains a high temperature non-magnetic core in place 

of the vessel. Baker : has extended Dwight’s work to 

account for induction heated bodies with walls of varying 

thickness. The results are plotted as two sets of
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design curves, P curves associated with the imaginary 

part of the complex volt-amps of the body, and Q curves 

with the real part. However the range of curves is 

limited to values of the ratio of work diameter to skin 

depth of ie. 

The authors have shown in the papers discussed that 

the geometry of the loss member affects both the phase 

and magnitude of the loss. It is apparent that the 

power-factor for large cylindrical bodies is the same as 

for large flat bodies. The loss is also shown to be 

dependent on the magnetic permeability of the load. The 

chief difficulty in applying a linear solution to the 

eddy-current loss in steel lies in the choice of jp. It 

is known that the permeability reduces with saturation 

so that the loss cannot be simply related to H*. 

4-2-3 Semi-linear Solutions 

In general the semi-linear methods,as they might be 

termed,rely on a linear solution for the loss in steel 

in terms of H and yp ; then finding the substitution for 

yp at the level of H to give the required loss. Various 

4,9 
equations are given relating » and H or p and B etc. 

However, these are laborious trial and error methods as 

the simultaneous equations are not usually soluable. 

The most successful method is that of peat, tptieca to 

an eddy-current coupling, he derives a Gibbs type 

27 
solution 1 for the loss in an eddy-current drum as 

(yu)? a= Tai 70 Ad
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He uses a subtile substitution of 

Cu)” H = kH” (4-8) 

which enables the loss to be written in terms of 

H alone. The substitution is shown to be accurate 

for H greater than 250 Atm. In a later paper Davies 

indicates that the substitution is equivalent to 

B= bH” (4-9) 

42-4 The effects of non-linearity 
  

Perhaps the most worrying piece of work with 

relevance to linear theories is the practical measurement 

of anomalous loss by Brailsford ; This work is an 

experimental comparison with Thomsons formula (4-1) for 

packets of laminations. The tests were carried out over 

a wide range of excitations, from well below the knee- 

point of the B-H curve to full saturation. The results 

show that the measured loss is over one-and-a-half times 

the predicted loss even below the knee-point where p is 

usually considered to be a constant. Brailsford’s work 

is only relevant if the anomaly is not brought about by 

the special metallurgical conditions of lamination. Even 

so, his work is a little disturbing and forces the conclu- 

sion that it may not be possible to treat steel as a 

uniform material with constant properties. 

A full non-linear solution for loss and reactive 

energy is required. A description of the results of non- 

linearity will be helpful in a discussion of these types 

of solution. The chief effects are to cause



- 32 - 

a. distortion of the flux penetration pattern” 

b. non-sinusoidal oscillation of flux density%/ 

Now in a linear condition the phase changes with Aeotnes 

Hence (a) alone causes an alteration of the resistance 

and power-factor of steel, whilst (b) has similar effects 

te: Ca), The differences between the various solutions 

depend on the weight placed on these two factors. Unlike 

linear sclutions the results will vary with the type of 

excitation: generally these are either sinusoidal flux 

and voltage or sinusoidal field intensity and current. 

Although these conditions are seldom realised in practice, 

the majority of real applications fall close to one or the 

other. 

The other question ae has to be settled when a 

non-linear solution is being built up is to decide the 

process that the steel is actually going through. Most 

authors assume that the B-H law followed is the initial 

magnetisation curve. Although, it might be more accurate 

to assume some cyclic loop relationships, the usual 

argument runs that if the hysteresis loss is small then 

the B-H loops are thin and are not far removed from the 

initial magnetisation curve. Moreover, the peak values 

of B and H lie on the initial curve. However, there is 

no guarantee that the behaviour of steel in tests where 

eddy-currents are minimised, e.g. a magnetisation experi- 

ment, should bear a close relationship to the magnetisation 

process during eddy-current loss. With this in mind some
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authors have gone to a domain level approach 79! 

but the more microscopic the approach the harder it is 

to apply the theory to massive steel. 

4-2-5 Equivalent sinusoidal solutions 
  

The easiest way to deal with non-linear equations, 

apart from assuming them to be linear,is to find an 

equivalent set of linear differential equations to solve. 

This type of solution relies on the principles discussed 

in McLachan’s book 44 ‘ The principle is that of 

equivalent energy. He states the principle as follows 

“the energy dissipated per cycle is equal in the non- 

linear and equivalent linear systems.”. He applies it 

to a series tuned L-C-R circuit with a saturated 

20 has applied the principle inductance. Panasenkov 

of equivalent cyclic energy to the problem of eddy-current 

loss in massive solid iron. He has done this by using. a 

complex magnetic permeability to account for the phase 

shifting effect of non-linearity. It is shown that the 

maximum value of magnetic energy (B.H) is twice that of 

the mean energy, in all cases irrespective of non-linearity. 

This fact is used to decide the phase shift between B and H, 

and thus gives the complex permeability. Panasenkov points 

out that B.H. versus H is a straight line over a wide range 

of values and that this may be used to give a fully 

analytic solution to the complex permeability. The 

method is applied to a thin steel ring excited by a uni- 

form torroidal coil which is, of course, not directly
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applicable to induction vessel heating. Subba Rao” 

has proposed a graphical form of the same method and 

applied it to the solid square section loss problem 

9 Subba Rao’s treatment solved linearly by Bewley 

has the virtue of being simpler and more intelligible 

than that of Panasenkov. Both solutions apply to 

problems with uniform surface excitation. 

The basis of the equivalent sinusoidal solutions 

is that the higher harmonics may be included in the 

fundamental. The solutions are only correct on this 

basis. Their chief strength is that they may be | 

applied to any known solution with a uniform surface 

excitation with but one other reservation that although 

the loss and power factor of the steel will be nearly 

correct the field distribution must be in error. 

4-2-6 Solutions with an assumed distribution of p 

A more rigorous form of solution is given when an 

approximation to the B-H curve is used to give the 

distortion of the flux pattern, and taking yp to be 

constant with position. It is the time variation of 

yw which generates the magnetising harmonics. This form 

of solution can be expected to give the phase-shifts of 

the fundamental correctly, but not the harmonics. 

There is thus no difference in solution between a sinu- 

soidal flux and a sinusoidal current excitation.



  

4-2-7 B= bo” type solutions 
  

There is a one dimensional solution due to Nejman 

which is reproduced in reference(37 page 54) where a 

fit of B = bH” is made to the magnetisation curve. 

The magnetic permeability is shown to be spacially 

distributed with depth such that - 

coe os 
(4-10) 

where 

x depth from the steel surface ll 

©,d.6 constants 

The solution starts directly from Maxwell’s equations 

rather than from the Diffusion equation and proceeds to 

find equations in terms of surface H. The form of p 

distribution is assumed and the constants are found by 

matching equations. However, the complicated mathematics 

leads to straightforward results. Firstly, with strong 

fields current is confined to flow in a skin depth below 

the surface. Unlike the linear solution, all the current 

and flux are carried in this layer and it does not merely 

represent the exponential decay depth of the linear theory. 

The limited penetration depth arises because the B = bH" 

law indicates that » tends to infinity as H tends to zero. 

Secondly, the power loss is now proportional to H” 

Wa Ho (4-11) 

where 

oie (4-12) 

O-1 for mild steel 5 4b
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Equations 4-11 and 4-12 are identical to those of Davies/6-!7 

Thirdly, the power factor is now better than the 0-7 of 

the linear theory. 

Dreyfus 4G has extended this work to give a solution 

for a cylindrical bar heated by a‘longitudinal flux. 

Dreyfus works in units other than the M.K.S. system and a 

simplified reworking in this system is given in the 

Appendix ( E ) and it is hoped that this will be useful 

to. the reader. This analysis shows that for the 

dimensions encountered in vessel heating a flat solution 

is generally adequate. 

4-2-8 Complex Bessel function permeability 
  

OL endorf*has shown that if - 

y= per/%s (4-13) 

in the case of a steel slab semi-infinite in the x direction 

where 

vu, = surface value of permeability 

x,= decay depth of permeability 

then Bessel equations are derived from Maxwells equations. 

He shows that it is necessary for B and H to be related 

by complex Bessel functions. The only suitable form is 

the Hankel function, and this can be made to fit the initial 

magnetisation curve closely. The derived expression for 

p and H is 

Oj 
ae He (BV jp Zn (4-14) 

| HCBVG)
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where $8 is a constant. The major disadvantages of this 

theory is that the loss expression is even more complicated 

than equation 4-14 and that the Hankel functions are not 

well tabulated 34 ; 

Gonen and Stricker 7? have applied this theory to 

the analysis of an eddy-current brake. The way in which 

eee have had to use it shows that it is too cumbersome 

for design and only works in analysis if the errors are , 

artificially shared between the predicted results and the 

enforced B-H curve fit. 

4-2-9 Step-function approximation to the B-H curve 

There are a number of solutions based on a novel 

approach. The initial premise that the B-H curve may be 

approximated by a step-function can be derived from a 

B = bH” law by putting m= 0. Under these conditions 

magnetic permeability has no meaning. These theories 

are related to those of Dreyfus and Neiman. However, 

there is a major conceptual difference in field behaviour: 

field quantities only change at an infinitely thin: moving 

boundary, rather than generally and diffusely. The 

moving separation layer is a direct result of the step- 

function approximation. This method is the only type 

of solution to account for all the effects of non ‘inearity. 

The method over emphasises the distortion of the magnet- 

isation curve and must inevitably exaggerate its influence. 

Thus these solutions provide an upper bound to the effects
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of non-linearity. 

The simplest solution is for a semi-infinite slab 

excited by a sinusoidal surface field HL. This solution 

was first proposed by Vaughan and Williamson in 1946°, 

It is shown that with these conditions the powerfactor is 

0.894 and that the power is proportional to Hates A skin 

effect is still present and the active effects are limited 

to this layer. This work was neglected for a number of 

years, presumably because this theory is treated by the 

authors as an approximation and is only a small part of 

their induction heating paper. Eight years later, in 1954, 

Maclean ‘© published a similar theory. His paper is not a 

derived theory but a proof that the results are sufficient. 

In the same year and quite independently MeConnel*? 

published a solution with the same results but with the 

merit of being necessary rather than sufficient. Moreover, 

he gives the solution to two problems, the problem of 

Maclean and a partial solution for the loss in a 

cylindrical iron bar heated by a sinusoidal voltage. 

McConnel goes to great lengths to show the conceptual 

similarities between the linear and fully non-linear 

solutions. The effects of flux distribution in both 

cases are best illustrated by his own diagrams 

reproduced here for clarity ( fig. 4-1b). In the case of 

constant p the total time variation of flux is the sum of 

similar flux waves whose phase chanres and whose amplitude 

decreases with depth. Whereas, in the step function B-H
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case the total flux wave is the sum of equal square waves 

of flux density. The solution is also available for a 

sinusoidal e.m.f semi-infinite flat loss solution which 

is given on page 51 of reference 5’. The behaviour of 

the system is almost identical to the m.m.f driven case, 

the chief point of difference is that the powerfactor is 

improved to 0.92. Loss is shown to be proportional to 

the voltage cubed. Davies and BowderCnave extended 

MeGonnel’s work, giving curves for the relationships of 

both power and reactive power flow for a cylindrical bar. 

There is another paper which merits discussion - 

P.D. Agarwal’s treatment of m.m.f. induced loss in lamina- 

tions. To say that Agarwal had merely extended the work 

of Maclean end McConnel would be to do his work a major 

disservice. The real strength of his work lies in the 

theoretical basis of the problem. He shows that the 

effect of tie step-function law and the moving Boat boundary 

are equivalent to the domain model of Williams, Shockley 

and Kittel ae which is based on the simple structure in 

a hollow rectangular crystal. Instead of basing his 

theory, as all other major theories are, on a fit to the 

initial magnetisation curve, the step-function theory 

is shown to be a magnification of the domain process; 

Absauesed in section 2-2. His results are singularly 

successful in predicting the flux-density waveforms in 

thin sheets, and they may be diluted to give the same semi-
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infinite solution as Maclean. However, he deals with 

another problem avoided by the other authors, namely, 

the choice of B ae He shows graphically from curves 

    

6 1.0 
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2H = 15,800 At/m 
3M = 7,900 At/m 

0 4 N= 3,950 At/m 

(surface values.) 

  

Measured curves of B with depth - Agarwal 

of maximum flux density versus depth ( fig.4-2) that a 

good choice for Bank is 0-75 times the peak surface flux 

density. Unfortunately he leaves the matter there. If 

he had continued one step further he would have obtained 

a full and more precise solution. Consider the result 

m 
of applying the initial magnetisation law of Davies B=bH 

to Agarwals loss equation 

va
te

! 

W N. 

of” 
ee 7 (4-15) 

iS)
 

where 

‘ “yeaa (4-16) 

this gives 

W WP - (4-17) 

and as before 

ieee (4-18)
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This equation bears a striking resemblance to the 

solutions of Davies, Dreyfus and Nejman. This theory 

is, perhaps, still an over emphasis of the effects of 

non-linearity. Firstly, there is the assumption that 

B changes direction instantaneously and that this change 

occurs at an infinitely thin boundary. Indeed, the walls, 

termed Bloch-walls, have a finite thickness ( ref.8@ p 164 ) 

and the change of direction is not instantaneous. These 

theories must over predict the magnitudes of the harmonics. 

Secondly, the process of domain movement is assumed to be 

demonstrated on the macroscopic scale that the domains 

switch in discrete jumps (ref. 8. p 16):) known as 

Barkhausen jumps. This suggests that the very highest 

harmonics may not be over predicted. However, their 

value is only a small percentage of the fundamental, and 

the Barkhausen effect may be thought of as the difference 

between sliding over glass or sandpaper. 

4—-2-10 Comparison of Theories 

The steel loss theories contain an area of common 

ground for if the loss is sinusoidal m.m.f. driven then 

in most theories 

W = pVWwo H (4-19) 

where a and 6 are constants peculiar to the theory and 

Ww one: p are the angular frequency and conductivity of the 

problem. Similarly, if. the loss.is ¢.m.f. or flux driven 

the loss may generally be written as 

as fe: gr (4-20)



  

- 143 - 

where € and t are constants peculiarto the theory. 

a is (34m)/2 for all the non-linear theories with the 

exception of Ollendorf’s, this even applies to the semi- 

graphical methods of Panasenkov and Subba Rao using a 

Davies type ( B=bH™ ) steel. For constant permeability 

m=] and a=2 its linear value. Similarly, in general 

T= a Thus the loss behaviour of the steel is 

essentially very similar in all theories, and the form 

of the loss equations is the same throughout. The major 

difference between linear and non-linear theories is the 

value of the index. Whilst the chief difference in the 

non-linear theories lies in the results for powerfactor. 

At this stage it should be possible to narrow the range 

of choice by relating to previous experimental results 

directly applicable to induction vessel heating. 

  

  

  

  

  

THEORY pf ANGLE a 

LINEAR 0.707 45° a0 

SEMT-NON-LINEAR | 0.707 45° 1.54 

(DAVIES) 

DREYFUS 0.3804 26. 9° 1.55 

nN =O 

STEP-FUNGTION 0.895 26.6" 1.5 

H Sinusoidal 

@ Sinusoidal 0592 23° -             
Table 4—1



  

- dh - 

  

The most important work with relevance to induction. 

vessel heating is that of M.A. Thornton?? . | He undertook 

direct heating tests on mild steel pipe with a sinusoidal 

voltage supply. The tests were made under a range of 3 

supply conditions for four pipe sizes from iz in. ( 43 mm ) 

to 38 in. ( 89 mm ) outside diameter. The pipes were 

standard steam DiLpe. An empirical law is deduced from the 

measured power loss in the pipe: 

pie dt alee (i219 

where 

k = arbitrary constant 

Ll = current in the pipe 

f =, supply frequency 

This result is well in keeping with the theoretical 

general power loss law (4-19), P = BVw/y H™ with @ 

‘taking the value 1-57. From equation (4-18) if a = 1-57 

then the steel index should 0-14, and the value of index 

of this order is found to work well ° Thornton’s 

experimental work proves that linear loss theories with 

a loss variation of I* cannot be applied to mild steel 

at vessel heating power densities. It is a great pity 

that more details are not given in the paper concerning 

the methods of measurement. No attempt was made to 

measure the harmonic components of current, and there is 

some difficulty concerning the powerfactor. The power- 

factor results which, are only given for one pipe, 22 a0
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( 60 mm ) show a wide variance ( fig. 4-3 ). It is 

impossible to tell from the paper whether readings were 

taken from the primary or secondary side of the supply 

transformer. In any case no mention is made of any 

attempt to eliminate stray inductance. Whilst stray 

inductance might easily have lowered the powerfactor it 

cannot raise it, and it is unlikely that there would be 

sufficient stray resistance to raise the pf. to 0.76 of 

one test. Thornton also gives the test results for large 

induction heated vessels. The results are shown to agree 

with the empirical law. He empirically predicts an . 

overall powerfactor for these machines of 0.65. These 

particular tests are the only ones in the paper which 

exactly match the thesis problem where the currents flow 

circumferentially. 

Thornton’s work has been extended jointly by Haywood 

Knights Middleton and Thom?* . Their apparatus formed 

part of the heating section for a study of steam flow 

conditions and, as such, it consisted of a 24 ft ( 7.3m ) 

pipe. The apparatus was arranged to induction heat pipes 

of various diameters with a fixed set of coils. General 

heating tests were conducted over lengths of 24 ft 

(7.3m ) or 16 ft (4.9m ), whilst the high power tests 

were conducted on an 8 ft ( 3.4 m ) length. The high 

power tests prove that Thornton’s empirical formula 

( equ 4-21 ) applies up to power densities of 4OOkW/m* which
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is several times that used in vessel heating. The 

curves obtained in these tests are replotted in MKS units 

in figure 4-4 (the curve for the copper coated tube has 

been omitted). The authors say ’the falloff in power at 

the highest inputs is associated with the progressive 

saturation of the steel tube and is accompanied by a 

serious decrease in the powerfactor’. In this they have 

shown the importance of the leakage flux, for comparable 

loss densities must represent comparable electromagnetic 

conditions in the steel. Hence, the.differmence: in the 

two curves must be due to effects outside the steel. It 

is felt that the discrepancy arises from the design of 

the apparatus. The induction coils were made to heat 

tubes of various diameters, and it follows that the smaller 

pipes must have had a large air gap. The flattening of 

the 32mm od. pipe curve must surely be looked on as a 

leakage flux effect. 

The results of Middleton et al show the two major 

features of induction heating measurement, namely, the 

ease with which the power loss may be gauged and the great 

difficulty in determining the reactive portion due to the 

steel alone. This latter is most unfortunate since the 

differences in the steel theories die chiefly in the 

prediction of powerfactor, apparently a quantity which is 

not easily measured. 

be 50 
Several authors have measured the powerfactor
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and none with any ereater success. For example, Agarwal’s 

measurements of the loss in a torroid are shown in 

( fig. 4—5..). For eddy-current loss is characterised by 

very high currents and very low voltages, making direct 

phase measurement very difficult. Indireet current 

measurement with a coil introduces stray flux effects, 

whilst steel surface voltage measurements are only surface 

quantities and not bulk quantities. 

The loss mechanism is also likely to be upset by the 

geometry of the loss member and by its change of physical 

properties with temperature (App E-4).
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4-3-1 Solutions to the vessel heating problem   

Chapter 2 has shown that induction vessel heating 

depends jointly on the eddy current loss in steel and 

the free flux flow around a conducting steel body and 

e044, There is a literature classification difficulty 

concerned with the ter problem. The effects of free 

flux flow show themselves in a number of ways and there 

are few attempts at a total solution. nence, at. is 

difficult to classify solutions by the effects described. 

Solutions are often made using a number of methods so 

that it is difficult to classify total solutions to the 

vessel heating problem by method. 

The problem will be discussed by initial reference 

to Baker’s theory, which is total and simple, and then 

the simple solutions to parts of the problem given by 

Lozinskii and others will be introduced in the discussion 

of this paper. 

44.2 Baker’s theory 
  

The simplest treatment of the full vessel heating 

problem is due to Baker 4 His paper deals with the 

general induction heating problem, where he shows that the 

performance of a cylindrical workpiece may be represented 

by an equivalent circuit, (fig 4-5 ). Other authors 

have proposed similar circuits”? . However, the import- 

ance of an equivalent circuit lies in the way its 

components are derived. It is worthwhile to look at
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Hig. 4-5 

Baker’s equivalent circuit 

for an induction heater 

each element in turn, assessing its relevant importance 

and accuracy. 

