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SUMMARY

The object of this thesis is to develop a method for
calculating the losses developed in steel conductors of
circular cross—section and at temperatures belaow 1000C, by the

direct passage of a sinusoidally alternating current. Three
cases are considered.

2 Isolated solid or tubular conductor.

2. Concentric arrangement of tube and solid
return conductor.

S Concentric arrangement of two tubes.

These cases find applications in process temperature

maintenance of pipelines, resistance heating of bars and
design of bus-bars.

The problems associated with the non-linearity of <csteel are
examined. Resistance heating of bars and methods of surface
heating of pipelines are briefly described. Magnetic—-linear
solutions based on Maxwell ‘s equations are critically examined
and conditions under which various formul ae apply
investigated. The conditions under which a tube 1s
electrically equivalent to a solid conductor and to a
semi—infinite plate are derived. Existing solutions for the
calculation of losses in isolated steel conductors of circular
cross—-section are reviewed, evaluated and® compared. < Two
methods of solution are developed Afor the three cases
considered. The first 1is based on the magnetic-linear
solutions and offers an alternative to the available methaods
which are not universal. The second solution extends the
existing B/H step—function approximation method to small
diamater conductors and to tubes in isolation or in a
concentric arrangement. A comprehensive experimental
investigatien is presented for cases 1 and 2 above which
confirms the wvalidity of the proposed methods of solution.
These are further supported by experimental results reported
in the literature. Good agreement is obtained between
measured and calculated loss values for surface field
strengths beyond the linear part of the d.c. magnetisation
characteristic.

It is also shown that there is a difference in the electrical

behaviour of a small diameter conductor or thin tube under
resistance or induction heating conditions.

Steel, resistance heating, surface heating, losses, tubes.
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LIST OF SYMBOLS

The symbols used by the authors of the papers to which

reference 1is made, have been changed in some cases to avoid

duplication.

af,b: = constants in B/H characteristic representatiocn

a.’b. = constants in Frohlich curve

a,b = internal and external radius of tube, m

c, = constant in B/H characteristic
representation

c:,c: = constants in the harmonic
representation of B

d = bar diameter, m

d, = external diameter of tube, m

d; = internal diameter of tube, m

£ = frequency, Hz

h = multiplying factor

hs = dimensionless parameter, [ref. 9]

i = instantaneous current, A

kp = function of b: [ref. 14]

k*,k: = functions of b4£ [ref. 57]

¥, 8 42 = ecylindrical polar co-ordinates

p(t) = instantaneous active power, W m_I

g(t) = instantaneous reactive power, VA

s = distance between centres of parallel
conductors, m

ts = depth beyond which the current density

is zero, m
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=\
average power, W m
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calculated loss based on semi-infinite slab, Wm
measured power, W ﬁJ
dimensionless power loss, [ref. 8]
surface power density, W ﬁd
calculated surface power density, W m
average power up to depth y’uf
measured surface power density, W m-z
measured surface power density on
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calculated power loss, W m—I
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average reactive power, VA
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§ =1
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. -1
a.c. resistance of conductor, _fL w
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conductor cross-section area, m

reactance of conductor, J1

complex impedance of conductor

i+

temperature coefficient of resistance, per C

temperature coefficient of resistivity
at temperature t , per °C

constant in the harmonic representation of B
non-dimensional parameter, 2t/d,

non-dimensional parameter for outer tube of
concentric arrangement
—
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rpenetration depth based on Frohlich curve, m

classical skin depth,

depth of penetration (Agarwal), m
dimensionless parameter, [ref. 9]
hysteresis angle, rad, degrees
conductor temperature, e

t'l
2 S e b
relative permeability
effective relative permeability
Frohlich curve shape factor, a,/b,
used in derivation of lBy@h curve, [ref. 14]
Buckingham’s T factors
resistivity, Jl m
resistivity at temperature tm and t.'jl m

=g |
conductivity, © m

time for separation surface to reach a certain
distance., s

magnetic flux. Wb



distance penetrated by separating surface
as a function of time, m

distance penetrated by separation surface in
time t , m

angular frequency, rad s7
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CHAPTER 1

INTRODUCTION

The prediction of 1losses in magnetic materials is of
fundamental importance. It is relevant to electrical machines
and transformers, where the aim is to minimise the losses and to
eddy-current brakes, induction and resistance heating, where the
losses are systematically utilised. This thesis is concerned
with the last application in general, but with surface heating
in particular. However +the analyses developed are also
applicable to steel bus-bars and steel wires.

The rigidity of steel pipes is the principle reason for
their occasional wuse, as bus-bars. The pipe size must Dbe
specified to ensure that the maximum allowable temperature rise
is not exceeded for a given current. Because steel has a larger
resistivity than copper, the cross-sectional area of a steel
bus-bar needs to be larger than a comparable copper one.

In resistance ©process heating [11], which 1is a high
temperature application and where an alternating current is
passed through the bar, the power to achieve a temperature rise
in a given time, with a desirable surface to centre temperature
differential has to be specified.

To ensure effective transportation of a highly viscous fluid
through a pipe line, a suitable heating system must be provided
to keep the fluid temperature at some optimum value. This is a

low temperature application of resistance heating and the
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surrace heating systems which are suitable for long pipelines
are reviewed in Chapter 3. These systems exploit the phenomenon
of skin effect in steel conductors and a number of variations
exist [2].

Two systems are considered in this thesis. The first which
is sometimes known by the trade name of SECT*(otherwiss referred
to as the saddle-tube system), wutilises the heat generated by a
current flowing through a small-bore +tube, electrically in
series with a concentric copper conducter and intermittently
welded to the transport pipe line [3.4,5].

In the second, which is referred to as the coaxial system
[6], the steel transport pipeline is coaxial with a surrounding
steel pipe and electrically in series with it.

For both systems, the power required to compensate for heat
losses through the pipe insulation has to be specified.
However, whereas in the saddle-tube system there is a choice in
the radial dimensions of the heating tube beyond a minimum
value, 1in the coaxial system, the transport pipeline’s radial
dimensions are fixed by the volumetric rate of the fluid and
mechanical considerations. These in turn fix the diameter of
the surrounding pipe, but the wall thickness is decided by
safety considerations as for the case of the saddle-tube system.

The use of steel conductors for these applications. makes
analytical solutions difficult, mainly due to the B/H
characteristic of steel and in some cases drastic changes in the
material’s properties. These factors are considered ir Chapter
2.

* Skin Effect Current Tracing
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Many solutions have been proposed [7-14] which attempt to
overcome the difficulties arising from the non-linearity of
steel. These solutions relate to the calculation of losses
developed by induction in thin and thick steel plates. The
analyses for thick plates are also applicable to the resistance
heating of a bar or tube, provided the diameter (in the case of
a bar) and in addition the wall thickness (in the case of a
tube) are large compared to the penetration depth.

By comparison, the problem of resistance process and surface
heating (where the heat is generated in a tube or pipe) has not
received the same attention.

The work of Koyanagi et al [6], Gillot and Calvert [7],
Burke and Lavers [15], Crepaz and Lupi [16], Thornton [17] and
Rajagopalan and Murty [18], refers to steel tubes or solid bars.
A 1literature survey and critical review is given in Chapter 5,
where it is shown that a method which can predict the losses in
steel bars of any diameter and steel tubes of any wall thickness
in the absence of proximity effect, or in a concentric
configuration, has vet to be fully developed or tested
experimentally.

The aim of this thesis is therefore to devise a method for
calculating the power loss for the systems under investigation
and at the same time make a contribution to the understanding of
some associated pheonomena such as depth of penetration and the
effect of geometrical boundaries.

Two methods of solution are developed in Chapter 6. The

first is based on the step-function B/H characteristic
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approximation, which has not hithertoc been applied to the cases
of a small diameter bar, an isoclated tube, or a concentric
series arrangement of a tube and solid conductor. It is known
that this method over-estimates the losses at low field
strengths and under-estimates them at high values. Furthermore,
it is only applicable to field strengths beyond the knee of the
B/H curve. Some uncertainty exists as to the appropriate
value of saturation flux density to substitute into the relevant
equations [8,9,14,15]. However it is shown in the thesis, that
this method can be wused to investigate analytically. the
influence of +the geometrical dimensions of conductors on the
generation of losses.

The second method of solution, is characterised by its
simplicity and 1is based on existing linear solutions for
eylindrical conductors. The permeability is replaced by an
experimentally derived effective permeability which encompasses
all the effects of non-linearity. Beyond the knee of the B/H
curve it 1is found to be a simple function of the surface
magnetic field strength aid can be.obtained by the application of
dimensional analysis.

In resistance process heating, the cross-section of a
conducter 1is heated non-uniformly during the short heating
cycle. with the result that resistivity and permeability will
change considerably.

The assumptions made in the derivation of linear solutions,
do not permit these changes to be taken into account. The same

limitation applies to the step-function method and in addition



neither method can predict correctly the electric field within

the conductor. However, given the surface power density, the

technique developed [18] for induction heating of cylindrical
bars, can be used to establish approximately, the heating time
required for a surface-to-centre temperature differential.

Such high temperature effects, are outside the scope of the
thesis and the experimental work reported in Chapter 7 is
limited to near ambient temperatures and encompasses the
conductor configurations stated previously with the exception of
the coaxial system.

This thesis makes the following contributions to the state
of the art.

1. A new method is developed for calculating losses in
steel conductors of circular cross-section which gives
a better prediction of losses than availablie methods.
The method can also be applied to losses produced on
a thick plate by induction.

Pt The step-function theory is applied to the analysis of
thin tubes, small diameter bars and to the concentric
arrangement of tube and conductor. Such an analysis
has not been reported in the literature.

G A mechanism is established for predicting universal
loss and penetration depth curves for solid bars or
thick +tubes which cannot be readily approximated to a
semi-infinite plate.

4. A new method for establishing the limit of

applicability of semi-infinite plate solutions to

20



finite diameter conductors and the condition under

which a tube appears electrically solid is produced.
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2.1 Introduction

When an electric current is passed through a conductor,
heat 1s generated by the Joule effect. Under a.c. conditions
ohmic losses 1in addition to Iszc can be experienced by the
conductor due to skin and proximity effects. The term skin
effect is given to the tendency for current to flow
predominantly in the outer layers of the conductor. The term
proximity effect is used to describe the tendency for current
to flow along one side of a conductor, due to the interaction
of the magnetic field of the current in the conductor
considered and the currents in adjacent conductors.

Under a.c. conditions the loss in the conductor is given by
IzRéd where Rac is 1its resistance corrected for operating
temperature, skin and proximity effects and is referred to as
effective resistance. In addition, 1losses may be caused by
hysteresis.

For normal current carrying duties, the aim of the
designer 1is to minimise the above losses which are functions of
frequency, material properties and conductor geometry. In
addition, for steel conductors Rac is a function of current.

For a tubular conductor, skin effect can be reduced by
reducing the thickness of the tube wall and increasing its
diameter, whilst proximity effect can only be reduced by

increasing the distance between conductors.

For heating applications, the designer is looking for a

maximum heating effect and therefore skin and proximity effects
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are not detrimental.

Irrespective of the application, a method for calculating
losses is required, in order to ensure that the temperature rise
of +the conductor will be within specified limits and to specify
the current for a given conductor configuration and required
power output.

Although the analysis in the case of non-magnetic
conductors is by no means simple, experimentally verified
formulae for calculating losses are avalillable for a number of
conductor configurations. These formulae are derived from the
solution of Maxwell’s equations, on the basis of constant
rermeability given by the slope of a linear B/H characteristic,
material homogeity and sinusoidal excitation. In the above case
the solutions are referred to as linear and are considered in
Chapter 4. The skin depth gives an indication of the extent of
diffusion of electromagnetic energy into the conductor from its
surface and is associated with the linear theory. It is only a
function of material parameters and independent of current or
conductor geometry.

In the case of steel conductors, due to the non-linear B/H
characteristic, the permeability is not constant over a range of
current. In this case, solutions can be obtained, by assigning
a value to the permeability corresponding to a given surface
magnetic field strength on the B/H curve. These solutions
are referred to as "magnetically linear"” solutions and predict
losses considerably smaller than the measured values (Chapter

5)-
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For a realistic solution, the mathematical model must take
into account two effects which result from the non-linear
B/H characteristic.

Firstly, as a result of the attenuation of the magnetic
field strength with depth into the conductor, different layers
are at a different state of magnetisation during a current
cycle, Since a change in the amplitude of the magnetic field
strength results in a change of permeability as derived from
the d.c. magnetisation curve, an analysis based on values of
permeability corresponding to surface values of magnetic field
strength will not predict the loss accurately.

Secondly, saturation harmonics must be considered, since a
sinusoidal magnetic field strength will produce a non-sinusoidal
flux density. A solution therefore which takes into account
changes in permeability with depth into the conductor and the
distortion of the flux density waveform, will give a more
accurate prediction of losses and 1is referred to as a
magnetically non-linear solution.

Further complications arise (which are not explored in this
study), with high temperature applications such as resistance
billet heating, where during the heating cycle, each layer of a
billet can experience different values of resistivity and
permeability. Only numerical solutions are appropriate in such
cases, but these have not been widely explored in the case of
magnetic materials.

Fermeability and resistivity are important parameters in

resistance and surface heating and these are examined 1in the
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following sections. In addition, hysteresis can contribute to
the heat generated in a conductor and its contribution must be

evaluated.



The magnetisation curve for magnetic materials is obtained
by Jjoining the tips of succesive static hysteresis loops
obtained for different values of peak flux density. B.S. 5884,
1980, describes the methods for determining the d.c. magnetic
properties of magnetic materials. For a bar specimen, the NPL
compensated permeameter described in this specification is used.

Different steels have different B/H characteristics
depending on their chemical analysis and method of manufacture.

Because of the allowed tolerance on the maximum percentage

content of the various elements, and, again within permitted
tolerances, variations in work history, samples of +the same
grade of steel can have different magnetisation curves. The

chemical composition of some common grades of steels is shown in
the extract from B.S. 980, 1950, included in Appendix A.

Because of the magnetic non-linearity of steel, analytical
solutions are difficult to obtain and simplifying assumptions
have to be made. Some of these solutions are discussed in
Chapter 5.

For analytical solutions, a functional representation of
the B/H characteristic is required and the Frohlich representa-

tion
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is the most extensively used; a, determines the initial slope and

b, the saturation flux density.
Deeley [20] used a modified form given by
H ~

B = + c1H
—_——

ai + blH

where the coefficient ¢, controls the slope of the characteristic

in the saturation region. Since a B/H curve representation is a
curve fitting exercise, no great accuracy is lost by omitting
the term in . Widger [21] proposes a rational fraction

approximation to the representation of the B/H characteristic
and Bowden and Davies [14] observe that the Frohlich representa-
tion gives the best fit near the knee of the B/H curve, but a
different representation is required in the saturation region.

The simplest form of representation is the step-function
with a constant value of flux density for all values of H (see
Chapter 5). The Frohlich representation reduces to the step-
function if the ratio of a/b = g is made small compared to H
while maintaining the value of blconstant [9].

The complexity of an analytical solution depends on the
functional representation of the B/H characteristic and the
alternative representation B =afi ﬁs; can be used 1in the
saturation region to simplify the analysis [14].

An exact representation of the B/H characteristic is not
critical for two reasons. Operating conditions for conductive

heating of steel conductors differ from the conditions under

which magnetisation tests are performed; B/H curves are taken
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with a steady longitudinal flux, whereas +the magnetising
force on the actual conductor varies continuously across its
cross-section and produces a circumferential flux in the
material. The relation between B/H curves and loss in the case
when the magnetic field is parallel to the conductor, may not
therefore be the same as when the field is circumferential.

The loss developed for a given current is not typically very
sensitive +to variations in the B/H characteristic. This 1is
shown 1in Table 2.1, where the loss for magnetically linear
steel, 3 cm diameter, conductor has been calculated using the
formulae of Chapter 4. In order to examine the effect of the
shape of the B/H characteristic on losses, the values calculated
in Table 2.1 have been based on a resistivity of 19 xldﬁ%Q m).
The effect on the loss of the parameter ‘% , the shape factor of
the B/H characteristic [9], 1is also shown in the results of
Table 2.1.

A factor which influences the permeability of steel is its
heating history. Table A2 shows that not only the maximum value
of rt , but also the corresponding value of H differ 1if the
steel is annealed or normalised.

The conclusion to be drawn is that there is no single B/H
curve which can be labelled as correct for a given grade of
steel and therefore an accuracy of 10% in the prediction of
losses for similar grades of steel has to be acceptable.

Apart from the heating history of steel during manufacture,
the value of }ﬁ is also a function of temperature and reduces to

unity at the Curie temperature.

29



WY g-0T X 6T =0 wd ¢ = qg
= 1€£9 SLT 6°9% 70T 981 88¢ EEL mm.anmmoa X 9°¢ 2%L°0-29°0
= 199 68¢ v eb CT1T 80¢ T¢CE L8 mm.o;mmOH X 6°2 2%9°0-¢S°0
= £EV9 v8c 8 67 0TT 90¢ LzE 8L8 6°0-Hg0T X ¥°v 2%9%°0-C2€E°0
= 999 L6Z £°€S zel £€2 LLE 850T v6°0-HgOT ¥ L O%LZ°0 Z1
(§9LS"0 + LOZ)LV 23e1d
65€ 069 01€ SS EET 85S¢ 1847 910T ot A e 698
; (B6S°0 + 9ST)LV
7oz 789 80¢ 9°Gg TET €ET €1V L90T hoH PTTH 6
. (JLLS 0 + OLZ)LP
89% LB9 80¢ 9°'¥S ZET ¢sc 86¢ 6€6 hoH DTTH 6
. (H18G6°0 + 9SZ)L¥
6
i8747% S89 LOE 9°' %S T€T [AY4 86¢ 0s ot PTTH 6
(BTIS 0 + 88Z)LF
g9 PeL PeE ) -
S G L 87T 082 LED L66 ot qTiE b1
- Q7L 0ce 99 A7A 89¢ cev A mm.OIM 0T X §24 YINA PT
(7-U)10d I
4 000ST 0006 000¢ H 00001 0008 000€ 000lL H
= 4 b :OﬂuMp:mmmu%wm *ON
000T 009 002 I Teuotjoung 12938 aouaiajay

Sso7 Iamod Uo AjTTTgeswiad JO anTep JO a2Uanyjul

"1°2 °T19BL

30



Thornton [17] quotes some values for temperature
coefficient of permeability and more recently, King [22], on
measurements at H)lOé(A mq) on EN3 and EN5 samples, shows that
there 1s a small reduction in permeability between ambient and

(o)
200 C.

For surface heating applications, the selection of steel is

important. Excluding other factors, it is apparent from the
results of Table 2.1, that the steel with the highest value
for a given H, will develop the highest loss. For bar heating

this choice does not exist.
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2.3 Hysteresis

Referring to Fig. 2.1(c), the area of the hysteresis loop
and therefore the energy loss per unit volume of material per
cycle, 1is almost independent of the maximum field strength for
values of H exceeding 7,000 (A d‘). It can therefore be
expected that at high levels of saturation, hysteresis loss is
insignificant.

Hysteresis effects have been discussed by many authors

concerned with losses in laminations or conductors and they either
dismiss it as negligible, or attempt to account for it. Lim
and Hammond [9] for instance state that magnetic hysteresis
reduces the eddy current loss although the total loss is higher
than in the absence of hysteresis.
They attribute discrepancies between measured and calculated
values for loss to the neglect of hysteresis, although one would
expect the level of this discrepancy to decrease with increasing
H, which is not the case.

Zakrzewski [10] investigated hysteresis loss on thick and
thin steel plates and explains why hysteresis is also present
with high values of H.

Agarwal [8] gives a fuller discussion of hysteresis and
concludes that except for low values of induction, the reduction
in eddy current losses caused by hysteresis is small and it is
offset by hysteresis loss.

0’Kelly [23] shows that for thick laminations at a mean H

of 5838 (A 63, hysteresis constitutes about 7% of the total loss
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with a considerably larger percentage at lower values of H.

Thornton [17] discusses hysteresis and on the basis of

~ 1+6 _1
B x 1 W/ﬁb at 1 T, equal to 4.9 Wkg ,

estimates the hysteresis loss for mild steel tubes at Hsz 1000
(A MJ) to be 4.5% and at about 5000 (A ﬁJ), to be 1.3% of the
total loss. Thornton's estimate was based on the mass given by
a "skin" thickness which 1is ill-defined and therefore the
percentages quoted above are not very reliable estimates.

Hysteresis 1loss for various grades of steel are quoted by
steel manufacturers but these are only typical values since the
magnetic properties of different samples of the same grade can
vary by + 15%. For example, Fig. 2.1(a) shows the saturation
curves of three samples all labelled mild steel [24].

It is of interest, particularly for the purpose of
experimental verification of loss calculations (Chapter 7), *to
obtain an alternative estimate of the probable hysteresis loss
of mild steel. For this estimation the concept of complex
permeability can be used.

For a sinusoidal magnetising force given by

H = aisinwt
the corresponding variation in B as a result of the non-

linearity and hysteresis will have the form

B = cisin(wt-8) + c3sin3(wt-8)+. . .

where 07, c;, ¢, are constants. Neglecting the harmonic

components of B,
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The ratio B/H = py = A e_je = |p | e_je
T 1
o3
is referred to as complex permeability. As a result of

neglecting the harmonics in the flux density waveform, the B/H
relationship over one complete period yields a hysteresis loop
which is an ellipse [25].

The angle 68 is the angle of lag between B and H and is
known as the hysteresis angle. Fig. 2.1(b) shows the measured
hysteresis angle for +three mild steel specimen [24] as a
function of the surface field strength.

For values of H in the range 1000 - 5000 Am_l, the corres-
ponding hysteresis angles are in the range of 12° - 5° . These
values will of course be somewhat different for different
steels.

By replacing g by the complex permeability in the appro-
priate Maxwell’s equations a magnetic linear solution can be
obtained which takes into account hysteresis.

For solid iron Kesavamurty and Rajagopalan [26] show that
the losses per unit surface area are given by
cos (m/4 - 8/2) ;

eth = e
cos 7/4

, P

Thus for a hysteresis angle of 10°

Péﬂqué = 1.083
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giving an 8.3% increase in loss due to hysteresis which is
within the expected order of magnitude.

The above estimate of hysteresis loss is based on the
analysis of +thick plates. It is expected that for a finite
diameter conductor the results will be somewhat different.
Maxwell’s equations applied to resistance heating can be solved
using complex permeability and thereby take into account the
effects of hysteresis. Little, however, will be gained by
carrying out this process because of the assumptions which have
to be made to obtain a solution and the doubts about the
validity of present practice in calculating hysteresis.

The presence or otherwise of hysteresis loss will be sought

in the experimental results of Chapter 7.
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2.4 Electrical Resistivity

The elements influencing the value of resistivity for a
particular grade of steel, are mainly carbon, silicon and
nickel. The grain size is also a factor and the resistivity can
be influenced by the work history of a sample. Different steels
therefore have different values of resistivity and some typical
values are shown in Table A1l.

Since for steel the resistivity is not a linear function of
temperature, its temperature coefficient ¢ , is not constant for
all temperature ranges. Over the linear range, the resistivity

p. at temperature t is related to the resistivity , at
2 1

2 1

temperature tl by the equation

P=P (1 + a,(t, - t;)]

where o, is the temperature coefficient at temperature t,

The temperatures attained by the steel tube in surface
heating applications, are of the order of 100°C and for this
temperature range, a 1°C increase in temperature produces a
change of about 0.4% in the d.c. resistance. This 1is
significant when measuring losses.

Although the current density through the cross section of a
tube is not constant, in the steady state the temperature of the
different layers will be almost constant and will attain a value
which is dictated by the power dissipated and any thermal
insulation surrounding the tube. For the purpose of analysis,

the resistivity at a given surface temperature can therefore be

considered constant throughout the tube cross section provided
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the wall thickness is small.

The temperature gradient between the tube's inner and outer
layers will increase with wall thickness and will be greatest
for a solid conductor of large diameter.

For high temperature applications as in billet heating,
the layers can be at considerably different temperatures at any
instant and therefore the single value resistivity cannot be
assumed for the analysis. For a constant power input corres-
ponding to ambient temperature and a mean temperature rise, the
heating time and the surface to centre temperature difference
can be calculated approximately [19].

Since for all other parameters being equal, the power loss
increases with an increase in the value of resistivity, for
surface heating, tubes of high resistivity are desirable. Steel
alloys have a much larger value of resistivity than mild steel
but their cost prohibits their use as heating tubes. An
examination of resistivity wvalues for mild steel, quoted in the
literature, shows that they wvary within the range 2.5
to 25 x 10-8(9 m). Some selection is therefore still possible
even if the tube material is limited to mild steel. However the
higher resistivity value is normally accompanied by a shift in
the knee of the saturation curve to higher values of H and
therefore the choice of resistivity is dependent on the value of
H required to produce the required loss.

For direct resistance heating applications, there is no
choice in parameters since they are dictated by the material to

be heated.
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2.5 Direct Resistance Heating of Billets ([1][14](151[16]
[271[28]

The terms resistance and surface heating have already been
mentioned and therefore to familiarise the reader, a brief
description of resistance heating is given below. Surface
heating forms the subject of the next chapter.

Resistance heating 1is ideal for long lengths of billets,
tubes and plates of small regular cross-section. The process
can be adapted for rolling, forging, cropping and heat
treatment, with the advantages of high thermal efficiency,
minimal scale loss and absence of skin decarburisation. By
varying +the heating time, the efficiency as well as the
temperature distribution within the material can be controlled
so that it is uniform throughout or differs from surface to core.

A resistance heater consists basically of a single phase
transformer connected to the contact clamp heads at each end of
the Dbillet, by means of water cooled copper bus-bars and
flexible cables.

For rapid heating, large, 50 Hz, currents are required.
Power factor correction is required throughout the heating cycle
and switchable capacitors are connected on the high voltage side
of the heater transformer, whose output voltage can be varied to
provide constant current or constant power operation.

In spite of its simplicity, the matching of the heater
design to specific requirements is always very difficult due to

the fact that the mechanism of non-uniform heat generation in
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the billet is created by a set of interdependent variables,
which in turn depend not only on the non-linear magnetisation
characteristic of the steel but also on the rapid change in
temperature during the heating time.

As 1is often the case in practice, since theoretical
analysis can give only an estimate of the expected performance,
tests on actual samples have to be performed,before the equip-
ment is used on a production line.

However, even approximate analysis can indicate the
influence of the various variables on the performance and in

this respect serves a useful purpose.
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Chapter Summary

The conditions under which surface heating of pipe-lines is

required are examined and the heating systems

investigation described.
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3.1 The need to trace heat [29][30]

On a traced line, heat can leave the tracer either through
the insulation to the surrounding medium or through the pipe
wall to the fluid in the pipe (Fig. 3.1.). With the pipe

contents in a flowing state, heat can enter and leave the system

via the fluid. Two extreme conditions of flow exist "no-flow":
and ‘“"maximum flow". Under no-flow conditions, the energy
required +to maintain a given temperature on a pipeline is
directly proportional to the line temperature above ambient and
the time the temperature is maintained. The amount of heat
required is therefore varying as a function of the ambient

temperature.

Fluid -

Fig. 3.1 Tvpical cross section of traced pipe
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Under “"maximum flow" conditions and with short lengths of

rpipe, the heat entering a pipe via the fluid flow will maintain

the desired +temperature, provided the pipe is adequately
insulated. There is an economic thickness of insulation
which depends on energy and insulation costs. It the pipe 1is

electrically traced and controlled by thermostat or otherwise,
the tracer will not be energised. Under reduced flow
conditions, in order to maintain the fluid temperature over a
long 1length of 1line, external heat via the tracer must be
provided depending on the ambient temperature. Heating must
also Dbe provided under discontinuous flow operation or for
heating up the pipeline after a shut down, in which case the
power rating of the tracer must satisfy the need to raise the
temperature and maintain it.

With the exception of "skin effect"” heating and direct pipe
line heating, surface heating systems are covered by B.S5. 6351:

1983.
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3.2 Methods of Surface Heating

3.2.1 Flexible surface heaters [301[0311[032][33][34][35]

These include heating tapes of different design and mineral
insulated heating cable. The construction and operation of
these heaters is well documented in the manufacturers'literature
and in the references quoted. Their maximum length is however
limited and therefore for long pipelines multiple supplies are
required. This disadvantage is overcome by the systems

described in section 3.2.2.2 and 3.2.2.3.

3.2.2 Rigid Surface Heaters

3.2.2.1 Direct resistance pipe heating

Since process pipelines are made from steel, such
pipelines can act as the heat tracer by passing a 50 Hz current
through the pipe. The length of line which can be traced is
limited by the permissible voltage drop across the pipeline,
which for electrical safety reasons must not exceed 25 V. Thus
for most applications multiple feeding must be considered,
involving more than one transformer. Prior to the SECT system,
(Fig. 3.2) and c¢oaxial pipe heating system, (Fig. 3.6) this
method of +tracing was considered a possible alternative for
medium length pipelines and a pilot study [36] showed a 10%
saving 1n energy costs compared with those of conventional trace

heating. A design prccedure based on empirical equations Thas
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been proposed by Thornton [17].

3.2.2.2 Saddle-tube (SECT) system [3]1[4][5]

This heating system makes it possible to heat electrically a
pipeline extending up to 40 km from one power source. Details

of the two types of the SECT system are shown in Fig. 3.2 and

Eig: 358, but for pipe tracing only the series circuit is
relevant. As can be seen from Fig 3.2, a mains frequency power
source 1, is connected to the ends of two conductors, 2 and 4.

The other end of conductor 2 is passed through the steel tube 3
(the heat tube) and is connected to one end 6 of the steel tube
while the other end of conductor 4 is connected to the other end
of the same tube. With the above connections, the alternating current
flowing through the steel tube is concentrated along the inner
skin of the tube wall due to the proximity effect and therefore
there 1is no electrical potential drop on the outside surface of
the steel tube. The heat tube is thus in effect electrically insﬁiated
from the transport pipe and therefore intrinsically safe. The
mode of connection of the heat tube to the transport pipe and
electrical supply is shown in Fig. 3.4 and other details in
Fig. 3.5,

The bore of the heat tube varies from 10 mm to 50 mm and its
wall thickness from 2.5 mm to 5 mm. The return inner conductor
has a cross-section area in the range of 8-60 mm and 1is
insulated with heat resistant polyvinyl, polyethelene, silicon

rubber or teflon depending on the operating temperature.
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With a supply voltage in the range 300-700 V/km and
currents in the range 50-250 A, 1linear loadings from 15 to 150
W/m can be achieved. Up to about 20% of the linear loading is
contributed by the inner conductor.

For pipelines up to 36 cm diameter, one heat tube is used
and for larger size pipes the number of heat tubes i1s increased
to improve the temperature distribution on the circumferential
surface of the pipeline.

The heat tube is intermittently welded to the pipeline in
order to reduce the thermal resistance between them. For this
reason the +temperature difference in the circumferential
direction on the pipeline is in the region of 5-10 oC and there-
fore local hot spots cannot be produced.

In order to increase the length of heat tube supplied from
a single transformer, the heat tube can be divided into two
sections at a feed point which supplies nearly equal currents in
each direction along the line (Fig. 3.4).

In order to keep the supply balanced, the transformer 1is
connected 1in the Scott configuration or in the case of a single
phase secondary, phase-balancing equipment is used.

The transport pipe is earthed to prevent static electricity
and currents flowing due to induction effects from any nearby
transmission lines.

The SECT system becomes economically attractive for pipe-

lines exceeding a length of 1 km.
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Fig. 3.2 SECT series circuit

Heat-resistant
insulation cable Steel tube

(Heat tube)

Power
source

Fig. 3.3 Induction-type SECT circuit
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3.2.2.3 Coaxial pipe heating system [6]

Fig. 3.6 shows the basic principle. The heating mechanism
is the same as the one described in Section 3.2.2.1 but it
also incorporates the safety aspects of the SECT system since
the external steel pipe ensures (provided it 1is sufficiently

thick) that a small leakage current to earth exists.

Inner
pipe

0

s

Quter pipe

Shorted end
Power

supply

Fig.3.6 Principle of coaxial pipe electric heating system
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CHAPTER 4

LINEAR SOLUTIONS

Chapter Summary

Rigorous and approximate formulae are presented for the
impedance of an isolated solid or tubular conductor and for a
single-phase concentric arrangement.

The limitations of the approximate formulae are specified
and the relevance of the linear solutions to the non-linear

problem outlined.

Equations are derived for computing the depth required for the

full power to be developed for the case of an isolated conductor.

The error in applying the semi-infinite slab solution to the
case of a finite diameter conductor is evaluated.

Dimensionless parameters are developed, which form the basis
for the derivation of an effective permeability function in
Chapter 6.

A numerical solution is presented for the isolated conductor
and calculated results based on this solution are compared with

values obtained from Arnold’s equations.
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4. LINEAR SOLUTIONS

4.1 Rigorous Soclutions

These solutions involve Bessel functions of the first and
second kind, leading to rather complex formulae from which
numerical answers can be obtained after lengthy calculations.

For historical interest, Kenelly, Laws and Pierce [37] give
a comprehensive biblicgraphy up to 1915. Dwight’s work in this
field dates back to 1918 with numerous papers added during
subsequent years. More recently, Astbury [38] published formal
linear solutions for the case of a copper conductor clad in a
magnetic sheath and shows that his solution reduces to the case
of the isolated +tube when the inner layer of the composite
conductor is removed. Formulae for the effective resistance and
inductance of isolated solid and tubular non-magnetic conductors
are also derived by McLachlan [38].

The concentric arrangement of conductors is +treated by
Dwight [40] and Arnold [41] and the eccentric by Tegopoulos and
Kriezis [42]. Formulae for proximity effects due to the return
conductor have been collated by Costello [43] and improved
formulae have been developed by Arnold [44].

In this Chapter linear solutions are considered for the
following reasons: -

1. The information is drawn from many sources and therefore, a
collection of relevant formulae with consistent wunits and

symbols is desirable.
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2. One solution developed in the thesis, relevant to steel
conductors operating under saturation conditions, is based
on the 1linear solutions. It is therefore necessary +to
investigate these solutions in relation to the physical and
electrical parameters applicable to the present investiga-
tion, so that the formulae most appropriate to given condi-
tions may be selected.

3. Past workers have been concerned with minimising losses and
therefore did not investigate the conditions for increased
losses or fully explore available solutions.

4. An examination of the linear solutions for the case of a
concentric arrangement of non-magnetic conductors, gives an
indication of the expected behaviour of similarly arranged

magnetic conductors.

Conductive heating is mainly determined by the effective
resistance of the conductor, from which power loss can be
calculated. Thus (for the purpose of predicting losses) the
means of computing easily the effective resistance of various
systems of conductors is required.

To this end computer programmes have been written

specifically for the thesis.
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4.1.1 Effective impedance of an isolated conductor

The reasons for considering the case of an isolated
conductor are three-fold.

Firstly, satisfactory solutions for steel conductors of any
diameter are not available and therefore a contribution can be
made if a more accurate solution can be developed.

Secondly, independent experimental results on steel
conductors have been reported in the literature, thus enabling
the method of calculation develored in this thesis to Dbe
validated in the first instance.

Thirdly, a successful solution for the case of an isolated
steel conductor based on a linear theory, leads to the solution
of the single-phase concentric arrangement of steel +tube and
copper conductor which has not hitherto been investigated
analytically or experimentally.

As a result of the non-uniform current density the
resistance and 1internal inductance of a conductor may not be
constant. Whilst the change in resistance can be considerable
the change in inductance is generally small. These changes are
a function of frequency, geometrical dimensions of the conductor
and its electrical and magnetic properties.

In the following sections, constant resistivity and perme-
ability are assumed. Thus, the equations apply equally to

magnetic conductors above the Curie temperature.
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Consider a long cylindrical tube of internal radius a and external

radius b having a conductivity ¢ and permeability u .

The conductor carries axially a sinusoidally alternating current

where W is the angular frequency.

i

~ Gt
= 17

The return conductor is at a large

distance away from the conductor under consideration, to avoid proximity

effects.

Neglecting displacement currents,

where B o=
X

curl E =

curl ﬁ

uo for a linear material

I
o]
td

Il
]

From (4.1) and (4.2) if we assume constant conductivity,

curl

since

If we

symmetry the

curl 3

(curl 3} =

consider cylindrical polar coordinates r,

37
V°g = pogz =

_V23 + V(V. )

JUOWT

-HO0curl (

ot

8

(4.1)

(4.2)

{4.3)

(4.4)

z, because of

current density varies in the r direction only.
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Expanding v23

lj
b

th
o
ol

l

1 ;
.28 = = JuwpoJd (4.5)

(o8]

r

(]
[+¥]

where J is the z component of 3

: 2
setting m = jwo
the solution of equation (4.5) is

o= (A+3B) (bermr+jbeimr)+ (C+3jD) (kermr+jkeimr) (4.6)

where A, B, C, D are constants to be evaluated from the boundary conditions

since at r = a %;-= 0, from (4.6)
ctjD _ ~-{(ber'ma+jbei’ma) (4.7)
A+iB (ker'ma+ijkei'ma) )
b
The total current is given by I= S 2rxJdr or
a r=b
2n ; . ; . 7
T = . (A+3jB) r (bei'mr-jber'mr) + (c+3jD)r(keimr-jker'mr) - (4.8)

for r=a the term in the square brackets of equation (4.8) is zero, hence

I = 2;‘:’ [(A+jBl (bei'mb-jber'mb) + (C+jD) (kei'mb-jker 'mb) (4.9)

Let Zac be the effective impedance per metre length of the conductor
due to its effective resistance Rac and its inductance Lac due to the flux

linkages internal to the conductor

E=1IZz__ = p(J) or
ac r=b

Iz = QEA+jB1 (bermb+jbeimb} + (C+jD) (keme,jkeimb)l
ac
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P

with R, = ——
2
% ﬁ(bz—a )
7 2 2 C+3D
ac _ jm(b -a’) (bermb+jbeimb) + A+jB (kermb+jkeimb) (4.10)
Ry 2b (ber'mb+jbei'mb) + C+jD (ker'mb+jkeimb) :
A+iB

equation (4.10) is a complex quantity whose real part gives Rac and the

R
; ; X dc
imaginary part " ac

Rdc

b2

X
since mb = —g-where § = ’f%*is the classical skin depth, EEE and —=<

can be calculated for different ratios of E;

8
. C+3jD i
For the case of the solid conductor A+3B = 0 giving
: : 4 e L j
zac _ Jmb | bermb+jbeimb _ bmJ; o(mbja)
R 2 |ber'mb+jbei'mb | 2 T (mbjf)
dc 1

with mb = —E—-*
Rac _ x |berxbei'x-beixber'x
2 2 2
Rdc £ ber' xtbei' x
Xac x berxber'x+beixbei'x
Mp="3 2 2
dc ber' xtbei' x

For non-magnetic conductors, Rac and Xac are independent of the
current and for a given diameter increase with a reduction in §.

For a tube,
b

3=EI(mrj)+FK{mrj;21
[ o

The constants E and F can be derived from the boundary conditions
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J =4J .at r=b
S

]
a.ncil('-a-"I =0
r

r=a
giving

2 R X K
Zac _ mj%(bz—az) Lb] ) Xy ™) * B (1Y T, ey .

R 2b 2 : i k'
e I, (b3 ") K, (ma3’) - X (w3 I,(maj”)
A C ac
from which Eé— and R can be obtained by retaining the real and
de dc

imaginary parts respectively of (4.11) which are expressed in terms of ber,
bei, ker, kei and their derivatives, leading to Vvery cumbersome

expressions (see McLachlan [39])

4.1.2 Effective impedance of concentric conductors

For a concentric system of conductors, since the inner
conductor 1is not affected by the field of the outer conductor,
the equatiors of section 4.1 apply to the inner conductor. For
the outer conductor, the equation for Zac/Rdec 1is the same
equation (4.11) except that a and b are interchanged and the

equation is multiplied by -1 giving

%)Kl(ﬁbjirfio(maj’)lifmbj%)

3 3

L m(bz-az)j% I, (maj

(4.12)

i
R 2a Iltmaj%)Kl(mbjz)—Kl(maj

s ) I, (mbj

)

(If the current is defined as positive in the go conductor in
the return it is negative. Hence the multiplying factor -1).
Oowing to the presence of the inner conductor, the current is

carried by the inner surface of the outer tube and the current
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density attenuates outwards from the inner surface rather than
inwards from the outer surface. Strictly speaking, this redis-
tribution of current density is not a proximity effect, since
the current density is uniform around the periphery of the tube
and proximity effect implies a non-uniform current density dis-
tribution in the circumferential direction.

The outer conductor impedance is unaffected if the inner
conductor is a solid or a tube. Provided the current density in
the inner conductor of a circular cross-section is a function of
the distance from its centre only, the current produced is
the same 1f the whole disturbing current were concentrated at
the centre of the conductor i.e. the inner conductor can be
replaced for analytical purposes by a current filament. If the
inner conductor is eccentric, then due to proximity effects, the
finite radius of the inner conductor gives rise to results which
differ from those obtained if a filamentary conductor is
considered. Thus for experimental purposes, the radius of the
inner conductor does not influence results provided eccentricity

is avoided.
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4.2 Limiting Solutions

4.2.1 Isolated conductors

Because of the complexity of the rigorous formulae, the
limitation of published tables of Bessel and Kelvin functions
and the slow convergence of these functions, approximate solu-
tions were sought in the past for non-magnetic conductors. The
origin of these solutions is difficult to trace, but Dwight [40]
has published 1limiting formulae for low and high frequencies.
For +the case of low frequencies (mt<4), the formula for the
resistance ratio of a tube of wall thickness t, consists of a
ratio of infinite series of complex numbers whose coefficients
are themselves infinite series. For the present purpose this
alternative does not offer any advantage over the rigorous
formula except that it avoids computing the Bessel and Kelvin
functions. It is not considered therefore further and it is
sufficient to mention that Dwight [40] has presented the results
in this range in a set of graphs.

For the case of a solid conductor, by expanding the Bessel

functions in series and keeping the first two terms, at low

frequencies (b <4 )

4
b
o = 3y
ac c 18
1 b
X/R =l{}_3—}.l-_o(__)
ac’ “dc vy 3 96 S
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At high frequencies (this condition is satisfied if b/8§ > 7 [45])

for a solid conductor by using the asymptotic representation of

the Bessel functions
1

4

R /Rdc = mb/ +

2v2 (4.13)

This 1is the equation of the straight 1line which 1is the

asymptote of the curve of Rac/Rdc plotted against mb.

The corresponding

Xac/Rdc = mb/z‘/2 (4.14)

For a tube Dwight [46] gives the equation

t(b + a) 1
R. /R = mb/ + & 3 2 e ¥
aeac b2 { 2/2 4 16mbv2
-mt V2 go Dimd o =2 2f + 3 (7-6b/, + 3T/ 2) . - ]
© cosme 2 7 72 3ompv2
3 2 - - -
e"“t‘/2 sinmtv2 Enb/‘/z g (7-6b/, + 3b*/2) ]

+ terms in e

- Y
2mtv 2 } (4.15)

The first two terms of the first line of equation (4.15) is
equation (4.13) if +the terms in e-mt/z and o~ 2MtY2  4pe
negligible.

Two further formulae are available for the isolated tube at

high frequencies. The first is derived on the basis that the
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alternating current penetrates at uniform current density to a
depth equal to the classical skin depth § and the a.c. resis-
tance 1is taken to be equal to the d.c. resistance of a tube
consisting of the surface layer of metal of thickness & . The

resulting formula is

mt (b+a) (4.16)

e
acC
dc  opy2 (1-1/

mb/2}
which is valid if 6[t<0.3.
The second formula is obtained by using the asymptotic form

of the function [39] yielding

/ _ m(b*-a?) sinhx + sinx (4.17)
2 Rg 3/
< 2 ?7b coshx - cosx
For large values of x'[: mtv2] equations (4.15) and (4.17)

give the same numerical answers.

4.2.2 Single-phase concentric conductors

The equations corresponding to (4.15) and (4.16) are

. _ t(b+a) i 3 p
Rad/pgs = —— ( ™/2/2 7T Y ——*
& a? 16ma¥?2
- s 3 a a?
e MEY2 ey ma/ s, -~ * (7-62 +33r ) + ..o| *
32mav2
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- 2
R o —e ma//, = . (7—6% + 3%,— l = 55
32mav2 i
+ terms in e—2mt/2}
(4.18)
and
B mt (b+a)
Rac/Rdc =
2./2 a (1 + 1 ) (4:19)
may 2
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4.3 Arnold’s Approximate Solutions

For the case of isolated and concentric tubular conductors,
the approximate formulae of section 4.2 can be used for low and
high frequencies. For the intermediate range of frequencies,
the rigorous formulae must be used 1in the absence of an
alternative.

Arnold [41] wused Dwight’s [46] series solutions for the
isolated tube to obtain simplified formulae, for values of
frequency from =zero, to a value beyond which displacement
currents cannot be neglected.

He shows that to the first order of B

(4.20)
= 1 +<x(z}{l—8/2)

Arnold uses z = 87%?t?fog and B = Zt/d

as the two independent variables (in this thesis z = 2ﬂft2u0)1
For a given conductor size and material, 2z is proportional
to the frequency. The range of frequency may be divided into
three parts:
Low frequencies correspbnding to values of z from 0 to 5,
intermediate frequencies corresponding to a value of 2z from 5 to
25, and high frequencies corresponding to values of z above 25,

In equation (4.20) o(z) is given by

2
0<z<5 al(z) = fe

- _ (4.21)
315 # 32
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z >30 a(z) =/§ =g

Equation (4.20) has an error of less than 1% for all values

(4.22)

of B up to 0.2.

Equations (4.21) and (4.22) are not sufficiently accurate
for the range 30<z<5 and a(z) is calculated from an infinite
series and given in Table 4.1.

By the addition of a term in g2 in equation (4.20), the
maximum error between K and the value obtained from the formal
solution occurs when z = 15 and is 0.6% when @8 is between 0.7
and 0.8.

The improved equation for K is

K =1+ a(z) [ 1 -8/, - szb(zq (4.23)
The term in B8?% is chosen so as to make equation (4.23) to
agree with +the formal solution for the case of the solid

conductor. The values of b(z) are given by

z< 5 b(z) 26

211 + z?
S
4/2z - 5

for 30<z<5 wvalues for b(z) are given in Table 4.1.

z>30 b(z)

Arnold tested his formulae for the intermediate range of
frequencies and the discrepancy between experimental results and
the values given by his formulae were less than 3%. He did not
present his results in graphical form and all his measurements
were carried out on copper conductors.

At this stage an idea of typical values of z obtained at

50 Hz 1is instructive. Considering a 4 mm wall thickness,
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Table 4.1. Values Of a(z) And b(z) In The Range 5<z<30

Z a(z) b(z)
5 0.450 0.24
5.5 0.524
6. 0.599 .23
6.5 0.675
7 0.751 022
7.5 0.825
8 0.898 0.21
8.5 0.970
9 1.040 0.19
9.5 1.108
10 1.174 0.18
10.5 1.238
11 1.201 0.17
11.5 1..561
12 1.420 0.16
1Z2.5 1.477
13 1.532 0.15
13..5 1.585
14 1,637 0.14
14.5 1.688
15 1.737 0.14
15.5 1.786
16 1.833 0.13
16.5 1.878
17 1.923
18 2.010 0.12
19 2.094
20 2.174 0.11
24 2252
22 O A 0.1
23 2.401
24 2.473 0.09
25 2.544
26 2,613 0.09
27 2.680
28 2.747 0.08
29 2.812
30 --2.876 0.08
(Ref.41)}
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-1
one made of copper with g = 0.568 x 103(5 m ) and one of

steel with 6= 0.526 x 10 "'(s m ), the z values are

copper z 0.387

steel z 3.2

assuming a relative permeability of 400.

Thus z values in the range 30<z<5 are obtainable with solid
large diameter copper conductors or at high frequencies with
thin copper tubes. For steel tubes and for the range of tube
wall thickness and currents of interest in the present
investigation, the value of 2z in the range of 5 to 30 is
probable and z2>30 possible for low H and high ©

For the case of single-phase concentric conductors, for the

outer conductor, Arnold gives the equation
/
KO =1 + a{zo)(l + 80/2) (4.24)

Since terms in 820 are not included in equation (4.24) it
has an inherent error. Arnold did not develop the terms in
ﬁ; on the argument that Bo for the outer conductor is likely to
be small.

Arnocld made measurements on concentric copper +tubes with
values of By, UP to 0.2141 and he shows that the discrepancy
between the theoretical formulae and the experimental results
can be considered to be within the limits of experimental error,
estimated at 2%.

If the case of a thick-wall outer conductor 1is to be

investigated 30 is not small. In order to assess the error

involved by neglecting the term in 320 , from equation (4.12)
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the value of K; can be calculated and then compared with

equation (4.24) and the other appropriate approximate formulae.
For +this exercise it is convenient to use arguments of

Bessel functions which are available in published tables and do

not require interpolation.

Example 1

-1
With ¢ = 0.57 x 10%5 m), £ =284 Hz, m = 367.4, ma = 3.7

and mb = 8 from which b = 2.449 and a = 1.007 cm giving a wall
thickness of 1.442 ocm and Bg * 1.442 = 0.5858 and 2 = m*4* =

2.449
28.06

’

The following values of KO are obtained by the different

formulae:

Rigorous formula, equation (4.12) 5.38
High frequency formula, egquation (4.18) 5.385
Penetration formula, equation (4.19) 5.398
Arnold’s formula, equation (4.24) 4.566

Error in using Arnold’s formula = 15%.
To examine the effect of the value of Bo on the resulting

error in calculatingf% the following example can be considered:

Example 2

=1
With b = 5.32 em, a = 3.193 cm, o = 4.771 x 10’S m , t =

2.127 em
f = 60 Hz, BO: 0.4, mt = 3.2, =2 =10.22
Rigorous formula 2:55

High freauencv formula 2.55
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Penetration formula 2.63

Arnold’s formula 2.444

In this example the penetration formula does not give the

correct answer because 5/t> 0.3.