4 AL General circuit criticisms 

If an equivalent circuit is to be meaningful, it must 

simulate the behaviour of the machine from its theoretical 

point of connection. It is not really possible to separate 

the reactances from a supply measurement alone into leakage 

and magnetising components. However, the position of Ry 

between the leakage and magnetising reactances implies 

such a split. It seems more precise to consider the 

vessel resistance Rg. after the reactances in the leakage 

branch of the equivalent circuit. 

4-5-5 Coil resistance and reactance 

Baker was concerned to provide a comprehensive 

solution to the problem of induction heating and as such
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he has allowed for the skin effect in the coil conductor. 

The skin effect is generally present in all heating coils 

above mains frequency. Baker calculates the coil resist- 

ance on the basis of current penetration into the coil 

conductor. Re-arranged and in M.K.S. unites this is 

R, = N’ kam DA, 15 2 (4-22) 

where 

Das coil. diameter 

Kk, = coil space factor 

1, = coil length 

N = number of turns 

Ry = coil resistance 

b, = skin depth coil conductor at heating 

frequency 

It follows that the reactance of the coil should be 

numerically the same as the resistance. Baker holds 

that these relationships apply even to 50Hz operation. 

Indeed Baker says °*’fhe reactance X, is small in 

comparison to the total reactance in high frequency jobs 

and may be neglected. ”’ Thus he clearly intends this 

formula to be applied to low frequency heating. At this 

point it is interesting to compare Baker’s result with 

that given by Stafl and Lammeraner’( p 27 ) for the 

resistance and reactance of a pair of bus-bars. Lt can 

be shown that these form a model of the coil conductors 

when the method of images is applied to the coil 

surrounding a high permeability and resistivity vessel,
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A pair of thin Bus-bars 
  

( fig 4-6 ). Similar solutions can be derived for the 

other’ image condition of a low permeability and resist- 

a ; 
ivity vessel. Stafl and Lammeraner’ give the following 

results for bus-bars: 

. LA_ Sinhp + SinB Es 
R = ahtp Boshp- CosB Oe 

.- L~_ Sinhf - SinB 
sae Rep CoshB = CosB (4-24) 

Where 

; 2b 
CS 

and h,t,L are defined in fig 4-6. 

These equations are plotted in fig 4-7 both for a single 

bus-bar and for a pair. The true current distribution 

lies somewhere between the single bus-—bar case and the 

paired case. The conditions described by Baker of 

current confined to a surface skin depth on the inner 

surface of the coil, and a ratio of resistance to 

reactance of 1, apply over a limited range. The theory
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t79 Pair of rectangular bus- bars 

| | | 
0 1-0 2-0 

t/6 
Isolated rectangular bus- bars 

Fig. 4-7 

Resistance and reactance 

functions for bus-—-bars 

applies where the thickness of coil conductor is greater 

than 70% of the skin depth if the paired bar condition 

is assumed. However, the skin depth of copper at 50 Hz 

is approximately 1 cm so that the minimum depth of 

conductor, applicable to the theory, is 7 mm. If this 

is a square conductor, it represents a current carrying
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Bakers model. single layer coll 
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resistivity 

    
Fig. 4-8 

Resistivity and current density 
  

distributions for square 
  

and circular conductors 

capacity of 230 A. ( at 4-65 A/mm’ ). It seems more 

reasonable to assume a zero reactance and a coil resist-— 

ancé equal to its d.c. resistance for &@ practical vessel 

heater. 

A further complication is introduced by the use of 

round wire. The coil can no longer be treated as a
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solid uniform bar cut by infinitely thin slits. eee 

to the circular nature of the wire some allowance must 

be made for the loss of conductor area ( fig 4-8 ). 

Baker makes the allowance by including an empirical coil 

space factor k,.as a resistance multiplier. It is a 

little difficult to see what Kk. represents. It cannot 

be the coil space factor usually defined as “the ratio of 

active conductor section to. coil section. "(ret53 p 84 ). 

A uniform surface skin effect implies that the resistance 

is decreased by increasing the surface area making k., 

greater than unity for round wires whilst the more usual 

space factor is less than one. It is likely that the 

reduction in conductor area increases the effective 

resistivity by a factor of 4/n in single layer coils 

€ fie 4.5"). On this basis the skin depth increases by 

a factor of V4/n. The system could be analysed in terms 

of a rectangmlar bar whose resistivity increases with 

distance from its centreline according to - 

¢ 

LT ee 
This has the effect of preventing current flow near the 

surface of the coil and, in turn, causes a still greater 

increase in apparent skin depth. Hence, the skin depth 

applicable to the case of circular conductors in a coil 

is likely to be of the order of 14 mn. The idea of the 

coil resistance being its d.c. resistance with negligible 

reactance applies to a wider range of round wires than 

square conductors.
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4-3-6 Leakage reactance 
  

Moving inwards from the coil the next problem 

concerns the flux in the air gap and the associated 

leakage reactance. Baker makes the useful and simplify- 

ing assumption that the magnetic field intensity is 

uniform over the air gap. This has two beneficial 

effects. The first effect is that H at the surface of 

the coil is also H at the surface of the vessel, the 

consequences of this will be discussed in due course. 

The second result is that the calculation of the air gap 

flux becomes straightforward. The leakage flux is - 

ok By — = Wye H. A, Wh (4-26) 

and hence 

ye 
—_ x = wy A/1, Q (4-27) 

where 

A, = cross-sectional area of gap m? 

1. = length of coil m 

Ne = number of curns 

Other authors have attempted to calculate the 

leakage reactance. The paper by Vaughan and Williamson” ;. 

which is primarily concerned with induction heating in the 

10 kHz range, uses a different method of computation. 

Their method is based on the work of Nagioka, who deter- 

mined reactance factors for empty solenoidal coils. They 

modified Nagioka’s work by assuming that the heated load 

carries a flux in proportion to the area of the load 

divided by the area of the coil. This is used as a
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modification of Nagioka’s constant. On this basis the 

leakage reactance becomes - 

  

  

  

  

- 2 — Xe = Ki wiN A,/1, Q (4-28) 

where 

ie ae 2 2 a =. Ke) J oe: Cha: (4-29) 

and 

_K, = Nagioka’s constant (fig 4-9) 

di, = Outer diameter of the vessel m 

d, = Inner diameter of the coil m 

1.0 
] 

K 0-8 — 
n Boe oe 

06 

0% 

e2                 G G2 04.06 06 lee) 

lc 

Fig. 4-9 

Nagioka’s constant 
  

Equation 4-28 is identical to Baker’s formula 4-27 

except that the reactance is reduced by Ky which is 

included to account for the decrease of H across the gap 

and at the coil ends. Reference will be made to Ky in 

connection with the discussion of load resistance. Ky 

is generally close to unity for the range of sizes of 

induction vessel heaters, which justifies Baker’s theory.
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4-4-9 Magnetising reactance 
  

The calculation of magnetising reactance represents 

an acute difficulty. Most authors completely disregard 

it because at high frequencies the coefficient of coupling 

is approximately unity. Baker treats the magnetising 

reactance as a problem of a short coil. A decrease in 

coil length increases the impedance of the leakage branch 

of the equivalent circuit and thus increases the importance 

of the magnetising reactance. He assumes that little m.m.f. 

is used internally and that the major reluctance of the 

magnetising flux path is external to the coil. Baker 

states that this reluctance is substantially independent 

of coil length and inversely proportional to the perimeter. 

25 6Q 
peo 2280.5 [2] (4-30) 

4n 

This is an empirical expression where k is assumed as unity 

for lack of data. It will be shown ( 6-2-4) that this 

equation is approximately true but that k is not a constant. 

Latthwaite >” has also attempted a solution; in this 

case for the magnetising reactance of an open bar-type 

transformer. His method is to calculate an effective air 

gap. The air gap is based on the demagnetising factors 

for ellipsoids calculated by Osborn 4? Unfortunately, 

a prerequisite for these demagnetisation factors is a 

uniform applied field. The field in the case of the bar 

transformer and vessel heater is not uniform. Laithwaite 

has published experimental results which show errors in the 

region of 100%.
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4—~4-8 Vessel resistance and reactance 
  

The assumption that the field strength at the coil 

surface is also the field strength at the vessel surface 

leads to a limitation of uniform current under the coil. 

Baker“uses a semi-linear theory (4-2-3) to calculate the 

loss and derives - 

sie wiN? nd® es Sr yw e Q Q (4-41) 

: Cc 

or 5 Q 

Ry px(e 2u) (94) : (4-32) 

where Q is given below and has been calculated for solid 

ul 

1-0 
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Baker*s P and Q curves 
  

for a solid cylinder 

and hollow loads. Whilst Vaughan and Williamson >” 

assume that H is uniform and decreased by K, (equ 4-29). 

Hence they derive the power loss in a linear material in 

terms of (K, +B The work resistance becomes - 

Ry ae (9) oe eee
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where 

2d q = Sow (4-34) 

They also derive a resistance formula for use with a 

saturated stee1 

Ee Nt ey fl R, = Ki pN ee (3 =)| 2 (4-35) 

On is the maximum penetration depth according to a step 

fuiitehon theory. The penetration depth varies with 

excitation so that the equivalent circuit changes with 

supply conditions. Thorntor uses the opposite assumption 

of current distribution to the preceding authors, 

He calculates the loss on the basis of a uniform current 

spread over the entire surface of the vessel. It: wilt 

be shown that the truth lies somewhere between the two 

extremes. 

Baker has used a linear theory to calculate the vessel 

reactance. If a linear theory is applied to a slab the 

resistance is equal to its reactance. He recognises that 

this is not true for small cylinders and he has derived 

curves of the necessary multiplying factor P in equation 

4-36 below - these are plotted in ( fig 4-10). 

2 2 

_ . wu aS, Lp a (4-36) 
Cc 

Vaughan and Williamsor? Five a constant multiply- 

ing factor which arises from the assumption of a saturating 

steel. The relevant equation is - 

X= O-65R, Q (4-37)
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eeeueesae has dealt with the problem of the effect 

of coil length on load resistance in great depth. He 

describes two approaches; the first is that of the method 

of images as used by Brown, Hoyler. and Bierwirth 9 and 

the second is the electrolytic tank. His figure 14 

corresponds to figure 6-7 of this thesis and is derived 

from. the same equations. Even at this stage in the thesis 

it has been shown that the power loss in the vessel can be 

written as - 

P= nd). fw(x).ax WwW (4-38) 

over the surface of the vessel. Applying equation 4-19 

this becomes-— 

  

P= Ted, « BY wo fac ax W (4-39) 

ti 

Work current g/Io = 0:5 
density | 

| 
| 

Coil c urrent 

density gl=1 
0-5   

      

Distribution of surface current density 
  

over an infinite flat plate under a 
  

current carrying strip (Lozinskii). 
  

Jozinskii has used an equation of the type 4~39 to derive 

resistance factors to account for the non-uniform current
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distribution shown in figure 4-8. Unfortunately, he has 

assumed linear conditions so that ais 2 whereas under non 

linear conditions a is approximately 1-5. Hence, the 

resistance factors calculated from the current density 

curves cannot be applied to saturated steel. Similar 

current distribution curves have been derived for varying 

diameters and varying coil lengths and vessel lengths, by 

using an electrolytic tank. Resistance factors have been 

calculated from these results. However, these curves are 

also based on the linear loss index. Moreover, the field 

system modelled in the tank neglects the magnetising flux 

and this may introduce some small error. Lozinskii was 

concerned to produce data for industrial high frequency 

hardening and annealing work. The non uniform heating 

effect is presented as a ratio of load resistance to 

inductor resistance where both are fashioned from the same 

material. This presentation makes the calculation of 

inductor efficiency easier than the resistance multiplying 

function of reference 39. However, Lozinskii’s treatment 

is not as physically meaningful as a resistance multiplier. 

Notable recent work in the subject of fields surround- 

ing cylindrical coils and conductive bodies is due to 

38, 39,40 This work is based on the harmonic J.Ds Layers 

model (Chapter 3-3). The subject treated is the coreless 

induction furnace which is similar to the induction vessel 

heater save that the core of the furnace consists of molten 

metal whose relative permeability is unity. This problem



  

- 6h = 

is in every way linear. All the field equations are 

linear partial differential equations, both inside and 

outside the core. Lavers’® work is a linear counterpart 

to the thesis problem. The initial harmonic model of 

his problem is simplified ( fig 4-12). The core is taken 

to be continuous and heated by a number of exciting coils. 

io 
  

    
Torco cep 

  
  model 

    

                
Assumed 

Field 

Excitation 

Lavers’ model for the 
coreless induction furnace 
  

The spacial period of the exciting coils is greater than 

thirty times the coil length which gives an approximation 

of an idealised isolated coil and an infinitely long 

conducting cylinder. 

Lavers, like Lozinskii,has calculated factors to 

account for the action of coil geometry on the load 

resistance. Their results when plotted jointly can be 

seen to be in close agreement ( fig 4-13 ). The 

equations have had to be manipulated in order to put them
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Lavers and Lozinskii 
  

on a common basis. The curves are in close agreement 

which is remarkable when the different approaches are 

considered. Lavers’ curves represent a total solution 

to the field problem for a special condition of core 

length. Whilst the Lozinskii solution correctly models 

the geometry but fails to account for the effect of 

current penetration and magnetising flux upon the field 

patterns. These results tend tc suggest that neither 

the magnetising field nor the penetration depth influences 

the resistance multiplier. Thus it seems possible that the 

resistance multiplier may be independent of the permeability 

of the: oad.
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CHAPTER 5 EXPERIMENTAL WORK 
  

CHAPTER SUMMARY 

Two classes of experiment are described ~ experiments (5-2) to (5-8) 

with small diameter model heaters and experiments (5-9) to (5-13) with a 

full scale heater, The model experiments are used to establish the 

detailed behaviour of a heater. It is found that the power loss in the 

vessel is an eddy-current mechanism (5-3) accurately described by the 

theory of Dreyfus” (5-4), (5-6). The permeances of a vessel heater are 

unaffected by saturation (5-7), (5-9) and cannot be described by the 

theories of Chapter 4. An empirical law is derived for the external flux 

distribution, 

The full scale experiments are used to complement the others and it 

is shown that the electrical power measurement method can be corroborated 

by a purely thermal measuring technique. The field surface strengths are 

measured and it is shown that their wave shapes and the supply waveforms 

can be best described by the step-function steel loss theory. 

CHAPTER CONTENTS 

Model experiments 

5-1 Aims and objects of the experiments 

5-2 Initial experiments 

5-3 Variable frequency experiments 

5-h. Steel loss tests 

5-5 The relationship of eddy-current loss to leakage flux and 

magnetising flux 

5-6 Measurement of the flux triangle 

5-7 Magnetising permeance and leakage permeance experiment 

5-8 External flux measurements
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Full-sized experiments: Experiments to measure the effect of the 

coil vessel gap 

Experimental measurement of the power input to the vessel by a 

method similar to Gilbert's method 

Vessel surface field measurements 

Current and voltage waveforms 

Measurement of surface E and magnetising flux waveforms 

Experimental measurement of vessel resistivity 

Comparative criticisms of the vessel models, 

Graphs and tables of results are given in Appendix C where 

graph (3-2) is the second graph of experiment (5-3).
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5 Experimental work 
  

5-1 Aims and objects of the experiments 
  

In any investigation there is always a problem 

concerning the order and merit of experimental and 

theoretical work. Had there been sufficient experi- 

mental work concerning induction vessel heating it would 

have been reasonable to have built a theoretical analysis 

on this and then to have tested this theory experimentally. 

However, Chapter 4 has shown that there is little experi- 

mental evidence on which to base a theory. Hence, .an 

experimental foundation has to be built before any theory 

can be started. A number of points must be clarified. 

Firstly, the loss behaviour in the steel during the eddy- 

current process must be investigated in order that the 

appropriate steel loss theory may be chosen. The suit- 

ability must be judged vis-a-vis the relationship of loss 

energy to flux, current and powerfactor. Secondly, 

measurements of the magnetising and leakage permeances are 

needed for the construction of a complete mathematical 

model. This in turn implies the measurement of the 

external field patterns. Thirdly, the loss distribution 

must be ascertained in order to judge the need for a loss 

distribution factor of the type described in section 4-3-8. 

However, the primary need is for a series of general 

measurements to establish the general behaviour of induction 

vessel heaters.
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5-2-1 Underlying considerations of the initial experiments 
  

These experiments are intended to show the performance 

of induction vessel heaters. As such they should deal with 

a general range of heater dimensions and supply conditions. 

The heater must be simplified so that the experiments can be 

easily understood. Under these conditions each variable 

can be changed in turn. A vessel heater can be reduced to 

a simple coil and vessel system: hence it becomes a device 

with only two elements. In this form there are only three 

supply variables at mains frequency, namely, current, voltage 

and power. This is a practical form of the machine. How- : 

ever, stray losses and stray field distortions must be avoided. 

The field requirements imply that there should be no other 

metal work near the heater, i.e. both the coil former and the 

vessel supports should, where possible, be non-metallic. 

5-2-2 Apparatus used_in the initial experiments 

The majority of apparatus used in the preliminary tests 

is shown in plate l .. The coil consists of 308 turns of 

18 s.w.g wire wound on a wood and fibre former. The 

simulated vessels were made from lengths of 145 mm dia. and 

160 mm dia. steam-pipe. This pipe was used for commercial 

and technical reasons. Commercially it represents a cheap 

and easily available vessel substitute. This pipe section 

also represents a commercial problem, ¢.&. when carrying an 

oil that needs trace heating. Technically, steam-pipe is 

made from the correct material - mild steel. It is.»manu- 

factured to the correct standards. Tt must have a good
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and uniform weld to withstand steam pressure, which is 

also a criterion for uniform induction heating. Moreover, 

if the wall thickness is greater than the classical skin 

depth then it is assumed that the vessel will behave as 

though infinitely thick. Now the linear skin depth of 

mild steel calculated for coil surface conditions when the 

test coil carries 10Ar.m.s. is 2-5 mm whereas the wall 

thickness of the steam pipe is 3 mm. Hence, the steam 

pipe looks like a solid body to the coil and the variation 

of wall thickness does not appear as an experimental vari- 

able. In order to avoid stray losses the vessel supports 

are deal and beech. 

5-2-3 Test method 

The apparatus was supplied from a *variac’ and the 

current voltage, and power measured. Initial trials showed 

that the coil heated, rapidly changing its resistance. 

Experimental practice was to connect the coil to a D.C. 

supply both before and after taking an A.C. reading. 

Measurements of the direct current and voltage enabled the 

coil resistance at each operating point to be found. The 

heater was operated from the circuit as shown. C Pig Seg.) 

Readings were taken by starting from low power inputs 

working up to a supply maximum and then the power was 

reduced. It was hoped that the method of measurement would 

at least average the temperature effects. A Digital PDP-9 

computer was used for the routine calculation of power, 

reactive power and power factor, and the results plotted by 

hand.
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5-2-4 Initial experiment results 
  

In spite of the complications of magnetising and 

leakage reactances, it appears that the behaviour of each 

vessel is governed by a power index law. The power index 

laws are demonstrated by the log-log plots of power and 

reactive power versus supply current, voltage and coil flux. 

The resulting laws are shown in table $=. The indices of 

power loss in the vessel for current, voltage and flux 

excitation do not match their theoretical counterparts. 

Non-linear theories predict that power loss should be either 

Pektli’ for a current driven loss, or p= ky~ °°? for s 

voltage driven loss, this is not found experimentally. The 

condition arises because, in the case of current driven loss, 

the magnetising current depends on the flux level and on the 

magnetising permeance. Under non-linear conditions the 

flux in the vessel is related to the current in. it since: 

peter er. woyeae W (5-1) 

whence : ] 
O-3 eee 

A i) “7 qi-8 Wa. (522) 

Thus the index connecting coil current to power loss in the 

vessel can be expected to be above the 1:97 OL Ra 

Similarly, in the case of voltage and flux driven loss it 

must be remembered that the coil also provides the leakage 

Tiux. The leakace flux is proportional to the coil current, 

this has the effect of reducing the indices. It might 

be argued that an account of the steel behaviour which did 

not include saturation might be sufficient. However, this
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can be ruled out. by considering the effect of a linear mu 

flux loss law. 

P= ko (5-3) 

The magnetising flux is the difference between the total 

flux and the leakage flux so that equation 5-3 can be 

written: 

P= ko} [1-(91/9,)*+ 2 Py /o4 | (5-4) 

but the ratio of leakage flux to total flux is constant in 

an unsaturated system. Hence, a linear theory can only 

give an index of two. This experiment has shown the need 

for a non-linear theory to account for the eddy-current 

effects.in the vessel. It has shown that the behaviour 

is complicated by the magnetising and leakage reactances, 

and that the behaviour is controlled bv the magnetising 

reactance when the vessel is short ( eraph2-3 ). 

INDEX LAWS OF THE FORM Pa F™ 

166 mm diameter vessels 
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5-3-1 Aims of the variable frequency experiments 
  

There were three objects of these experiments. 

Firstly, to investigate the general effects of frequency 

on loss. It is expected that the power will vary as 

the square root of the frequency for a constant current 

in the vessel. Whilst the effect of frequency will be 

different under constant coil voltage conditions, this is 

due to the influence of frequency on the flux levels. 

Secondly, it has been tacitly assumed that the hysteresis 

loss component is insignificant. The classical method 

of separation of losses is based on the variation of loss, 

at a given flux level, with frequency. The ne eer 

loss is frequency sensitive whilst the hysteresis loss/is a 

constant. Hence a variable frequency experiment should 

show the relative magnitude of the losses. The third 

effect is that of scaling. It can be expected that the 

behaviour of the heater is influenced by its size. The 

critical dimension for induction heating is the skin depth, 

and all other dimensions may be measured relative to this. 

Now 6 is inversely proportional to the square root of the 

frequency so that increasing the frequency by a factor of 

four, halves 6. A variable frequency experiment may be 

looked upon as a means of expanding the size range of the 

experimental apparatus.
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5-3-2 Method of test 
  

The supply was obtained from a d.c. driven multiple 

motor alternator set and the method of test was identical 

to the previous experiment. The motor alternator gave a 

frequency range from 25Hzto 100Hz. This range more 

than covers the commercially available mains frequencies. 

It is also of sufficient breadth to enable the separation 

of hysteresis loss from eddy-current loss at 50Hz. It 

also offers a scale range of two. Voltage variation was 

made by changing the excitation of the generator. However, 

the output of the alternator was limited at the extreme 

frequency ranges,being unable to supply the necessary volt- 

age at low frequencies and the current at high frequencies. 

5-4-4 Results of the variable frequency tests 
  

ee ; I: 
The indices of power and reactive power are, Pxf ee 

at" ge geeas , obtained from graphs J~] » in the 

Appendix. If an over-simplified view is taken of the 

mechanisms in the induction vessel heater then the result- 

ing indices cannot be explained. However, when consider- 

ing the variation of power at constant coil current with 

supply frequency, it should be remembered that a component 

of the total current is made up by the magnetising current. 

The magnetising current drives the magnetising flux and 

this flux is related to the loss by Vf’, whereas the 

leakage current is related to the loss by Vf. Thus, the 

law relating power input to the vessel at constant total 

coil current to frequency is an approximate power law
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whose index lies somewhere between 0.5 and 1.5. 

Turning to the measurement of hysteresis loss. The 

classical method of loss separation assumes that both flux 

and losses are uniformly distributed. It may be applied 

to laminations. Under the classical conditions the 

hysteresis loss is Py a vt W (5+5) 

end oane eddy-current loss is Pat (Vay W (5-6) 

A plot of the total power against f* for constant flux and 

thus constent V/f should sive a straight line whose inter- 

cept with the y axis is the hysteresis loss. Graph (3>2 °°) 

shows that the hysteresis component of loss is of the order 

of 1% or less of the total loss. 

The scaling effects show that a larger physical scale 

machine operates with a better powerfactor and efficiency, 

eraph “Fo o4 The prospect is that lareer induction 

heaters are easier to build and that their per unit costs 

will be lower. 

5-4-1 Steel eddy-current loss tests - Objects 

The preliminary experiments (5-2) showed that the 

power input to the vessel was a power law of the driving 

Current. The indices measured in this experiment were 

not those reported by other authors. It was assumed that 

these differences were due to the maenetisine and leakage 

reactances of the neater. It was felt necessary to find 

the true loss to current index which could only be done 

with a machine having a high maenetisins reactance.
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2-4-2 ___ Apparatus 

Apparatus was specially constructed to give a heater 

with a high magnetising reactance. The equipment construct-— 

ed. is shown in plate 2... The magnetising flux path was 

formed by four laminated C-shaped cores bored to give a 

sliding fit over a mild steel cylinder used as the test body. 

The cylinder had approximately 60 mm thick walls and was 

effectively a solid body. The C-cores were held in place 

by brass side-plates which were cut to eliminate eddy- 

currents. The G-cores enclosed the heating coil which 

consisted of 144 turns of 12 gauge wire wound in 12 layers. 

5-4-4 Experimental tests and results 
  

The experimental method was the same as that used in 

the previous experiments. The power input to the steel 

was measured as the net power, being the total power less 

the coli cdoss. The stray losses in this machine were 

reduced by design and neither the side plates nor the cores 

were found to be heated by eddy-currents. 

The results are plotted in graphs 4-] ; The 

relationships from these graphs are - 

1-6 P = kI (5-11) 

and 

Ps Kye" 8 (5-12) 

where P is the power input to the steel, I is the coil 

current and V is the coil voltage. The coil resistance 

is low so that under the conditions of these tests the
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coil volt drop is less than 2%of the supply voltage. 

The voltage index of equation 5-12 can be taken as the 

index for flux variation. The indices measured are close 

to those predicted by other guthora 2 

Moreover, the power densities used in this experiment 

represent a range of 15 to 1 with a maximum of 100 kW/m’? 

which more than covers the usual range of vessel heaters. 

The measured powerfactor lies between 0-81 and 0+75. The 

results can be seen to be intermediate between the extremes 

of the semi-linear theories and the step function theories. 

On the basis of this experiment, the theories of Dreyfus 

and Nejman are closest to the conditions of induction vessel 

heating. 

5-5-1 The relationship of eddy-current loss to leakage 
  

flux and magnetising flux 

The previous experiment has established the relation- 

ships between voltage, current and power within the vessel 

walls. The powerfactor obtained was found to be approxi- 

-mately constant whilst the laws relating voltage and current 

agree with theory. However, the preliminary experiments 

show that the total behaviour of a vessel heater obeys more 

complicated laws. It was the purpose of this experiment to 

try to simplify the problem by establishing the relation- 

ships of magnetising flux and leakage flux to the power in 

the vessel. 

5-5-2 Apparatus 

The experimental model was constructed using the coil
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from the first experiment together the 240mm long, 140mm 

diameter specimen and positioned symmetrically. Two 

additional search coils were added. An outer search 

coil was wound just under the coil at its centreline: 

hence its induced e.m.f. was proportional to the total flux. 

A second search coil was wound tightly on the vessel direct-— 

ly beneath the outer search coil. The induced e.m.f.° in 

the inner search coil was proportional to the magnetising 

flux. The leakage or air gap flux could be measured in 

terms of the difference voltage between the coils. 

The experimental method was identical to that of the 

preliminary experiments. Search coil readings were taken 

at each supply setting. These voltages were measured 

with a true r.m.s valve voltmeter. The temperature of 

the vessel was measured with a copper constantin thermo- 

couple and the temperature at each reading was arranged 

to be at the same value. 

The results show that 

Pin fae (5-13) 
and 

Pa gi°?" (5-14) 
this compares with the measured value of index of power 

with voltage of 2.85 and power with current of 1-6 

measured in the previous experiment. This confirms that the
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magnetising flux is associated with voltage induced in the 

vessel whilst the leakage flux is related to the current 

in the vessel. Thus it would seem reasonable to assume 

that a related powerfactor triangle holds. The angle 

between p4 and g.. is 90+0 and like the pomer bap tor angle 

this may be assumed to be constant. It was hoped that 

the angle could be measured from this experiment but the 

search coil values were such that the equations were ill- 

conditioned. 

5-6-1 Measurement of the flux triangle 
    

The previous experiment failed to measure the angles 

in the flux triangle. Whilst the angular relationship 

could be assumed it was felt that it would be worthwhile 

to perform a simple experiment to measure the angle hone 

The last experiment failed because of the low value of 

leakage flux. The logical solution was to use apparatus 

with a higher proportion of leakage flux to magnetising 

Pele   5-6-2 Apparatus 
  

Similar apparatus was used to the last experiment. 

In this case a 6cm diameter pipe was used as the vessel, 

this gave an increased air gap. The enlarged air gap 

naturally led to much higher values of leakage flux. 

The search coil arrangement was as before consisting of 

an outer total flux coil and an inner magnetising flux 

Coll. 

 



  

Rs 

5-6-3 Method of test 

The experimental method consisted of measuring the 

search coil voltages with a valve voltmeter for a range of 

supply voltages. 

The angle between leakage and magnetising flux was 

calculated by the cosine rule. It is: plgtted in graph 6-/ 

At first sight this result does not appear to agree with 

the previous measurement of powerfactor. However, the 

pipe has a much smaller diameter than any other load used 

experimentally. When the effects of curvature are calicu-— 

lated from Dreyfus’ ee are found to be in 

close agreement. The variation in powerfactor angle is 

caused by a combination of saturation and curvature. 

Thus, 2f this result applied to larger véssels then the 

curvature effects can be neglected and the angle b,-4, 

is a constant and close to the powerfactor angle plus 90°, 

This experiment has shown that when the steel is saturated 

$,-2,, m= 129° for the small cylinder and approximately 125° 

for a slab. 

5-7-1 Magnetising permeance and leakage permeance 
    

The initial experiment has shown that the performance is 

influenced by the: geometry of the heater. This is most 

probably due to the change of magnetising and leakage
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reactances. The following experiment was designed to 

measure the variation of magnetising and leakage permeances 

with vessel length. Baker “ predicts that the magnetising 

permeance should be independent of the vessel length. On 

the other hand, Laithwaite predicts that the permeance 

should increase with vessel length. Both authors assume 

that. the magnetising permeance is not affected by the level 

of excitation. Turning to the leakage reactance, it is 

generally assumed that this is independent of the vessel 

rengtn 475250. 

The apparatus consisted of four lengths of mild steel 

pipe 145mm diameter and one length 160mm diameter. These 

were heated with the coil used in the previous tests 

symmetrically placed. A total flux search coil was wound 

directly under the centreline of the heating coil and a 

magnetising flux search coil was wound tightly on each 

specimen directly under the total flux coil. 

5-7-3 Method of test 
  

The apparatus was connected as in the initial experi- 

ment. In this experiment the surface temperature of the 

vessel was monitored with a copper constantin thermocouple 

placed beside the magnetising flux coil. Readings of 

heater coil current, voltage and power were taken as before 

together with search coil readings for total, magnetising 

and leakage fluxes. D.c.. coil resistance was measured 

with a test current. This procedure was repeated for a 

range of supply voltages at a constant vessel temperature.
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5-7-4 _. Theory 

  
  

  

Fig. 5-2 

Induction heater phasor diagram 

The method of calculation used in this experiment is 

somewhat complicated. For this reason it is felt that an 

explanation is necessary. The phasor diagram above applies 

generally to induction heating, and this experiment is 

essentially a measurement of the phase relationships during 

heating. In this experiment the angle between f. and bys 

and ii and I,: Q is assumed to be 1255 This is an assump- 

tion that the vessel powerfactor is 0:82, and is intermediate 

between experiments 5-4 and 5-6 implying a reduction of 

curvature compared with the latter. The angle between
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the total flux ¢ and the coil current I can be calculated 

from the test as: 

Pate 
a arcsin Pt] (5-15) 

where 

Pr total input power 

R, = coil resistance 

-V = supply voltage 
A 

Now the angle roe, is given by the sine formula in the 

Plux tri anekes Hence 

8 = Arcsin Bing © FI, (5-16) 

Turning to the current triangle the angle 

Totnes B (5-17) 

Again using the sine formula gives 

tr. = t, Singo+8) 
1 Sing (5-18) 

and 

Tot Sin(n-0-B-@) (5-19) 

The magnetising and leakage permeances are easily computed 

from she raulo- OF Lilux tox current.< 

It is shown in graphs7-! ,7-2 that the relationships 

between power, leakage current and magnetising flux are in 

agreement with the non-linear theories for steel. 

In accordance with theories previously discussed in 

4-3-6 and 4-5-7 both the leakage and magnetising permeances 

should be independent of the field strengths. This 25
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borne out by the results plotted in graphs 7-3, 7-4, which 

are plots of the permeances against vessel power. Since 

vessel power is related to the field conditions the curves 

can be said to illustrate this independence. However, 

contrary to Baker’s theory, both the marnetising permeance 

and the leakage permeance vary with vessel dimensions. 

Lengthening the vessel produces a marked increase in the 

magnetising permeance and a decrease in the leakage perm- 

eance. This is shown by graphs 7-5, 7-6. ane former 

is a plot of magnetising permeance arainst work length in 

comparison with Baker’s and Laithwaite’s predictions. 

Althouch Laithwaite claims that his formula allows for the 

effect of length, Baker gives answers no closer to the 

truth, and in this case appears to give the value when the 

vessel length equals its diameter. The second eraph shows 

that Baker over-—predicts the value of leakage permeance. 

The high values arise from the assumption that the 

leakage flux is uniform across the gap. Vaughan and 

Williamson’s correction factor reduces Baker’s value to 

another constant value. 

5-8-1 External flux measurements 

The magnetising reactance can be a controlling factor 

in the design of an induction vessel heater. Since the 

theories for its prediction are in error a closer assess-— 

ment of its path is clearly called for. This entails the 

measurement of the flux distribution outside the heater 

SoO11. The external flux is composed of both the



  

te 

magnetising and leakage fluxes, but the leakage flux is a 

small proportion of the total flux. Hence the total flux 

distribution is close to that of the magnetising flux. 

2-8-2 Apparatus and experimental method 

It was felt that the simplest way to measure the 

flux distribution was by using a fixed Rea of search 

coils, which would enable exactly the same experiment to 

  

    

  

  

  

  

                
  

be repeated over a range of vessel lengths. A sketch of 

the apparatus is shown below. The small diameter of load 
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mxternal flux distribution apparatus 

used in the experiments, 140mm, gave the opportunity of 

measuring the flux levels to over twice the diameter of 

the vessel. 

The method adopted during the test was exactly similar 

to that used in the previous experiment.
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2-8-3___ Results 

The experiment shows that for each coil vessel combin- 

ation the shape of the flux distribution is unaltered by 

the level of coil currents (graph 8-1). Hence, bhig 

supports the results of the previous experiment that 

increasing saturation does not affect the magnetising 

reactance. The test also show: that the external fiux 

distribution conforms to a power law of the form 

p ae 
7 = (32) (5-20) 

which is derived from graph 8-2. Moreover, in this 

experiment it was found that 
2 

d 

Tee + (¥) (5-21) 
W 

where k = 1-25 from graph 8-4. 

This serves as an indication that a simple inverse 

power law applies to an infinitely long vessel, whilst 

slightly higher indexes apply to shorter vessels, and n 

did-notereach 1s52im bens test.
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5-9-1 Full-sized experiments 
  

The preceding experiments are felt to have explored 

the possible variations of performance with a fixed coil 

and varying vessel geometries. The experiments have 

necessarily been on a small scale. Moreover, they did not 

include the impressed temperature effects of a fluid load. 

For these reasons it was decided to build apparatus of 

commercial size. The apparatus would fill two roles, 

firstly a full-sized confirmation of earlier experiments, 

and secondly measure other quantities associated with the 

load and coil more easily monitored on full-sized apparatus. 

It was felt that it should be water loaded and be capable 

of measuring the effects of various coil geometries. It 

would also be equipped to measure surface current and 

temperature distributions. 

The apparatus built consisted of a l-2m high by O-5m 

diameter mild steel cylinder. The cylinder was formed 

from a rolled sheet of 10mm thick steel plate welded along 

its seam. Unfortunately, because of the thickness of 

plate, it apparently proved impossible to produce a 

perfect cylinder and the resulting form had a 5mm oversize 

diameter along the axis of the weld. The cylinder was 

lagged with a domestic hot water cylinder lagging jacket, 

and was filled with waver to 7Omm below the top rim. The 

cylinder was heated by two sets of induction heating coils. 

In order to avoid the problems of coil temperature rise and 

its associated effect on the coil resistance and thus coil
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loss as had occurred in the earlier apparatus, it was 

decided to water cool the coils. The choice was either 

to use a water filled conductor or to use a normal conductor 

and to place this in a water carrying tube. For reasons 

of simplicity, and strength of construction, the former 

course was chosen. It was found that 6mm ’micro-bore’ 

central heating pipe was a suitable hollow form of conductor. 

It was of acceptable size and resistance and also readily 

available at low cost compared with specially drawn conduc- 

tors. Bach set of coils were wound as separate layers of 

33 turns each. For mechanical strength they were wound 

interleaved with a spacer string on to a collapsible drum 

type former and then coated with an expoxide resin paste. 

The paste was allowed to cure before the next layer was 

wound. Finally, the former was removed and the resulting 

coils were bound longitudinally with glass fibre tape. 

Thus each set of four coils of 43 turns each became a solid 

block with great mechanical strength. 

Glass fape Paper 

Ns 

  

Copper Tube String_ Epoxy Matrix 

Fig. 5-4 

Coil cross-section 
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The disadvantage of this form of construction was that in 

placing the coils so closely it became impossible to take 

tappings from the individual layer eos. However, it 

was felt that sufficient readings could be taken without 

need of additional tappings. There is one attendant 

problem of water cooled coils, namely, that the water 

system must not be allowed to short-circuit the electricity 

supply. At some point the electrical and water paths must 

split. This was done by taking the electrical tapping 

from the pipe conductor and inserting a length of non- 

conductive hose between the water supply and each coil 

conductor. Fortunately, Birmingham town main water, which 

was used to cool the coils, has a high resistivity and the 

leakage path through the cooling water was thus restricted. 

Measurements with a megger tester shows that the leakage 

resistance between two individual coils, set up by the 

cooling water input and output through 250mm of 6mm rubber 

tube is 1-6 Ma. Hence the leakage resistance effects canbe 

safely discounted with the apparatus. The cooling water 

circuit is as shown in ( fig 5-6 ) and coil system is shown 

below | 
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Cooling water circuit, 

The coils can be connected in various layers, in 

series or in parallel, so that the effects:.of coil gap 

and coil length may be investigated. The coils were made 

equal and of such a length that at some future date a 

third set of coils could be made, thus forming a rudiment- 

ary form of three-phase heater. 

It was decided that the current distribution on the 

surface of the vessel should be measured. This would 

give a correlation with the curves discussed in section 

(4-3-8) as these curves have not been checked with refer- 

ence to a mild steel vessel, These currents could have 

been measured by current density probes, but it was felt



  

  

~ 90 -« 

that a search coil measurement would give the same 

information with a stronger signal (Section 5-!0O ). 

It was also felt that this apparatus might be used as an 

opportunity to check the power input by the method of 

temperature rise proposed by Ci lteree » and for this 

reason thermocouples were attached to the vessel surface 

over. a longitudinal spread. The couple: leads were glued 

to the surface of the vessel and taken down its length, to 

eliminate conducted heat errors in measurement. Other 

thermocouples have been arranged to measure the internal 

water temperature.
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5-9-2 __Experiments to measure the effect of gap 
  

Initial experiments established that the apparatus 

could not be operated with existing supply arrangements 

with less than 66 turns. The coil system had to be 

operated with two ’coils’ in series, this enabled tests 

to be carried out on a O-6m long single layer coil with 

four possible gaps and on a 0-28m long double layer coil 

with three possible effective gaps. The only means of 

supply variation capable of controlling the 200 Amp coil 

current was by using a number of matched transformers to 

buck the supply voltage, the last of these being supplied 

by. a :varzec ( fig 5-7.). 
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The results of the experiment are shown in graphs 

9-1 &9-2., They show that simple power index laws are 

still obeyed, and that for this size of apparatus the 

index of power input versus current for any coil config- 

uration is close to that predicted by Thornton. in turn, 

this suggests that the magnetising reactance for a large 

coil-vessel system is naturally high and, in these terms, 

the larger the vessel heater the simpler its design and 

the better its performance. The curves of work power 

density versus gap are thus an indication of the effect of 

the change of current density pattern caused by the prox- 

imity of the eat and the decay of H across the gap. 