The error using Arnold’s formula in this example is 4.1%.
Thus for values of %}larger than 0.3, neglecting the Bzo term in
equation (4.24) results in an error which increases with the
value of Bo . Rather than develop terms in BZO to add to
equation (4.24), in the case of concentric conductors with
E);ﬁsequation (4.18) can be used and for BO<O.3 equation (4.24).
This last statement needs to be qualified.
For a solid isolated conductor, it was stated +that the
condition for the high frequency formula to apply was

b/6>7

For a +tube a limit for mt must also be specified. The

criteria b / 5>7 does not necessarily apply because of the
current density redistribution. The limiting values of b /6 and

mt, cannot be readily obtained from the relevant equations, but
certain conclusions can be drawn from the two examples for which

the high frequency formula is known to give correct results.

1"

For Ex. 1 b/ 6.29, 6/= 0.27 and 2 = 28

t

11

For Ex. 2 b/ 5.6, §/ = 5.6 and z = 10.2
t
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EBx. 2 gives the more pessimistic limits and therefore

z>3 and Q/k <5 can be specified as the approximate conditions

for the high frequency formula to apply to the case of the
concentric conductors.

The ratio 573’ specifies the depth of penetration as a
fraction of the radius of curvature. The radius of curvature
applicable in the case of the concentric arrangement is smaller
and therefore +the ratio of Q/J’ for which the high frequency
formula applies 1is smaller than in the case of the solid
conductor.

For the case of isolated conductors, Arnold’s equations give
numerical answers in close agreement with the rigorous formula
over the complete range of § and f and therefore are adopted
subsequently for the computation of losses in steel conductors.
Arnold has not published formulae for +the calculation of
inductance. Formulae could be developed in a manner similar to
the case of effective resistance. This is unnecessary since the
values of 1inductance or power factor are not important
quantities in conductive surface heating using the concentric
configuration. For non-magnetic 1isclated conductors the
numerical solution of Sect. (4.10.1) gives accurate results
for resistance, inductance and power factor. For the concentric
arrangement, only the rigorous formulae are available and the
effort involved 1in obtaining values of power factor 1is not
Justifiable. Since the resistance is increased by the presence

of the return inner conductor and the inductance 1is further



decreased the concentric arrangement has an inherently higher
power factor and in practical heating systems wusing this
configuration, measured power factors in excess of 0.9 are
quoted.

Figures 4.1 and 4.2 have been produced on the Dbasis of

Arnold’s equations.
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4.4 Magnetic field within a conductor

The depth of penetration of the magnetic field in a conductor is a
function of b/§. At a given frequency, the field decays more rapidly with
depth the larger the value of b/§.

If the field within a tube reduces to zero at a distance less than
t, the tube cannot be distinguished from a solid conductor of equal
external diameter.

A method of calculating directly the required tube wall thickness
for complete penetration is developed in section 4.5. If the field at any
depth can be calculated as a fraction of the field at the surface, the
depth on which the field reduces to zero can also be established.

An expression for the magnetic field within a conductor will now

be developed.

Eréit curl § = o (4.25)
5r

and from equation (4.4)

8H _ -3d
MO ¢ 3r
~ 4 t
with H = Be'U°,
j H = _§£<or
—Juwoa = 3r
o T (4.26)
. 2 Br
Jm

hence from (4.6)
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Js = (A+3jB) (bexrmb+jbeimb) + (C+jD) (kermb+jkeimb)

with

bermb + jbeimb

I
o

kermb + jkeimb

1l
'—h

ber'ma + jbei'ma = c
ker'ma + jkei'ma = d
ber'mb + jbei'mb = g

ker'mb + jkei'mb = p

from (4.27) C+iD _ ¢

Jsd
+iB =
BEIB ed-fc
hence from (4.28)
-J c
+9D =
CHiD = Cavfc

substituting (4.29) and (4.30) into (4.6)

J
=]

ed-fc

Jr =
for a solid cylinder §-= 0 hence

! bermr+jbeimr

r
Jg " bermb+jbeimb

from (4.26) and (4.31)

1 Usm

H = [d(ber‘mr—l-jbei'mr) - c(ker'mr+jkeimr)

r jm2 (ed—fc)

73

|Ei(bermr+jbeimrl - c (kermr+jkeimr)]

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)



substituting (4.29) and (4.30) in (4.9)

B & I d(ber'mr+jbeiﬁr) - c(ker‘mr+jkef&r)
r 21b dg-ch
sin > = H h i i
C oy X, the surface magnetic field strength,
H : .
r d(ber'mr+jbei'mr) - c(ker'mr+ikei'mr)
e (4.33)
dg-ch
s
The unexpanded form of equation (4.33) is
X .
Hr Il(mr] ) Klfmajlil - Il(majli) K1 (m.rjl!)
H_ 5 5 ¥ 5 (4.34)
s Kltmaj ) Il(mbj ) Il(maj ) Kl(mbj}
For a solid
H ; 7
. g ber'mr+jbeimr
H_ ~ ber'mb+jbei'mb
&HE, H: ber'zmr+bei’2mr
—=|= = - (4.35)
s ber' mb+bei' mb
For values of mr D 25 equation (4.35) reduces with an accuracy
of 1% to

b

H —my/Jg- —jmyA/E
e e

r_-
' - (4.36)

= b_y

where y is the depth into the conductor from the surface. As b increases

EE—A tends to 1 and equation (4.36) becomes that of the semiinfinite slab.
=Y
Thus for large radii or high frequency, the effect of curvature can be

neglected.
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4.4.1 Penetration of magnetic field within a conductor

Examination of equation (4.35) shows that it also gives the
current density distribution into an inductively heated
cylinder. Thus the graphs included in Davies and Simpson [19]
for the ratio [Jf/Js[ give the ratio }H,/H,] of equation

(4.35).These graphs show that equation (4.36) is valid for ?ﬁk>6

and the field attenuates to zero at a distance given by
y/gy 5 when % >6.

An equation equivalent to (4.34) can be developed for +the
case of the outer tube of the concentric arrangement from which
[Hy/H,| can be calculated.

Since numerical wvalues cannot be obtained easily, the
equation has not been derived. However, for a given current
the surface field strength for the outer tube is larger than if
it was supplied in isolation. It can be argued therefore that
the field will reduce to the same value at a greater depth i.e.

the depth for complete penetration is also greater.
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4.5 Tube Wall Thickness for Complete Field Penetration

In Section 4.3 it was seen that for values of 2z 1in the
range of 5 to 30, oa(z) and b(z) are calculated by reference to
Table 4.1. For +the purpose of computing the effective
resistance this does not present any difficulty since the series
used by Arnold to calculate «o(z) and b(z) can be incorporated
in the computer programme. For the purpose of calculating the
wall thickness, a functional representation of a(z) and b(z) is
required. A plot of a(z) and b(z) versus z shows that the
curves can be linearised over three ranges of =z. Using least
squares, +the following equations are obtained over the three

ranges of z

5<2<13.5 a(z) =0.135(z) - 0.194

b(z) =-0.0117(z) + 0.299 (4.37)
13.5<z2<23 a(z) = 0.085(z) + 0.47

b(z) = -0.00526(z) + 0.215 (4.38)
23<z<30 afz) = 0.067(z) + 0,215

b(z) = -0.002(z) + 0.137 (4.39)

The loss in accuracy in calculating the power using the
above functions is small.

Consider a tube of wall thickness t and external diameter
do' Beyond a certain value of thickness ts , the loss calculated

for the tube will be equal to the loss calculated for a solid
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bar of equal diameter do . This condition corresponds to the
value of B in Fig. 4.5, when Rac approaches a constant
value. This value of B is not clearly defined on the graph.

An increase in wall thickness beyond ty does not increase
the loss and therefore it can be concluded, that the current
density and therefore H, below a depth tg, tends to zero.

Equations will now be developed from which tg can be
calculated.

Consider first the case of 13.5<z<23

Rac/ =1 +a(z) [1 - 8/2 - B2b(z)]

Rdc
For the same current external diameter and frequency, the

power is the solid and the tube will be equal if

1 +("/-E_’—l) (0.5~ dl
) ( i/dO]2

5 —) = [1+(0.0085(z)+0.47) (1-0.58) 15—

[0 0]
%im
w

where di_is the internal diameter of the tube.
For the tube the term in b(z) has been neglected since B <1
: _ 4. - o
since t:Bdo/2 and 1-—( l/do} 28 -8B

with z;C“dO[2 and z = C’d0282/4

where C”=27fp K o and C"i/C’fz
Or

equation (4.36) results in a cubic equation in B given by

{TC"do i 4C”zdoz'2][23—321—1.47-2.125x10—2c‘d05’+

4 {4C”do—5} (4.40)

l.OleO“’C’dOBa+0.235 B=10
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For the case z>30

/ v - - —._.—%.—.— 1 p ) 20
I % [fzh, = 1)(0.5 /Z_‘_/_Z_E)) ( /z,;z_/z,z 8/2+B/2)[I2]B__8 :

from which

3 (4.41)

With steel conductors the penetration depth is small and the

condition z>30 is not likely to arise.
1

Since the depth of penetration is proportional to z
¥

y tg 18
. 1
also proportional to 7E
If the curvature of the conductor is neglected i.e. equation

(4.36) applies,

= e-2y/6

PY/P -

and therefore negligible loss occurs beyond 2 § so that

ts

n

2,98
This is not +the case under non-linear conditions (see

Sections 6. 7and 7. 9.3).
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4.6 Calculation of Loss Based on the Semi-Infinite Slab

Solution

The results of research on losses in thick steel plates, due
to a sinusoidal applied magnetic field parallel to the surface
of the plate, can be applied to large diameter bars.

In Section 4.4.1 "large" diameter was interpreted as L/J)B
and this 1limit was established by reference to Davies and
Simpson’s graph (Fig. 12.8, Ref. 19). Referring to the graph,
they state that the current density distribution for a cylinder
closely approximates to the simple exponential fall-off if 5§>8.

In order to test the above criterion for the calculation of
power, the case of a steel bar can be considered of resistivity
19x10q (f2 m ) and a surface magnetic field strength of 15,000
(A ﬁd) peak. For a magnetic linear solution, the value of ke is
obtained from the assumed static B/H curve and a value of 100 is
representative. At 50 Hsz, 5‘= 3.083 mm and the loss density
calculated on the basis of the semi-infinite slab solution is
6915 (W m ).

For a bar of diameter 5.85 cm, the surface field strength of
15,000 (A m') can be obtained by a current of 1949 A. The
calculated power loss based on magnetic linear theory is 7487
(W ﬁa} resulting in an error of 8.2%.

Since for the case above %/gz 9.63, it appears that the
criterion %@1)8 is not sufficiently precise for the range of
diameters and currents of interest to conductive heating.

A method will now be developed for calculating the bar
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diameter for the loss by the semi-infinite slab solution to
apply to any desired degree of accuracy.
For 2>30 and B = 1, from equation (4.23) and the corres-

ponding values of % (z) and b(z),

K =1+ (/2 - 1 5 = £
(/3 - 1110.5 = mr—=7] (4.42)
If PS is the power loss per unit surface area or loss
density,
P_ = 45H *K/4
p
s s (4.43)
from (4.42) and (4.43)
4.44)
= 49H 40Hs i 2 2 (
PS 0. 5/; [0.5 Ta/2z =57 S/% 1)]
. d /juw . ; ;
since =35 ) and the loss density for the slab is given by
-
P = Hy Yuwp /g, (4.45)

the first term of equation, (4.44) reduces to (4.45). The second
term therefore represents the error in using equation (4.45) +to
calculate the loss of a finite diameter bar. Obviously this is

zero if d is 4. For any other diameter, the per unit error will be

2 Z 7 V2
4fs” 105 =y =) V"zj' L) Hsf7'u'wc] (4.46)
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For a per unit error of 0.04, the equation for d from (4.46)

is
37d 25
a2 - + = 0 (4.47)
Y uwao Lwo
374 25
Tiwe is larger than T by two orders of magnitude and

little accuracy is therefore lost by neglecting the last term of

equation (4.47) or

a = 37 (4.48)
e
For the example considered vpwo = 457 and from (4.48)
d = 8 cm
‘giving a ratio of b/6 = 12.9. For a bar of diameter 8 cg and

H=15,000 (A m )the calculated loss density is 7194 W m and
therefore the error is 4% as specified.
The condition b/g>6 gives a diameter of 3.6 cm, which will

obviously give an error in excess of 10%.

Since the minimum value of diameter d depends on Vpuwo, its
value for steel is current dependent. The most pessimistic

value of diameter is obtained at the highest working current.
Bowden and Davies [14] have used McLachlan’s comparison of +the
solution of the diffusion equation in rectangular and
cylindrical co-ordinates, for different wvalues of b/G » Lo
Jjustify the size of diameter used in their experimental work and
in support of their one-dimensional non-linear theory.

The present simple alternative method gives similar results.

In equation (4.45) for magnetically linear steel, if we
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A—O.Qq
assume as previously that }L is given by C H,
¥

where C is a constant,

for a slab,
1.58

F? = Fliﬁii\J.C}tzJP

Thus, for a slab a log/log plot of F§ versus H, should have
a slope of 1.55 or a similar plot for a bar having the same

slope indicates that the bar is indistinguishable from a slab.

The 50 Hz 1loss density has been calculated for various
diameters for a conductivity of 0.7 xlOT(S m”) and the results
have been plotted in Fig. 4.3.

The loss calculated for the 8 cm and 10 cm bar is within
2.6% of the loss calculated on the basis of the slab solution
and as expected the slope is approximately 1.55.

As the diameter decreases equation (4.45) is no longer
applicable and the exponent of H, varies between 1.55 and 2
depending on the diameter and the value of H .

For Fig. 4.3 plot (b) the slope is 1.65 and changes to
almost 2 at a value of HS approximately equal to 6600 (A ﬁd).
For values of Hs greater than 6600, the loss density under a.c.
and d.c. conditions is the same. This happens as a result of
the depth of penetration increasing as H, increases causing the
skin effect to become negligible.

For the 0.3 cm diameter bar Fig. 4.3 plot (c) £1>>b and
therefore the d.c. and effective resistances are equal giving a

loss which varies as H: (for HS = 1000 Rac is slightly greater
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than Rdc).

Two important observations have been made which have not
been fully appreciated by previous researchers, namely the
dependence of the exponent of Hs on the diameter of the bar and
on the level of saturation.

The calculated wvalues of loss density do not give
experimentally verifiable results since the losses have been
calculated on the basis of a linear theory. Nevertheless, the
observations made above regarding cylindricity and saturation
effects are valid under non-linear conditions considered 1in a
subsequent section.

It is now possible to specify the conditions under which a
tube appears as a solid bar and a bar as a semi-infinite slab.
Loose statements made in the 1literature have also been

quantified.
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4.7 Computed Results

A number of results have been calculated on the basis of
equations presented in this Chapter. The calculated results
shown in graphical form in Figs. 4.1 - 4.10 have Dbeen produced
for +the purpose of observing the effect of varying the indepen-
dent wvariables and are not meant to be used as a means of
obtaining numerical answers. The significance of these results
to the non-linear problem under investigation is discussed in

Section 4.8.

Fig. 4.4 shows the effent of varying the frequency for
constant values of F for a copper tube of external diameter 2.54
cm. The case of the solid conductor is that of p= 1. Since the
outer diameter is constant and zo«f for constant P , the graph
of K~f is of the same form as the graph of K~ z. Since z is
dimensionless, Fig. 4.1 applies to variable conductivity, wall

thickness and frequency.

Fig. 4.5 shows the effect of varying p at constant f£. .7
can be observed that for a particular value of P , the tube
appears electrically as a solid. For given conditions, this

value of F was calculated in Section 4.5 and is a function of
frequency, conductivity and conductor diameter.
Fig. 4.6 has been produced to show the increase in kKac as

a result of the presence of the return inner conductor. For
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P >0.3, mt<3 and %@(5 there is an error in establishing Rac.
These are the conditions under which the high frequency and
Arnold’s formulae do not apply. This problem does not arise
with steel conductors even at power frequencies and therefore no
effort has been made to calculate the values of Rac from the
rigorous formula which is the only one giving correct results.
In order to avoid these errors, the effect on Rac of varying the
external diameter of the tube has been investigated for the case
of f = 1000 Hz where the calculated values of Rac are correct
for all values of B .

Fig. 4.7 shows the value of Rac for different external
diameters. It can be observed that the larger the diameter, the
smaller the value of F at which the tube appears as solid and
the smaller the value of P for which the presence of the inner
return conductor increases Rac.

The percentage increase in Rac due to the return conductor,

as a function of the external diameter, for different values of

P , 1is shown in Fig. 4.8. The increase in Rac levels off as
the external diameter increases. It appears that, depending on
the wvalue of F , little can be gained, if one is seeking to

increase the percentage loss, by increasing do beyond 4 cm.-

The increase in Rac due to the inner conductor, for da =
9 54 cm variable and as a function of f is shown in Fig. 4.9.
For f = 150 Hz, the values of Rac are underestimated because
Arnold’s equations give slightly 1low values under these
conditions. The same comment applies to the value of Rac

corresponding to F = 0.4 and f = 300 Hz.
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Fig. 4.10 has been produced to show the difference in
behaviour between keeping the internal rather than the external
diameter constant and varying F at constant f. The smaller
the internal diameter, the higher is the value of ﬁ before
there is an increase in Rac due to the return conductor.

Tegopoulos and Kriezis graphs (Fig. 4 of Ref. 47) show this
behaviour and the effect of eccentricity on the 1loss, which
increases by as much as 50%, for a ratio of fé = s 8B For

heating applications eccentricity is therefore desirable.
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4.8 Relevance of Linear Scolutions to the Non-linear Problem

In solving the non-linear problem under investigation the
results of the previous section can provide some guidance as to
the expected behaviour with steel conductors. For the time
being any discussion as to the value to be assigned to the
relative permeability for a given conductor current will Dbe
deferred and it will be assumed that a value can be determined
which correctly predicts the conductor losses.

For a constant current, }t is constant and since the
parameter 2z is dimensionless, a given value of z can be obtained
by varying any of the constituent variables. Thus for steel and
with constant g and t, a given value of z can be obtained, by
increasing f, or decreasing I. Thus the characteristics in Fig.
4.1 are universal. The characteristics in Fig. 4.5 show that
for a constant F and frequency, 1in the case of a steel
conductor as the current decreases the effective resistance
increases. Fig. 4.6 shows that for constant tube dimensions
and frequency, as a result of the presence of the inner
conductor the effective resistance increases with a reduction in
current, but at a rate which is a function of E . For maximum
heating effect, the maximum resistance presented to a given
current 1s required. However, for a given diameter the wall
thickness 1is limited by the space required to accommodate the
return conductor.

In Chapter 6 a method will be developed for determining the

value of r_ for different currents and samples.
vedd
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4.9% Dimensional Analysis

Dimensional analysis is based on the requirement for
homogeneous equations to have consistent dimensions, which means
that the variables on either side of an equation must have the
same . dimensions. The reguirement for homogeneity is therefore
fulfilled, if each term of an equation is dimensionless.

In searching for functional relations 1in a process
represented by the general type of equation x = F(z,y), or in
processing experimental data, it is useful, not only to fulfil
the requirement of homogeneity but also to provide guidance 1in
determining the functional relation, by combining the variables
into dimensionless groups. For this purpose, Buckingham’s Pi
Theorem gives the minimum number of significant dimensionless
groups of the variables involved in any problem. Thus, if n is
the number of wvariables, m the number of primary dimensions and
the number of dimensionless parameters, then, the minimum number
of m , is (n-m). mi can be expressed as a function of the
other ﬂ;i.e.

TT}:F (T2, T3, Ty eee T )

There are two advantages in using dimensional analysis.
Firstly, the number of experiments required to establish the
relationship between the variables is considerably reduced since
a number of wvariables are grouped together. Secondly, it may be
possible to carry out the experimental work on a scaled model in

terms of the variables grouped in a dimensionless parameter.
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4. 9.1 Application of dimensional analysis to conductive

heating

Assuming that hysteresis loss is negligible, the power loss
per unit length P, can be expressed as a function of the

variables

f, HS’ t} O! ]-lido
Since the number of primary constants M (mass), L (length),
T (time) and I (current) is four, the number of 7 factors being

sought is three.

The dimensions of the seven variables are listed in Table

Table 4.2 Dimensions of Variables

Variable Dimensions
b B (L]
H (L™ 1]
5 (L2MT™? ]
£ [T
g [L=aMmtps 12
m [LMT™2I~2]

89



The three 7 factors are given by

_ Xig Yip2 £V
my = R CHSVPLE 2
-|T2 = tXZ HSY Z-PZZfVZ M
. X Y3 Z3 V3
T 5 = £ 7Hg P f do
Since each 7 factor is dimensionless, the indices xn ; Yn
.etc. can be determined by substituting first, for each

variable in the T factors its dimensions from Table 4.2 and
then equate the indices for each dimension to =zero. The

resulting factors are

1 Po/

Hao%

Ta Hsztjfu./P

s

dok

It is desirable to express the loss in terms of two

independent dimensionless : parameters and therefore m, is
unsuitable. However, the product of m, and w, = mw, 1is
another dimensionless parameter, fopt? . Hence
Ty = Flwgrmy)
or
PO/HSZt = Fldg/,, £out?)

Since 2 and 27 are dimensionless, the above parameters can be
written in the alternative form
Po/

H2t = F(Zt/do, 2nfopt?)

and the dimensionless parameters 8 and z in Arnold's equations
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can be identified. This functional relation applies equally

to solid or tubular conductors. A plot of PU/H ., versus =z for
s

t

constant values of B will show the effect on losses of all the
variables.

However, it must be borne in mind that in conductive
heating, Hs and do are not independent but are related through
the conductor current. In addition to constant R, constant do
must therefore be specified for a functional relation between Po/H 24
and z to apply. ’

Since

e 2 2
PO/ = KR __®%Q 39/

H. >t dc
for a given B and do , the shape of the graphs of PcészgerSus z
is the same as the K ~ z graphs.

In the absence of an analytical solution for the calculation
of conductor losses, experimental results can be used to
establish the set of graphs, relating the three dimensionless
groups, from which functional relations can be defined by curve
fitting techniques. Since for linear conditions well tested
analytical solutions are available, the need +to obtain the
relation between the dimensionless groups empirically, does not
arise. However, 1in seeking non-linear solutions for steel
conductors it will be shown (Chapter 6) that consideration of
dimensionless analysis in conjunction with experimental results
and a linear analysis, leads to a satisfactory semi-empirical

solution.

4. 9.2 Alternative dimensionless parameters

Lim and Hammond [9] in calculating eddy current losses in
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thick steel plates, of half thickness d, used the dimensionless

parameters

o£B,%/E, H/E, P_0d/p

where in this case Psis the power per unit surface area and £ is

the ratio of %/b in the Frohlich equation B = ___E___?
; a, + b;H
Since ati % and blgﬁé, the parameter ofBdegreduces to
s

z X constant.

Since & and Bs have no significance with non-magnetic
materials and y in z reflects the shape of the B-H curves, the
parameters developed in the previous section describe fully the
conductive heating problem. In dealing with magnetic materials,
there is some advantage 1in adopting the parameters GfBSt2/£

H/ E ) and g . A discussion is deferred to when steel

conductors are considered.
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4.10 Numerical Solutions

Analytical
of

evaluated.

solutions have the advantage that the

These solutions are limited however to

influence

various parameters on the dependent variables can be readily

homogeneous

media and to simple geometric boundaries.

For certain problems,

permeability of each

during the heating
magnetic materials,
available.

To do justice to

where for example the resistivity and

segment of a heated bar wvary considerably

cycle, or for non-linearities relating to

numerical solutions are the only methods

numerical techniques within the bounds of a

section, or even a chapter, 1is impossible particularly since
numerical techniques are continually evaluated and improved. No
attempt therefore is made to review numerical techniques. The
books by Stoll [45] and by ©Silvester [48] offer a good
introduction on the application of numerical techniques to the
solution of electromagnetic problems.

In spite of the ever increasing number of papers published

on

heating has received

method for calculating the a.c.

the advantage that

profiles,

Lim and Hammond’'s [52] numerical solution and numerous

by others

techniques refer

numerical solutions,

involving finite

to

the particular problems of conductive

little attention. Silvester’s [49][50]1[51]
resistance and reactance offers
conductor

it can deal with complicated

but has only been applied to non-magnetic conductors.

attempts

element or finite difference

inductively heated steel plates and
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therefore are irrelevant to the present investigation.

The only papers which deal with conductive heating of steel
bars are those by Burke and Lavers [15] and by Lavers [53].
Burke and Lavers numerical model 1is slightly different
from Lavers, but since it is based on Lavers technique it is

not considered.

4.10.1 Laver’s numerical technigue

Fig. 4.11 shows a section of a tube of internal radius a and

external radius b, divided into N equal annular rings of width

Av.