The curves of reactive power density are formed from 

two components: the reactive element in the steel and the 

reactive element in the air gap. Yow experiments 5-4 and 

5-6 have shown that the power factor is approximately 

constant with excitation and is 08 : taking this value 

enables graph 9-4 to be plotted from graphs 9-3 and   
These curves show that, for a given ratio of coil length to 

work length, the reactive power in the gap is as Baker * 

suggests, proportional to the area of the gap. However, 

the constant of proportionality varies with the ratio of 

coil length to work length. 

It was also found that the resistance of a coil 

measured in ad.c. resistance test ae the same as that 

measured from the temperature rise produced in a known 

flow of cooling water during the alternating current 
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operation of the machine. Thus the proximity effect, 

alluded to by Baker in this general paper, does not 

appear relevant when discussing low frequency coils. 
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to the vessel by a method similar to 

Gilbert’s method 

  

  

All the experimental work of this chapter has been 

based on an implied measurement of loss in the vessel. 

There has been no direct measurement of the heating effect 

in the vessel. The assumption has been made throughout 

that the power input to the vessel is the total coil input 

power less the coil losses. No allowance has been made 

for stray losses. An alternative experimental method is 

required to check this assumption. One way of doing this 

is to use a thermometric method. 

5-10-2 Literature 
  

Ayo’. ar tbone described a method of measuring loss 

distribution in machine cores. His technique is based on 

the thermal behaviour of steel during heating. It is 

concerned with the heat generated in a thermally insulated 

semi-infinite steel slab. He provides a bee aa énsicasl 

solution to the heat flow problem of induced loss. The 

loss at a point is shown to be directly proportional to the 

true initial incremental temperature rise at that point. 

Under normal test conditions the heat loss from a steel 

surface reduces the initial rise of temperature. He shows 

that this can be compensated by adding the initial rate of 

fall of temperature at switch off. 

However, Gilbert’s method is unsuitable for vessel 

heaters as it assumes that the steel loss member is effect-—
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ively infinitely thick which is not true in this case. 

There is a further complication caused by the motion of 

fluid within the vessel. This has the surprising effect 

of causing a localised initial decrease of temperature at 

Switch on. A parallel approach to Gilbert’s method is 

needed if the electromagnetic measurements of loss are to 

be checked. 

5-10-4 Alternative theory 
  

Assumptions 

a That the fluid has reached a fully developed 

flow condition which has a quasi steady flow 

velocity over the vessel surface. 

es That the temperature drop across the vessel wall 

is small. 

O. That the power flow along the vessel walls is 

small so that a one-dimensional analysis may 

be applied. 
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In time 6t power 6H is absorbed by the small element 

of vessel wall. 

Therefore 

OF 68), SH otf S St = pond sox), Set BE (5-22) 

If the power is suddenly removed the vessel continues to 

lose heat to its surroundings and contents. Then 

; H. 64 
O = pc a D 5 ox(22) ots 4 (5-23) 

Subtracting these equations gives 

of a sy { OS _ 59, 55 es - pon sex( $8 Et (5-24) 

In the limit as t~O, the surface power density becomes 

x .{d0, dQ, 
W - po o(ie- s+ (5-25) 

The power loss per unit surface erea may be simply 

measured, by determining the sum of the rate of rise of 

temperature before switch off and the rate of fall after, 

and applying this to equation 5-25. 

2-10-4 __ Apparatus _and_ method 

The temperatures were measured with a copper constan- 

tin thermocouples fed through a reed switch box via a 

Textronic 1 A7A differential amplifier into an x-y chart 

recorder. Every effort was made to screen leads. The 

amplifier gave an output of 0-25V for 1lmV input and the 

chart recorder used the 0-O05in/s and 0-05V/in ranges. 

The temperature constant of copper constantin is 40 nV/C°. 

Hence the chart has a scale of 20°C/in. 

The heater was connected with the two innermost coils
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in series forming a single 600mmcoil, and operated at 

256 V. As a number of similar experiments constitute 

the test, the interval and duration between each test 

was carefully timed at 2 minutes. The experiment had 

to be abandoned when the vessel containing 250kg of water 

boiled over, but by this time more than half the vessel 

had been tested and the results could be calculated on 

the basis of a symmetrical power input. 

2-10-5___ Results 

The temperature measurement curves show that there 

is an initial period of unsteady fluid flow in the vessel. 

This is followed by a steady flow region, readings taken 

in this pericd give graphs /0-1,102 . Each graph shows a 

small instability at switch off, this is due to the equal- 

ising of temperature across the steel thickness and the 

response time of the amplifier. These were used to yield 

the graphs of total slopes which is directly propor- 

tional to the power distribution. The area under these 

graphs was used to give a mean rate of change of tempera- 

ture over the vessel surface. Then the total input power 

is given by 

P = 0 nDis a0 W (5-26) 
at 

where 

C=... 4355. J/keK 
Da =< 2500 mm 
Lay = 1-2 m 

Ss 9 myn 
d@ = 0-595 “C/s 
at 

Hence P = 54. kW
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This result compares with 34.17kW of experiment 5-9. 

It is a justification of the experimental method used 

throuchout the remainder of this chapter. 

510-6 Surface temperature distribution 

Measurements of the surface temperature pattern 

were taken using the same chart recorder apparatus. aie 

resulting curve is shown in figureo-9 . Information 

concerning the flow pattern inside the vessel can be 

deduced from this temperature profile. If the flow pat- 

tern was that of figure 5-8 where a uniform surface 

layer of fluid is in motion, then the fluid temperature 

at a given height x 
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Fig. 5-8 

could.be expected to be 

0, = mCfwax 

where m is the mass of fluid in the moving stream. This 

again must result in a temperature pattern of figure5-9
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which does not compare 

femperature 

theoretical 

measured 

(graph10-3) 

  

  

    distance from vessel bottom 
  

hig 5-9 

Vessel surface temperature distributions 

with the experimental results. This suggests that the 

flow pattern must be of the form (fig 5-!O ) below 
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where the moving layer of fluid is thickened by the 

increasing energy level in the water. This type of flow 

pattern adds a complication to the previous experiment, 

and to the prediction of heat transfer. The heat 

transfer mechanism is discussed in Appendix B.
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5-ll-1 Vessel surface field measurements 

The distribution losses measured in experiment(5-10) 

can also be obtained from field measurements. If the 

current densities in the vessel are known and the relation- 

ship between current and loss is known, it follows that the 

loss distribution is known. This relationship depends on 

the electromagnetic properties of the vessel and can be 

calculated theoretically. The relative magnitude of loss 

along the surface of the vessel is generally given by 

JY 
W, 

W, Jo 

where t is the index which varies between theories but is 

generally taken to be 2-84 or thereabouts and where J is 

the surface value of current density. 
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Fig. 5-11 

Current Density Probes     

Burke and Alder” discuss current density probes 

which show that with the typical arrangement of figure 

5-11 above,the current density along the line of the 

probe ends is given by J= V/o where V is the valve volt- 

meter reading and is the resistivity of the conductor. 

Hence, the valve voltmeter is in fact reading the value
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of pd which is E the electric field strength. Under 

certain conditions E may be measured with a search coil. 

These are that the direction of current flow is known and 

that its path may be followed by a search wire. This 

eliminates the need for welded probes inherent in the J 

measuring apparatus. For this reason 23 equally spaced 

circumferential search coils were wound on the 1-2 vessel. 

Tests were made of each coil arrangement at various supply 

voltages. Throughout the series of tests,readings of E 

were taken using a true R.M.S valve voltmeter, using 

screened leads and a specially constructed screened 

switchbox. 

2zil-2_ __ Results 

It was found that the surface E distribution set up 

by each heating coil arrangement could be normalised into 

a single curve, independent of the supply level (graph 11-1) 

Comparison of the appropriate derived power curve with that 

of temperature test 5-10-2 show a degree of similarity 

(graph 11~2 ). The correlation is improved when allowance 

is made for temperature distribution (5-10-43).
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5-le-1 Current and voltage waveforms 
  

The measurements in this chapter have assumed that 

the currents are sinusoidal. It was felt that this 

assumption should be examined, and hence the following 

experiment was conducted. 

“The large apparatus was used as this came closest to 

a commercial heater. The current drawn by this apparatus 

is too large to enable a shunt to be used to provide a 

current dependent voltage signal. For this reason the 

current waveform was taken across a low value resistor in 

a current transformer circuit. A supply voltage signal 

was taken with a potential divider and was used to give a 

reference for the current waveform. The waveforms were 

observed with a dual trace oscilloscope. The apparatus 

was supplied directly from the mains, and the vessel was 

heated by the fourth layer coil at 233V, 242A, 44kW supply 

COnGI1taioNns. 

As expected the supply voltage is sinusoidal, whilst 

the current waveform contains harmonics and is triangular 

in nature (fie 5-12  ); Chapter 4-2 has shown that the 

only analytical theories capable of predicting the waveform 

harmonics are the limiting non-linear theories which are 

based on a step-function law approximation to the B-H curve. 

The measured current waveform may be built up by adding a
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sinusoidal magnetisine current to a leakage current 

defined in terms of the voltage driven limiting non- 

linear loss solution 

Whence 

I, = 7, (1-299) Sin wt (1-Cos wt) (5-28) 

and 

Lees, Cos wt + T, (1-299) Sin wt (1-Cos wt) (5-29) 

Mis theoretical curve is drawn in ( fig 57!2 ) 

It does not allow for the phase shifting effect of the 

leakage flux on the magnetising current. This is a 

correction which would bring the theoretical and 

measured waveforms closer still but its magnitude is not 

known without measuring the flux triangle. 

It is interesting to compare the powerfactor derived 

from this theory as defined by 

Cos. ¢ = us 

where P, V, I are r.m.s. quantities with the experimental 

value. This gives a theoretical value of 0-89 which 

contrasts with a measured value from experiment 5-4 of 0.78. 

5-13-1 Measurement of surface E and magnetising 
  

The result of the previous experiment implies that the 

steel loss mechanism is complicated and unexplained by 

analytical theory. Moreover, it has been assumed that 

the aa peatoten's mechanism is the same at all points on 

the vessel surface. These two points prompted the
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measurement of the vessel field quantities in the hope 

that a better understanding of this mechanism might 

simplify the analysis of the problem. 

-13-2___Method 
The method of measurement was to record the waveforms 

from search coils on the vessel surface. The 1-2m long 

vessel had coils for this purpose. The surface electric 

field intensity waves were measured directly from the 

individual search coils on the vessel surface. Whilst 

the magnetising flux waves were measured by taking readings 

from pairs of adjacent search coils. The vessel was heated 

as before, and supply voltage used as a reference waveform 

on a dual trace oscilloscope. 

5-13-32 Results 

The resulting waveforms are shown in ( figs 5-13) 

together with the search coil positions and dimensions 

(tableS-2 ). The waveforms were found to be symmetrical 

about the middle plane of the heater coil and for this 

reason only the lower half readings are given. AY) 

waveforms contain harmonics, and, as in the previous 

experiment, it is useful to compare the results with those 

predicted by the limiting non-linear theories shown in 

fig 5°14, 

There are two types of surface E wave forms. That — 

measured outside the coil shown in traces A,BC and 

that within the coil shown in traces.D,E,F. The
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    * Coil width= 50 mn 
  

Table 5-2 
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latter can be thought of as a sinusoidal voltage driven 

effect. 

The trace obtained at the coil mid-plane, as shown 

in fig (5 !4), may be deduced by subtracting the leakage 

flux produced voltage, predicted by a step-function B-H 

law, from the total coil voltage. 

- The region outside the steel is one of current driven 

loss and may be seen by comparing the measured E trace 

with the theoretical curve figure (5-15) 
search coil 

The magnetising/voltage waveforms are not as easily 

explained as the preceding E waveforms. However, certain 

points can be noted. Firstly, the waveforms are weakest 

within the coil and largest at the coil ends. Secondly, 

all the mapnetising voltage waveforms contain spikes which 

correspond to the discontinuity in the associated E waves. 

A consequence of the limiting non-linear theory is 

that the direction of flux density changes at moving 

separation layer. This separation layer progresses from 

the surface into the steel cyclically. The discontinuity 

of surface waveforms occur when this separation layer is 

ao the surface. Assuming that the layer cuts the steel 

surface at a small constant angle, then this would produce 

search coil voltages of alternate positive and negative 

spikes. This is not the case except at the coil centre 

and the eddy-current process cannot be explained in these 

terms. Some rotation of the saturation direction must be 

allowed for. Hence the non-linear theory only partially 

explains the vessel behaviour.
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5-14-1 Exverimental measurement of vessel resistivity 

It will be shown in section 6-4-2 that the vessel 

resistivity is a critical quantity in the design of an 

induction heater. A specimen of the steel used in the 

constrvetion of the 1-2mvessel was machined to a thin 

flat bar and its resistance was measured with a Kelvin 

bridge. This gave the resistivity of the vessel steel 

as 222 nam. 

5-15 -1 Comparative criticisms of the vessel models 

There are a number of areas in which the experimental 

a models diffex from comercial induction vessel heater 

practice, Retort vessels are hemispherically closed- 

-ended structures, whilst the vessel models have been 

formed from open-ended pipe sections. the fult siged 

heater (5-9) has a non-metallic bottom and a 9mm thick 
mile steel 

removable flat/lid. Without the lid it is a scaled model 

of the small apparatus, whilst with the 1id it is a step 

towards the more usual form of retort. Although the 

surface magnetising field pattern was slightly disterted 

by the lid (5-12) it was found tiat the performance was 

the same with and without it. It is felt that this 

‘validates the open ended form of model, with the reserva- 

tion=that the coils are away from the vessei. ends. 

All measurements have been made with the coil and 

vessel symmetrically placed. It has been noticed that 

this is the position of least reactive energy and is the 

best position far the coil. relative to the vessel, this
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may not be practicable, in commercial applications. 

wa commercial vessel usually has « thin stainless steel 

inner cladding to prevent reaction with the vessel walls. 

The vessel modal were plain and without any lining. 

Theoretically, the lining should have no electrical effect 

providing that the mild-steel outer layer is greater than 

the skin depth.
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CHAPTER 6 THECRY CF AN INDUCTION VESSEL HEATER 

CHAPTER SUMMARY 

The problem of Chapter 2 is solved with reference to the experimental 

work of Chapter 5,and the method of images Chapter 3, The latter is 

extended to steels with constant properties and two sets of images are 

substantiated. The leakage permeance and loss distribution are calcu- 

lated in a flat model, whilst a form of inverted ellipsoid is used to 

account for the magnetising permeance, A design method is built from the 

vector diagram; the tables and graphs derived are given in Appendix D, 

Finally, the theory is experimentally verified, 

CHAPTER CONTENTS 

6-1-1 Analysis 

6-1-2 Steel theories 

6-1-3 Reactances 

6-2-4 Assumptions 

6-2-2 Calculation of eddy current loss 

6-2-3 Calculation of leakage flux 

6-2-). Magnetising flux 

6-3-1 Synthesis 

6-3-2 Normalisation of the Dreyfus theory 

6-3-3 Analysis of the vector diagram 

6-L=1 Discussion 

NOTE - The definition of leakage flux used in this chapter is that 4 

: d ge : ; 
given by Baker “ and represents the leakage of the vessel.
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6 Theoretical solution 
  

This chapter develops the theory for an induction 

vessel heater where the vessel is saturated. The object 

is to derive a design method at once both simple to use 

and wide in its application. It is essential that this 

method and theory should agree with the experimental work 

of Chapter 5. 

6-1-2 Steel theories 
  

It was shown in sections (5-4 ) and (5-5  ) that 

the Dreyfus theory for eddy-current loss in steel gave 

the closest fit to the experimental results. This is 

only true if the total current is assumed to be sinusoidal. 

But there is no reason why the Dreyfus theory cannot be 

used, and the harmonic components subtracted from the 

apparent total current. The Dreyfus theory has the 

advantage of being straightforward and simple which makes 

it suitable for design calculations. Hiweger . it is only 

a one-dimensional model and applies to vessel heating if 

the saturation depth is small relative to the coil length. 

6-1-4 Reactances 
  

The main problem lies in the calculation of machine 

reactances (section 2). Owing to the saturation of steel 

this is not as yet amenable to a true analytical solution. 

The possible methods of solution were outlined in section 

4 and the unworkable approaches to the problem may now be
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eliminated. Generality of solution must rule out 

analogues. The continuously variable surface field 

conditions prevent the use of complex functions. This 

leaves two main avenues of solution, the harmonic model 

and the method of images. Whilst non-uniform dimensional 

boundary conditions can be described by a harmonic model, 

the variation of permeability over the surface of the 

vessel inhibits this form of solution. Thus the method 

of images is the only promising solution. This can be 

applied to regions surrounding steel with yj greater than 

100 with no provision that y is constant © ‘ A similar 

image method may be applied to air regions surrounding a 

highly conductive material. The methods have not been 

used together, however, physical reasoning leads in this 

direction. Consider the equivalent circuit (fig 2-4 ); 

it contains two main reactances, a magnetising reactance 

and leakage reactance. The directions of magnetising flux 

and leakage flux, at the surface of the vessel, are nearly 

at right angles to each other, and the total field pattern 

in air is their joint sum. The leakage flux is the 

component which cannot by definition enter the vessel and 

thus fulfils the conditions for a high conductivity image. 

Similarly, the magnetising flux leaves the vessel close to 

the normal and satisfies the requirements for a high 

permeability image. 

There appears to be no previous proof that the method 

of images alone can be used to solve the field problems 

59 of a high We material, whilst reference describes 

a method which requires prior knowledge of the
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solution. Moreover, there is no proof of the 

idea that magnetising and leakage image patterns can be 

derived separately. The following is an attempt to 

justify and verify these ideas. The justification is 

based on the work of Stoll and Hammond. Their paper 

discusses a two-dimensional harmonic model. The model 

consists of a stationary, sinusoidal, alternating current 

sheet separated by a uniform gap from a magnetically 

permeable and conducting plate. Field solutions are 

derived in terms of the magnetic vector potential A, 

where curlA= B and divA= 0. The solution to a semi- 

infinite slab problem gives their equation (17) 

oe, fg “ | _- 10 ,-4(y-x) bog 
eee A a ne ee 

? Ls + V1+jp° 

(6-1) 
where A = re( A eJW*) q = 1/e’ 

ns V2/qe 5 = Vee /iyi
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Shifting the origin to y in equation 1 gives , 

ee a pe 
a = Bee [oaCy-b) , _ vaegp? e aty+b)] Jax 

2 2} q oe ae 

pg + V1+ jp" 

(6-2) 

Rearranging the second term - 

es ——— ae MR [AIP Vissp") 
ee eel 

+ en UTD) Cy VIeap") | ao 

(G5) 

The bracketed term may now be adjusted to give - 

ee Yl anne [ny ery-) + ete 

Haag Tee +. Vira Cee = en U(¥4) 5] 

(6-4) 

This is a pattern of two superimposed image fields. 

The magnetising field is given by - 

(et 48797) (6-5) 

  

mm ACO gad Dip 

and the leakage field by - 

  

A ee ; 
yl ee -etb) {cay ee fe) 

uw: [ee ws + Vi+egjp° 

But the field of the current sheet is 

R dix +b) oo ee (66a) 
Hence it can be seen that the magnetising field is produced 

by a current sheet and its positive image, whilst the leak- 

age field is riven by a different coincident current sheet 

and its negative imace. This result has been derived 

without approximation.
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Since linearity has been assumed in the Stoll and 

Hammond solution and any periodic function may be made. 

up of a sum of sine waves, it follows that the equations 

5 and 6 may be generalised. Hence, it has been proved 

that: 

The field pattern above a steel slab with 

constant properties may be represented as the sum of 

two image fields whose magnitudes depend on the 

properties of the.steel. 

Yet, one problem remains. The vessel material is satur- 

ated and its value of permeability varies over the surface 

of the: eveel. However, the regions where it is small are 

also the regions of low magnetising flux density. The 

errors in this approximation of two super imposable fields 

are such that they are not greatly affected by saturation. 

\ “Approx 
‘ /7—— permeability 

ble | Zz distribution. 

cots 
a 

  

  
Magnetising_flux distribution for 1:2m Vessel (section 5-11) 

Fig. 6-2
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6-2-1 Assumptions 
  

The basis has been laid for the development of a 

solution with the following assumptions: 

ate The influence of vessel curvature on the 

leakage reactance is so small that 

curvature effects may be disregarded 

and the vessel treated as a semi-infinite 

fiat steel sheet. 

Even in small vessels the ratio of 

vessel radius to gap is greater than 10, 

and vessel radius to skin depth greater 

than 30. Baker has shown that these 

values give the same results as a slab. 

as Curvature effects influence the value of 

magnetising reactance and that a three- 

dimensional model must be used in its 

calculation. 

3 That a double field system may be used. 

4, The permeability is large enough for the 

loss in steel to be controlled by and 

to control the tangential surface value 

of field strength. 

5, The initial magnetisation curve may be 

approximated by B= kh;
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6-2-2 Calculation of eddy-current loss 
  

Dreyfus gives the loss in steel per unit area as: 

1-54+(m/2) sik 4 ee i Seat 
We He eves 552 w+ per Se?) 

where 

A, = tangential value of field strength At/m 

Since the tangential value of field strength is the only 

variable in equation 7 , it is reasonable to start the 

19 
analysis with a calculation of its distribution. The 

model based on assumptions 1 and 3 is shown below. 

NI ee, Coy 
1 
r 

        

  

        -NI 

ieee 

Tangential H distribution 

  

The coil is represented by a current sheet of NI/1, At/m 

Hence the total surface value of Hy at Q is given by 

1/2 

NI Sine 
H, (x, 0) ae ea jae du At/m (6-8) 

a1 ./@ 

Substituting for Sin®9® and q and simplifying 

Life 

Rae os ee 1, ay du At/m (6-9) 

a1, 2 

H,(x,0) =
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Hence 

0) » Sel Accten qe ae 

At/m (6-10) 

The solution may be further generalised to account for 

the length of the vessel. The end of the vessel can be 

treated as a corner, and the single current sheet becomes 

part. of an infinitely repeated series of reflections. 

{ ? 
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End effects 

    

The surface field strength becomes 

NI eee ee H,(x,0) = aa) Aretan LAD. | een ae 
oo B g 

At/m (6-11) 

Unfortunately there is no sum readily available for this 

series. However, it rapidly converges and the series may 

be: truncated after a few terms. 

Whilst the magnetic field strength H,(x,0) has not 

been measured, the electric field strength E(x,0) was 

recorded in experiment 5-I[ . Now according to the
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Dreyfus theory E is related to H by 

O-54+m/2 
E(x,0) « Hy (x, 0) (6-12) 

The value of H, is a maximum at x=O , and it is convenient 

  

+ 

to normalise the expression so that. 

0-5+m/2 
E(x,0) ASD 

= |-4 (6-13) 
E(O,0) H, (0,0) 

Hence 

1+m 
2 

: ee he 
E(x,0)))=. BEG{0) ) Aretan "io eeemwotens * 2 2. 

g & 

These curves have been drawn for n=10 and are plotted a 

against measured values of E in graph(6-2p.149). The model 

seems to be a reasonable fit even in regions where the 

eddy-currents are weak. 

Similarly the loss equation 7? may be normalised 

and the surface power density may be written 

  

35m 
wOe0) fH. GeO) | * 
W(O,0) ~ | H, (0,0) (6-15) 

However the total power input may be written as 

ow 
a 

Po -= ro fi ax kW (6-16) 

ow 
ey 

Combining this with equation 15 gives an expression 

in terms of W(O,0)mD1, . This is the power which
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would be put into the vessel if the heat was uniformly 

confined to the area under the coil. The equation is - 

21 

+m 

(x,0) : Hal Oe ©) P = W(0,0) wD 1, 1-2 atx sl.) e217) 
H,.(0,0) 

a 
eB 

© 

The integral part of equation 17 represents the effect of 
necessary 

the current distribution, and it becomes/to define this as 

& Jactor. Ss. equation 17 becomes 

  

Bes W(0,0) mD 1,8 kW (6-18) 

where 

1/21, 

2+m 
2 

S ex+1¢2n1 Ox-1+42In 
) Arctan ———~———* - Arctan-—-—-—=~—-= 
: 2g 2 

ey ie d(x/1, ) 
re énl +1, Wet es): 
SPOTS ee Arotane— 

2g 2g 

(6-20) 

S has been computed for various gap to coil length ratios 

for different values of vessel length to coil length, 

Twenty one image terms were taken and the computation was 

made with a one hundred step simpsons rule integration, 

This was done for m=0Q-1 and the results are shown in
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table D-2 . This factor is independent of size but is 

affected by the angles of the coil vessel geometry. It is 

usualy less than one, and is worsened by increasing the 

ratio of gap to coil length. 

6-2-4 Calculation of leakage flux 5 

The leakage flux can be calculated from the same model 

as the eddy-current loss. Consider the case of an infi- 

nitely long vessel shown below. The total leakage flux 

Nese 
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Fig. 6-5_ 

Leakage flux model. 

passes through the coil centre line and thus 

& 
6 =bpH(O,¥) dy Wb (6-21) 

O 

but 

1/2 

NI_ Sing , 5ing 3 H(O,y) = SRE a + . du At/m (6-22) 

O 

Solving 

NI I a 
H(O oe [Ar ben ao Arctan s7— il, ew) * CEH) 

At/m (6-23)
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Substituting equation 23 into equation 21 and performing 

the integral for ¢ gives 

1 1 Ler \? 
Cc Te 

| eecteny - 24 Log, I ) + ] 

g =H(0,0) me g 
1 | 1 

apm Arc tanz-= 

Wb (6-24) 

Which is identical to Baker’s expression for leakage flux 

with the addition of a non-dimensional multiplying factor 

Hence, equation 24 may be written 

d= pH(O,0)me. G Wb (6-25) 

where G represents the { } part of equation 24, 

Coil 

   
  

    
mm + Ve | | lo | 

C3 - ve Pere tae ie 

Reflected pair of images; part of un infinite Series. 

  

Turning to the effect of limited vessel length, the coil 

and vessel may be represented by an infinite series of 

images reflected at the boundary corners. In this case 

it is more convinent to look on this system of images as 

a series of positive and negative coils as shown above. 

Equation 25 msy now be generalised as 

p= pH(O,0)mDe. je beat ~ Cmt)]} 
pie), 

Wb (6-26)
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Fortunatately a useful simplification may be applied to 

yW this equation. For 

Arctan = = 5-6 and Log, (1+ 6° ) = 9° where @ is 

small. Then using these approximations - 

  

/¢ el: Lo ; be i ty Sith) (6-27) Vent. T enl +1.-(4/1)6 

It is convenient to define a function y such that 
‘l. oD 

oa ae Se lean ah i (ee ae) oo 2 (6-28) 
n=) 

applying equation 27 to 28 

Sra ath) te : ty 
- Tt ena, Ace ( 4/1) on +leeC4/n) ge 
  

(6-29) 

The function y may be further simplified by reference to 

the relative sizes found in vessel heaters. Usually 

(4/n)e«el, ai, so that equation 29 becomes 

2 Yo \ ae 
« (22S ) Peete gels 

ater iat nl. 721 (6-30) 
W N=] 

The series can now be summed using the result given in 

reference 46 page79no.(b.3). 

oo 

iL 
ogre = 4z+Cot nz 4258 (6-41) 

lls) 

Then y becomes 

1 m1, m1, 
Ae eee Cot | (6-32) 

ei ag 

Equation 24 shows that y is independent of the coil to 

vessel gap and has been plotted for ratios of coil length
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to vessel length in graphD-3. The leakage flux may now 

be written as 

g=uH(0,0) me [oe +()-y |] me 6-33) 
Cc 

where the geometrical effects have been reduced to 

seperate functions. The magnitudes of G and (e/19 27 are 

such that the latter generally acts as a correction factor. 

The multiple imave caused by the finite vessel length 

(fig 6-6) influences the field strength at the vessel 

surface, and equation 10 becomes 

1 = Ph. + 
oN 1 ; 

ACOSO) <= ett Arctan| —S- +5 ) Arotant eee 

1, 2g n=! eg 

an liee 
- Arctan|——*—-= 

2g 

At/m (6-34) 

By similar reasoning to that used between equations 27 

and 42 

1 
H(O,0) = 1 Arete as + cin £y| At/m (6-35)
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6-2-4 Masnetising flux 
  

Tt has been established that two currents (6-1-2) flow 

jointly in the coll. One current sets up the leakage field 

and controls the saturation, whilst the other is responsible 

for the magnetising flux. The steel acts as a link between 

the magnetising flux and the surface value of H. Although 

the method of images was used to calculate the leakage 

fluxes, there is no reason why it must be used to calculate 

the magnetising fluxes. The author had hoped that a semi- 

infinite flat image solution would be sufficient to describe 

the magnetising flux. However, whilst the relative flux 

densities are correctly described, the absolute magnitudes 

are reduced. The magnetising permeance is most sensi- 

tive to the topology since it is increased by radius 

effects. Another method of solution has had to be 

attempted. 

Maxwell has shown that if a uniformly permeable ellip- 

soid is placed in a uniform field then it will not upset the 

field pattern. If this is true for case a of ( fig 6-8 ) 

then it is certainly true for case b where the relative per- 

meabilities have been reversed. Consider the effect of the 

inverse of b with respect to the centre of the ellipse. The 

field pattern is now radically altered and shapes are prod- 

uced which closely resemble retort vessels ( fig 6+9').° The 

resulting field pattern is that produced by a single coil 

exciting a retort-shaped body. Now, Osborn has produced 

tables of demagnetisation factors for ellipsoids, and these
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Ellipsoid field patterns 

can now be applied to give an equivalent uniform gap in 

the flux path in b. The equivalent inverse figure to the 

ellipses of same diameter has a length La and the ellipse 

semi-axis becomes D/1 ss and the Osborn curve for the 

demagnetisation of an oblate spheroid plotted for the semi-_ 

axis lemgth c/a is equivalent to the curve plotted for 

D/1., where these are the vessel dimensions. 

This is shown in figure ©-I[O) over: 

Moreover, it has been shown experimentally (5-8-3) 

that the flux outside the vessel obeys the law. 

Bs d i 
aa: a (5-20) 

where n = l 

the flux is that at a distance D and the subscript c 

refers to the coil. Thus inverting the geometry and the 

problem becomes one of nearly uniform flux distribution. 

This again conforms to the idea of an inverse figure type
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Demagnetising Factors 

Thus the magnetising flux may be written as 

= pL DO,-(1,/1,,) NJ Wb (6-36) 

where Op is given above and is the Osborn demagnetising 

facvor.
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6-4-1 SYNTHESIS 
  

The preceding analysis makes it possible to calculate 

the circuit quantities in terms of the heater geometry and 

physical constants. The remaining and more difficait 

problem is that of creating a design method. The designer 

will be confronted with a number of target quantities: 

power input, powerfactor and efficiency. The vessel, 

dimensions will have been decided upon for mechanical 

considerations and the vessel material will, presumably, 

be mild steel by reasons of cost and: performance. The 

designer will be faced wath a maximum power-—density 

constraint and a plant operating temperature range. 

Knowing the operating temperature, he can be expected to 

make a reasonable choice of gap between the coil and 

vessel to minimise thermal losses, and the length of coil 

will be dictated by the power input and permissible power 

density. Hence, all quantities are fixed with the 

exception of coil turns. 

6-3-2 Normalisation of the Dreyfus_theory   

The calculation of power from the Dreyfus theory is 

complicated, and is simplified by a process of normalisa- 

tion. This enables the constants to be calculated once 

and.once only. The only problem is to decide what value 

to use as a normalising quantity. A unique point is 

required on the B-H curve, and the knee point is suitable 

(Pie 0= 54 It may be assumed that a saturated design 

method might fail below this value and that all normalised
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b 0-6872 

m 0.10777 Independent of 

Cos 8 0-80482 temperature 

e 36° 30 

Ha. 2500 
Knee point 

Toe oe values 

Bn 1-371 Wb/m* 

tT 250 nQm 

2 

“n dita ue ‘nee point 

bn 7 -6ie2 mn Wb/m values 

6 0.7118 in (graph D~1) 

hy, 1-042 mm 

TABLE 6-/ 

Mild Steel (Saturated) 
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quantities must be greater than one. 

Define the quantities at the knee point by the 

Sunrex. n, 

Then 

H w \E-— (6 - 37) a yw pe 
Ni n 

and 

, 1l+m 
ek. (: a (6 ~ 36) 
g W 

and 

oi=m 

bs 3 5+m (6 - 39) 
b W 

n +1 

these are the three quantities required in the power 

input calculation. Was go bo vary with resistivity. 

Graph D-1 shows them plotted for mild steel against 

resistivity. The powerfactor is assumed constant and 

depends only on the index of the steel 

Cos @ =4557 (6-40) 

Given the previous table of values, it is now an 

easy matter to scale the loss problem to the level of 

excitation, and the major area of difficulty has now 

moved from the steel to the overall circuit problem. 

6-4-4 Analysis of the Vector diagram 
  

The complications of induction vessel heater design. 

are clearly demonstrated by the complexities of the 

vector diagram. It consists of three triangles, a flux
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triangle, a current triangle and a.voltage triangle. 

Only two angles are known, both of which are equal to 

the complementary powerfactor angle of the steel 

(experiment 5-6). 

These repeated angles lead to a repeated geometrical 

problem. In both the current and flux triangles two 

sides and an included angle are known, and the problem 

in each case is to find the other angle. Hence, it is 

useful to modify the sine and cosine rules for this case. 

A b ae 

A_Vector Triangle 

From the sine rule 

Sin A’ = Sin B (6-41) 

a b 

end from the cosine rule 

b° = a’ +c’-2ac CosB (6-42) 

Combining these gives 

Sin A = ind (6-43) 
yi + ()* - 2(£) Cos B 

All that is needed to find the angle is the ratio of 

the lengths of sides and the angle between them. It has 

been shown that for both flux and current triangles the
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ratio of the sides is a simple function independent of 

the number of turns in the coil (5-7). Equation 43. 

has been plotted for B = 126-6°. for values oy, 

Flux triangle 

In section 6 it was shown that 

P = W(O,0) mD1,8 (6-18) 

Dividing by W,TDL,§ gives 

Wy w(0,0) 

og eee ES re 
1 n 

applying equation 38 and simplifying 

, i+m 
c We 44m 

6. = 8) Wb (6-45) 

Turning to the leakage flux: it has been shown that 

By 1. H(0,0) mDg | a 3 yy | Wb (6-33) 

C 

Combining this with equations 44 and 38 gives 

W a 3+m) 

gat J Bee B5 = Hy tDE | Gs Ey] 
ws 

Wb (6-46) 

Equations 45 and 46 are used as design equations for 

magnetising flux and leakage flux. The ratio between 

p, and p18 used with equation 42 to predict the angle 

between the leakage flux and the back e.m.f. E 

Current triangle 

This is the second of the three vector triangles
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Voltage_Triangle_ 

construction enables a useful trigonometrical result to 

be derived connecting all three quantities. 

first multiply the triangle by I. Then from P drop 

a perpendicular onto OK at Q cutting ON externally at R 

Now 

0Q = P the power input to the vessel 

and NP = I*R the coil loss 

=, (Lea)? 

Then since NP is parallel to OQ 

PQ 
a pai



ELD 

that has to be predicted in a design. Fortunately, only 

the relative magnitudes of current are required to five 

the angles of the triangle. The relative currents are 

fixed by the ratio of magnetising and leakage fluxes. 

Combining 36, 33 and 35 gives 

  

  

NI 1 
oS Se Pn tapes ge | 2. b, a - i arctan’ + eh e-yfape E + L: | 

setae . 

a. uNIn DO, 

(6-47) 

Simplifying 

ae ¥e . s. 
te we & 1 

ler ees BS Th aie ee o jiretense + aig Z | [° > “| 
o o 

(6-48) 

This equation gives results which can be combined with 

equation 42 tongive all the angles in the current triangle. 

The angle between the total current and the back e.m.f. 

is the sum of the angles between T,and I, > and between 

i and @)- The remaining phase shift occurs in the 

voltaze triangle. 

If the assumption can be made that the self reactance 

of the copper of the coil is small, then the voltage 

triangle is readily amenable to solution. The design > 

has already derived the angle between E and I, and the 

efficiency and powerfactor are all that are required to 

complete the solution. The following geometrical
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But Tan@ = oo 

and Tan@= 2 Q 

Hence 

Tan@= 7 Tan 0 (6-49) 

The above equation may be used to determine the running 

powerfactor angle © from the electrical efficiency and the 

angle @ . 

Applying the Sine formula to the voltage triangle 

  

gives: 

V E 
3Sin(180-@, ) FoSLIEe. (6-50) 

but 

wh g, 

ieee (6-51) V2 

Which is an assumption that the flux completely links the 

COLES Combination of equations 49, 50,and 51, yields an 

expression for the number of coil turns. 

  

V2 VK. 

where 

K = = (6-53) 
‘Sin 9, lee i? Pano, 

K is a design function, and is given for a range of values 

of @ and n in Appendix'D. 

The equations derived in this section form the basis 

of a design method. Only the supply conditions, power 

input and electrical efficiency need be known to determine 

the number of heater coil turns for a given coil-vessel 

geometry.
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6-4-1 Discussion 
  

The results taken from the phasor diagram could have 

been derived from the equivalent circuit. However, the 

diagram is a less complicated approach. The equivalent 

circuit has the advantase of highlighting the heater 

behaviour. Naturally each triangle in the diagram 

represents a part of the equivalent circuit. 

The flux triangle is formed from the vessel impedance 

and the air-gap reactance. Hence the phase angle between 

the leakage flux and the back e.m.f. is independent of the 

magnetising reactance. The current triangle represents 

the equations derived for the magnetising and leakage 

branches of the equivalent circuit. The relative values 

of the branches are such as to reduce errors arising from 

the magnetising reactance. The voltage triangle is the 

addition of the coil impedance to the remaining circuit 

impedance. This addition.also reduces the relative size 

of errors in the estimation of e.m.f. 

It is possible to use the previous experimental work 

of this thesis as a check of the theory. A useful starting 

point can be made in that if the magnetising search-coil 

voltage is constant then the loss conditions in the steel 

beneath it are constant. Thus the results of experiments 

5-7 and 5-11 may be used as a check of S (equation 20). 

For a curve of power for different vessel lengths at 

constant gap to coil length, and V 6020) should be a curve 

of Gy The curves come within +10% of each other. The
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-errors-are felt to arise for two reasons. Firstly, 

the vessel outside the coil may well be unsaturated 

and the loss may well be proportional to H® rather than 

the non-linear index used in calculating S. secondly, 

the magnetising flux is assumed to leave the steel 

surface normally , whereas in reality a refractive law is 

obeyed 

Bin, Uh (6-54) 
Sin @. = “Ty 

and thus there is a small tangential component of Ha in 

air, such that: 

Him = En (6-55) 
Br 

Thus the total tangential value of H is (6-56) 

H, = H(leakage) + H(mapnetising) 
in 

It is the tangential magnetising component of H that 

leads to the distortion of the measured surface E 

pattern. Fortunately the effect on S is small. This 

error results in an over-prediction of approximately 3°% 

in the total flux and about a 1° under-prediction in the 

angle ¢ -E. These two errors tend to be self-correcting 

when applied to the calculation of turns. 

The heater coils of experiment 11 are too close to 

enable curves of S for fixed work length to coil length 

to be drawn versus gap. However, the measured surface 

E patterns are consistant and provide a means of 

calculating S from the numerical integral
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    0:1 0:2 0:3 0-4 O:5 

24 

Theoretical Curve 

  

  

100 200 mm 300 400 
Coil length   

_Experimental_¥ curve for 140 mm dia pipe. 

Groph 6:1 

500



~ A 

n 2.82 

S= iW > |B) : (6-57) 
nl. _ | ECO) 

and the results are shown below 

  

  

              

Ca Length Length S S 
=) «| of: Coil. shor Work Measured | Calculated 

mm m m 

19.75 0-6 lee 1-0144 0-967 

28:5 0-6 1-2 1-0186 0-956 

47-25 0-6 le 1-0267 0-947 

46-0 0-6 eee 1-0452 0-947 

Table 6-2 

The function ls + En] of equation 43 is also 

Cc 
required for the calculation of B,/6,+ The expression y 

is verified by holding W(0,0) constant in equation 

and using the results of experiment with constant & 
eS 

which implies constant G, thus a curve of 

V,/V, 2) versus A for constant Vin is an implied curve 

of y Ceoraph6-7'.). This shows very close agreement with 

the theoretical curve. A deviation occurs when the coil 

length is very nearly equal to the vessel length, which 

is to be expected as this violates the theoretical 

assumption that Li, 2 2s: 

The maenetising permeances have been measured 

experimentally ( 5-7 ) and show an agreement within 20% 

of that calculated from equation 36.
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Vessel Vessel Measured Calculated 

length | diameter Am Am 
-—6 -6 

mm mm x1lO AG 

E40 140 OC. 72 0-585 
420 1440 0.94 0.69 
480 140 1-00 0-82 

1800 140 eS 1-02 
480 165 1-20 0-78 

Table. 6-3 

Similarly equation 35 has been checked graphically and 

shows a similar measure of agreement.
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CHAPTER 7 DESIGN STUDIES 

The measured performance of a heater is used as a design specifi- 

cation for three design theories including the thesis method. The 

results are compared with the experimental machine to show the 

competence of the thesis method, 

CHAPTER CONTENTS 

7-1. Design studies 

7-2 Baker's design method 

7-3 Vaughan and Williamson's design method 

7-4. Thesis design method
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2-1 Design studies 
  

The basic equations for a design method have been 

established in the previous chapter. The method and 

necessary functions are given in Appendix D. 