é

|I ?"N‘vl

, 5 |

,1 T E

ity | L]l
i Ny | x X 1 x iy X l x | %

LR

e ol

! " 1

i

| b -

Fig. 4.11 Subdivision of Tube for Numerical Solution [53]
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If A r is sufficiently small,

Jy is constant in the region r-Ar < r &r

, Ax Ar
and H is constant in the region T -~ =5 LrLzxr *5

A value is assumed for J; in order to start the solution.

The total current flowing in the ring agrgr, is

I =ﬂArJ‘ (a +ATr)

The magnetic field H' at r 1is

I
Hl - 21{12"

H, is now known so L can be calculated from the B/H curve and
the solution advanced.

Since 3 {53 = jowhH
dv P o5
p(T.-T) = JwpH Ay

= 5.7 dp O H Ly

after I - 1 steps in the solution J; is known.

For the Ith step,

and W =_l_ Ts
: 211?1 L=
from (4.49)
j-J:-r! = TI*).’E.—“JAV Hs
Pz
when J is known.
N4 |
Av
I~+| T e £ (w" Al
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and the total current I is given by
N

I,-p) T

No information is given by Laver as to the method of
computing the various quantities of interest. However he
includes in his paper a programme for the HP25 for the case of a
non-magnetic solid cylinder. Although the steps are tabled, the
programme cannot be easily interpreted. A programme in BASIC
for +the SHARP personal computer has been written instead, for
use with the present investigation.

At the end of the programme execution the following
quantities are displayed: current, surface current density,
surface magnetic field strength, Rac, Xac, K, p.f. and power
density.

For non-magnetic conductors the results are obtained in one
rass. Two current densities are assumed which give an improved
current density resulting in the equalisation of the impressed
current and the sum of the individual rings.

For magnetic conductors an iterative process is required but
the current density J, converges to the value which gives the
supplied current after a few iterations.

One hundred steps proved to give sufficiently accurate
results. For magnetic conductors, in order tc make the results
more accurate as an alternative to a very large number of steps
or grading, it was found that the iteration could start with the
inner ring at about 3 skin depths, from the surface of the

conductor. This is Jjustified by the knowledge that there is no
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appreciable field below this depth.

Table 4.3 compares the results obtained using Arnold’s
equation and the numerical method of this section. They are in
complete agreement to three significant figures. The case of

steel conductors is considered in a later section.
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Fig. 4.1 Resistance ratio of isolated non-magnetic conductors
as a function of z
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Fig. 4.3 Calculated surface power densities for magnetic -
linear steel as a function of surface field strength
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CHAPTER 5

MAGNETICALLY NON-LINEAR SOLUTIONS

hapter Summary

Solutions accounting for the non-linearity of steel and

applicable +to resistance heating are reviewed, discussed and

compared.
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5.1 Literature Survey

Many solutions have been proposed to account for saturation
and magnetic non-linearity in steel, which can be broadly
grouped into analytic and numerical methods. Within each group,
two subgroups can be identified; one relates to losses by induc-
tion on thick and thin plates and the other to losses by conduc-
tion on solid or tubular conductors.

The requirements of machine designers and induction heating
applications, resulted 1in the past to attention being directed
to +the calculation of losses by induction rather than by
conduction. Furthermore, it appears that to date, 1little has
been published relating to the concentric arrangement when both
or one of the conductors is made from steel.

In Section 4.6, the conditions for the non-magnetic or
linear magnetic thick plate soclution to apply to finite diameter
cylinders have been established. Lim and Hammond [8] define
the conditions under which a steel plate can be considered thick
and therefore it is possible to apply thick-plate solutions to
finite diameter cylindrical steel conductors. An examination of
published work in this field is therefore appropriate.

Rosenberg [b4] was +the first to use a one-dimensional
analytic solution for a semi-infinite slab, by representing the
magnetisation curve as a step-function. The same model for the
B/H characteristic has been used by Agarwal [8] for both thick
and thin plates subjected to a sinusoidally varying surface

magnetic field. Stoll [45] gives a lucid presentation of the
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solution for a thick plate with sinusoidal surface field excita-
tion and explains why the "step-function” method of solution
gives loss values 70% greater than the linear solution.

Bowden and Davies [14] give a comprehensive review of one-
dimensional analysis and identify the factors which contribute
to the eddy-current loss in solid steel.

Lim and Hammond [8]1[52] also give a review of analytical and
numerical methods for the solution of non-linear eddy-current
problems 1in thick plates. They solve numerically the one-
dimensional diffusion equation in a non-dimensional form and use
the Frohlich representation for the B/H characteristic.

All three methods mentioned above are applicable o
conductive heating of steel bars or tubes depending on the
values of diameter and wall thickness.

An early bibliography (up to 1916) on steel conductors is
given by Kennelly et al [55]. In order to <calculate the
resistance ratio of steel rails of different profile and of
cylindrical conductors carrying alternating currents, they used

the formula

K = =3 27 Vouf

-
where S is the conductor cross-sectional area and P, its
perimeter. The value of r had been obtained from the d.c.
magnetisation characteristic.

Dwight [56] used the same formula to calculate K for steel
tubes and agreement between measured and calculated values of K

was found to be poor (see also Section 6.4.1)
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Rajagopalan and Murty [18] applied a linear solution to
steel conductors of rectangular and circular cross-section,
carrying alternating currents. Hysteresis effects were
accounted for by means of a complex permeability.

The step-fuction B/H characteristic has also been used for
the case of resistance heating of a circular solid conductor by
Davies and Bowden [57] and by Burke and Lavers [15]. Davies and
Bowden applied it incorrectly to small diameter wires and Burke
and Lavers limit their investigation to a one inch diameter bar.

A numerical method applicable to resistance heating of
isolated circular conductors or tubes has been developed by
Lavers [53] but does not account for the saturation harmonics in
the flux density waveform.

Koyanagi et al [6] solve numerically the equations
describing the concentric arrangement of two steel tubes, but
they consider sinusoidal H throughout the cross-section of the
tube and only limited experimental evidence 1is offered in
support.

Although a considerable number of additional alternative
theories have been proposed to account for non-linearity, they
are not considered here, because they relate to cﬁrrent flow by
induction rather than current due to edge to edge contact.

As far as thick plates are concerned and by virtue of the
solutions having possible applications to conductive heating,
the more up-to-date analysis of Bowden and Davies [14] and Lim
and Hammond [8] are examined. Their analyses supersede

Agarwal’s [8] and avoid having to assign a value to the flux
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density required by the “"step-function" method. However, they
apply only to large diameter bars.

In the following sections available solutions relevant to
conductive heating are briefly reviewed, discussed, compared and
contrasted.

Particular attention 1is paid to the step-function method,
because it 1is extended in this thesis to the cases of small
diameter wires and to isolated or concentric tubes, which have

not been treated previously in the literature by this method.

108



5.2 The Step-function Magnetisation Characteristic

5.2.1 Description of the magnetic model

The assumptions are:
1. The cylinder has an infinite length.
2. The cylinder carries an axial sinusoidal current

i = f sinwt.
3. The B/H curve is given by B = (abs H) By

Suppose the cylindrical conductor of radius b is in the
steady-state and at t=zo the conductor is magnetised to
saturation in the negative direction to a value-P, and to a
depth S from the surface because of a preceding cycle of
magnetisation; 5; may have any value between 0 and b but
initially it is assumed that Q;(b. As the current increases
from zero, the field intensity H reverses direction at the
surface switching the flux density in the surface layer from - Ba
to ~BA Two regions are therefore defined both of which are
magnetised to saturation in opposite directions. The boundary
of the two regions determines a c¢ylindrical surface which
advances 1into the conductor during the halfwave of the current

at a finite velocity which will be found to be of subsequent

interest.

5.2.2 Analysis

Let the surface velocity be v. The distance penetrated by
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the separating surface as a function of time is WYt).and at time t

equals [ (t)| (Fig. 5.2). ¥ (t) and v are related through

- “_a —_ -
}E.dl =3¢ 5) B.ds (5:1)
s
}ﬁ.dl =0 Jj E.ds (5.2)
=

equation (5.1) gives the flux change in time &t and equation

and

(5.2) the current enclosed by the path over which ﬁ is
integrated.
Since E has only one component in the axial direction,

equation (5.1) reduces to

E=§§=21§u=2§d_‘?(£1_ (5.3)

By applying equation (5.2) around the circle of radius r and by

substituting (5.3) into (5.2) and re-arranging

B o= Barr: - p2 oy o2py(r) - ¥ (r)] L) (5.4)
s r dt

for
b -|¥(t) | <r<b

and Hs = 0 for r<b-|y(t) |
since the current is uniform in the region between b and
b- |¥(t)| and zero in the region r<b-|y (t)] , at the

- . 3
surface , Hs = HSSant = 31b sinwt and r = b
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substituting into equation (5.4)

H_ sinwt = "E" RbY (t) - ¥2 (t)] d_g%_g_ (5.5)

Integrating (5.5) with the initial conditions,y(t)= o when t = 0,

R T ¥ (t)
Gs sin? (=) = ¥ (t) 5 (5.6)
2H
where 5 = f is the saturation depth {(5.7)
N B owB,

H
It .EE is written as l/ué, then 55 is the non-linear equivalent

A
of the skin depth § of the linear theory.

If és >b, the separating surface reaches the centre of the
conductor before the end of the first half-cycle and at time T,

with Y@) = b in equation (5.8)

SLHT [E 5£] (5.8)
S
_ 3
- b/5 - .j;

[
the flux wave reaches the centre of the cylinder at the end of

3
If b/g < ’j;

s
the centre is reached before the end of the half-cycle.

Tz

£

the first half-cycle.

It is now possible to define the current density as a
function of time at any given depth y. During any positive half -
cycle of the current, the current density which has only one
component in the axial direction, will be 2zero until the

separating surface reaches the depth y, after a time ty’ given

: 0



by

y (5.9)

= 2 g3n~t L -
t w Sin [5; v y3/3;]

If so required/the current density can be defined in the
four intervals of time between O and 2nkfand the current density
can be expressed as a Fourier series from which the influence of
the current density harmonics can be investigated. Stoll [45]

carries out this exercise for a thick plate.

5.2.2.1 Power and power factor

The instantaneous power per unit length of cylinder is

av(t) 2 .
ac Isinwt

plt) = E(t) i(t) = 2§A
from (5.5)

f’sinzwt
(t) = (5.10)
a2 otb [2¥(t) - Eiéﬁll

The instantaneous reactive power per unit length is

I2sin wtcoswt

g(t) =
2 511
omb [2¥(t) - (&), ( )
b
Integrating equation(5.10), the average power is
2, (n/ . '
b = WI? w sin’wt dt
= 3 ;
Bogh (2¥ (¢) - L1 (5.12)
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and integrating (5.11) the average reactive power is

T/

_ w2 w . simviwt coswt
Q = w55 Ve dt (5.13)
[2¥(t) - %l_]

The power factor is given by
p.f. = cos (tan“lg_
'p &

) (5.14)

5.2.3 General discussion

In the literature survey it was stated that the step-
function B/H characteristic has been used for the case of
resistance heating of bars by Davies and Bowden [57] and by
Burke and Lavers [15]. Burke and Lavers’ paper dées not refer
to Ref. [57] which preceded it and  their respective
equations differ. The limiting case of the thick plate (b—> o)
or the condition giving a shallow flux wave penetration Iw(t)l
in comparison with the radius b is worth examining.

This 1limiting case has not been examined by either of the
authors of Ref. [57] and [15] although it serves as a way of
proof for +the more general solution of the finite radius
cylinder.

In equation (5.6) if [J(t)| <<b at the end of the half

cycle,
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. t
y(t) = 55 sin (-"12-—) (5.15)

from (5.9) the time for the wavefront to reach a distance y is
2 g
-~ sin (- /5S) (5.186)

from (5.16) and (5.12) the average power is

: T/
4wI? wt _.  wt -
GTTbZS_ weel” T BB SFdk (W55
- |
o
_ 2wI? 5 .
= s < =
om*bs . (33) (Wm ")

The average power per unit surface area PS, follows and is

given by

8 fg2
=

Equations (5.15), (5.16) and (5.17) are in agreement with
the thick plate case (see Ref. 8).

Davies and Bowden [57] give the following equations:

9
J B, (5.18)
= 2 sin"!/b/s (5.19)

A

s

P = {}zasbok_p (5.20)
R 5.21
I = 2/2fspb k. ( )
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Some of the symbols have been changed to be consistent with
the preceding equations, kPand k, are functions ofjvkl. For the
present discussion it is important to note the observations made
in Ref. [57] that k,»7T as %_I—a-o-oand for l>/J.‘>1 k > 1.47 k,

Thus, it 1is possible to investigate equations (5.18) to
(5.21) for the limiting condition b/ — o

For a direct comparison of corresponding equations the

quantity V must be eliminated. From (5.21)
A L
\V =
4 . O.Z\ri\r{t]\slblz:.
since Hs, =1
2n b
N Hs, 2b (5.22)
4—6££l>k1

substituting (5.22) into (5.18) and with k = 1.07 f/z

0 [

0w B,q l.o?

substituting (5.22) into (5.20) with k = T/ 2k,

A
P- H"ﬁb/za‘r’: (W m)

or X b
g .
5
For ﬁ;. = H, this equation gives loss densities 2.4 times
smaller than from equation (5.17). The difference arises as a

result of the assumed operating conditions which in the case of
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ref. 15 is sinusoidal current and in the case of ref. 57
sinusoidal voltage. It should however be noted that the
analysis of ref. 57 was applied by the authors to experimental
results under sinusoidal current conditions and surprisingly
reasonable agreement between measured and calculated loss values

was obtained.

5.2.4 Prediction of loss based on the step-function B/H

characteristic

The use of the step-function B/H characteristic in
calculating eddy current losses results firstly, in predicting
higher losses than the linear solution and secondly, changes the
phase angle of the first harmonic of the current density from a
limiting value of 45 to a value of 26.6 .

The ratio Q/P has been plotted by Burke and Lavers [15] and
clearly shows this limiting phase angle.

Although the step-function analysis is an improvement on the
linear solution, it fails to correctly predict, either the eddy
current loss, or the phase angle. The error arises due to the
different layers of the conductor experiencing varying Ilevels
of saturation. Whilst the material near the surface of the
conductor can be in a state of saturation and the step-function
is in this case a reasonable approximation, the inner layers are
far from a saturation state.

Agarwal [8] first suggested, on the basis of experimental
results, the use of a flux density equal to 0.75 B, giving

better agreement between measured and calculated values of eddy
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current losses on steel plates.

Burke and Lavers [15] used the value of H corresponding to
0.637 ﬁs on the basis that it gives the best correlation with
test results but their statement before choosing this value is
confusing. To quote "the magnetic flux density corresponding to
the surface magnetic field intensiy is the appropriate value of
‘BA . Since the material is non-linear, it is not clear whether
one should use the value of B corresponding to the maximum, rms
or the average value of surface H or none of these. Agarwal
uses 0.75 ﬁs : . . 7. If B¢ 1is the saturation flux density in
the step-function representation, it 1is a constant for all

values of Hs irrespective if Hs is taken to be the rms, peak or

average. The adjustment to B can only be made in terms of
BS and Agarwal as stated previously used 0.7535 and not
0.75 H,

With B»s::BA the loss is 70% greater than the linear theory
when the measured loss is almost 50% greater . Thus, a
reduction in the predicted loss (equations (5.7) and (5.17)) 1is
sought which can be obtained by increasing the value of S; for
a given value of H,. The use of H = 0.637 H_gives a loss
0.587 x the loss obtained with Agarwal’s empirical factor.

Bowden and Davies [14] show analytically that Pa= 0.75 B,
for wide range of ﬁs above the knee of the B/H curve. Lim and
Hammond suggest that for very high values of HS, BA::BS. They
also observe that the empirical factor of 0.75 has been chosen
to make some specific allowance for hysteresis loss and there-

fore it is unlikely to be valid for materials with either very
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low or very high hysteresis. However, it is generally accepted
that under saturation conditions and for low carbon steels,
hysteresis is almost negligible. Agarwal’s measurements were
carried out under saturation conditions.

Returning to equation (5.12), the function ¢(t) is not
available explicitly and therefore (5.12) can only be solved
numerically. For a universal application the parameter K is
more useful than the loss and Burke and Lavers have plotted a
graph of K derived from (5.12) versus h%:.

Because of the assumed B/H characteristic, the "step-
function" method, even with an adjustment to the flux density by
the Agarwal factor, overestimates the losses at low values of Hs

and underestimates them at high values of H
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5.3 One-dimensional Analytic Solution

Bowden and Davieé [14] analysis is applicable to steel bars
greater than 7 cm diameter depending on the current, the
resistivity and the B/H characteristic of the steel. It takes
into account the saturation harmonics by representing the curve

relating the fundamental component of the B/H curve, B , by
3

-

B1 = AHlbL and solving the diffusion equation. With the B/H
characteristic represented by B = a’ﬁé{l it is shown that
A = EF{ and £, is approximately constant and equal to 1.25 for
ENIA steel and £S>5000(A m_a. The effect of the change in the
value of permeability with depth is accounted for by a factor k

which is a function of b7. The ratio of the non-linear to the
linear power loss density is simply given by kp VE.

Calculated wvalues of loss density show agreement with the
measured values to within 4% and agree with the values based on
Agarwal’s mithod for ﬁs>2500(A m_ﬁ but give lower values for
H_<2500 (A m ).

The authors did not attempt to compare their calculated

values with those obtained by using the universal loss chart of

Lim and Hammond although reference is made to this paper.
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5.4 Solution Based on Linear Analysis

Rajagopalan and Murty [18] obtain similarly to Bowden and
Davies an effective permeability given by the ratio of the
fundamental component of the distorted flux density waveform and
the sinusoidal surface magnetic field. The effective perme-
ability 1is substituted in the linear solution to obtain wvalues
of the ratio M=Rdc/Zac Hysteresis effects are considered by
means of a hysteresis angle 0-

Agreement between calculated values of M and measured values
with steel conductors of circular and rectangular cross-section
is rather poor. They fail to consider analytically the effect
of the change of permeability with depth but they make the
following observation to justify the discrepancy between their
measured and calculated values of M. Quoting they note:

"The values of p and ¢ corresponding to the ampfitude of
the magnetising force are used. However, bearing in mind that
p and 6 vary with H, it is obvious that the proper choice of
p and 6 should be based on an average magnetising force
instead of the value at the surface. Tentatively we chose 0.8[—1s
(rms) as the magnetising force for predicting the results."”

This ad hoc modification which increases the effective
permeability improves the correlation between measured and
calculated values of M for HS>E(;OO (A m-;‘ but has the reverse
effect for values of HS<1000(A m ).

The method of calculation if restricted to values of Hs>1000

=1
(A m ) has therefore some potential. It has the further
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advantage +that the conductor diameter is not restricted to a
minimum value. It has the disadvantage that a B/H
characteristic is required to be obtained experimentally. This

last observation also applies to the method proposed by Bowden

and Davies.
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5.5 Numerical Solutions

Lim and Hammond [£2] solved numerically the non-linear

diffusion equation

30*H dB 3

= 0 m—— —

9x* oH 8t

The shape of different types of B/H characteristics are

described by a parameter £ which can be obtained from a
knowledge of the Frohlich curve representation and therefore the
solution 1is applicable to more than one material, By solving
the diffusion equation in a non-dimensional form, universal loss
charts are produced from which the loss density can be easily
calculated. The loss charts are not applicable +to circular
conductors except under certain conditions. The results of
Table 4 of their paper are inadvertently misleading but do not
influence the conclusions reached

In the step-function theory, the penetration depth J: was
defined as +the depth below which there is no penetration of
field or current. In the linear theory § was defined as the
classical skin depth which is independent of Hs'

Lim and Hammond identify another penetration depth § which

can be obtained from

2
P = ——
s OGF

with P;obtained from the universal loss chart.
They show that ifd/§> 2 (d = half thickness of plate) the
F
steel plate can be considered thick. This criterion is stricter

than the criterion o:fd/6 > 1 applicable to the step-function
s
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theory.

Laveré numerical solution (Sec. 4.10.1) is not a true non-
linear solution. The permeability of each annular ring is
obtained from the d.c. magnetisation characteristic but a
different value 1is assigned to each ring and therefore the
change of permeability with depth is considered.

Burke and Lavers compare, by means of a graph, calculated
values of Rac/Rdc based on the step-function theory, with
results obtained from their numerical model. Reference to these
results is made in Section 6.4.1.

Gillot and Calvert [7] replaced the non-linear partial
differential equation describing conductive heating by a finite
difference equation.

The differential equation is

Z 1
where He and Be are functions of g and t. (This equation can be
derived simply from equation (4.5)).

Unfortunately they did not compute or measure the power
loss. They however investigated the case of the round rod with
an externally supplied sinusoidal mmf. For their computations
they wused the actual B/H curve and the results show that their
computed values for loss were lower at high field strengths and
higher at low field strengths than the measured values. Better
agreement between measured and calculated values was obtained at
400 Hz.

Koyanagi et al [6] used equation (5.23) with the appropriate
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boundary conditions to solve the coaxial pipe problem. However,
they replace 3/atby Jw i.e. neglecting harmonics.

In place of . they use an effective permeability given by

H
an

(H) =

b= ud.c.

2

where Ba 5 is the permeability obtained from the static

characteristic. The right hand side of equation (5.23) becomes

jw{u(lHel)- d%ElHSB H,

For details of the solution, Koyanagi et al make reference
in their paper to publications which proved to be unobtainable.
The experimental work is rather inconclusive and the theoretical
analysis suffers from the same limitations as Lavers’ except
that the inner pipe in the coaxial system is likely to operate
in the unsaturated region of the B/H curve.

The coaxial pipe system is reconsidered in Sect. 6.4.1.
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5.6 Comparison of Theories

For infinite half-space, three alternative theories have
been 1identified and therefore a comparison of calculated loss
values based on each theory should be possible. Such a
comparison has not been reported in the literature.

For the comparison to be made ©possible, the B/H
characteristic of the material is required and experimental
results must be available.

Lim and Hammond [9] tested their theory by measurements on
toroids, whilst Bowden and Davies [1l4] checked their theory
by measuring the losses on a steel bar carrying alternating
currents. The bar diameter was sufficiently large to ensure
that it was electrically appearing as a semi-infinite slab, with
an accuracy of 4%.

Since Dboth sets of authors compare calculated wvalues with
those obtained by Agarwal’'s method, either author’s experimental
results can be used to compare alternative theories.

Lim and Hammond’'s [89] loss curves are universal and
therefore an independent check of their applicability is an
attractive possibility. To apply Bowden and Davies analysis for
ENIA steel to Lim and Hammond’s test results referring to mild
steel, the value of kp and &, must be known. Whilst kp is
easily calculated from the B/H characterstic, the value of £, is
more difficult to establish. The results of Bowden and Davies
will therefore be used for the comparison of theories.

On first examining the universal loss chart of Ref. 9 , it
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appears that it cannot be applied to the results of Bowden and
Davies, since the value of the parameter n based on the radius
of bar (3.8 cm) is outside the published range of n . However,
the thickness to be considered in Lim and Hammond'’s
dimensionless parameter n does not have to correspond to the
radius of the bar. Provided sufficient depth is allowed for the
magnetic field to decay, the value of n corresponding to this
depth can be used to calculate the loss.

On the ©basis of the Frohlich representation of the B/H

_ 8y

characteristic for ENIA steel given by B = ~, the value
288+0.51Hg

of the saturation flux density (Sect. 4.12) is 1.96T and the
parameter g equgls 565, Choosing wvalues for N equal to 10
and 20 to avoid interpolation, the corresponding values of a
(half thickness of plate) are 3.31 mm and 4.68 mm respectively.
The corresponding loss values obtained from the loss chart for
the 7.6 cm diameter bar are shown in Table 5.1 together with
the values published by Bowden and Davies [14].

Since the 1loss chart is universal, the 1loss values
corresponding to N = 10 and n = 20 should be equal. Any
deviation could be due to one or a combination of three reasons.
1. There is an error in reading the value of dimensionless loss

P, from the loss chart.

2. Insufficient depth has been allowed for complete field pene-
tration.
3. There is an inherent error in deriving the loss chart.

Any error due to the first cause cannot be ascertained, but
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it cannot lead to the large differences observed. If
insufficient depth has been allowed, +the loss should be larger
in the case of d = 3.31 compared to the case of d = 4.68.

Lim and Hammond compared results obtained from the loss
chart with results calculated using Agarwal’s method. They
observe that the chart gives smaller losses at low values of H,
and larger ones at higher values of H, than those obtained by
Agarwal’s method. The reason they put forward is that Agarwal’s
approximation depends very much on the empirical factor of 0.75
which for high values of I-Is should be nearer to unity. The
results of Table 5.1, show the same trend between loss values
based on Agarwal’s method and the one obtained by using the loss
chart. They also observe that their measured loss on mild steel
soroids is consistently larger than the calculated losses. In
the case of the results of Table 5.1, this consistency does not
exist; for some values of Hs the measured loss is smaller than
the wvalue based on the loss chart, while for others it is
larger. Their assertion that the higher measured losses in
their investigation are due to hysteresis, 1s not substantiated
by the present comparison, even allowing for the difference in
levels of field strength. The reason is more likely to be due
to the toroids used in their experimental investigation not
fully approximating to the semi-infinite slab condition or due
to inherent errors in the loss chart.

If the result for d = 4.68 mm in Table 5.1 is considered,
maximum error between the measured and calculated values is 9.4%

as compared to 3.6% for the values calculated by Bowden and
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=1
Davies (the loss value corresponding to H, = 2950 A m )is not

considered since it is supposed to be in error).

So far, the theories applicable to thick plates have been
compared. Lavers’ [53] numerical method (not limited by
diameter size) can also be applied to the results of Bowden and
Davies and therfore a further comparison can be made between
alternative theories. The calculated values using the numerical
method, are shown in Table 5.2 and correspond to the same data
of Table 5.1. The computer programme developed for this purpose

has been used for the calculation of loss values on the basis
of the B/H characteristic representation used by Bowden and
Davies over the three ranges of H.

In Table 5.2, the significance of the wall thickness is the
depth at which a current density is assumed to begin the
iteration process. Care must therefore be taken to ensure that
this depth is adequate for total penetration bearing in mind
that it varies with the level of excitation.

One hundred iterations proved adequate and a replacement of
the three-range B/H representation in the computer programme by
a single Frohlich type showed a difference of 1.4% on the
calculated value of loss for H, = 11,800 (A m_j. Increasing the
wall +thickness and at the same time the number of iterations to
500 did not alter the results indicated in Table 5.2.

The maximum error between the calculated values in Table
5.2 and the measured values of Table 5.1 is 7.7%, again
disregarding HS = 2950 which gives an error of 14%.

Whilst the predicted loss values via the numerical route are
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in reasonable agreement by engineering standards with the
measured losses, it comes as a surprise that the numerical
method gives results consistently higher for all values of Hg
except 1000. This 1is contrary to expectations, since the
numerical method does not take into account the effect of
saturation harmonics. Bowden and Davies have shown that the
linear loss has to be multiplied by /g, ~to account for these
harmonics. If this factor 1is neglected,a reduction in the
calculated loss values should result.

The phase angle between the fundamental component of the
surface current density and surface magnetic field strength
calculated by Bowden and Davies is constant and equal to 36.7° .
This constancy results from the dependency of the phase angle
only on the value of the exponent of H_, in the functional
representation of the B/H characteristic used in their analysis
which assumed that the exponent is independent of Hs above the
knee of the saturation curve.

Examination of Table 5.2 indicates that the calculated
value of phase angle is not constant but decreases as the
level of saturation increases. Lim and Hammond’s [9] calculated
results show a similar reduction on the value of phase angle and
in addition its dependence on the shape of the saturation curve
and the amplitude of the surface field. They observe that
when the non-linearity of the B/H curve is not pronounced, the
phase angle approaches the 45° of the linear theory, while at
deep saturation it comes closer to 26.6° the value in the step-

function (Agarwal) theory.
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Laver did not use his numerical model to compute phase
angles nor did he test his method in different steels or

different size conductors.
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Fig. 5.1 Step-function B/H characteristic
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Fig. 5.2 Details of cylindrical conductor for step-function
magnetisation model.
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PROPOSED METHODS OF SOLUTION

Chapter Summary

In Chapter 5, the review of contemporary solutions relevant
to magnetic non-linear steel 1identified their limited
applicability to +the problems under consideration and two
methods are now developed.

The first (effective permeability method), 1is based on the
linear solutions of Chapter 4 and is extensively tested on
experimental results published by other workers. By expressing
the power loss in dimensionless form, an effective permeability
is derived and the possibility of scaling is considered. On the
basis of this method it is predicted that the index of variation
of Hg 1in the power density/H_ relation is a function of tube
diameter and wall thickness.

Depth of penetration and the influence of conductor diameter
on 1its value are evaluated. In the absence of experimental
results to test this method for its applicability to the
concentric configuration, the step-function approximation method
(Chapter 5) is extended to this case and in addition to thin-

wall tubes and wires.
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6.1 Classification of Methods

In Chapter 5, a common feature of the methods considered,
for the calculation of losses in steel conductors, was the
requirement for a B/H curve. Despite the fact that a B/H curve
is obtained experimentally, these methods were classified as
analytic or numerical.

In contrast, Thornton’s [17] formula for losses in steel
pipes 1is entirely empirical. His attempt to provide formulae
describing the performance of steel pipes in the dual role of a
means of transportation and as "heating element”, was the first
to be reported, but inevitably lacked generality of application.

The proposed effective permeability method, which 1is
developed 1in subsequent sections, can be described as semi-
empirical. This classification is appropriate because, whilst
the effective permeability is derived in the first instance from
Thornton’s experimental results, the loss is calculated on the
basis of this permeability and formulae resulting from analytic
solutions.

The second method, since it is based on the step-function

theory, can be described as analytic.
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6.2 Effective Permeability

An effective permeability is explicitly or implicitly
involved in the methods described in Chapter 5. In Bowden and
Davies’ method [14], the step-function method [15] and Lim and
Hammond’s numerical technique [9], an effective permeability is
the outcome of an analytic or numerical solution. In the case of
Rajagopalan and Murty [18], an effective permeability has to be
established first, before a solution can be obtained.

Rajagopalan and Murty failed to derive an effective
permeability which fully accounts for the magnetic non-linearity
of steel (for comments see Section 6.3.3.1) and their solution
is based on equations applicable to magnetic-linear steel.

The approach adopted in this thesis is in line with that of
Rajagopalan and Murty, except that the effective permeability
can be accurately determined from experimental results.

In the context of this thesis, effective permeability 1is
defined as a conceptual permeability, which when substituted in
the equations applicable +to magnetically-linear steel, allows the
loss to be predicted.

There are considerable advantages in adopting this approach.
Firstly, solutions for linear steel exist for tubes (a solid is
a special case of a tube) in isolation and in a concentric

configuration (Chapter 4).

Secondly, the effective permeability, if derived from
experimental data, 1is bound to account for the effects of non-
linearity.
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Thirdly, a B/H curve is not required if the loss in a sample

can be measured.
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6.3 Derivation of Effective Permeability

6.3.1 Preliminary investigation

Fig. 6.1 (plot b) shows a log/log plot of the relative
permeability }¢ as a function of Hs for 0.1% and 0.19% carbon
and also typical mild steel. The data have been obtained mainly
from references [58] and [59].

The graph is representative of low carbon steels, but some
deviation exists between data obtained from various other
references which are not listed.

Fig. 6.1 (plot b) shows that thﬁs is linear for a wide
range of Hs (this is also observed by Davies and Simpson [19]
p.336) and also, that the linearity does not hold for H <1000
(A mA). The point at which theIOSF%ﬂ”ﬁ, graph starts to curve,
will be termed the turning point for ease of reference.

An examination of}://ﬁj data from various sources and in
particular from Lozinski [60] indicate that as the carbon
content increases, the turning point occurs at higher values of
ﬁ,. This observation is important when in Chapter 7, the
measured and calculated loss values are discussed.

Having established the shape of the P&//ﬁs curve, it is
reasonable to believe, that }te ’ will follow a similar pattern.
]?cff should be greater than }t , sSince it is well known
that loss calculations based on }: , glve lower wvalues than the
measured ones.

In Chapter 4, K-z graphs were obtained for different wvalues
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of ﬁ - Since K and 2z are dimensionless, the graphs are
universal. If now a K-f graph for a steel tube 1is obtained
experimentally and plotted on the same graph, the possibility of
deriving an effective permeability can be investigated.

In order to obtain a K-f graph for a steel tube, Arnold’s
[47] measuring technique was employed (Fig. 6.2). To gain
confidence in the accuracy of the measuring circuit, preliminary
measurements were carried out with shunts of known resistance

and the following results were obtained.

Nominal Resistance (J2) Measured Resistance (J1) % Error

0.0505 0.0512 +1.4
0.00125 0.00128 +2.4
0.000625 0.000620 -0.8

Having established that the measuring technique could
measure with reasonable accuracy, values of resistance of an
order likely to be encountered with steel tubes, measurements

were carried out with a mild steel tube having +the following

parameters
d, = 2.67 cm
d; = 2.18 cm
t = 2.45 mm
F = 0.183

The d.c. resistance of the tube was measured with a Kelvin
double bridge and the conductivity, calculated from the tube

7 -1
dimensions, was 0.7 x10 (S m ). The measurements were carried
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out with the return conductor sufficiently remote to eliminate
proximity effects. The current was supplied by a wvariable
frequency oscillator through current lugs brazed on the ends of
the +tube and kept at approximately 50 mA. A bridge oscillator
detector was used as the null detector tuned to the operating
frequency. Measurements were carried out at frequencies between
50 and 500 Haz.

The measured values of K are plotted in Fig. 6.3(plot a) on
a base of frequency. Fig. 6.3(plot b) is the calculated K-z
graph corresponding to B = 0.183 (the value applicable to the
steel tube) and to arbitrary wvalues of z.

For the two graphs to be coincident for say f = 100 Hz, =z

must be equal to B.

Since
z = Z'FT—Ft o
)l;ehf h;
2 S .
ov 8 =21 <100 x2 48 xio ,,(, 410
veff
7 -1
with ¢g= 0.7 x10 (S m r;eifq 241

If the exercise is repeated for frequencies up to 300 Hz,
the same value of }ﬁcﬁi is obtained which confirms as expected,
that }4 is constant for a constant current and suggests that

ve

it is independent of frequency up to 300 Hz. The change in

e off beyond 300 Hz is not due to a dependency of ,Fr,eff
on £, but due to measurement errors at the higher frequencies,
when complete balance was difficult to achieve.

This simple investigation, has shown that calculated K-z

141



graphs based on magnetic-linear solutions can be used to obtain
the effective permeability of a steel tube provided
corresponding K-f graphs can be obtained experimentally for

values of current encountered in practice.

6.3.2 Effective permeability based on Thornton’s results

The current used for the measurements of Section 6.3.1 was
chosen arbitrarily at a very low value to test a hypothesis;
namely that }te is independent of frequency and is constant
for a given curr;nt.

Arnold’s measuring technique requires a constant tube
temperature which 1is not possible practically if the tube
current is large. Two options are available; either to generate
experimental results by using an alternative method of
measurement, or seek available results. Since Thornton
published experimental results under variable current, variable
frequency conditions, it was decided to use his results (test 1-
15) in the first instance, +to derive an effective permeability
for mild steel as a function of H,;. This effective permeability
could then be used to calculate loss values and compare them
with published experimental results. As a final check of the
method of calculation, calculated loss values would be compared
with experimental results obtained independently.

Thornton’s results are not ideal, since resistance ratios at
constant current are sought, with the frequency as the variable

parameter and at constant frequency, with the current as the



variable.

Inspection of Thornton’s results (test 1-15), shows that
neither of the above conditions is entirely satisfied. Further-
more, details of his method of measurement are not given and
therefore his results must be used with caution.

Figs. 6.4 and 6.5 are derived from Thornton’s test results
(1-15). The similarity of the curves in Fig. 6.4, to the K-z
curves 1s apparent. The nature of the curve of Fig. 6.5 1is
peculiar to steel conductors, because of the change of K: with
current. Comparable curves to 6.4 for non-magnetic conductors,
would be horizontal lines.

In order to obtain a functional relation between }taﬁf and

’

H Thornton’s results have been processed in two ways. These

s H
will be described briefly.
Firstly, for a given tube, of wall thickness t, with current

I and conductivity 0,

where } is a quantity to be determined for different values of
I, from which the corresponding value of fA }{can be calculated.
v
?

For each frequency and for constant current conditions
z/f = 1 = constant

Thus, if the value of z is used which gives the measured value
of K, }. can be calculated. The average of the values of }

obtained are

143



Nominal current (A) 200 500 800

A 1.1 0.59 0.386
b 8
]V:ehf ):-
-1 - -3
and with = 01x%t0 (Sw') and te 93556x1e W
the following wvalues of are obtained:-
ve 4{
J
Nominal Current (A) 200 500 800
-1
HS (A m) 1055 2638 4222
y. 1576 845 553
v,etd

These values are plotted in Fig. 6.1 (plot a) giving a
functional relationship on the basis of a straight line,

described by

3 = DL S
}A. = $7%x|o Hs
vef]

Alternatively, the same procedure as in Section 6.3.1 can be
used. On Fig. 6.4, the K-z curve (not shown) for P = 0.118

is superimposed on the K-f curves. For each constant current

characteristic, the value of 2z which makes the K-f and K-z

curves coincident is obtained. The following values of }4 are
ve {4
calculated. ’
Nominal current (A) 200 500 800
Yoo 11 1430 812 546
/
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The above values are not in total agreement with the ones
previously calculated. The wvalue of P used in establishing the
second set of hlffvalues was obtained from the gquoted nominal
external diamete} and a wall thickness calculated by weight. If
the measured external and internal diameters are used, [ =
0.158 and t = 0.476 cm. If the K-z curve corresponding to B =
0.158 is used, instead of F: 0.118 the wvalues ofjx obtained,
will be somewhat higher and therefore in closer agg;g;ent with
the first set.

Excluding the first wvalue of ]t corresponding to H, =1055

et4
which 1is in the vicinity of the non-linear part of the
1ogjé /log H; characteristic only two points are available to
obtain the relationship between rt'” and Hs;. This together with
Ve
/s

the previously made remarks regarding Thornton’s results, throw

some doubt as to the accuracy of the method for obtaining FA4}.
v e

However, there 1s a way of checking the correctness of
Y using the dimensionless parameter —Z . Since f - &
vebt Hit Hot
for a given P and d,, is a unique curve, the curve in Fig. 6.6
should encompass all the results of tests (1-15). On the same
-0, 95
graph the calculated values based on = 575 x10 H. are
vefd
rl
shown. The point corresponding +to z = 0, represents d.c.
conditions and therefore 1s independent of current and

frequency.
The experimental errors involved in Thornton’s results, are

evident from the scatter of the experimental points in Fig. 6.6.
3 -0,%83
It appears that V ‘4 = B75 x10 H, , gives slightly high
v

s

calculated 1loss values, but in view of the spread in the
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experimental points and the uncertainty in the value of P .

little can be gained by readjusting the expression for r ;
vc..”
s

6.3.3 Effective permeability derived from loss measurements

and a known B/H curve

In section 6.3.2 it was shown that if the measured losses
are expressed in dimensionless form, the need to undertake
measurements at variable frequency can be avoided. This is
possible because a given value of z can be cobtained by varying

the current at constant frequency. Since the dimensionless

parameters and z are related for a given diameter by a

-
5

unique curve it should be possible. to derive an effective

permeability on the basis of measured values of power loss on a

sample and a knowledge of its B/H curve. The method can be
demonstrated by using the experimental results of ref. [147,
which also includes a B/H curve. These results have been

processed and are shown in Table 6.1.
In Fig. 6.7, the measured losses Pm in dimensionless form
and the calculated losses Pcp using Arnold’s equations of

Chapter 4, have been plotted against the parameter z.

For the calculation of P.., the permeability is obtained
3 -0.89
from K = 525 x10 é, (ref. [14]) and for each value of
U4

current, the value of r is used to calculate z.

L4

Referring to BEig. 8.7; for a given value of the
dimensionless loss parameter, let 2, be the wvalue of =z
corresponding to J%fll— and z the value of 2z corresponding to

s
-
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S
'y
For Pm to be equal to P‘L, 2z, must be increased until it is
equal to By s
Since z > =z
i 1
2, =2 X multiplying factor (6.1)
For a given current, frequency, conductivity and diameter,
z,cx'h and
if the equations for magnetic-linear steel are to predict
the losses,
Z. o<
et
hence in (6.1), }& = }& x multiplying factor
5""" v
The multiplying factors obtained from the graphs of Fig. 6.7

are listed in Table 6.1.
6.3.3.1 Discussion

The measured loss values used in Section 6.3.3 have been

obtained from ref. [1l4] and therefore, the values of F i
ve

#

calculated 1in 6.3.3 can be discussed in the context of the
findings in this reference.

Bowden and Davies [l4] define an effective permeability

given by, ’
7 A (b\"l)
[ A, K,
where H;, 1is the fundamental component of Hs. For sinuscidal H,
A !
3 3 7 e .~ ’ (Lr")
it is equa o ?I o, HS
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§1 = 1.25 for H_, > 5000 (A ﬁJ), but reduces for smaller values of
H. If this definition of effective permeability is accepted, it
does not differ in concept from that of Rajagopalan and Murty’s.
The reason 1is, that 51 accounts only for the saturation
harmonics. In fact, the ingredients are available in Bowden and
Davies’ paper, but they did not carry the argument to its
conclusion and define a truly effective permeability, which
accounts also for +the change in permeability with depth.
Examination of the 1loss equation for non-linear steel in ref.

[14] indicates that the true effective permeability is

(k4 501 5.2

For ENIA steel, Bowden and Davies calculated the values

kb = 1.32

§ = 1.25

From (6.2) the effective permeability is thus 2.18h' for Hs>
5000 (A ﬁl) and reduces with a reduction in H. Whilst k? is
assumed to be constant above the knee of the B/H curve, the
value of 2' reduces for H_ < 5000 (A hJ) and therefore there 1is
a reduction in the effective permeability wvalue.

Examination of the values of};,JF in Table 6.1, shows that
vf.;

v
the multiplying factor for P varies between the values 1.7 and

2.04, with the low values occurring at the high value of H
From the foregoing, this is contrary to expectations, but since

experimental points are not available between z = 0 and 307, the

calculated multiplying factors, for the higher values of Hg.

P\mo'

Hi't

depend on the "correct” extrapolation of the curve of Fig.
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6.7 and therefore is subject to errors.

One would be justified in making the following comment:
"what 1is the point in using measured loss values to
obtain lt‘;‘ , which is then used to calculate the
measured }loss? If the losses can be measured, they
need not be calculated.”

The purpose of the exercise is to be able to predict the

losses of different size conductors, of constant (chemical)
composition and similar work history, under varying operating
conditions (sect. 6.4). Measurements on one size of conductor

are required to make this possible and it has been shown how
AL b can be obtained.

2 The methods developed so far for establishing r§C£$ require
either a K-f graph to be obtained experimentally, or the B/H
curve of the steel to be known.

A method will now be described which dispenses with the

above prerequisites.

6.3.4 Effective permeability derived from loss measurements

Once again the experimental results of ref. [14] will Dbe

used to demonstrate the procedure. The present method relies on

the uniqueness of the Faﬁi - z curve, irrespective of the B/H
J
characteristic. Since with all other factors remaining

constant, 2 °<f‘{ . a plot of{%}f—'VL with k = 1 can be used

£y

to derive )L in the following manner.
yedd
EL is calculated for a 7.6 cm diameter conductor with }4 =
L L
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Table 6.2. Calculated (Thesis) Loss Values for Non-Magnetic Solid Bar

f (Hz) PC (W m™ ) Pc:j z
Hs™ €
x10?

6,000 1157 2 360
10,000 1482 2.95 600
15,000 1805 3.59 900
20,000 2078 4.13 1,200
25,000 2318 4.61 1,500
30,000 2535 5.04 1,800
35,000 2734 5.44 2,100
40,000 2920 5.8 2,400
45,000 3095 6.15 2,700

d = 7.6 cm p =1
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]
o= 0.526 x10 (S m ) and different frequencies.,

The results are shown in Table 6.2 and plotted in Fig. 6.8
Let z2, =<
k

= o= el

with the suffixes 1 and 2 referring to calculated and measured
conditions respectively.
For P, V =1 and £ 1is variable

For P, tt.:léa£}rt and f = 50 Hz

For Ph to be equal to FZLJ

P Yo
“1 = ‘f and
H ot Het

'z_‘zz-,_

or = ‘rl
Hence for each wvalue of i;f;

corresponding frequency is obtained from Fig. 6.8,

in Table i e the

This value divided by 50, gives the effective permeability.
The calculated values of % for different surface excitations
s+

are shown in Table 6.3. Fig. 6.9 shows a log/log plot ofl{

ve b4
and K~ H; from which
v z ~0.9.4
F = 404 x10 Hg
3 = ve ks
or F = 516 x10 H S if the two extreme values of F
5¢PF ¢ ve £f

are used.

The multiplying factors in Table 6.3 are more accurate than
the ones included in Table 6.1, but still not in agreement with
the value of 2.18 obtained by the analysis of ref. [14]. There

are three reasons for this difference.
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Table 6.3. Effective Permeabilities for Data of Table 6.1.

Bar Excitation PO Frequency Yreff Multiplying Factor
Hy  (AmT) 5 £, (Hz) Hreff
- ;3
1415 7.09 57000 1140 1.88
2085 5.85 40800 816 1.8
4171 4.44 23600 472 2.04
6257 Y 16600 332 2.06
8342 3.34 13000 250 2.08

10407 3.08 110600 ooz 2.08
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Firstly, %1 is derived on the basis of the fundamental of
the flux density waveform and ignores the higher harmonics.

Secondly, in Bowden and Davies’ analysis k? is assumed to be
independent of H, (the constancy of kP also affects the phase
angle - see Section 5.6. Chapter 5).

Thirdly, the value of 2.18 is dependent on the accuracy of
the functional representation of the B/H characteristic over the
range of H considered.

The accuracy of the method developed in this section, 1is

only limited by the accuracy of the experimental results.

6.3.5 Effective permeability of a steel derived from a know-

ledge of its B/H curve and the effective permeability

of another steel

Since B/H curves for some steels are available in the
literature, the possibility of a method for calculating }igs;
without having to carry out measurements, 1s an attrgctive
proposition. It has been shown that for mild steel of
conductivity U.Txld7 (S m”), the effective permeability is given
by 575 xldaH;o'as . Thornton did not measure the B/H curve of
the tube material he tested. Fortunately, Agarwal gives B/H
values for one of the mild steel samples he tested, which also
has a conductivity of 0.?x101(5 m—‘) and therefore 1t is
reasonable to assume that the two mild steels have almost
identical B/H curves.

Lim and Hammond matched a Frohlich curve to Agarwal’s B/H
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values and give the Frohlich constants as a|=20.7 and b = 0.57
(the wvalue of a should have been 207). The permeabilitie
obtained from Agarwal’s data and from the Frohlic
representation are shown in Table 6.4. In the same table +t&
corresponding values for ENIA steel have been included fc
comparison. For the case of ENIA steel the B/H representation
given by Bowden and Davies have been used.

Since in Section 6.3.2 has been derived frc

h:'f.. £
7
measurements (Thornton’s) on a material with a certain B/H curv

and conductivity, it will only apply to that material. Howeve

it was pointed out that for a given diameter, the
Pe

LPRY

frequency, conductivity and current.

R.o

Hot
r T conductivity and B/H curve. For corresponding values c
v L
V4

-
,» the parameter Eﬁ;~
het

B/H representation of the steel of unknown r& , and plotte
yeit

~z2 curve 1s unique irrespective of the B/H representatior

Suppose now that is plotted for the steel of knowr

H is also calculated on the basis of tt

against the z values of the first steel. An expression can t

derived for the unknown ]L . which will be shown to be the san
ve £f

’

h , but multiplied by a constar
vokf
y

as that of the known
factor.

The procedure will be 1illustrated by a way of a 2 ¢
diameter steel bar made from "Thornton’s” material of know
and a 2 cm diameter bar made from "Bowden and Davie:s

@¢%$
material of unknown

Ky

The dimensionless power loss for the +two steels has

been calculated for assumed currents, and are shown in Tab]
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8.5, In Fig 6.10, the loss parameters for the two steels ha:
been plotted against z based on the values of z obtained fc¢
M.S. for different currents. If the two steels had identics
parameters, the two curves of Fig. 6.10 would be coincident. I
is therefore possible to make the two steels apparent]
identical, by using for ENIA steel and for a given current, tt
corresponding z value for M.S., but reduced by a factor K« Tk
use of K z will then give the loss for ENIA steel. Since |«

3 -0,8% we L.{
575 x10 H, gives a reasonable prediction of the losse

for M.5. of
7 -1 3 -0,83
6= 0.7 x10 (S m ), the use of JL ¥ = K_ x 575 x10 H, wil
ve 14
also give a reasonable prediction for ENIA steel of
o=0.526 x 10 (S m').

From the curves of Fig. 6.10, the value of K, can t
established, by making the two curves coincident. K, varie
slightly between low and high values of 2z, but the accuracy c
the predicted losses is not affected to any extent by taking K
as constant apd for BHTA steel € &= 0,828 xi0 (2w
is equal to 0.78.

Whilst the permeability calculated from the two B/H curvy
representations of the ENIA steel differ (Table 6.4), the los
parameters are very nearly equal (Table 6.5) because the loss i
not very sensitive to changes in permeability. For the purpos
of plotting the curves in Fig. 6.10, it makes little differenc
which set of wvalues is used.

A comparison of +the wvalues of ki for mild stee

7 =1y
( 0 =0.7x10 (S m )) and for ENIA steel show very smal
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differences (Table 6.4). Yet, their respective values of

I differ. This suggests that K is a function not only of
ve b vefr

»
the B/H curve and hence permeability, but also of conductivity.

Bowden and Davies analysis shows that

qu; is a function of
the B/H curve only, since %F and kb are iLdependent of o & It
has been shown that this is not the case. Further experimental
evidence 1s required before the dependence of on o is

ref

confirmed or otherwise.
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6.4. Comparison with Published Experimental Results

In order to test the validity of the method of calculating
losses on the basis of an effective permeability, calculated
values of surface loss density and resistance ratios have been
compared with experimental results published by wvarious authors.