Comparison has been made by relating the analytical 

expressions for each part of the machine performance but 

this gives no indication as to whether or not the errors 

are self-compensating. The only real tést of a design 

method is one of practise. Does it produce a heater 

within the design specification and is it straightforward 

in application? Hence the method will be used to design 

heaters which have already been tested. The following 

are comparisons of the results of this method with Baker’s, 

Vaughan and Williamson’s method and the experimental work 

of this thesis. 

Vessel Material Mild steel 

Length 1-2m 

Diameter QO. 5m 

Resistivity 220 nstm 

Coil Length of coil O-6m 

Coil vessel gap 20mn 

Conductor Water-cooled tubing 

Performance 20kW input to vessel 1%o eff. 

from 187V 50H, supply 

Experimentally measured from graph 

Number of turns 66 

Powerfactor 0-84
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2-2 Baker’s design method 

Baker gives a full induction heater design method 

which will now be used to design the machine specified. 

The special nature of coil conductors used in this machine 

makes it difficult to apply Baker’s coil resistance and 

reactance formulae and hence the design will be slightly 

different in one equation only, being based in this case 

on the electrical efficiency. Moreover, as Baker’s 

formulae are given in c.g.s units these will be used in 

this section with reference to his work. The first 

step of the design is the calculation of the permeability 

of the vessel steel, Baker says ’’determine Hy and w 

from eguation 22” below 

2 -8 Page 2. SFR" 1 1077..(wh Q) (Fat) 

However, is a function of H and Q is a function of up. 

Baker suggests the relationship 

oe ceo (7-2) 
O 

for mild steel. Whilst for a solid cylindrical body 

when d/6> 8, which applies in this case 

ae Ce 
QS ge @ 1 RS (7-3) 

where 

6 iH 5040 Vo/iw cm (7-4) 

and Ho and y can only be found by a cut and try 

procedure and, indeed, Baker assumes a reasonable value 

of Ho: For this initial guess, equation 2 was
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approximated to 

Bee (7-5) 

and equation 4% approximated to 

Q = 26/4 (7-6) 

whence 

a gee 1 pe Vip 6-62 (9.7;) 

W 

This gave an initial value of p of 475. The value of 

. was applied to equations 2, 4, 3 and 1 to find A. and 

then after two iterations the following was obtained: 

H = 724 

i. & FOL 

he eo om 

Qi be oOn a"? 

The full working is not given as this represents a long, 

repetitive, arithmetical calculation. 

The remainder of Baker’s method consists of calculating 

the resistances and reactances in the equivalent circuit. 

R. Re 

oN , AWWA   

  

Xe 

i ae 
o Ln 99-.000 000, 

Fig 2-1 

Baker’s equivalent circuit 
 



ms BBL 

Baker gives 

2 en? 1077 R, = Se ih it (pA) (728) 
CG 

Bn? £N? 107? | aoe iaeemcor te (pA, P) (7-9) 
Cc 

X= 8n2?fN?71077 A : Xe gon a 6 (7-10) 
GC 

Bn? £N2107? 
tes ne ee Po Ce) 

X, = Xo tX tk, (7-12) 

Roth 74x. ax: Xx} as 1 : X, = tS (7-13) 
ie +(X, +X.) 

¢ Re 

Sy ee (7-14) a +(X, 4X) 

Ry = R, +R, (7-15) 

1 (7-16) 

On a one turn basis 

R= 57°5 mQ 

xy = 3Bs2° mk 

xe =. 21-5 m2 

Me a ae mQ 

oe O This is because of the ratio of dianeter 
to coil thickness. 

xy a 99, 7-80 

Xo = 72.6 we 

Ri= 38.5 ma 
R. = 5S4.2 ma
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Then calculated from 

F 

R 
a Wie 0 = 7 ORR 100% (7-17) 

Z = 91-6mn Oo 

Now Baker gives the powerfactor as the ratio Cos ¢@ = Ry 
Z 

and in this case Cos g = 0-656 and . 

PW 
Volts/Turn = Zo 2 (7-18) 

R 

2°16 

Thus for a 18?7V supply 82 turns are required or, 

alternatively, the volts required applied to a 66-turn 

coil is 150V, which does not compare with test results (5-9-2), 

The solution is well in error, both in powerfactor and 

in the required volts/turn. It seems reasonable to 

apply the coil length correction factor given by Lavers” <o
 

The loss equation becomes 

Gacm 2 SLB Tet A O1Gmr W (7-19) 

and all other equations, except thdse derived from the 

above, are unaltered. On the basis of the curves given 

by Lavers, [= 0-87, which gives a powerfactor of 0-607 

and a requirement for 72 turns at1&7 V. fhus the © factor 

represents only a small improvement. Moreover, applying a 

correction in the steel powerfactor to 2045", keeping 

the total steel impedance constant improves the power- 

factor to 0-82 but it still requires 82 turns to provide 

the necessary flux at 187V rms excitation.
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9-3_____ Vaughan and Williamson’s design method 

29,60 give a non-linear steel Vaughan and Williamson 

design theory that neglects the effects of magnetising 

reactance and assumes that heating is confined to an area 

under the coil. Their equations are given in terms of 

inch units. In the following design, to Specification 1, 

the same assumptions concerning efficiency will be made 

here as in the design according to Baker’s method. The 

desipn equations are as follows end are in inch units, 

Ro = NA (7-20) 

Ro ek Ne | (7-21) 

tee NEG (9222) 

it N*D (7-23) 

X, e WE C724) 

where N e number of turns of coil 

e Wice Sida Eve pelo (7-25) 
iE ( 

C 

a 2 
- —W da 

K,) = Ks 4 : + ($ (7-26) 
Cc 

where Ke = Nagioka’s constant for the unloaded coil 

( fig. 7-2) and where Kr is given from an experimental 

curve, Vaushan and Williamson’s curve (plotted over 

page) for K, versus WVf. Whilst 

$42 
gq = Fett foto (7-27) 

sl 5 c 

where s is the coil space factor. C arises from a skin 

effect on the coil, and in this case is taken to be zero, 

as 6, is greater than the conductor thickness. 

As a consequence of the limiting non-linear theory



for steel 

X 
Ww 

hence D 

finally E 

= 457 = 

0-0}    0:00 0.007 0.01 7 Of 
W/E kW/intHz% 

Fig 7-2 

Load resistance coefficient Ko_ 

loss 

=. Gees R. (7-28) 

= 0-65 B (7-29) 
= 15-7(a% - a2 )(K/1,) x 10° (7-30) 

Now the inner coil diameter (4) is 546mm and thus 

whence B 

D 

E 

= 0.700 

: O.86F 

0.0195 

0.344 x 107? 

= 4 0.224 x 1077 

ayes. x To7o 

and by reason of the electrical efficiency 

A+B 

A+B 

100 5 
qT 

0.499 x 107? 

(7-31)
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Now the number of turns is given by 

  

N= V¥p-care)*sCOsDeE)* (7-32) 
which makes 

No = 3 

Whilst the total powerfactor is given by 

oe (7-33) 

BE. = 20.905 

7-4 Thesis design method, 
  

The following is a design to the procedure in 

Appendix D. For Mild Steel of any resistivity table 6-3 

gives 

Ha? 419.09 At/m 

@nd the index of the B-H curve is 

m. = 0.1077 

Now for a resistivity of 220nQ2m graph D-1l (page 238) gives 

.the following: 

: He 4.5 W/m 

9. 0.740 mWb/m 
n 

Table 7-1 shows the general dimensions of the heater. 

ra 

ll 

These dimensions give the ratio of ‘coil vessel gap to coil 

length as ; 

g/l, = 0.0333 

and the ratio of length of vessel to the length of coil as 

Vi, = 2.0 

whilst, ‘the ratio of the diameter of the vessel to the length 

of vessel becomes- 

D/1, =: 0.416 

Hence table D-2(page236) gives 

S =0.92 

In table D-3 (page 226) 

| G = 0.422 
and the vessel length correction factor is 

Ve ee |! 

from graph D-3 (page 240). Table 6-10 (page 240) gives



O; = 0.53 

Since the coil output power density is defined as 

  

oo Supply power - Coil loss W/m2 

c Surface area of the vessel under the coil 

Wom 12142 kW/m? 

The parameters above are the major design constants for the 

vessel. The design continues by calculating the fluxes and 

their phase relationships. The leakage flux is given by 

equation 6-46 

2/ (34m 
= uv, (W/WS) /( ) pDg{G+(g/1,) ¥} Wb 

which makes . 

¢, = 6.4375 mWb 

The magnetising flux is described by equation 6-45 as - 

(1+m) / (3+m) 
‘a t 

= 47D (W/W) Wb 

whence 

2 10.02 mWb 

The total flux is calculated from the cosine rule in the 

f2ux triangle where- 

a aes 2 2 
oy < 305% o7 + 295.6 C9s (36-5) Wb 

thus 

oy = 10.04 mWb 

pance 

479m = 0.0433 

the angle between the e.m.f. and the leakage flux is given as 

“w 

#1-E = 38.4 

from table D-1B (page 235). Now the ratio of leakage current 

to magnetising current is given by egqation 6-48. 

aa
 o, wl -O c ic 

= @ (2/t) Areca. \} ot og j m : 5 a4 : } {Gtgy/1.} 
  

IH
 

Sy 
le | 

Hence
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Number OL Minimum Overall 

Heater Coil Resulting Power- 

Turns Error in the Factor 

Power Supplied 

  

Experimentally 

            
Measured 266 -. 25 Ae e 

Baker 82 ~48Y0o 0.650 

Baker/Lavers 72 -187/0 0.607 

Baker/ Agarwal 82 4.870 0.820 

Vaughan and 

Williamson AS 62% 0.905 

Thesis 66 ie 0.825 

Table 7-2 

Results of the design study set out in Table 7-I 

Then from table D-1A (page 235) 

Now the phase angle between the e.m.f and the current is- 

E-I, = 44.0 

Making allowance for the resistance of the coil 

Tan(V-I,) = nTan(E-I,) 

Since the efficiency is 71% 

7. * 34.4 from table D-:4 (page 237). Hence the 

overall powcr factor is 0.825. Now from graph D-2(page239) 

K = 0.812 

and the required number of coil turns is given by equation 6-52 

| N = VK/Y20 £9, 

Then N = 66 turns 

At this point the design study ceases as the conductor . 

sizes are known. However, it is interesting to calculate 

the coil resistance and to compare this with the measured 

‘value of 245 mm. The coil resistance is given by- 

r* (VCos$) ?P(1-n)/n 

whence R, = 246ma. The design method of this thesis has 

been shown to be adequate both in the prediction of perform. ~ 

-ance and in the simplicity of its application.



CHAPTER 8 CONCLUSIONS 

CHAPTER SUMMARY 

Theoretical and practical conclusions are drawn from the results 

of this thesis (Chapters 5, 6, 7, A) concerning the choice of vessel 

materials, heater construction and performance, 
- 

CHAPTER CONTENTS 

8-4 Scope of work 

8-2 Steel loss ieee ist: 

8&3 Field distribution 

8-4. Vessel material 

8-5 Heater power densities 

8-6 Size and performances 

8-7 Future prospects
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8 Gonclusions eee eae a ee ae a a 

8-1 Scope of work 
  

The work of this thesis has been concerned with the 

selection of a suitable theory for loss in steel, and with 

the development of the analytical techniques necessary to 

describe the external field patterns. The work has 

involved the building and testing of a range of vessel 

heaters, with the aims of establishing their general 

behaviour and a suitable simple design method. 

8-2 Steel loss theories 

It is essential that any steel loss theory applied 

to vessel heating accounts for saturation and need not 

include hysteresis loss. Moreover, it has been found 

that as a consequence of steel behaviour the results of 

such theories are similar. Experiment has shown (5-4 

and 5-5) that the powerfactor angle is of the order of 

a2”. and that the loss obeys power index relationships 

(5-4): on this basis the theory closest to the results 

Se that of Dreyfus’° and Nejman ~“??. © whilst the 

theory of Davies = represents the simplest approach which 

describes the behaviour of mild steel, althoush the power- 

factor angle is in error by an angle of 73° . This semi 

non-linear approach is useful in obtaining a general 

understanding of the problem, in pipoh ene en predictive 

calculations. The flux (5-13) and current waveforms 

(5-12) may be predicted with some confidence by the 

1 HONS. 
limiting non-linear theories and these offer the
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facility of predicting the harmonic content of the total 

current derived from the Dreyfus and Nejman theories. 

8-4 Field distribution 
  

The magnetising and leakage fields of the pulsating 

flux heater problem may be calculated separately. The 

decoupling of fields is only possible because of the 

permeability distribution in this problem, and need. not 

apply, for instance, where the flux was a travelling wave. 

Moreover, the problem as been simplified by the straight- 

forward nature of its boundary conditions which allow the 

use of the method of images. As a result of theoretical 

calculations and experimental measurements, it has been 

shown that the power input is limited to the area under 

the coil. 

It has also been shown experimentally that the 

magnetising field is widely spread outside an unshielded 

vessel. A high permeability flux shield is required for 

safe operation in hazardous areas. The screen is simple, 

straightforward and relatively cheap. The best position 

for such a shield is directly adjacent to the coil, causing 

the minimum magnification of the leakage flux. Since all 

induction heater coils require protection from mechanical 

damage, it is natural that they should be provided with 

some kind of box or cage, and the flux shield is an 

extension of this. The example of section 7 would require 

a 6mm flux shield manufactured as a slitted ring from a
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coil of lamination steel which would form the outer box 

Of the heater. The box shield can be an acceptable form 

of construction. However, ereatly increased magnetic 

loading of the heater would make the weight of a fully 

effective flux shield prohibitive. 

8-4 Vessel material 
  

The coil conductor size is fixed by the supply 

current and the electrical efficiency. The number of 

turns of this conductor in the coil is given by the supply 

voltage and the induced e.m.f. in the vessel to produce 

the loss. The number of turns should be minimised to 

minimise copper volume, which is a statement that the 

flux in the vessel must be increased. Hence, the cost 

of the heater coil depends upon the relative electrical 

and magnetic loadings of the heater. In an unshielded 

heater the magnetic circuit consists of the vessel and 

the free air flux path. A higher magnetic loading can 

be used with the unshielded heater than with a shielded 

heater and is determined by the heating power density and 

the material constants of the vessel steel. 

Since the loss in the vessel is voltage driven, and 

the vessel e.m.f is to be maximised, it follows that the 

vessel resistance ey must be maximised. For a given 

geometry R, is proportional to Vou. In limiting non- 

linear terms the maximising quantity is Ese ee 

Since the saturated penetration depth is E/wB9/P 91,



  

  

          

To/B.? 
i Pes gee fate 2 eel ie Materia avin Canara 

Wrought Iron 250 3-5 

Mile Steel 395 415 

Gast Imon 880 Bre 

Table 8-1 

it follows that raising the magnetic loading increases the 

required vessel wall thickness. The wall thickness is 

proportional to 10/B, Table 9-1 appears to show that 

Cast Iron is the ideal vessel material requiring less than 

half the copper of a mild steel vessel. It will serve as 

a small open unlined vessel but being weak in tension it 

does not have the necessary mechanical properties for a 

sealed retort vessel. Mild steel has the necessary 

mechanical and electrical properties for a good vessel 

heating steel. 

85 Heater power densities 

The magnetic loading may be increased by raising the 

power density. So that reducing the coil length reduces 

the volume of copper in the heating coil but increases the 

necessary thickness of vessel walls. 

Where flux shielding is employed in the magnetic 

circuit it will always be thinner than the vessel. walls
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because it carries flux evenly without eddy-currents, 

and does not represent a difficulty in obtaining high 

magnetic loadings. The chief problems arise from the 

thickness and cost of the vessel itself. Where reduced 

coil lengths are employed there is the added difficulty 

of heat transfer from the vessel walls to the contents. 

Many chemicals processed in retort vessels have maximum 

critical temperatures; coupled with a siven surface 

heat transfer coefficient and bulk vessel content temper- 

ee this defines an upper limit to the power input 

density. If the surface heat transfer coefficient can 

be raised then the heater costs are correspondingly 

reduced. Doubling the heat transfer coefficient doubles 

the permissible power density increasing the vessel wall 

thickness by 20/0. 

8-6 Size and performance 
  

If the surface power density is limited by thermal 

considerations it follows that the power input per. unit 

volume is reduced with increasing vessel size. Vessel 

heating is slower with large vessels. However, there are 

advantages associated with large scale. The magnetising 

reactance is naturally increased with size and it becomes 

much easier to build a large vessel with good coupling. 

Whilst the leakage reactance depends upon the gap, 

the gap is fixed by the surface power density, temperature 

eradient and proportion of thermal loss, all of which are
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independent of vessel size. Hence, the ratio of 

maenetising flux to leakage flux is improved with 

increasing size. Clearly the larger the machine the 

better its powerfactor. 

Experiments (5-9) have shown that the induction 

vessel heater need not be looked upon as an inefficient 

low powerfactor device. There is no reason why machines 

of the size used in these experiments (1-2m long by 

O-Smdia.) and larger should be provided with 

additional powerfactor correction equipment as the 

0-75pf recorded is close to the generally accepted 

economic level. 

The machine is very susceptible to voltage variation 

and a +10% supply change introduces a +25Y difference 

ah input. Hence, care must be taken in the siting of 

the heater to minimise supply variations as much as 

possible. 

8-7 Future prospects 
  

Electromagnetic induction is a low capital cost form 

of vessel heating. However, it uses electricity, a high 

quality fuel compared with fossil fuels, and its running 

costs are proportionally higher. The immediate prospect 

for these machines is for small pilot plant and for large 

retorts where the process requires accurate and rapid 

control. Looking to a future where fossil fuels are 

increasingly scarce and where nuclear generation is
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preponderant, it is likely that the comparative running 

costs will become more favourable to induction heating. 

Moreover, the qualities of simplicity, cleanliness, 

ease of control and economy of materials will have 

increasing relevance. Induction heating has an assured 

future.
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CHAPTER 9 SUGGESTIONS FOR FUTURE WORK 
  

CHAPTER SUMMARY 

Future research is proposed using the existing full-scale 

apparatus as a multiphase heater, and as a basis for large flux 

shielding experiments. The thesis work has shown a need for an 

investigation into the effects of flux induced vibration on heat 

transfer rates. Work is also required to define the explosion 

initiating nature of stray electromagnetic flux. 

CHAPTER CONTENTS 

9-1 Multiphase operation 

9-2 Full-scale flux shielding experiments 

9-3 Vibration and heat transfer effects 

9-). Explosion hazard of stray flux
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Suggestions for future work 

9-1 Multiphase operation 
  

Large single phase loads are undesirable because of 

their unbalancing effect on the supply system. Whilst 

single phase induction vessel heaters of 100 kW could be 

constructed, it seems much more reasonable to attempt 

three phase operation. A single phase load is essentially 

a pulsating flux system whilst a three phase load implies 

a rotating or travelling flux, so that a Scott or Leblane 

type transformer cannot be used to provide balanced three 

phase currents for a single phase load. The two coil 

groups of the 1-2mvessel heater could be used to measure 

the effects of connection to red and yellow, and yellow 

and blue, phases and might be used to even the current 

distribution between phases, at least so that 

f..« Iy/e = af When operated in conjunction with a 
R 

suitably designed flux guided base heater, in this case 

supplied between yellow and blue phases, it could produce 

a balanced three phase heater. 

9.-2 Full scale flux shielding experiments 
  

The small scale experimental work concerning flux 

shields can be reproduced on the 1-2mvessel as a 

justification and verification of this work. 