The results of this comparison are given in Tables 6.6.to 6.13.

6.4.1. Discussion

The results in Tables 6.6, 6.7 and 6.8 are Thornton’s
experimental results on which he based his empirical formulae
for resistance heating of mild steel pipes. He does not give

details of his measuring technique, or the resistivity of the

pipes tested. He states however, that careful measurements on

a npumber of steel pipes, gave resistivity values between 13.7
-7

and 14.3 x10 (2 m). On this basis, the resistivity used for

calculating the loss values in Tables 6.6 - 6.8, was
14.3 x10 (2 m).

The difference Dbetween measured and calculated values of
loss density is less than 10%, excluding results in the vicinity
of 1000 (A m ), when the effective permeability derived

3 -083
from 575 x10 H; ~ is not valid.

Tables 6.9 and 6.10 incorporate the results of tests carried

out by Dwight [56], on two pipes and at two frequencies.

Dwight’s measured values have been referred to 20 C, by

using the temperature coefficient of resistance, which he quotes
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as approximately equal to 0.004 per degree C. The conductivities
of the +two pipes tested were given in per cent of that of
copper. Since this figure differs slightly in the literature
and information is not given as to how these conductivities were
obtained, there is some doubt as to the accuracy of the values
used in calculating the results of Tables 6.9. and 6.10.

Below H, = 1000 (A mq], the calculated values are not
reliable. As the measured values of resistance ratio in Tables
6.9. and 6.10. have been obtained from the graphs of Dwight’s
paper, they are subject to a reading error. In view of the
above, agreement between Dwight’s measured values and those
calculated by the method developed in the thesis are reasonable.

Table 6.11 incorporates the measured values obtained by
Burke and Lavers [15] for a solid bar of 1020 steel. The B/H
curve and the conductivity have not been given for the bar
tested and therefore, for calculation purposes, the conductivity
has been assumed to be 0.7 xlO7 (S mA)- The measured values
of resistance ratio, have been obtained from Burke and Lavers
graphs and therefore are subject to a reading error. Their
calculated values were plotted on the same graph, but it is very
difficult to ascertain their accuracy. A comparison of measured
and calculated (thesis) resistance ratios shows good agreement.

Since Lavers [53] numerical method was used in Section 5.6
with reasonable success, it was decided to test it on Burke and
Lavers results, as information was not given in thelr paper
regarding the way their numerical model was used.

In order to undertake the calculations, a B/H representation
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is needed. On the basis of the }t values in Table 6.4. it was
decided to use the B/H representation 0.66 é;o.as which gives
at high field strengths agreement with the }t values for the
Thornton/Agarwal M.S. The calculated surface power densities
were found to be too small. The B/H representation function for
H, >2500 was then increased by a factor 1.25 and the calculations
repeated. The results which are shown in Table 6.12 are in good
agreement with the values of K measured by Burke and Lavers.
The dependency of +the power factor on H has already Dbeen
mentioned and 1is also evident in the results of Table 6.12.
What remains unexplained, 1is the factor 1.25 which was not used
previously, when the results of Table 5.2 were cbtained.

A plausible explanation 1s that the numerical technique
takes care of the change in permeability with depth and the
factor 1.25 takes care of the effect of saturation harmonics.
It is too much of a coincidence that the factor 1.25 1is the
value of g; quoted in ref. 14. If +this explanation is
accepted it poses the question:
why is it that the same numerical technigue used in Chapter 35,
gave losses higher than the measured ones included in Table
5017

It must be accepted that the assumed conductivity of
0.7 xlO?(S ﬁA) is correct, since when used with the thesis
method and the corresponding B/H representation, it gave results
in agreement with the measured values (Table 8.11). Any error
in the assumed B/H curve for 1020 steel cannot account for the

factor 1.25 because such large differences in permeabilities
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which would result, are not known to exist with low carbon
steel.

The only conclusion to be drawn from the above discussion is
that Laver’s numerical model can give wrong results in some
cases (see Chapter 5) depending on the value of H, (the
respective maximum values of H in tables 5.1 and 6.11 are 14,720
and 87,723 respectively and this observation may be significant
in view of the findings in reference 14 that ?' the factor
accounting for the saturation harmonics, is dependent on the
value of H).

The calculated values of loss density wusing the method
developed in this Chapter and the findings of Section 6.3.4 and
6.3.5 are compared with Bowden and Davies’ results in Table
6.13 (note the discrepancy in the measured value for H, = 2850
(A mq))where good agreement is shown.

In their book, Lammeraner and Stafl [61] include Fig.6.11
which can be used as a further check of the findings so far.
The calculated values of resistance ratio based on the effective
permeability method, show good agreement with the measured

values indicated in Fig. 6.11 (plot 1).
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Fig. 6.11
1 - experimental curve
2 - curve obtained by Rosenberg
b = 0.795 cm
F = 13.4 xlds-l m
3  -0.63
E‘”: 575 x10 H.
f =560 Hz
Calculated (Thesis)
I (A) Rac/Rdc
30 8.4
40 7.5
50 6.8
60 6.3
70 6.0
80 5T
90 5.4
100 5.2
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Davies and Bowden [57] reported measurements on a 2.54 mm
-8
diameter steel wire having a resistivity of 11.1 x10 (Zm). The

calculated values based on an effective permeability given by
3 -—0.%3
5756 x10 H,

are shown below, where the agreement with the measured wvalues is

better than the corresponding ones of ref. [5T7]

I Pm (refﬂ[S?]) P, (ref [57]) P. (thesis)
(A) (Wm) (Wm) (W m™")
23.6 12.1 15.86 13.2
34 26 30.8 26.4
39.7 34.3 38.2 35.6
44 .7 42.8 47 .8 44 .8
48 .7 51.4 54.5 53
Koyanagi et al [8], reported one power measurement obtained

for a current of 400 A with a coaxial arrangement of two pipes

having the following dimensions

Inner Pipe Outer diameter 165.2 mm
Wall thickness 11.0 mm
Outer Pipe OQuter diameter 355.6 mm
Wall thickness 11.1 mm
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Unfortunately they do not state the resistivity but a value
-8
of about 14 x10 (2 m) is a commonly encountered value for a

steel transport pipe.

For the coaxial heating system, the heat is generated in the
inner pipe and the power developed for a given current is
unaffected by the presence of the outer pipe. Thus for calcula-
tion purposes, the inner pipe can be treated as an isoclated tube
and the measured power of 68 (W ﬁJ) quoted by the authors can be
compared with a calculated value based on an effective perme-
ability of 575 x10 H;O'“ and the equations of Chapter 4.

Now for a current of 400 A, the surface magnetic field
strength is 772 (A ﬁJJ which is below the value of approximately
1000 (A ﬁl) corresponding to the turning point of most low
carbon, unalloyed steels.

Since at H, = 1000 (A m ), [ = 1860, at 772 (A m)

veH
can be taken as 1700 say. 4

The following calculated values of power are obtained for a

current of 400 A which are close to the quoted wvalue.

Y P P (thesis)
re b4 (A w) (Wm")
s
-8
1800 14 x10 69.1
-8
14.5 x10 70.3
-8
1700 14 x10 B67.2
-8
14.5 x10 68.4
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The authors do not quote the power developed in the outer tube.
This 1is an important quantity because it does not contribute to
the useful heat. Neither do théy discuss the contribution of
hysteresis to the measured value of loss which is obtained by a
calorimetric method and therefore included in the measurement.
For the range of field strengths applicable to the coaxial
ripe heating system, the hysteresis cannot be completely ignored
because it can contribute between 4 and 8% of the total loss
depending on the steel. In the effective permeability method,
hysteresis loss 1s reflected in the effective permeability

function and therefore it is to some extent taken into account.
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6.5 Scaling

Measurements on a scaled model will give the same response
as the original 1if the dependent variables describing +the
original, are grouped in a dimensionless parameter, which has
equal value for the original and scaled model.

This technique has been used with copper conductors [64],
whereby the increase in resistance of a large cross-section
conductor at 50 Hz was deduced from measurements on a small

cross—-section conductor at high frequency. The case of
ferromagnetic conductors is not as simple since the effective
resistance 1is also current dependent.

The dimensionless parameter has been calculated for

P
Hs*t
a number of conductor diameters with all conductors having the

T =1
same conductivity of 0.7 x10 (S m ) and a B/H characteristic

.} —0483
resulting in rk = 575 x10 H, ; The results are shown in

ve b
Fig. 6.12.

Fig. 6.12 can be identified as equivalent to the wuniversal
loss chart of Lim and Hammond, except that P in Fig. 6.12 1is in

W ﬁJ instead of W mdz. The shape of the graphs are similar to

the universal loss chart because, for a given B/H curve, %I is

constant and therefore, h = H; in Lim and Hammond’s paper is
proportional to Hs.
%
Similarly since q: -Ej%ijﬁi . (where in the present case d

is the diameter) a constant value of d represents a constant
value of W for the appropriate values of g and B, (for M.S,

typical values are % = 400 and Bsr 1.72) and therefore a value

176



of h can be assigned to the curves of Fig. 6.12. For the case
when the diameter is sufficiently large to enable the conductor
to be approximated to a semi-infinite slab, the loss is
independent of d and therefore the appropriate parameter in this
case 1is t, at constant H resulting in a family of constant
w curves. The interesting feature of graph 6.12 is that the
points for d = 6, 8, 10, 20 cm which are not shown, lie almost
on the same curve. This is not surprising if the variation of
H with depth into the conductor is considered or the power for a
given excitation as a function of its diameter. Either route
shows that beyond a certain value of diameter, the conductor
behaves as a semi-infinite slab.

In contrast with copper conductors, this condition is not
only dependent on frequency and diameter, but also on the wvalue

of current.

Pe
For large values of HJ:ﬁ:E is slightly larger for d = 6 cm
£
than for d = 20 cm. For smaller values of Hs, when}JL is large,

both conductors appear electrically the same size because of the
smaller depth of penetration.

The advantage of using h, instead of z, as one of the dimen-
sionless parameters, 1is that it separates the effects of
frequency and permeability. Fig. 6.12 also shows the effect of
cylindricity and skin depth for a given field excitation and in
this respect can be considered as an extension of Lim and
Hammond’s chart.

Fig. 6.12 can be used for scaling purposes. Suppose it is

required to measure the power for a 6 cm diameter bar at some

17T



given value of H. Instead, measurements can be performed on a

0.8 cm diameter bar but at a value of H_s which gives the same

value of dimensionless loss. Knowing this wvalue of H and the
dimensionless loss, the actual power on the 8 cm bar can be
calculated.

If the B/H curve of the material is known, the Hs axis 1in
Fig. 6.12 can be converted to the dimensionless parameter h,6 ,
and the constant d parameter to n but the applicability of the
curves in Fig. 6.12 to more than one type of steel, needs to be
verified experimentally. As bars with different ‘% value are
readily available the difficulty experienced by Lim and Hammond
in verifying their universal 1loss charts with toroids of

different % value does not arise.
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6.6 Index of Variation of Surface Power Density with Surface

Field Strength

Thornton [17] established from measurements on three
different size pipes, that the index of H, in the surface power
density/H; relationship is 1.57.

In Fig. 6.14, Thornton’s measured loss values listed in
Tables 6.6, 6.7 and 6.8 have been plotted and the slope 1is as
Thornton states, 1.57.

In Thornton’s paper, the best straight line through all the
points has been drawn. Although this does not affect the value
of slope, it masks the effect of conductivity. The mathematical
model shows that for the same surface excitation, the steel with
the lower conductivity will develop the higher surface power
density.

Examination of Fig. 6.14 shows that one of the steel tubes
(Table 6.6) must have a lower conductivity than the other two.
This observation also explains the difference in the percentage
errors listed in Tables 6.6, 6.7 and 6.8, since the calculations
were all based on an assumed conductivity of 0.7 xld?(S ﬁﬂ).

Bowden and Davies also consider the power index of H, and
show that for ENIA steel the theoretical value is 1.56.

In Fig. 6.15 the calculated loss values of Table 6.11 have
been plotted and also some of the measured losses by Bowden and
Davies. The slope is 1.61.

It should be pointed out that the index of Hsdepends on the

level of saturation and it is a function of diameter, wall
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thickness, frequency and conductivity.

This point has been missed by Thornton and Bowden and
Davies’ analysis excludes a number of these variables.

For 1low value of H_, Thornton’s loss values do not lie on
the straight line of Fig. 6.14 and the reason he puts forward is
experimental error. A correct explanation is that for values of
Hs below the turning point in the log}t/log ﬂscurve, the power
index of H in the surface power density expression changes.

Figs. 6.16, 6.17 and 6.18, are based on calculated 1loss
density values which show the influence on the index of H5 of
the parameters mentioned previously.

Figs. 6.16 and 6.17 refer to tubes of equal external
diameter, but different wall thickness and show the effect of
change in conductivity and wall thickness. With the thinner
wall tube, as the field strength increases, the penetration
increases and therefore the skin effect reduces to the point
when eventually the a.c. and d.c. resistance are equal, leading
to an index of 2.

The same effect is present with solid conductors and the
diameter size decides at a given frequency and conductivity the
value of index. Fig. 6.18 shows that as the conductor radius is
reduced from 15 mm to 3 mm, the value of index increases to 2.

The surface power density values of Tables 6.6 to 6.13 are

plotted against surface field strength in Fig. 6.13.
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6.7 Depth of Penetration

In the case where steel conductors are used to carry alter-
nating currents, a knowledge of the depth tg beyond which the
power density is - zero is important. A knowledge of the
value of this parameter enables the use of tubes of the correct
dimensions.

Depending on the current and for a given diameter, the wall
thickness for minimum loss is slightly smaller than s s This
can be deduced from the nature of the curves in Fig. 4.5.

In Section 4.4.1 it was argued that for the same current, ts
for the concentric arrangement will be greater than for the
isolated +tube. For the saddle tube heating system, safety
considerations dictate a wall thickness in excess of ts - Depth
of penetration for the concentric arrangement is further
discussed in section 7.9.3.

Equation 4.40 has been used to calculate ts and the results
have been plotted in Figs. 6.19 and 6.20.

Consider first Fig. 6.19. At constant current as d

increases, H, decreases and therefore r.$}increases resulting in
e
rd

smaller penetration. For a given diameter, as the current
increases, H‘increases, resulting in a smaller p and there-
v L .‘,
. X
fore larger penetration. Thus Fig. 6.19 supports the

qualitative treatment of the concept of penetration depth which
differs in magnitude from the skin depth of the linear theory.
For the 1linear relationship to be wvalid in Fig. 6.19,

certain limits have to be imposed. For any given diameter, the
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maximum value of t, is d/2 and for a given current, the diameter
is limited +to a value which makes H, larger than the value
corresponding to the turning point . Fig. 6.19 only applies to
the steel for the stated parameters and a reduction in ¢ will
increase t,.

As for g > T, is a function of temperature. Under steady-
state temperature conditions, the value of ¢ will be constant
at some different value. For low temperatures and for small
penetration depths associated with steel, the different
conductor layers are almost at the same temperature and there-
fore temperature effects can be taken into account by adjusting
the value of ¢ to correspond to the operating temperature.

The results of Fig. 6.19 and 6.20 can be shown in a more
useful form in Fig. 6.21 which can be converted inte a universal
penetration chart by changing the d values to n (nardjand the
Hs values to ho(hou:H:).

Since depending on the value of d, f, p, cand I a conductor
of finite diameter may appear as a semi-infinite slab, in Fig.
6.21, as d increases t, will be independent of d. For values of
Hsbelow the turning point, t,/d increases and then falls to zero.

Lim and Hammond [9] published graphs similar to 6.21 for
thick steel plates except they plot

S

1/2 plate thickness

instead of t_/d. In Lim and Hammond’s work 5; is the field
penetration depth based on the solution for magnetic non-linear

steel. They also observe that as n increases, there 1is a
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reduction in field penetration. n can be 1increased by
increasing f or by reducing % ; For constant H, the smallest
value of S is obtained with the step-function approximation and
therefore it gives the smallest estimation of field penetration.

The reader must be reminded that t, is not egual to Lim and
Hammond’s 5} » to the step-function theory’s S, , or to the skin
depth g.

In the linear theory, H and J decay exponentially with depth
at the same rate which is defined by f. At a depth equal to SJ
the power density reduces to zero. Since t; is a measure of the
decay of power and 5} a measure of the decay of H in a semi-
infinite plate, with almost zero H at 24; (ref. 9), it should be

expected that for the magnetic non-linear steel,

QJ‘F>t, /\35‘

A numerical comparison between ZJ; and ts is possible by
calculating ts for a large diameter conductor (say 7 cm) from
equation 4.40 and compare it with the wvalue of 2&; obtained from
Lim and Hammond's universal penetration depth curves.

Fig. 6.21 shows also the effect of cylindricity on the depth
of penetration. For a given H, the wvalue of ps increases as d
decreases. Thus, the effect of taking into account the
cylindricity of the conductor is to increase the depth of

penetration.
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6.8 Method of Solution for Concentric Arrangement of Conductors

For the case of the isolated solid or tubular conductor, in
Section 6.3 an effective permeability was derived as a function
of the surface field strength.

For a given conductor current, the calculated surface field
strength has a different value, if the external or internal
diameter of the tube is used.

Since in the concentric arrangement, the current is carried
by the inner skin of the tube, the internal diameter should be
used in calculating H

The concentric configuration has three effects:

1. For the same current, the inner surface of the tube is in a
higher state of saturation than the outer surface of the
isolated tube.

2. There is an increase in 1loss depending on the wall
thickness.

3. The current density decays outwards.

Since the previously derived h¢;£ expressions were obtained
for different operating conditions, it is reasonable to expect,
that they will not apply to the case of the concentric arrange-
ment .

Unfortunately, experimental results for the concentric con-
figuration have not been published and therefore, there is no

basis on which to evaluate expressions for , as a

ok

function of the internal surface field strength.

It is expected however, that for a given tube the expression
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for in the concentric arrangement will be the same as the

i
one apéliiable to the isolated case, but multiplied by a factor
which accounts for all the effects of concentricity. This
factor will have to be a function of tube wall thickness, since
as the wall thickness is reduced, the isolated and concentric
arrangements approach the same loss.

The experimental results of Chapter 7, should be of some

assistance.
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6.9 Advantages of Proposed Method

The measurements required in order to produce B/H characte-

ristics are replaced by measurements of losses on a rod sample.
A restriction on diameter size does not have to be imposed.
The method is valid for solid or tubular conductors.
The method can accommodate the concentric configuration.
Induction losses 1in thick steel plates due to sinusoidal

surface field excitation can be predicted.
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6.10 Alternative Method of Solution

6.10.1 Introduction

In Chapter 5 the step-function theory was used to develop equations
for the case of a solid magnetic conductor of circular cross-section.
These equations were previously published by Burke and Lavers. However,
to date, as far as the writer is aware, the step-function theory has not
been applied to the case of tubes in isolation or in a concentric arrange-
ment. Furthermore, the analysis for the solid conductor has not been
examined for its validity in the case of small diameter conductors.

These cases will now be considered.

6.10.2 Solid conductor

2 b
The equations of section 5.2 only apply if j; oS z 1.

If the separating surface reaches the centre before the end of the

. 2 b
half-cycle i.e. /; 3 < ik,

. " T/2
S I sin mtdt g i2 Sinzmt Rdt (Wm_l] (6.3)
o gmb [21{1 (t)- lP (t ]

average power P = —

2 . - 2 b
where R is the d.c. resistance and T = E‘Sln 3 3s
T
i 22 . _
or B = g_.S I sin wt2 dt v I - %'_T " s;iuwT (Wm 1) (6.4)
T{Jo omb E‘P’(t}*liJ (t)] 20Tb
b

For a given b, @ and I, T is fixed and the second term of equation
(6.3) is fixed. The integral inequation (6.4) has to be solved numerically
with ¥ (t) obtained from equation (5.6) for the different time intervals.

The reactive power and hence the power factor can also be evaluated.
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(Note that the statement before equation 6 of Burke and Lavers paper is

: N 2 . -1ff2 R ). .
misleading since &t = — sin 3- 5 is the time to reach the centre
w
s

and is unspecified in relation to the half-cycle until the wvalue of

2— ?— is calculated.)

3

6.10.3 Isolated tube

For this case equation (5.6) is still valid. The time taken for
the separating surface to reach the inner radius of the tube is in this

case obtained by substituting in (5.6]

|y tl| = |b-af.
652 sin2gz_= (b—a}2 - {b—a)3
2 3b
= (B-a) |1- ;’h%a = {iea) 21;;&
or ¢ = f—sin“1 %EE- %— gﬁ' for solid a-~+» O

giving equation 5.8.

Egquation 5.12 is valid for a tube if

S g

2
3 3b ~“

If <1, then the limit of integration is ¢ instead of T/2 and a
second term is added similar to that of equation (6.4) except that in

this case the resistance is that of a tube.
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6.10.4 Concentric arrangement

7

A The separating surface is now moving outwards

towards b.
,«4\ p
X - )
7 A\ E(t) = 2B. cy(t) fora < r' < a + ¢ (t)
- A
at
4 and o for r' > a + ¥ ()

Since the current is uniform between radii a+y(t) and r' and

applying Amperes law along the perimeter of radius r',

H2rr' = GE(t) T [[a+lp(t)]2 - r'2]

= ¢28, dylt)r E2+¢Ct}2+2a¢(t] - x?
dt
or B=—2 éb'(—t[a w8 222y (8) - 212 (6.5)
at r' = a H = an sinwt = E-;-a— sinwt.
Substituting in (6.5}

;IS sinpt = S;E w(it}z + 2ay (t) df;% (6.6)

Integrating and noting that Y (t) = o when r' = a
4949 fﬁui g’—3~(Q+ o2 (t) t6:7)

3a
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equation (6.7) becomes

3
2 2 wt 2
5, sin (%) =y ? e L8 (6.8)

The time to reach the outer surface can be obtained by substituting

|w(t) | = |b—a! in equation (6.8) giving

3
2 2 wt 2 b-a
. wt) - (pe
8, sin (2) (b-a) +(3a )

|

] I I
g7 =
2 (A &

[N (N} o
— i,
wlro N =

Lo | [

+ mig +
wig' ) A T
mf wlo
b aalf o nlJ

~————

_ 2 . -1 -a 2 b
or «T-. = — gin — Fnis + T,
W ﬁs 3 3a

The instantaneous power p(t) = 2]£A ddét) I sinyt (6.9)

dy(t
from equation (6.6), Syt) can be obtained and substituted in (6.9) to give

dr
I sinzwt -1
p(t) (Wm )
o (4L zp(t):\
2 T/2 . 2
The average power = z ke at
O a

° [w(t) # wg(t):\
a
b-a

2 + b is > 1. If <1 the same comments as for
8 3 3a:

=

which is valid if (

the isolated tube apply.
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Fig. 6.1 Permeability and effective permeability
for mild steel
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I.-‘:c}. &. 2 Alternating-current bridge for measurcment of
low impedances.
I3 = earth point; T = current transformer; M = mutual inductance;
Z = impudance to be measured; V.G. = vibration galvanometer;
Ry == d-terniinal resistiance; ry = Thomson=Varley potential divider;
r, = tapped-off portion of divider,
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CHAPTER 7

EXPERIMENTAL WORK

The objectives of the experimental work are stated and a
method for measuring power loss is selected.

Calculated and measured loss values are compared for the
conductor configurations under investigation, the observed

waveforms explained and in some cases predicted.
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7.1 Scope of Experimental Work

One of the solutions proposed in this thesis, was devised on
the premise that available magnetic linear solutions could be
simply modified, to accommodate steel conductors. Experimental
work 1s required to establish the validity of this method and
its 1limitations. Equally the validity of +the step-function
theory to the cases considered must be tested.

The case of the isolated non-magnetic conductor of circular
cross-section, solved by Maxwell in 1873, with the solution
first tested and proved correct in 1915, 1is a case where an
exact solution can be obtained. The accuracy of Arnold’'s
formulae discussed in Chapter 4 can be established by comparing
the answers obtained by the rigorous and approximate solutions,
and therefore experimental verification of his formulae is not
strictly necessary.

Once a formula is well established so that its accuracy is
no longer questioned, discrepancies between calculated and
experimental results may be used to infer errors in the initial
assumptions such as lack of homogeneity of the conductors,
temperature gradients, or additional factors which ‘were not
apparent in the formulation of the problem.

It can be stated with confidence, that the formulae
applicable to non-magnetic conductors, discussed in Chapter 4,
are correct and adequately tested by experiment.

In the case of steel conductors, the solutions discussed in

Chapter 5, are based on a number of assumptions and experimental

204



work is therefore required to ascertain their validity.
If a discrepancy which is greater than the maximum possible
axparimental arror should be found, betwsen the sxperimental

work and the mathematical solution, then the source of the

discrepancy will be either in the initial assumptions, or in the

mathematical development. Equally, 1if experiment and theory
disagree, it should not be inferred that the experiment is
necessarily right. In such cases, the problem should be

regarded unsolved, until experiment and theory agree within the
limits of accuracy required.

In many cases, the maximum possible experimental error 1is
difficult, if not impossible to establish and details of
experimental work are not often included in published papers.
Published experimental results are therefore often of limited
value in testing an analytical method particularly if as in the
case of the effective permeability method it is semi-empirical.
Neverthless, published experimental results can be used in the
first instance, specially if the experimental work is involved
and time consuming. The requirement of independent tests on
steel conductors 1is therefore obvious and leads to the first
objective of the experimental work. Within this objective, a
number of experiments are necessary, in order to investigate the
influence of various parameters on the development of loss.
These parameters are:

conductor material properties and composition;
supply fregquency;

dimensions;
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temperature;
position of return conductor.

Of particular interest, are measurements on electrically
thin-walled tubes and the investigation of the concentric
arrangement of steel tube and return copper conductor, which
have not been considered previously.

The second objective of the experimental work is to establish, if
possible, a relationship between the effective permeability and

the material parameters of different steels.
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7.2 Selection of Method of Measurement

Experimental work reported in the 1literature refers to
copper, aluminium and steel conductors and involves the
measurement of effective resistance, impedance and phase angle,
or power. The methods adopted are bridge [47][62], and
resonance technigques [64], co-ordinate potentiometer
[18]1[63]1[65], thermal [56][63]1[66][67][68] and electronic
multipliers [14].

In the bridge method and for copper conductors, +the current
need only be sufficiently large to give the required sensitivity
for balance purposes. For steel conductors, the effective
resistance must be measured at different values of current.
Salter’s measuring technique [62] can be wused for isolated
conductors, provided that the conductor is cooled or
measurements are made after the conductor has reached a steady-
state temperature. Preliminary measurements with shunts of
known values showed that balance was achieved after a number of
adjustments and that the balance settings were sensitive to the
relative position of the bridge components, and in some cases to
stray capacitance effects.

In the case of the concentric arrangement, because of the
small diameters of steel tubes used, access to the internal
surface of the +tube was not possible 1in order +to connect
potential leads. The possibility of connecting potential leads
by means of steel pins inserted through holes 1in the manner

shown in Fig. 7.1 was dismissed because the potential leads loop
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steel tube

copper conductor

|
‘Mﬁ“‘wh

steel pin

To voltage coil of watt meter

Fig. 7.1 Possible arrangement of potential leads

would enclose a large component of flux due to the external
conductor and thus give erroneous results. In addition, the
same problems regarding balance would be encountered as in the
case of the isolated conductor. Cooling in water would require
insulating the internal surface of the tube and the internal
conductor. The cross-sectional area of the internal conductor
had to be sufficiently large to carry currents up to 300 A
without excessive heating and again because of the range of
internal diameters considered, insufficient space was available
for insulation and adequate circulation of water.

Dwight’'s [56] or Jackson’s [63] thermal method, applied to
the isolated tube, is time consuming and in the case of the

concentric configuration, impractical. Particularly with short

1
O
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lengths of test specimen, serious errors are introduced due to
heat conduction through the current 1lugs and cables. The
accuracy of the method which wuses +the slopes of the
time/temperature curves, is influenced by temperature gradient
across the tube wall and by heat conduction through the end
connections. Additional complications would arise in the case
of the concentric arrangement, since the temperature rise of the
steel tube will be partly due to the heating of the internal
conductor, which is in close proximity.

For the order of magnitude of currents anticipated for the
present 1investigation and at low frequencies, the use of a
linear coupler has no advantage over the conventional current
transformer and in addition, it has to be constructed and
calibrated.

Forbes and Gorman’s [64] scaling and resonance technique
cannot be applied to steel conductors, because the resistance is
a function of current

Having examined and rejected the reported measuring
techniques, a method was devised which could give the magnitude
of the effective resistance and the angle between the funda-
mental component of the voltage across the potential leads and
the sinusoidal supply current. The circuit used is shown in
Fig. 7.2. T is a three-phase phase-shifting transformer, whose
secondary phase RN is connected through a variable resistor, to
the current coil of a dynamometer wattmeter W. The unknown
impedance Z, is connected in series with a standard resistor and

supplied with a current, which can be varied by means of a
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variable output transformer. With the wattmeter voltage coil
connected across the standard resistor and the phase angle of
the transformer adjusted to give zero deflection on the watt-
meter, the phaser diagram is shown in Fig. 7.3. With the
voltage coil connected across the unknown impedance Z, the
phasor diagram is shown in Fig. 7.4. The phase angle of the
transformer 1is again adjusted to give zero wattmeter reading.
This corresponds to the condition when I. (Fig. 7.4) has been
rotated through angle © , since for zero wattmeter reading, I is
perpendicular to IV.

The difference in the two transformer phase angles, which
can be read on a dial marked in degrees lead and lag, gives ©
the phase angle of thé impedance Z.

The current through the wattmeter current coil is adjusted
to suit +the rated current of the current range in wuse. For
measurements on steel tubes the voltage when the potential leads
are connected to the tube, needs to be amplified and filtered.
Since for a sinusoidally varying supply current, the wattmeter
responds to +the fundamental component of voltage from the
potential leads, the phase angle measured is between the funda-
mental voltage and current..

The magnitude of Z is obtained from

vl

] = S

I
where Vbrms is the rms value of the fundamental component of

voltage from the potential leads and
Rac = |Z | cos 6

The sensitivity of the phase angle adjustment can be
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improved by the use of a wat’me-ter calibrated for low power factor,
since as the wattmeter reading .approaches zero, the power factor
approaches zero and therefore, for given voltage and current signals,
such a wattmeter will produce a larger defléction.

This measuring technique was tested with a circuit of known
phase angle and it was established that the phase angle could be
measured to within +1%. The accuracy in measuring |Z| depends
on the voltmeter and ammeter used and the overall experimental
error could be kept to under + 3%. The method however was not
adopted as the time required to make measurements was comparable
to the bridge technique and could not be adopted for the
concentric configuration. The same arguments apply to the case
of an electronic phase meter and in fact, +the last technique
described , constitutes an electro-mechanical phase meter with a
built-in filter.

After taking all factors into consideration, it was decided
to measure the power loss, since from the heating point of view
the parameter of interest is the power developed. This can be
measured by a wattmeter. In the past, a wattmeter would not be
considered because of the need to amplify the small output
voltage signals from the potential leads - a feature overcome in

Fig. 7.6.
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7.3 Apparatus and Test Procedure

7.3.1 General discussion

The steel tube under test, was connected to the secondary of
a transformer and in series with a copper rod, by means of
stranded flexible cables. The cables were connected to the
tube, by means of easily removable current terminals, which were
designed to accommodate different size diameters (Fig. 7.5).

The tube current could be set to a desired value, by means
of a variable ratio transformer and was measured by a moving
iron ammeter, connected 1in series with the current coil of a
pPrecision dynamometer wattmeter and the secondary of a C.T. (Fig.
T.6).

The input of the potential leads P P, was amplified by means
of a variable gain amplifier and connected td the voltage coil
of the wattmeter W. Resistor R was selected to have a measured
resistance value of 1lkJlL, so that the amplifier gain was given
directly, by the resistance setting on the 0.1% decade
resistance box.

The test procedure was to carry out first a dummy run, whose
purpose was to note for different test currents, the amplifier
gain required, +to give without clipping the waveform, a voltage
of 2.5 V. This was the smallest voltage range on the wattmeter,
which indicates the average power irrespective of the voltage
waveform.

At intervals,” the circuit was tested for pickup from stray
fields, by checking that with the circuit de-energised, the

output of the amplifier was zero.
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For measurements in air, the tube was allowed to cool
between successive readings, but under high ambient temperature
conditions, measurements had to be made at temperatures above
20 .

The potential leads P.Pz served two purposes. They provided
the voltage signal for the wattmeter and an output proportional
to the surface current density [69]. In order to satisfy the
second role, the potential leads were made from two lengths of
36 SWG enamel wire and one end of each length was spot welded to
the tube. The other ends were run along the surface and to the
middle of +the tube and from there twisted together +to avoid
induced emf’s before connecting them to the amplifier input.

The tube current and surface current density waveforms, were
displayed on a double beam storage oscilloscope, provided with a
digital readout for waveform amplitude and time.

For measurements on the concentric arrangement of tube and
return copper rod, the dynamometer wattmeter was replaced by an
electronic type which gave a d.c. output proportional to power.
Although the accuracy of the electronic wattmeter was inferior
to that of the dynamometer type, a high resolution could be
obtained by recording the wattmeter output direct voltage on a
five digit programmable voltmeter. The readings were recalled
at the end of a test run.

It was possible to overload the electronic wattmeter with
deflections below full scale on its analogue meter and this was
overlooked with some readings in the early stages of the

experimental work. Because of the problem in locating the



potential leads in the case of the concentric ‘arrangement, an
alternative method of measuring the tube loss had to be devised.
The methed consisted of measuring the total power dissipated in
the c¢ircuit beyond terminals ab (Fig.7.6), firstly with the
tube some distance away from the copper rod and secondly, with
the rod inserted within the tube, in both cases retaining the
same cables and connections. To keep the rod concentric, pve
tape was wound round each end and the middle of the rod.

If for a given current,

W, = Watts measured for isolated arrangement

Wek = power developed in the tube for isolated
arrangement

We = power in circuit abe (Fig. 7.6) excluding

steel tube

W, = watts measured for concentric arrangement
Wep, = power developed in tube for concentric
arrangement
then W, = W, + Wc
and W, = W,  + We

the increase in power Z&W developed in the steel tube due to the
concentric arrangement is
Aw: w.-—w:

7.3.2 Experimental errors

For the isolated conductor, the power per metre is given by
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Wattmeter reading x C.T. ratio x Wattmeter multiplying factor

Amplifier gain x distance between spot welds

The experimental error is thus mainly due to the wattmeter
which had a f.s.d. error of 0.5%. The error due to the C.T. and
the amplifier can be considered negligible.

Two additional errors are introduced; the first by
converting the watts measured into Watts per metre and the
second by the slight drift in the wattmeter reading. The first
error was due to the uncertainty in +the effective distance
between the spot welds‘and the second due to the increase in
tube temperature while the current was set to the required
value. The overall error is estimated to be better than 3%,
which by engineering standards is acceptable.

The method of measurement for the case of the concentric
arrangement, 1is 1inherently inaccurate since it relies on the
difference of two large quantities. Particularly with thin-wall
tubes and for large currents, the quantity sought, AW, is of the
order of the experimental error in the measurement of W, and WL.

For the quantity Wec to be equal in the two conductor
configurations, the temperature of the cables should be equal,
but its value is not important. Although the cable temperature
was not monitored, the problem of temperature rise in the cables
was partly overcome, by ensuring as far as possible that the
time taken over a set of readings with and without the
concentric return conductor, was the same. For each set of

measurements, the tube surface temperature is not an indication
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that the connecting cables are at the same temperature, because
of the location of the current carrying skin and more
importantly due to the considerable contribution of heat from
the inner conductor.

Since an alternative measuring technique could not be
devised, it was decided to proceed with the above method and
repeat the measurements a number of times, in the hope that the
errors will average out. Particularly for thin-wall tubes and
for high currents, there was a considerable spread in the
individual measured values of AW to make any meaningful  statement
regarding the percentage experimental error. Further comments

are made when the results of these tests are discussed.

7.3.3 Samples tested

Initially, measurements were performed on two steel tubes
and a solid steel bar which were of unknown origin. Tubes of
known specification were therefore needed of the same material but
of different wall thickness. To obtain a range of f values, two
lengths of tube were purchased having a nominal external
diameter of 3/4" and wall thickness of 1/4" and 14G
respectively. These tubes were manufactured to B.S. 980, CDS2
or CDS1, both specifications referring to mild steel and to hard
as drawn and annealed conditions respectively.

The thick-walled tube was annealed. Fig. 7.7 photograph (a)
and Fig. 7.7 photograph (b) show photomicrographs of the two

samples tested which are designated sample A and sample B
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respectively.
The manufacturing tolerances were:
outside diameter + 0.004"
wall thickness for sample A + 2%
wall thickness for sample B + 0.003"
Preliminary tests showed that the two samples were behaving
differently and therefore could not be considered for investiga-

tional purposes as made from the same material. (In the event

the analysis proved to be different and is shown below.)

SAMPLE A SPREAD ON A SAMPLE B”

G 0.13 0.159 = 0,083 0.079
M 1.60 1.87 - 1:53 0.48

5 0.38 0.41 = D85 0.148
S 0.014 0.018 - 0011 0.044
P 0.018 0.02 - (0,015 0.013
L9 0.11 0.10 - 0.119 0.158
N 0.12 0.131 = 0.103 0.112
A 0.012 0.014 - 0.010 0.0386
M 0.022 0.031 - 0.018 0.046
C 0.016 0.018 - 0.014 0.015
B 0.001 0.0023 -<0.0005 0.0004
W 0.06 0.081 - 0.035 0.045
A 0.02 0.032 - 0.011 0.0186
N 0.013 0.018 - 0.0086 0.008
A 0.024 0.033 - 0.017 0.025
P 0.006 0.008 - 0.0035 0.005
C 0.34 042 - 0.32 8 s

S 002 0.023 - 0.017 0.017
T 0.003 0.006 -<0.001 0.029

* Sample was sufficiently coherent to produce insignificant spreads.

The only way to ensure material compatibility, was to
produce samples of different radial dimensions from the same
tube length, by machining the outside diameter to successively
smaller sizes and by boring the tube to successively larger

internal diameters.
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The maximum length of tube which could be processed in this way
to give the different sizes, was approximately 60 cm and all
subsequent tests were performed on two lengths of tubing 60 cm
long, whose radial dimensions were changed for each test run.

To ensure as much as possible a uniform current distribution
over the relatively short tube lengths, the plates previously

mentioned were constructed (Fig. 7.5).

7.3.4 Measurement of resistivity

With all the samples tested, difficulties were experienced
in establishing their resistivity. Initially, the resistance to
direct current of a section, was measured by a voltmeter/ammeter
method and by a Kelvin double bridge.

For the large cross-section conductors and for small lengths
of +tube, balance was obtained with the smallest range. In
addition, the lengths of the potential leads which were used to
make 4-terminal measurements, were found to influence the value
of resistance measured and had to be kept to a minimum in order
to obtain agreement between the two methods.

With sample B and tubes made from sample A, the resistance
to be measured was even smaller and the readings obtained
‘by the two methods were inconsistent.

For each tube produced from sample A, the resistance of a
known tube length was measured. Although there was some
variation in +the measured resistance values, the order of

magnitude was established, but a value could not be gquoted with
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confidence.

This problem was resolved by measuring the d.c. power with
the same precision wattmeter used in the a.c. tests. For
maximum accuracy, the direct current (which was obtained from a
variable 50 V, 10 A, rectified a.c. power supply) and
the gain of the two-stage operational amplifier, were ad justed
to give maximum deflection on the wattmeter. This method gave
repeatable results and the resistivities quoted for samples A
and B are based on this method.

Irrespective of the method of measurement, the resistivity
is obtained from the measured value of resistance and the
measured dimensions of the rod or tube. With tubes, the
internal diameter cannot be measured except at the ends and
because of manufacturing tolerances, the cross-sectional area is
not uniform throughout its length. It can be shown that a 1%
change in the external diameter can give a maximum of 6% change
in resistivity and for a 1% change in the internal diameter, the
corresponding maximum 1is 3.8%. The implications of these
changes are discussed when the test results are considered.
Thornton measured the wall thickness of a tube and calculated it

from its weight. The difference was 25%!

7.3.5 Measurement of temperature coefficient of resistance

A knowledge of the temperature coefficient of resistance is
required for a temperature correction factor to be applied +to

the value of resistivity. For steels, the temperature
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coefficient is within the range 0.0025 to 0.0047/ b with the
lower resistivity steels having the higher temperature
coefficient.

Since the larger number of tests were made with tubes from
sample A, this steel was selected for the measurement of the
temperéture coefficient.

The procedure adopted was to heat the tube to steady state
temperature, by passing an altern,atiffg current through 1it. By a
change-over switch, a direct current was passed and the power
measured. The resistivity at a given temperature was calculated
from the d.c. power and the tube dimensions. The procedure was
repeated for different steady state temperatures.

Special precautions were not taken to exclude any draughts
of air on the basis of Dwight’s findings [56]. A fall in the
surface temperature occurred during the change-over period and
the time taken +to read the meters. The fall in surface
temperature was more significant at temperatures above 60°C,
when the heat losses from the surface were sufficiently high, to
make the results unreliable. The results for temperatures below
60 C, showed a straight line relationship between resistivity
and temperature and the temperature coefficient of resistance

was calculated and found to be 0.003477 per'C at 20 C.
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Tk Isolated Steel Bar

7.4.4.1 Introduction

The only experimental work identified in the literature on
steel ©bars is that of Bowden and Davies [14], Rajagopalan and
Murty [18] and Burke and Lavers [15]. Burke and Lavers’ method
of test has not been mentioned in Section 7.2, since their
method was not reported.

Since the theory developed by Bowden and Davies is
restricted to a semi-infinite slab, their experimental work was
conducted on a 7.6 cm diameter bar which was electrically
equivalent to a semi-infinite slab (see also Sect. 4.6). High
currents were required for these tests in order to achieve field
strengths in excess of 10,000 (A ﬁJ) . It was therefore decided,
for the purpose of independent experimental work, +to carry out
tests on a solid bar of approximately one cm diameter, at 50 Hz
and at wvariable frequency. Thus the required field strength
could be achieved by smaller currents obtainable with available
equipment.

The purpose of the variable frequency tests was to confirm
or otherwise that:

1. The power developed could be predicted at all
frequencies within the range used.

2. The electrical performance of the bar at variable
current or frequency conditions, can be described
by the dimensionless parameters developed in Sect.

4,91,
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3. Thornton’s assertion

.57
surface power density = constant x H, xJE- (7.1)

is valid.

4. The power index of HS is independent of frequency.

In addition variable frequency tests introduce a scaling factor.
The important parameter in induction and resistance heating 1is
the "skin" depth and increasing frequency effectively increases

the diameter of the test specimen.

7.4.2 Experimental procedure

A bright mild steel bar, which was available in the labora-
tory, was used for these tests. The bar diameter was measured
with a micrometer on a number of places along the length of the
bar which was 1.5 m long. The average of these readings was
1.1l om.

The current was supplied to the bar through copper end
plates which were bolted onto the bar ends. The secondary of a
transformer was connected to the bar by means of flexible
cables, which were attached to the end plates by a bolt and nut
arrangement.

The spot welded ends of the potential leads, were 50 cm
apart and the instrumentation was as described in Sect. T7.3.1.
The return conductor was left in the same position throughout
the power loss tests.

For the 50 Hz tests, the current was adjusted to the desired
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value by varying the supply voltage to the transformer by means
of a variable output transformer.

For the variable frequency tests, a synchronous generator
was used, driven by a variable speed d.c. motor, whose speed
could be adjusted by means of coarse and fine manual speed
control.

The  generator frequency could be varied between 22 and
about 70 Hz, but the output of the generator was limited at the
extreme frequency ranges, since it was unable to supply the
necessary voltage at low frequencies and the current at high
frequencies. After some exploratory tests, it was found that
only two currents could be accommodated throughout the frequency
range. The bar current was varied by changing the generator S
field excitation.

Adjustment of the speed to give a desired frequency, was in
some instances made difficult by sudden changes in the d.c.
supply provided by a d.¢. motor-generator set. This was due to
the voltage regulator becoming inoperative prior to commencing
the tests. Since the variable frequency tests commenced towards
the end of the project, the measurements could not be delayed
and it was decided to proceed. Although this situation caused
some inconvenience, the results were not unduly affected, since
readings were taken quickly and only if the required frequency
was indicated. The frequency was not accurately measured, as it
was read off from an analogue meter with a scale calibrated in
speed and corresponding generator frequency. Further

inaccuracy was introduced by a small drift in the wattmeter and
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ammeter readings due to the increase in the bar temperature
while the meters were read.

The bar was supplied from one phase of the generator and to
ensure balanced load conditions, two resistors were connected
across the other two phases. Because of the high power factor
of the test circuit, connecting an inductor in series did not
make any difference to the current waveform and therefore a
resistive load was used.

The 50 Hz tests were performed with the bar, which was
varnished, immersed in a trough filled with water. The potential
leads were positioned according to Salter’s [62] and Jackson’s
[63] findings and the bar temperature was measured by a thermo-
couple attached to the bar.

The variable frequency tests were carried out in air and the
bar was allowed to cool between successive tests. As Dbefore,
special precautions were not taken to exclude any draughts and
it is expected that the bar surface temperatures, measured by a
surface temperature probe, are below their true values, which in
any case are difficult to ascertain. Because of all the other
inaccuracies involved, it was felt that refinements in measuring

surface temperatures were not necessary.

7.4.3 Results and discussion

The test results are shown in Tables 7.1 and 7.2. Fig.
7.8(a) and Fig 7.8(b) show the supply current and surface

current density waveforms for the currents of 48 A and 216 A
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respectively. Although the current density waveform for the

higher current is distorted, saturation is not pronounced.

The current waveform has a small third harmonic component
but measurements have shown, by deliberately distorting the
current waveform, that the contribution of the harmonics to the
losses was small.

The calculated values of power loss at 50 Hz, included in
Table 7.1, are in good agreement with the measured values above
60 A. The disagreement below 60 A suggests that for this
particular steel, the turning point on the }t/H—curve occurs at
about 1700 (A ﬁd).

The variable frequency results are shown in Table 7.2, where
in this case the calculated values are slightly lower than the
measured ones (max. error 3.6%). The dimensionless factors
calculated from the variable frequency and variable current
tests are plotted in Fig. 7.9. According to the theory of
dimensional similarity, irrespective of the value of
resistivity, for a given diameter, all points should lie on the
same curve. Fig. 7.9 shows that the points from the variable
frequency tests lie on a slightly different curve from. the
points from the 50 Hz tests, although the largest difference is
5.2%. This difference can be explained by temperature effects
since the power loss values are measured values. In addition
to the experimental error, which is expected to be larger in the
case of the variable frequency tests, changes in the Dbar
temperature affect the measured power loss.

The results for 60, 84 and 120 A in Table 7.1 can be used to
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demonstrate the influence of temperature. The reason for
selecting these particular currents is that the calculated and
measured values of power loss at 50 Hz are in good agreement. A
temperature correction factor for resistivity can therefore be
applied to the calculated values of power, which will reflect
the measured loss values, had the temperatures been higher.
Allowing for a temperature differential of 7 C between the 50 Hz
and variable frequency tests, the resistivity at 2700 assuming a
temperature coefficient of resistance of 0.004 ‘c (within the
acceptable range for steels), the resistivity is approximately

15.5 x10 (.. m)s The following values of parameters are
_ -8
calculated for a resistivity of 15.5 x10 (JL m).

I % Change in B... % Change in z % Change P_o

Resistivity P in z Hy t

60 2.6 20. 8 L.b 84.5 2.9 7.98

84 43.5 1.4 b7.3 2.6 6.67

120 62.5 1.46 47.6 2.7 6.13

The above results show that a 2.6% change in resistivity,
produces a change of 1.5% in power loss. However, this combined
with the larger change in z, which is reduced, brings the two
curves of Fig. 7.9 in line.

PNMD—

It can be concluded that the dimensionless factors o 2

-

£
and F which in this case is 1, as predicted, describe the

performance of the steel bar at constant temperature.
The power developed as a function of a 50 Hz current 1is

shown in Fig. 7.10 and the power due to a direct current is
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included for comparison.

The ratio of a.c. to d.c. resistance as a function of
current and for different frequencies is shown in Fig 7.11. The
temperature effect on the 50 Hz characteristic is evident. For
a constant current, the skin effect is less pronounced at low
frequencies, resulting in a lower resistance ratio.

The power as a function of frequency is shown in Fig. T7.12.
Since for constant current, the power is proportional to the
effective resistance Rac, Fig. 7.12 also shows the Rac/f charac-
teristic.

Fig. 7.13 shows the 1log/log plot of the surface power
density and surface field strength from which the power index of
1 (. - T L ) The points for low values of H do not lie on the

5

straight line because the log}t/log Hs graph is non-linear, for
values of H below +the turning point of the }t /H curve.
Thornton’s [17] experimental points for low values of H,, also
deviate from the straight line characteristic, except that he
attributed this to experimental errors.

The characteristics of Fig. 7.13 corresponding to different
frequencies are parallel, showing that the power index of H  is
independent of frequency.

Thornton [17] carried out tests on a 6 cm O.D. tube in order
to investigate the validity of equation 7.1. By reference to
Jeans [(70] Thornton attempted to explain the effect of
frequency. The following is an extract from his paper.

“With constant permeability, the dissipation of heat is

proportional to the square root of the frequency of the current,
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other things being equal. Although there was no reason
to suppose that variation of permeability would affect this
law, a test was carried out to verify it. The results are given
in Table 2."

The results of this Table have been plotted and are shown in
Fig. 7.14. Since the tube tested by Thornton is electrically

solid, the experimental results of this section can be used to

draw conclusions regarding frequency effects on steel
conductors. These results have been plotted and are shown in
Fig. 7.186.