G9-—4 Vibration and heat transfer effects 
  

Appendix B shows that vibration promotes heat transfer 

from vessel wall to contents. Ultrasonic vibration is 

particularly beneficial. Experiment (5-13)showed that 

high frequency spikes were present in the magnetising
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flux search coil voltages (fig.5-16); it is not clear 

whether or not this sives rise to a physical vibration 

of the vessel. Since there are clear financial 

advantages in increasing the vessel power density, and 

hence reducing the process time, it seems reasonable to 

carry out a two-fold investigation. Firstly, into the 

vibration harmonics induced by induction heating and, 

secondly, into the effects of induction heating vibration 

on heat transfer rates. The latter can be measured by 

a simple experiment, where a small vessel containing a 

liquid such as glycerol is heated by an induction coil. 

The power input pattern can be measured by a series of 

surface resistance coils, acting initially as search 

Soils, The vessel wall to liquid temperature difference 

may be measured directly with a thermocouple. The same 

power input may also be achieved by surface resistance 

coils from a d.c. source, and adjusting the voltages 

across them to sive the desired power input distribution. 

Any difference in the thermocouple reading must be due to 

a change in the heat transfer coefficient. 

G-4 Explosion hazard of stray flux 
  

Appendix A shows that there is a possible explosion 

hazard arising from a combination of steel plate flooring 

and stray fluxes. A definition of this hazard is 

required before steel plates are permitted. in an area of 

stray fluxes.
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APPENDIX A FLUX GUIDES AND FLUX SHIEIDS 
  

APPENDIX SUMMARY 

The reasons for flux shielding are discussed with relevance to the 

explosion producing hazard. Experimental work with a flux shielded 

heater is described. Theories are proposed to account for flux 

shielded coils and flux guided heaters. 

APPENDIX CONTENTS 

A-1 Flux guides and shields 

A-2 Acceptable levels of stray flux 

A-3-1 Flux shields 

A-3-2 Experiments with a flux shielded heater 

A-3-3 Method of test 

A-3-) Results 

A-3-5 Theory 

A-3-6 Design consideration 

A-3-7 Aluminium flux shield experiments 

A-)-4 Flux guided heaters 

A-).-2 Magnetising permeance 

A-1.-3 leakage permeance
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A-1! Flux guides and flux shields 
  

The operation cf a free flux heater has already been described 

in section 2-1 in terms of a transformer where the main flux path 

passes outside the machine through the surrounding free space, The 

flux can set up circulating currents in any stray metal work and the 

interruption of these stray currents gives rise to sparking. In 

ordinary circumstances these circulating currents and the quite small 

sparks that they produce are no more than an inconvenient source of 

additional loss. However, in a fire hazard area this sparking may 

initiate an explosion, Under these circumstances the flux density 

outside the machine and its control and limitation is a matter of 

some importance, 

A-2 Acceptable levels of Stray Flux 

There are no British Standards or Codes of Practice which 

specify the acceptable level of stray flux outside a machine in a fire 

hazard area, Under certain conditions the stray flux can give rise 

to sparking. The stray flux sets up circulating currents in metal 

objects in contact, the breaking of the current path gives rise to an 

attendant spark. Not all sparks necessarily set off an explosion. 

Low level sparking is permissible in hazardous areas, This has led 

to the adoption of intrinsically safe iparatu “ . 

Intrinsically safe apparatus is non flame proof equipment whose 

sparking, according to a break flash test will not cause an 

explosion in a specified class of dangerous atmosphere. 

There are four classes of gasses: 

Methane class, Tests based on an air methane mixture. 

91.7% air, 8.3% methane/by volume.
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Pentane class. Tests on pentane and air in the ratio: 
96.1% air, 3.9% pentane, 

Ethylene class. Tests on ethylene and air: 

92.2% air, 7.8% ethylene. 

Hydrogen class, Tests based on an air-hydrogen mixture: 

79% air, 214% hydrogen, 

Some guidance, as acceptable flux levels, can be obtained from 

the Electrical Research Association's work on sparks in these gas 

mixtures, 

Maximum permissible spark energies. 

In the presence of Zinc, Cadmium or Magnesium, 

Methane Sh. uw W 45 A 

Propane 338 pW 0.95 A 

Ethylene 44d. WW 0.700 A 

Hydrogen 36.1 uW 0.280 A 

In situations where cadmium, zinc or magnesium can be 
excluded, 

Methane 1012 pW ae 

Propane 648 uw Co. 

Ethylene 450 uW 1.9 8 

Hydrogen 112 wW 4.0 2k 

Their work has been concerned with the break flash testing of a known 

inductance carrying a known current.



In each case the spark for explosion is set up by an approximately 

constant stored energy condition. The change of stored energy may 

be usefully exploited in the specification of the stray flux hazard. 

In a linear eddy-current loss system the stored energy per cycle is 

equal to the energy loss per cycle, Moreover this represents the 

worst case, for non linear systems the energy loss is more than the 

stored energy. The spark energy between two metal objects is the 

difference between their joint eddy-current loss when in contact and 

when separated. 

Hence it is clear that the spark energy, and hence hazard, is 

not only a function of the stray flux exciting the bodies but also 

a function of the geometry and material properties of the materials 

in the region of stray flux. 

e.g. The interaction of two thin steel plates carrying flux 
a 

2 

longitudinally. The classical eddy-current loss formulae gives: 

| w
s
,
 

a
e
 4 ty © W = a a W/m (A-5) 

pf 8 

Where h = the plate thickness m 

B = : (A-6) 

F(B) = §° SoahB= CosB (4-7) 
Then the total loss when two plates touch is 

2 2 3 j 

we ov es) W/n* (A-8) 

and the total loss when separated becomes 

a ee she (ee
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The change in loss, and thus spark energy, due to separation is - 

*weh? ( F(2p)- a ( (28) (8) ) dates 

for large 6 

W = are W/m" (A-11) 

When equation A-11 is applied to two steel plates such as might be 

used for flooring, in this case one metre square and 5 mm thick, with 

a resistivity of 220 nQm and a skin depth of 5 mm, very low levels of 

Fa 
flux density are required to set off an explosion, The maximum safe 

level of r.m.s. flux density is: 

360 pT in Methane 

290 uT in Propane 

2)0 ut in Ethylene 

420 pl in Hydrogen 

Moreover, if the sheets are zinc plated this value is reduced to 

approximately 70% of the above. Now the above applies to the case 

where the sheets are laid flat on top of one another and instantan- 

eously parted, Not only is this an unusual situation but it may not 

represent the highest possible spark condition that can be obtained. 

from these plates at the given levels of B. An alternative geometry 

may produce higher spark energies, However, the analysis makes it 

clear that the permissible flux level depends on the area and thickness, 

and upon the quality of the steel work in the stray flux area, There 

is clearly a need for a standard of stray flux and a definition of 

safe steel work. 

x 

B earth = 25-70 yuT.
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A-3-1 Flux shields 

There are two methods of reducing flux levels outside the 

heater. The first is to provide a high permeance magnetic path, 

in the form of a flux shield, The governing equations are such 

that every effort must be made to prevent the flow of eddy-currents 

in the shield, This usually is done by forming an incomplete ring. 

  

      

Shield 

Coil 

Vessel 

  

Fig. A-4 

Typical Flux Shield showing a sectional view 
  

Alternatively, the flow of eddy-currents may be encouraged by 

providing a low permeability low resistivity. shield. However, 

encouraging the flow of current in a shield does reduce the stray 

flux, at the expense of greatly increasing the magnetising ampere 

turns, for it restricts the flux paths and increases the reluctance 

seen by the magnetising flux. 

An interesting combination may be formed from the two flux 

shields used jointly. The steel flux shield providing the first 

line of flux reduction and providing the main flux path, and a low 

resistance shield, of say aluminium, outside this as a final means



of flux reduction. 

A word of caution must be given here in that aluminium must not 

be used without a protective coating in a fire hazard area because 

of the danger of thermic flashing. It is suggested that the shield 

is nylon coated. 

A-3-2 Experiments with a flux shielded heater 

The following experiment was conducted to investigate the 

behaviour of a flux shielded heater. 

A heater of the type shown in figure A-1 was constructed from 

the equipment of plate A-1. It consisted of a 240mm long, 10 mm 

diameter pipe, heated by the 115mm long 160mm internal diameter coil. 

The shield consisted of a single sheet of transformer steel, 240mm 

wide, 0.32mm thick, wound into a 290mm diameter cylinder around the 

vessel and coil. Search coils were wound on the heater coil mid- 

plane,on the vessel, the heater coil, flux shield and externally. 

Search coils were also provided on the inner surface of the shield. 

A-3—3 Method of test 

The method of test was the same as that used in experiment 5-2 

except that the additional search coil readings were taken with a 

valve voltmeter. The coil loss was derived by measuring the d.c, 

resistance with a test current and then calculating the 1°R loss, 

The power input to the vessel was taken to be the supplied power 

less the coil loss, which is an assumption that the shield loss was 

snall, The apparatus was tested over a range of supply voltages.
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A-3-) Results 

It was noted that the shield remained cool throughout the 

experiment. Since it has a very small thermal capacity, this 

indicates that the shield losses were small. When the total power 

is plotted against the supply voltage (graph A-1) it is clear that 

the shield has very little effect. It appears to reduce the 

current drawn from the supply ( graph A~2) by increasing the 

reactance of the heater (graph A-3). The distribution of loss on 

the vessel surface does not appear to be influenced by the shield 

as it requires the same magnetising flux to produce a given vessel 

power (graph A-l,). Moreover, the same relationship between 

magnetising flux and supply voltage appears to hold (graph A-5), 

whilst the leakage flux is clearly increased. The behaviour of a 

shielded heater may be explainedin terms of an increase of leakage 

fix; In spite of the increase of leakage flux, flux levels are 

reduced outside the shield (graph A-7) and the shield carries a flux 

that is independent of the level of excitation. The distribution of 

flux at the shield can be deduced from graph A-8. 

A-3-5 ‘Theory 
The shield may be considered in terms of the method of images 

and the leakage flux image for an infinitely long vessel becomes 

that of figure A-1a (over page). The strength of the shield image 

is increased by the proportion of flux carried by the shield. The 

power input is determined by the value of H at the surface of the 

vessel, The shield influences the distribution of H in the gap so 

that H at the surface of the coil is increased, When the shield is 

moved to the plane of the coil, the Heater coil and its Image coincide
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Fig. A-1a 

Image effect of a flux shield 
  

and there is no distortion of the air-gap field pattern. 

A-3-6 Design consideration 

The previous section has shown that the air-gap distribution 

of flux is only detrimentally influenced by the shield if the shield 

is spaced from the coil, The best position for a shield is thus at 

the coil, and under these conditions design may be undertaken as 

though the shield was absent. The thickness of shield material 

should be chosen to carry the total flux. 

A-3-7 Aluminium flux shield experiments 
  

A shielded heater was constructed using the same vessel and 

coil of the previous experiment, with an aluminium ring type shield,
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shown in plate 4 , of comparable dimensions to the slitted steel 

shield, Initial experiments showed that this form of flux shielding 

greatly increased the reactive power drawn by the heater and appeared 

to produce greater heat in the shield than in as vessel, The 

experimental work was abandoned at this point.
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A-4-1 Flux guided heaters 

The analytical problems associated with flux guided heaters are 

fewer than those of a free flux heater. The chief flux paths are 

formed by laminated cores looped over the heating coil, as shewn in 

figure A-2. 

Lamination Coll 

Se ik 

aN Wall ; = ba 

\ 

LIS A. 
ql 

Fig, A-2 

Typical construction of a flux guided heater 

The reluctances of the magnetising and leakage flux paths are 

controlled by well defined air gaps. The fringing effects of the 

poles have already been studied in problems associated with machines,



= 4 O41, 

—
 

    \   
Fig A 2a 

Mirror Image Model of the flux guided heater of Fig A 2.
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A-4-2 Magnetising Permeance 
  

The magnetising permeance is set by the permeance of the flux 

path which enters the vessel normally. As a first approximation 

t er pole)= p, 2— “s /\,,{ Per Pp bb 4G (A- 12) 

however this does not take account of the fringing at the poles. 

There are two fringing effects - where the fringing is associated 

with the pole only, and the additional permeance may be accounted 

5(p133) 
for by the coefficient given by Bewley 

Hence 

(35°24) A_(per pole)= u,7B\29 '2g/ t (A - 13) 

This coefficient cen only be used when the poles are substantially 

isolated. Whilst the permeance in view (A) is always likely to be 

set by this form of isolated fringing, that in view (B) is more 

likely to become that of (C) which is a Carter's coefficient problem. 

Hence 

/\... (per pole) = p, 2BtC (A - 14) 

Suitable curves of the Carter's coefficient are generally available 

and can be found in Gibbs ( Ref.28 page 123 ). 

  

  

  

    
            

  

  

Fig. A-3
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A- 4-3 Leakage Permeance 

The leakage permeance is the permeance of the proportion of 

the total flux which links the winding but does not link the vessel. 

  

  

  

        
  

  

Fig. A-l. 

Leakage flux paths 

The permeance is like the magnetising permeance again controlled 

by the air gaps in the circuit. The surface of the vessel behaves 

as an impenetrable barrier for leakage flux - this is a consequence of 

section 6-/] , Hence the system of yokes above the vessel surface. 

It may be replaced by a mirror image system. A view along the plane OZ, 

shows that this plane is an equipotential, and is shown in 

é 
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Image 

          ee a lo 
Fig. A-5 

    

Half section of leakage image 

Here region ABCDODCBA represents part of a Carter's tooth 

area, and Carter's coefficient C,, may thus be used to calculate the 

effective permeance of this region,
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Where slot width _ g 
tooth width 4d 

and slot width _ 4g 
gap c 

The fringing effect in the perpendicular plane is also given 

by an application of Carter's coefficient, along the plane. ( fig. A-6). 

  
  

  

        
  

  

  

  
  

    

  

            
  

          
Fig, A-6 

Leakage field pattern at the vessel surface 
  

Here the appropriate coefficient is that of C.o 

Where slot width _s 
tooth width ~ ¢€ 

and slot width . 2s 
gap c 

The leakage permeance of the flux which links all the winding is 

Nez u(t. Co4-Cgn-D (A-15) 

There now remains the problem of the leakage flux which 

partially links the coil. The assumption is made that the flux 

passes straight across the winding.
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Fig A-7 

Section of coil and core 

Now, under the conditions of figure A-7 the m.m.f. at x is- 

He Nd, x / nm (A - 16) 

Then the flux set up by the total mmf. is given by the integral 

4c Me NL Ay 2).a n (A- 17) 

_ fez fe bn 
Nd 2.0 

  

When allowance is made for the gaps between cores the permeance of 

this part of the magnetic circuit becomes - 

ea ( A- 18) 
Cs ieee 

The total leakage permeance is the sum of the permeance outside the 

coil and the permeance of the flux path which partialy links with the 

coil. Hence 

hea Bae iA 13) 

_ bb 1h d Cay + miCao n (A - 20) A =e ( ct 2) c2
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APPENDIX B VESSEL HEAT TRANSFER 
  

APPENDIX SUMMARY 

This chapter is a theoretical discussion of the heat transfer 

processes within the vessel and reaches the conclusion that there 

may be beneficial side effects to induction heating. 

APPENDIX CONTENTS 

B-1 The convection mechanism 

B-2 The influence of the thermal sub-layer 

B-3 The effect of vibration on the heat transfer coefficient 

B-. Possible thermal side effects of induction heating
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Be1- Convection mechanism 
  

The heat transfer mechanism from vessel wall to liquid is one 

of convection. Convection is the transfer of thermal energy by fluid 

motion. It may be divided into two classes: forced convection where 

fluid motion is set up by an external agency, and free convection 

where fluid motion is caused by the changes of density with temperature. 

Convection is the most complex method of heat transfer and, unlike 

conduction and radiation, it is not easily analysed. Generally, 

convection is described by dimensionless parameters. These are group- 

ings of the quantities involved in the problem and, as such, control the 

convection behaviour. There are four chief numbers. The Nusselt 

number 

N, = b ab (B-1) 

AQ k 

describes the ratio of actual heat transfer to plain thermal conduction 

of the fluid in a non-dimensional form, Whilst the Prandtl number 

Py, = 4G (B-2) 

can be thought of as a ratio of kinematic viscosity to temperature 

diffusivity, it provides a measure of the relative rate at which 

velocity and temperature disturbances are propagated through the fluid, 

The third number is the Reynolds number 

Re = Yet (B-3) 

which describes the fluid flow. It represents the ratio of fluid 

inertia forces to viscous fluid forces. Finally the Grashof number 

which is only applied to natural convection 

Gy = Bgp ao (Be) 

This number represents the product of the ratios of bouyancyforces to
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viscous forces, and inertia forces to viscous forces, 

The equations of fluid flow and heat flow are similar and with 

suitable simplifications the laminar problem may be solved analytically 

for flow over a semi-infinite flat plate, 

Nu, = 0:332 Re? P4 (B-5) 

where x is the length of plate considered. 

Whilst the above solution can be derived for a laminar flow condi- 

tion, turbulent flow is not amenable to analysis. Reynolds pointed out 

that if the turbulence effects are so high that they mask the thermal 

conductivity and viscosity effects, the processes of heat and momentum 

transfer are identical, and for turbulent flow 

-4 

Nu, = 0-029 Re, 5 Pr (B-6) 

the analogy is only really reliable for P = 1. The Reynolds analogy 

has been extended by Prandtl and Taylor. 

a ei ee 
velocity 

Momentum Heat 

TURBULENT LAYER S 

OTN ie a 
MINA R é 

THERMAL SUB-LAYER     
  

CT LLL AL 
Fiz. 2-1 

Heat and fluid flow conditions over a flat surface
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This analogy is based on the observation that the degree of turbu- 

lence present in the boundary layer becomes less as the solid surface is 

approached, It is assumed that at the surface there is a layer of fluid 

ce thick) in laminar flow, above this there is a turbulent flow region. 

On this basis the expression for heat transfer from a plate in turbulent 

flow becomes 

Nu = 0-029 Re® Pr | (B-7) 
4 +m (Pr - 1) 

where in general 

O-4 <m < 0-6 

Flow patterns vary between forced and free convection. Typical velocity 

profiles by a vertical surface are shown for both conditions in ( fig B-2 ). 

        

Fl 

Fluid i Free 

Velocity Convection 

Forced 

Convection 

0 Distance from the surface 0 x 

Fig. Be2 

Velocity profiles in free and forced convection 

The chief difference is that in the forced convection case the body 

of the liquid is in motion, whilst in free convection there is a 

maximum velocity region adjacent to the heated vertical surface. The 

Grashof. number plays the same role in free convection that Reynolds 

number plays in forced convection. The higher Grashof numbers indicate
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turbulent flow. Theoretical solutions can be derived farsome simple 

laminar flow problems. For the flat plate problem of height 1 

st 4 Nu, = C (Gr, Pr) (B-8) 

where Nu, is the average Nusselt number, and the values of the physical 

constants are taken at the mean film temperature, which in this case is 

the mean of the wall temperature and the bulk fluid temperature. C is 

given approximately 0-52 and varies slightly with the Prandtl number. 

For Grashof numbers > 40'° when the flow might be expected to be 

turbulent 

af 

Nu, = 0-13(Gr, Pr)° (B-9) 

for a flat plate. 

However, the above results do not strictly apply to flow within a 

vessel, Firstly, because the vessel is essentially cylindrical in nature 

and 23 gives 

Nu, = o-01(4/1) (ar, Pr) (B-40) 

for an open cylindrical condition. Secondly, because the fluid is in 

a circulatory system, A possible flow pattern is shown below which differs 

from the conditions for B-10 in that the velocity varies vertically. This is 

  

Fig. Be3 

Fluid flow pattern in a vessel heater. 
 



Zor « 

borne out by the results of experiment 5-2. Because of the complicated 

nature of the flow pattern there is some confusion as to which formula 

is applicable. Moreover, a common result of these formulae is that the 

heat transfer coefficient is power density dependant. This is a further 

complication when trying to decide a suitable heating power density for an 

induction vessel heater. 

B-2 Influence of the thermal sub-layer 
  

Generally an improvement in the surface heat transfer coefficient 

within the vessel results in a reduction of the first cost of an induction 

heater. The chief barrier to heat flow is the thermal sub-layer 

(fig B-1 >, Some idea of the thickness of the thermal sub-layer is given 

in the table below 

  

  

  

  

    
  

Thermal Kinematic Thermal 

diffusivity viscosity sub- layer 

K Vv 6 

107° m2/s 40 m*/s min 

Water O14 41-0 0-7 

Oil (Mobile 
velocite 6) 0-08 19 be 6 

Glycerol 0-05 650 53 

Stream velocity of 0-06 m/s         
Table B-1 

Table B-1 has been calculated from the formula 19 

Sm 8.9K vi/y! (B11) 

where v' is the fluctuation velocity in the turbulent region of the fluid 

and is taken as 10% of the stream velocity. Clearly any mechanism which . 

can reduce this barrier must improve the heat transfer coefficient.
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Moreover, the thermal sub-layer becomes increasingly important with 

viscous liquids and its reduction becomes a necessity. Equation B-11 

shows that increasing the fluid velocity reduces the resistance to heat 

transfer. It is usual to provide stirrers when heating paint resins or 

similar fluids. The thermal sub-layer can be reduced by the addition of 

roughness elements, or by the use of a mechanism to mechanically break 

down the layer, such as scraped film heat exchangers , ; Other 

methods of improvement rely on increasing the vibration energy of the heat 

transfer surface, This method functions by increasing the turbulence 

near the surface, 

Be3 Effect of vibration on the heat transfer coefficient 
  

Experimental studies have been undertaken by various authors into 

the effects of vibration on heat transfer. Recently Wong and Chon 67 

investigated the effects of ultrasonic vibration on heat transfer. 

They used frequencies in the range from 20-6kHz to 306kHz to increase 

the heat transfer coefficient from a wire suspended in water or methanol. 

They applied vibration to the liquid and not directly to the wire. 

However, their results show a nearly double heat transfer coefficient in 

the natural convection region and up an 600% increase in the nucleate 

7 01 
boiling region. Other researchers have reported increases in 

heat transfer rate with the direct application of ultrasonic vibration 

to the heat transfer surface, Edwards, Nellist and Wilkingon*” 

applied a pulsed vibration to fluid in a heated pipe line. The vibration 

in these experiments were of the order of 0*5Hz and wder certain condi- 

tions an improvement in heat transfer was noted.
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B-. Possible thermal side-effects of induction heating 

Induction heating contains a proportion of vibration loss. Although 

the vibration energy is small compared with the eddy-current loss and the 

hysteresis loss, even a relatively small component of vibration power would 

beof the same order as that used by other authors to enhance heat transfer 5% 

The major component of vibration in mains frequency induction heating is 

400Hz which is intermediate between the ultrasonic frequency heat transfer 

work and the low frequency heat transfer experiments. It seems highly 

likely that this vibration energy may have a beneficial effect on the heat 

transfer coefficient. There appears to be no experimental work directly 

relevant to this effect at 100Hz. An investigation into the level of 

vibration in induction vessel heating and its influence on heat transfer 

rates promises sound engineering benefits.
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APPENDIX C GRAPHS FROM CHAPTER 5: 

NOTE - The graph numbering system is as follows:- 

The first number applies to the section of Chapter 5, and the 

second group of numbers is the number of the graph in that 

section,
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APPENDIX D DESIGN METH 

“APPENDIX SUMMARY 

This Appendix contains the thesis design method derived in 

Chapter 6, together with the necessary design tables and graphs.
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D. Design procedure for large cylindrical vessels, 

4. Choose the coil length on the basis of power density and the 

coil vessel gap to give a reasonable heat loss with the design 

vessel temperatures and thermal insulation. 

2. Look up Wa, fy, S, Og, G andy. 

a: Calculate the coil output power density. 

4, Calculate 4, and from equations (6-46) and (6-45). 

Hence, calculate total flux and g,/f,, to give £5 from 

table D-1A. 

5. Calculate 1/11 from (6-48) and obtain Mies from D.1B. 

6. Knowing the electrical efficiency and the internal powerfactor 

angle EI, look up the factor K in graph D.2, and the 

overall powerfactor angle in table D-4. 

7. Calculate the number of turns from (6-52). 

8. Calculate the total current from the powerfactor and voltage. 

Then calculate the coil resistance from the coil loss and 

total current. Hence choose the coil conductor. 

9. Calculate 1, if this is not equal to that assumed, return to 

step 2 and repeat.
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 BG56.. 3ie0e 2 57st: 37-92: 38,56 

98.79.3962 59.65 1.0.07 40.49 
(40.90. h4.50° 41.70 42.10 42.49 

4.2.87 43.25 4.3263 4200 11.37 
We7d 45009 b5ehby 45-79 46.13 
MG? 1OcOt keh AZ kT WeZo 29 
hBe41 48.435 48.7 49.05 49,36 
49.65 49.95 50.25 50.53 50.82 
54041 51039 51.66 51.93 52.20 
De ue ends. 52.99: 55.25 Soeme 
53.76 5000 She2D 5ShohD She 73 
54097 5520 55.43 55.66 55.88 
66,14 96.55. 50.55 56,76 56.97 
57019 57-39 57.60 57.80 58.00 
58.20 58.40 538.60 58.79 58.98 
59.47 5925959654. 59.72 . 59590 
60.08 60.26 60.3 60.60 60.77 
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62.54. 62.69 62.8) 62.99 63.14 
63.25 63.42 63.57 63.71 63.85 
  

Tables D-1-A and D-1-B 

for mild steel where B= bHO*! 

  

 



- 236 = 

POWER DISTRIBUTION FUNCTION 
  

  

  

    

S( 2/1, ,1y/1¢) 

Gap Vessel length 
Coil length Coil length 

1 2 3 4 5 10 

0.05 0.8934 0.9457 0.9517 0.9504 0.9498 0.94.90 
0.10 0.83505: 0.9232 0.9325 0.9437 - 0.9373. 0.9142 
0.15 0.7932 0.9088 0.9323 0.9451 0.9433 0.9487 
0,20 0.7649 0.9052 0.9428 0.9583 0.9590 0.9663 
0.25 0.7516 0.9127. 0.9572 . 0;9780 0.9624 0.9924 
0.30 0.7380 0.9233 0.9734 0.9957 1.0127 1.0242 
0.35 Os 7954 0.9297 0.9954 1.0223 1.0335 4.0548 
0.4.0 On 7205 e595. 170457 = 1.0871 1.0617;..2 4.0872 
0.45 0.7517 0.9474 1.0344 1.0711 1.0916 1.1263 
  

(from equations 6-18 and 6-20) 

Table D-2 

LEAKAGE FLUX FUNCTION 

  

  

  

¢ i, 

Gap 0.00 0.01 0.02 0.03 0.04 
Coil Length | 0.05 0.06 0.07 0.08 0.09 

0700-9 Pees 0.4105 0.4159 0.4216 0.4274 
0.05 0.4336 O.4402 O.4471 O.4544 0.4622 
0.40 0.4704 0.4792 0.488; 0.4982 0.5086 
0.15 0.5195 0.5309. 0.5429: 0.5555" 20.5606 . 
0.20 0.5822 0.5964 0.6111 0.6263 0.6424 
0.25 0.6583 0.6751 0.6923 0.7100 0.7281 
0.30 0.7467 0.7657 0.7851 0.8049 0.8252 
0.35 0.8458 0.8668 0.8882 0.9099 0.9320 
0.40 0.9544 0.9772 1.0003 4.0237 41.0474 
0.45 4 (atk 4.0957 4.4203 1.1454 1.1702       
  

(from equations 6-2) and 6-25) 

Table D-3
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A Efficiency 

60 65 7 75 80 85 90 95 

30 WG-44 220.57) 22.01. 254 24.79 264k. 27646. 28.75 
34 4003) 24.55. 1 22.81 s2hee6 . 25567 27:06> 28.40. 129.72 
B2.\. 20.55 2 22.10: 25.65 2 25544 6.56 . 27:98" 29.35. 50670 
33 1629" 22.09%. 2h .ho: 2h.97 2 eisk>.. 28.90 30.54- (o4.b7 
3h 22-03% 23160 25.28. 26103, 28.35 2 29283. 34.26 52565 
55) 120279 oh ky 26s1d4 es Saath 29526: S0n76 32,22. 35563 
36 25.55 opens 26,96.) 20059): SOAT. SNe 10 53618 Sh 62 
a7 Beds 2640" 227.01 -29eh 7 51.08 52.66. 34-645, 55.60 
S02 (25.40 26.92 2 20.68. 50gs 7 ee01 95.59. 55.14. 36.58 

39 25591 2127.16 29.50. Steet Deok: D4.5k ~ 36.09 37.57 

40 G6.72.2 28.68:..30.45 32,48 455.07... 55.50 37.06... 38.56 
4A 21405 529. alee S010 4 ole Oe 3006. 58.08. 39255 
42 20250 D0eo4 Decce 54509 D5e7] 2 D143. - 39.02 hODR 
43 29.05 = 01.22 Sad oho? «| 56.72 58.40... 40.04 Ae 

AA 350-09; 432.126 34.006. 55.92 37.69. 39.58: 41.00 - 42.55 
45 | 30.96 33.02 34.99 36.87 38.66 40.37 44.99 43.53 
46 | 34.85 33.95 35.9) 37.84 39.64 41.36 42.98 44.53 
47 32576. 508. 36.90 SOLE1.= 40.65 © h2,55 43.98 85.55 

4.8 35.68 35.85 37.86 39.79 41.62 435.55 44.99: 46.54 

49 34.62 36.79 38.84 40.79 42.62 44.36 46.00 47.54 

50 55.57 -25%-10, -39e0k.. YAT9 45563. 45.37 47.01 48255 
4 36.52 38.75 40.8% 42.81 44.65 46.39 48.02 49.56 

52 57.52.. 59.76 41.86 45.83 45.68 A741 = 49.0, “50.57 

53 38.53 40.78 42.89 44.87 46.71 48.44 50.06 51.58 

5h 39.55 1, 62 See 5.9K 7. 716. 49.48: 54.09 652559 
55 40.59 42.87 44.99 46.97 48.81 ° 50.52 52.12 53.61 
56 44.66 225-9) - 46.06, 48.05 49.87 51.57. 53.15 54.65 

Sy O07 115-05 W715 9st = 50.93 52.62) 5h.19 55k 

58 SO, 16.45. 48, 25.. 50.20) 52701 53.68. 55.23. 56.67 
22 1,96 9.25., 49.36 51250. 53109 5h. 7h =. 56.27 57.69 

60 W610 8239 6502407 52.44 7 548 $5.62. 57.52. 258.71 
61 Lilse7 49. bln ages. 199595 2255.28 © 56589 (58.37 = 59. 7k 
62 ELS 150,72) 52.7007 55.67 56.39 57.97, 59.85 © GOL77 

63 49.66 54.91 53.95 55.81 57.51 59.06 6.49 60.79 
6i.-|. 50289 535512 55.135 56.96 58.63. 60.15. 61.55 62,82 
65 52.15 5.35 56.55. 58.13. 59.76 61.25, 62.61 63.66 

66 53.42 55.59 57.54 59.31 6.90 62.36 63.68 64.89 

67 Bly (72 2280.85.58. 77 ~~ OOsR9: 62205. 63.46 . 6h, 75 65.95 
68 56.05 50.14h- 60.01 61.69 63.21 64.58. 65:82 66.96 
69 57.39 59.44 61.26 62.90 64.37 65.70 66.90 68.00 

70 58.76 60.75 62.53 64.11 65.54 66.82 67.98 69.04 
A 60.15 62.09 63.81 65.34 66.71 67.95 69.06 70.08 
72 61.56 63.44 65.10 66.58 67.90 69.08 70.15 74.12 
B 63.00. GLB 6631. 67.82 69.09 70.22: 71.2) 72.16 
7h Gi k6 66.20 *67273. 69:08 70,282 91.56. 72.55 75a 
to 65.9% 67.60 69.05 70.34 71.48 72.50 73.42 . 7h.25 
76 6/.dden’ 69002. O0hD 74561 72.69 - 73.65 TSS. 2 7b e50 
77 68:96 70:45 71.75. 72,09: . 73590. 7h. Bt 75.61. 165k 

78 10 Giaci4c09. 15644. eed Tout: 75.96). T6571 Mis o9 
79 72.05° 73.35 %heAB 75.47 76.3h 77.12 77H 78.4e 

SO.) 73562 7.82 75.86 76.77) 77-57 © 78.28 |. 78.92, 79549 
84 75.24. 76031. 77-25 © 78.08. (78.80 79.45 80.02 ..60,54, 

82 76.82 77.80 78.65 79.39 80.04 80.61 81.13 81.59 

83 78.44 79.30 80.05 80.70 8.28 81.78 82.23 82. 64. 

8h 80.07 80.82 681.46 62.02 82.52 82.95 83.34 83.69 

85 81.70 82.34 82.88 83.35 83.76 84.12 84.45 8h. 7h 

86 |) 83:35 83.86 | 84130 8h.67 85.01. 85.50: .05.56. 85.79 

87 85.04 85.39 85.72 86.00 86.25 86.47 86.67 86.84 

88 86.67 86.93 87.15 87.34 87.50 87.65 87.78 87.90 

&9 88.33 88.46 88:57 88.67 88.75 88.82. .68.89 © 88.95 

  

Tabie D-4., 
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Graph _D 2 

Factor K_from equation 6-53
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APPENDIX E THE DREYFUS LOSS THEORIES FOR SATURATED STEEL 

APPENDIX SUMMARY 

The work of Dreyfus concerning eddy-current loss in cold 

steel is restated in M.K.Sunits. It is shown that the semi- 

infinite flat plate solution may be normalised; this theory is 

applied in Chapter 6. 

APPENDIX CONTENTS 

E-1 The Dreyfus loss theories for saturated steel 

E-2 Eddy-current loss in a semi-infinite flat plate 

E-3 Extension of the semi-infinite flat plate solution 

E-4. Eddy-current loss in a solid cylinder
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E-1 Dreyfus loss theories for saturated steel 

Extensive use is made in this thesis of the theories of Dreyfus 

and Nejman for the eddy-current loss in saturated steel. The 

foundations and implications of these theories are discussed in 

section }-2-7. However, the Dreyfus theories are given in a mixed 

form of c.ges units. whilst the work of this thesis is in SI units 

Hence it is felt that would be instructive to rework the solutions 

in the m.k.s system using the equation B= bH” for the initial 

magnetisation curve. 

E-2 Eddy-current loss in a semi-infinite flat plate. 

The solution is only concerned with the variation of field 

quantities with depth, and is one dimensional. It starts from 

Maxwell's equations. 

Curl Hed (E-1) 

and 

dB 
CurlE = -3 (E~2) 

The resistivity of the steel is assumed constant and the flux density 

is assumed to vary sinusoidally. Equations 1 and 2 may be written in 

one dimensional form as - 

dH 2 == te 
ax = J bm (E 3) 

and 

ad ee 2 
dx ~ fp Afm (E-),) 

Combining these equations and normalising in terms of surface values 

gives: 

a (HAL) Som 
h H —= - 1G & ® (8-5) 

Ms 8 a(x/h)
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where 

§ =4/50- n° (6) WH, 

and 
8 

day ee a (7) 
Equation 5 is solved by the relationships - 

* x \1+ M4) /2) (2/(1-m)) 

B= (-) ) (2-8) 
and 

: ( -z)" (+9) 
‘s 

The power flow per unit area is calculated fron the Poynting vector as: 

2 ees aa 
0 ay (t+ M(t +m)/2) W/a” (8-10) 

Substituting into equation 10 from equations 6 and 7 and simplifying 

gives: 

  

  

3+m wee “Ve ( 2 ) 2 (1+ jVan)/2) 
\ 3+ m 1+m 

W/m? (B10) ° 

Hence the power factor is independent of the level of excitation 

providing that the steel is saturated and that the index is constant. 

a pf = - (E-11) 

When m= 0.1 the power-factor is 0.81 

  

Dreyfus explains that as a consequence of equation 9 there is no 

electrical activity below the depth h. At h the permeability becomes 

infinite and this effectively traps the flux. He goes on to define an 

effective depth of power penetration: which is the depth of steel 

required to dissapate power at the surface loss rate to give the same 

total loss. This is shovm to be :



— Oe ~ 

. o h(n-1 ) mn (E~12) 

eft... m+ 5 

Combining this with equation 7 

1+ m 
  

4 
= 6 Sete tt 

St 

eee 4+m 2 - (E 13) 

Now since 

1<m<0 then 6/2Sh, np S0/263 

the power penetration depth is very close to its linear equivalent. 

E-3 Extension of the semi-infinite flat plate solution. 

The previous solution may be usefully extended for induction 

heating purposes, where the circuit is voltage is voltage driven. 

Firstly by calculating the magnetising flux and secondly by normalising 

the loss equations so that the difficult expressions need only be 

calculated once. 

The value of electric field strength at the surface By may be 

derived from Ohm's law and equations 3 and 8 

Boe HH, (ee el i + 7 V/n (E-1,) 

The flux per unit length of periphery may be calculated from this 

  

  

equation and may be simplified to - 

|$| = a ve » ae V2(1+m) Wh/m (+15) 

Turning to the problem of normalisation, it is explained in 

section 6-)-2 that a unique point is required on the B-H curve. 

The permeability of steel rises to a maximum value and then decays 

with saturation the value of H at this knee point may be used as a 

normalising quantity. Whilst the normalising value of B is defined 

by the equation B= bH” where the values of b and m are chosen to 

give the best fit in the saturated region of the B-H curve.
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The other modification to the theory is brought about by normalising. 

The calculaions of loss and, flux are complicated, but may be readily 

scaled from a known loss condition. It is convenient to define a 

hypothetical knee point on the B-H curve. Where His the value of H 

at the knee: point on the true B-H curve but where Bo is the value 

given by the B= bH' law fitted to the saturated region of the magnetis— 

ation curve, 

    

  

Fig. F-1 

Definition of knee point quantities 

The process of normalisation yields the following : 

    

34m)/2 Sf ; ¥, “(F, (E-16) 

where 

—— 2 2 W, = x Sem)/ “Vii y as W (E-17) 

and also 

oitm 
1+m 

Me 8S a 
¥ ss (*,) (g 18) 

where 

eH (4+m)/2 
eg a n 
n y 4- V2tt+ m) Wo/m (gry 9) 

wh



and finally 

+m 
W H 

ie (5 ) (E-20) 
n ny, 

with 

h, = oe ne 26 yore Ve m (E-21) 

Equations 16, 18 and 20are the practicle forms of the theory 

E~I, Eddy-current Loss ina solid cylinder 

The solution closely resembles that of the previous vroblen, 

Dreyfus starts from Maxwells equationsin cylindrical co-ordinates of 

the forn 

14 dH oy 4 a4 ee eee Teen - - 12. ( x ) ce At/m’ (£-22) 

This equation is solved using the relationship 

Bey LEtdy . 

Bs 48 29 
H ~ |r (E-23) 

Ss Ss 
—- 1 
i 

b 

Where 

1-3 radius to a depth h from the surface 

rue radius to the surface 

x,y = real constants 

This is shovm to be an approximate solution and equation 23 is substi® 

tuted to give values for x and y 

2 

  

  

  

  

  

cae (B-24) 

and 

ss 2 1 + m 1-nm i a ct 
y = qnnccmsasionen - E-2 

1-n y 2 + 2 r ( 5) 

Thus equation 25 is not strictly constant and independant of radius
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but as a mean value 

  

C7 
h n . 

_ ~ Or (2-26) 
m 

Where 

re (r ta /2 m (E-27) 

and again by matching constants 

a Vo +m) /i+ 0 
1-2 (E28) 
  

a . = 2 
ee toe ais 1 

~ 16+ 46m 3+ im 2 
  

At this point it is interesting to compare equation 28 with equation 7 

from the flat slab solution, For a steel where m= 0.1 

h(flat 
Perit) tise 0.14.73(8-/r,) (E-29) 

The curvature does not greatly affect the thickness of steel required 

for a given heating condition, 

The poynting vector is used to show that the power flow is 

W = He p (x + dy) Wn (E-30) 

Which gives rise to a powerfactor of 

  

  

pf (E-31) 

and for a steel where m=0.1 this is approximately 

pf = 0.803 - 0.218(5 /r,) (E-32) 

Whilst the power input per unit surface area becomes 

Ho 
ree - W/n* (2-33) ‘am (0.756+ 0.061.(6 /r_) 

‘The cylindrical problen unlike the slab does not give simple 

functions of H. and. o » and does not predict a constant power factor.
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The reversion of these equations into dependance on power density poses a 

difficult problen. However they show that for a vessel whose radius is 

greater than ten times the skin depth the error in a slab solution is 

less than one per cent,
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