Thornton missed a number of points by putting forward
equation 7.1. If at all applicable, equation 7.1 will only be
valid for the condition f>0 since the currents are not field
induced. For {=0, the power loss is not zero but equals the
d.c. power corresponding to a particular value of current.

For a discussion on the validity of equation 7.1, the case
of the semi-infinite slab can be recalled, where, for constant
Hs and }t the loss is proportional to JEi A small diameter
conductor at high frequencies will also behave as a semi-
infinite slab and the proportionality of power loss to j? is
illustrated in Fig. 7.15. These points were discussed in more
detail in Section 4.6 where it was also shown that at 50 Hz and
depending on the value of current and resistivity it is possible
for a steel conductor of 6 cm 0.D. to be indistinguishable in
its behaviour from a semi-infinite slab. It is therefore by

coincidence, that the tube tested by Thornton, not only behaved

as a solid conductor, but also appeared as a semi-infinite
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slab.

Examination

of

Fig. 7.16 shows +that for the size of

conductor diameter tested (by the author), equation 7.1 does not apply

sincej as predicted by theory, the projected lines joining the

points for a constant current and hence HS and F
through the origin.

Thornton’s

, do not ©pass
v

hypothesis that equation 7.1 could be valid is

based on a misconception and does not take into account cylind-

ricity effects

and the influence of the value of current in

altering electrically the dimensions of a +tube. However, he

observed the
empirical law.

if hysteresis

loss.

effects

of hysteresis on the wvalidity of his

The proportionality of loss to f? is only wvalid

is absent, or a small percentage of +the total

. The spread of the points on the graphs of Fig. 7.14, are due

to experimental errors,

which became apparent previously.

The prediction of loss depends on a combination of resis-
tivity and effective permeability. It appears that for a
particular value of resistivity +there 1s a corresponding
effective permeability function. So far there is insufficient

evidence to prove or disprove this statement.

In Section 6.3.5 it has been shown that the power loss can

be predicted by modifying the effective permeability function

appropriate

to

the

"Thornton steel” by a multiplying factor.

The calculated results are shown in Table 7.3 and are in agree-

ment with the measured values. In the same Table the calculated

results based on a resistivity of 14 x10 ( fim) and effective
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3 -0.8%
permeability given by 575 x10 H have been included and

are also in agreement with the measured values. In fact there
are a number of combinations of effective permeabilities and
restivities which will predict the measured losses. A knowledge
of the correct value of resistivity is therefore important and
its value determines a unique effective permeability function.
There is some evidence to believe, +that a high value resis-
tivity is accompanied by a lower effective permeability charac-
teristic, This is to be expected, since the high resistivity
steels have a lower permeability as derived from their B/H
curves. It has been shown, that due to the tolerances in the
external and internal diameters of tubes, an accurate measure-
ment of resistivity is difficult to achieve. Whilst for an
electrically thick-wall tube the value of the internal diameter
is irrelevant to the calculation of power 1loss, it has an

influence on its calculation through the wvalue of resistivity.
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Teb Isolated Steel Tube

7.5.1 Introduction

To the author’s knowledge, the only experimental work on
steel tubes 1is that reported by Dwight [56] and by Thornton
[17]. Their results have been discussed in Section 6.4. It was
therefore considered appropriate to extend the work of the
previous section on a solid bar to steel tubes, so that the
method of calculation developed in Chapter 6, could be tested on
independently obtained experimental results with known limita-
tions (see also Section 6.4.1.).

Loss measurements were performed on two lengths of tubing,
commonly known as "water pipes”, which had almost identical
radial dimensions, but different lengths. Since the two lengths
of tubing were not cut from the same length, loss measurements
would reveal any differences in the properties of +the tube
material.

Measurements indicated, +that the resistivities of the two
samples, within the experimental errors, were of value nearer to
Thornton’s tube. Thus, the hypothesis, +that for a given
resistivity and type of steel there exists a particular perme-
ability function, could be tested, since the effective perme-

3 -0.83
ability given by 575 x10 H was based on Thornton’'s

51
experimental results.
Since subsequent tests on samples A and B were to be carried

out in air, measurements made in air and in water, but at the

same frequency, would also show the importance or otherwise of
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temperature effects.

7.5.2 Experimental procedure

The method of test was as previously described in Section
7.4.2 except that the current was supplied to the tubes by means
of copper lugs brazed onto the pipe ends. For one tube, the
effect of circulating the cooling water was investigated.

The external diameter was measured in four positions, but
the internal diameter at each end. The +tube’s external
surface was originally painted and removing the paint from a
small section, revealed that the tube surface was not very
smooth.

There 1is therefore some doubt about the radial dimensions
and hence the resistivity. For calculation purposes, it was
therefore decided to use for both tubes the same value of

resistivity.

7.5.3 Results and discussion

The results for the two tubes are summarised in Tables 7.4,
7.5 and T7.6. Representative waveforms of the current and
surface current density are shown in Fig. 7.17.

The calculated and measured loss values are in good agree-
ment for both tubes tested. For the 1lm tube, an increase 1in
surface temperature of l3°C produced a change of 4% in the

measured loss (result for 300 A). There is some evidence there-
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Table 7.6. Calculated And Measured Loss Values - Steel Tube

I Hq Pm ° Pc (Wn-1) Psm(Tube)
() (Am=1) (Wm=T1) (°C) (Wm~2)
Tube Solid

90 1058 22.1 14.3 21.8 21.8 260
103 1210 27.6 14.5 271 271 324
120 1410 34.9 14.6 34.6 34.5 410
132 1551 40.6 14.7 40 40.2 477
144 1693 46.4 14.8 46 46.2 545
168 1975 59.5 15 59 59,1 699
180 2116 66.2 15.6 66 66 778
192 2257 73.8 16.1 73.3 73.1 867
210 2468 84 16.4 84.6 84.4 987
228 2680 95.4 16.8 96.3 96.3 1121
240 2821 103.8 16.9 104 .4 104.5 1220
252 2962 11:2.8 17 2 112 .7 113 1326
276 3244 129.4 17.7 130 130.7 1521
294 3456 P Y _18_ - 143 .4 144 .6. 1666

Outside radius 1.354 cm

Inside radius 1.09 cm

Frequency 50 Hz

Length of Tube 2m

Potential leads Im

Resistivity

Tube immersed in water
Calculations based on ugeff
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0.195

-0.83
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fore, that substantial changes in surface temperature, produce a
small change in the measured loss. Further tests were carried
out to confirm this with the tubes of sample A and B material.
This conclusion is important, so far as measurements in air are
concerned at different ambient conditions.

The calculated results for a solid of equal external
diameter, show that the tubes appear electrically as solid,
except for currents beyond 270 A. This is to be expected, since
with increasing current and for constant material properties,
the depth of penetration increases.

Fig 7.18 shows that the turning point of the K’/H curve for
this steel, is below 1000 (A m ).  Because of this, the
calculated and measured loss values are in agreement over the
entire range of the field strengths considered.

This offers further support to the observation that the
turning point of the }i/H curve depends on the value o{aresis—
tivity, since for the steel bar of resistivity 15.1 x10 (Qm),
the turning point was found to be at about 1700 (A ﬁIJ. It will
be seen that sample A, of resistivity 24.5 xhi%()m), has a
turning point at an even larger value of field strength.

Fig. 7.18 shows that the power index of the surface field
strength is between 1.57 and 1.58.

The results of this section confirm, that the effective
permeability function for a steel %f resistivity of approxi-
mately 14 xlaa(() m), is 575 xloaﬁf.f Tests on further samples

of MS will reveal if this function applies to resistivies other

-8
than 14 x10 (Q m).
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7.6 Isolated Tube - Samples A and B

7.6.1 Fixed frequency tests

The objectives of these tests were:

l. to investigate the effect of altering the bore of a tube of
fixed external diameter;

2. to investigate the effect of altering the external diameter
of a fixed bore tube, of the same material as in (1);

3. to compare the performance of two tubes of known chemical
analysis and equal dimensions;

4. to evaluate any effect the wall thickness might have in
predicting power losses;

5. to generate more experimental data in an attempt to
establish a relationship between resistivity and effective
permeability;

6. to examine the influence of wall thickness on the power
index of Hy.

Details of samples A and B and the way of obtaining the
tubes of different radial dimensions, has already been reported.
From sample B, only two bore sizes were produced from the
original thin-wall tube. From sample A, six bore sizes and five

external diameters were produced.

7.6.1.1 Results and discussion

For both sample B specimens, the agreement between the

calculated and measured loss values is good. The turning point
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of the ft/H curve for this steel is between 1000 and 1400 (A ﬁ”l

The calculated 1loss values for a solid conductor of
equal external diameter, included in Table 7.7, indicate that
for P = 0.213, the tube is electrically thin for field
strengths above approximately 2000 (A ﬁ').

The equality of the measured loss and the loss calculated based on
an equivalent solid (in the case of B = 0.16} table 7.7) can be explained
with reference to Fig.4.5.

Examination of Fig. 4.5, shows that there are two values
of F for which the power losses are equal. Thus, sample B
behaves as predicted in Chapter 4, except that there are only
three points on the Power/P curve for constant values of
current and therefore, the results are not shown in graphical
form.

In Chapter 6, it was predicted (Fig.6.16 & 6.17), that for a
tube, depending on the value of H, and wall thickness, a change
in the slope of the surface power density/H; graph is possible.
The corresponding results for sample B have been plotted in Fig.
7.19, where it can be observed that whilst the thickness corres-
ponding to ? = 0.213 is not sufficiently small to reflect a
change in the slope, for F = 0.16, the change is clearly distin-
guishable and occurs at approximately 2400 (A m ).

For samples B, from Fig 7.19 the power index of H  for the
15 mm bore is 1.58 and for the 16 mm bore it changes from 1.58
to 1.85.
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Tables 7.8 to 7.10 incorporate the results of tests at 50 Hz
on specimen prepared from sample A of fixed external diameter.
It can be observed that for this steel, the turning point of the
H/H curve occurs at about 3400 (A md), which further supports

v
the statement,that a higher value of resistivity (in this case
24.5 xld‘(flm], is associated with a turning point occurring at a
larger value of field strength.

The method of calculating losses assumes linear log]g/log H
characteristics. Thus, whilst the effective permeabiligy given

3 ~0.833

by 536 x10 H; has been used to calculate the loss beyond

H, = 3400 (A m ), it is not valid for H_<3400 (A m'). For the

purpose of calculating the losses in this range of H,, it has
been assumed that k_ remains constant below H, = 3400
i
-1
(A m ) when in fact it is not the case. For this reason, while

there 1is good agreement between measured and calculated loss
values for H5>3400, the agreement is lacking for H_<3400 (A mJ).

The effective permeability functions, used for calculating
losses for samples A and B, are shown in Fig 7.21.

The sample A tubes, behave as solid conductors up to a bore

size of 12 mm and as the bore size increases, for a constant
current, the losses increase, rather than decrease as theory
predicts.

The measured and calculated loss values are shown in Fig.
7.22 for three currents. In Fig. 7.23 the calculated values
corresponding to 50 Hz and d.c. have been included and the

curves merge at about F = QL
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Table 7.9. Measured And Calculated Loss Values. Sample A
Variable Bore
B =0.37 B =0.269
Hg Pm 8p Pc Pm fp Pc
(Am™1) (W™ 1) (°C) (=) (1) o (")
1000 10.4 21 11 11.1 20 -
1400 3.7 22 21.6 25 20.6 ~
1600 32 22 28.2 33.4 21 =
2000 50.4 23 44.1 52 22 =
2600 82 24.5 74.5 83.5 23.6 -
3000 105 22 99 106.7 25.2 E
3400 129 22 127.4 131.8 27.8 120.6
3800 156 26 151.4 157.4 22.5 143.6
4000 169 21.6 164 172.6 26.6 155.7
4206 184 24 176.9 185.8 22.9 168.2
4400 198 24 190.2 202.8 25.9 181.2
4607 212 23.5 203.7 216.7 23 194.7
4807 230 26 217.5 235 24 208.5
5007 246 24 231..7 253 27 2229

f

50 Hz

o =24.5x 1078 @ m at 20°C

li

Pc for Hg = 1000 - 3000 based on u§eff = 612
Pc for Hs>3000 based on U§Eff = 536 x 103 HS'O'833

Fixed external diameter = 19 mm
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The discrepancy between the measured and calculated values
cannot be explained by experimental errors, since the same
measuring technique has been used for all samples tested. Since
the +tube material is also the same for the different specimen,
the difference in the measured and calculated losses can only
be explained by the presence of an additional factor. The extra
loss present, will be termed the anomalous loss. From Figs.
7.22 and 7.23, the anomalous loss has been calculated and 1is
shown in Fig. 7.24, as a percentage of the measured loss for the
three currents considered.

The anamolous loss increases as P decreases, reaches a
maximum and then reduces to zero. Beyond a certain value of E
corresponding to very thin tubes, the a.c. and d.c. losses are
equal and therefore this equality can only be achieved if the
anomally reduces to zero.

In order to examine the effect of wall thickness and
material properties on the power index of Hs, the surface power
density for P = 0.16 of sample A, has been plotted in Fig.
719 The slope and therefore the power index of Hs, for the
high values of H is the same as for sample B of equal B value.

Although a change in the slope occurs at about 2500 (A ﬁ‘),
the 1line Jjoining the points corresponding to H, values below
2500 (A dJ), is not parallel to that for sample A. The reason
is that these points correspond to Hs values below the turning
point. It is interesting, however, to note that the loss is
still described by a straight line characteristic, giving a

power index for H; of 1.85.
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Table 7.10. Measuréd And Calculated Loss Values.' Sample A
Variable Bore

g = 0.213 B =0.16

H Pm op Pc Psm Pm fp Pc Ps
@fh  gmy e gD g omh e ol ()

1000 12.5 19.9 = 209 15.87  23.9 - 265
1400 el 20 = 455 30 250l z 501
1600 556 211 - 596 38.6 27 - 645
2000 55.1 22.9 ~ 923 58 255 b 969
2600 88.4 255 - 1481 92.1 27.8 - 1539
3000 112 21.2 = 1876 118.4 27.9 - 1978
3400 139.6 24.6 120 2338 150 28.4 133 2506
3800 168.3 23.5 145 2812 182.7 28 163.8 3053
4000 184.6 26.9 | .158.6 3093 201 30 180.3 3358
4206 198.4 22.6 172.4 3324 218 31 197.7 3643
4400 217.4 26 187 3642 238.5 31 215.9 3985
4607 230.8 24.8 202.3 3866 256 30 234.9 4277
4807 250 27.8 218 4188 283 30 254.7 4728
5007 264 [24.1 234.6. 4423 307 32 275.4 5130
f =50 Hz

0=24.5x 10"8 @ m at 20°C
= . -0.833
Pc based on oitE = 536 x 10° Hg

Fixed external diameter = 19 mm

1}
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Table 7.11. Measured And Calculated Loss Values. : Sample A
Variable External Diameter
B = 0.626 B=1 B = 0.576 B =1

ot e B EG 0SB om, @ fe RS,
(Am™")  (Wm™") C (m™ ) (Wm ™) (Am™") (Wm™') °C (Wm™") (Wm™')
1123 11 23.2 13.4 - 1273 13.56: Z1 14.63 -
1573 25.3  23.6 26.2 - 1782 29.44 24.5 28.67 =
1797 34.2  24.1 34.3 - 2037 38.78 22.7  37.45 -
2247 935 Zbe2 535 = 2546 60 25.5 58.5 -
2921 87.5 26.5 90.5 - 3310 96 28.6 98.9 -
3370 113 28.1 113.6 114.2 3820 123.6 31.9 124 124.9
3820 139.4 30 140 139.9 4329  150.5 23 152 153
4269 168 31.2 168 167.5 4838 182 26.8 182 183.7
4494 182 28.2 182 . 182 5093 198 30 . 197 199.7
4718 197 24.4 197 197 5348 214 29.1 213 216.3
4943 211.6 21.7 211.6 212.6 5602 229 24 229 233.5
5168 228 31.2 228 228.6 5857 248.4 33 246 251.1
5392  246.6 27 246.6 245 6117 268 28.6 263 269.2
5617 & 264 ©23.7 264 261.8° 6366 285.3 -24.9 1280.9 287.8
£'= 50 ¥z

o = 24.5 x 1078 g-m at 20°C

Fixed internal diamter 6.35 mm

For g = 0.626 Pc based on { g = 696 for Hs = 1123-2921 ( m 1)

!
For 8 = 0.576 Pc based on ki ge = 627 for Hg = 1273-3310 A m )
For all

other values of Hg, Pc based on Wi ge = 536 X 102 HS'O-833
/!
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Table 7.12. Measured And Calculated Values. Sample A
Variablé External Diameter

B = 0.546 B=1 B =0.47 B =1

H Pm ©p Pc Pc H Pm p Pc Pc
et mhH . @) tmh anSh) mhH  °C W) (e

1591 18.5 24.3 16.4 - 1364 15.2 22.2 15.2 -
2228 7.8 5.8 32,1 - 1910 32.2. 23 29.9 =
2546 48.2 27.6 41.9 - 2183 42 24 39.1 -
3180 753.7 25,9 655 - 2728 64 26.3 61.1 =
4138 117 29.4 117 117 3547 101 25 103.2 104
4775 147.9 27.9 147.7 147.7 4092 129 28 129.5 131.5
5411 182.7 27.2 181.4 181.4 4638 158 27 157.8 161.4
6048 220 28 217.6  217.6 5184 190.7 27 188 193.6
6366 240 28.3 236.6  236.6 5467 206 26 203.8 210.6
6684 260 25 256.2  256.2 5729 222 28 220 228
7000 281.4 26.7 276.4 276.4 6000 240 27 236.8 246.2
7321 308.6 29 297.2 297.2 6275 257 28 254 264.3

7639 330.6 27.7 318.6 318.6 6548 281 29 271.7 283.4
7957 . .357.3 " °31:°.°340.57..340.5 6821 300 30 289.8 303

f = 50 Hz

24.5 x 108 Q m at 20°C.

1]

p

Fixed internal diameter 6.35 mm
1

)

1364-2728 (Am ')
-0.833

1591-3180 (A m

For g = 0.47 Pc based on U 520 for Hg

reff
F i

]
For g = 0.546 Pc based on Bospr = 592 for Hg

For all other values of Hg, Pc based on Upeff = 536 x 10° Hg
/
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It appears therefore, that the power index of He 1is
independent of material, for values of H; beyond the turning
point of the }t/H curve as the wall thickness is reduced.

Fig. 7.20 shows that for sample A tube, the power index for
B = 0.554 is 1.63 for H,> 2500 (A m ) instead of the expected
1.58 and increases to 1.88 for P = 0.213 (15 mm Dbore). The
reason for the higher value in the power index must be the
presence of the "anomalous” loss which reduces to zero as the
wall thickness becomes progressively _less with the result
that the power index for both sample A and B tubes equals 1.85
when the bore becomes 16 mm.

The results of variable external diameter tube specimen of
sample A, are shown in Tables 7.11 and T7.12. There 1is good
agreement between measured and calculated 1loss values for
P 20.546, below which the anomaly becomes apparent once more.

Fig. 6.19 has shown +that for a constant current and
frequency, the depth of penetration is dependent on the external
diameter. As the external diameter is reduced, +the depth of
penetration increases and therefore, for the same wvalue of

F and for a given current, the tube with the smaller
diameter, will appear electrically thinner. For this reason the
"anomaly"” with this specimen, occurs at a value of P higher
than for the variable bore tubes.

The experimental and measured loss values are shown in Fig.
7.25, showing +that the loss/? characteristic is different from

the case, when the value of P is obtained by altering the

internal diameter. This difference in behaviour was predicted
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in Chapter 4 (Fig. 4.6 and Fig. 4.10).

It was previously observed that the effective permeability
function depends on the value of resistivity and that the
higher the resistivity, the lower is the effective permeability.

Two effective permeability functions have been shown in Fig.7.21

and it might be questioned why for sample B tubes, of resist-
-8
ivity 18.5 x10 ({I1m), the effective permeability previously
-8

used with a steel of p=14.3 x10 (lm), was also used in this
case to calculate the results.

In Table 7.7 the calculated wvalues, on the basis of
536 xlOBH:QB3T have been included for comparison and the maximum
error is 7% occurring only twice.

To be consistent with previously made statements regarding
effective permeability, an effective permeability function, in
between the two characteristics of Fig. 7.21, should have been
used with sample B tube. Because of the insensitivity of losses
to moderate changes in permeability, 1t was not considered
worthwhile altering the calculated values and in fact the
results incorporated in Table 7.7 serve +to 1illustrate the
above.

However, the observation made above should be borne in mind

when drawing general conclusions regarding the relaticonship

between resistivity and effective permeability function.
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7.6.1.2 Additional tests

Temperature effects were further investigated. A 150 A
current was supplied to a sample A +tube, of 17 mm external
diameter and 6.35 mm bore, until the temperature stabilised at
94.5°C. Measurements showed, that there was an increase of 6.4%
in power, between the temperatures of 26°C and 94.5°C.

The exercise was repeated with another sample A tube of
19.07 mm external diameter an 9.5 mm bore, supplied at 120 A.
The increase in power, between the temperature of 22.5°% and 9OOC,

was in this case 7.7%.

These tests support the previous findings, that temperature
effect in the measurement of power loss in air, 1is not verw
significant, ©particularly since the temperature variations did
not exceed lOaC. Some temperature/time graphs are shown in
Fig. T.28. In Chapter 2, it was observed that heat treatment
can affect the magnetic properties of steel. Since sample A was
in thelhard as drawnhstate the effect of annealing was invest-
igated by heating a tube, of external diameter 19.07 mm and 15
mm bore, 1in a furnace for three-quarters of an hour at GSOaC in
a neutral atmosphere and then cooling it to room temperature within
the furnace. The tube losses were re-measured and compared with
the original wvalues. The results showed that whilst the
measured loss increased well above the experimental error for
low values of excitation, for the higher values it decreased by
2.0 te 5.2%. In view of the consistent repeatability of the

measurements, the above differences are not entirely due to
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experimental errors, but probably due to changes in the magnetic
properties of the steel.

The increase in losses could be explained by a shift in the
turning point of the Pt/H curve, since this will have the effect
of 1increasing the permeability and hence the power loss.
However, the reduction in the power loss cannot be explained.
One plausible explanation is that the wall thickness has been
electrically changed by the increased permeability, which will
make the tube appear thicker and therefore cause a reduction in
loss. If this is true, the same effect should be observed by
measuring the losses at higher frequencies.

It was suggested that the temperature of 650‘C was not
sufficiently high to produce significant metallurgical changes
in the tube and therefore the same tube (its bore was by then
changed to 16 mm) was held at 800 C for 45 minutes
and the losses re-measured. This time, the measured losses
increased throughout the range of H;, but the increase was in
the range of 2 to 5%; the larger changes occurred at the lower
values of Hs. These changes are not sufficiently large to be
attributed to changes in the structure of the steel. On the
basis of available experimental evidence, firm conclusions can-
not be reached and further tests are required in parallel with a
metallurgical investigation. What can be concluded however 1is
that the observed anomalous loss was not eliminated by heat
treatment, although significant changes were produced in the

measured losses particuarly at low field strength.
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7.8.2 Variable frequency tests

)

.6.2.1 Objectives

The objectives of these tests were:
l. to verify experimentally the condition under which a tube
appears as a semi-infinite slab;

2. to attempt tounderstandthe observed anomalous loss associated

with sample A tube.

7.6.2.2 Apparatus and experimental procedure

For +the low frequency tests (22-70 Hz), the apparatus was
the same as reported in Section 7.4.2. With the tubes used,
three currents could be obtained over the frequency range.

For the high frequency tests (Ca 400 - 1600 Hz), an inductor
alternator was used in place of the synchroncus generator. For
these tests, the precision wattmeter could not be used because
of 1its frequency limitation and an electronic wattmeter was
substituted.

Only one current could be obtained, because the impedance of
the loop containing the tube was much higher than for the case
of +the 1low frequency tests. The loop was made as small as
possible without introducing proximity effects.

The frequency was measured by measuring the period of the
current waveform displayed on a storage oscilloscope, which had
a facility for a digital display of time.

The tests were performed on two tubes of equal dimensions,
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having an external diameter of 19.07 mm and a bore of 15 mm, but
were of sample A and sample B material. The tube A material was

the same as the one previously heated to SSUOC.

7.6.2.3 Results and discussion

The results are shown in Tables 7.13 to 7.16.

Fig. 7.27 shows the Power/f curves for the two tubes at a
constant current of 96 A. The shape of the curves is as
expected.

For sample B, the agreement between the measured and
calculated 1loss values for low and high frequencies is of the
same order. For sample A there is considerable error between
the measured and calculated losses throughout the fregquency
range (Fig. 7.28).

Fig. 7.29 shows the graphs of Power/ JE for the lower
frequency range (22-70 Hz) for samples A and B.

Fig. 7.29 indicates that for sample B the tube appears as a
semi-infinite plate for frequencies above 30 Hz and calculations
show that it also appears approximately as a solid.

For the high frequency range, both samples A and B appear as
semi-infinite plates as indicated in Fig. 7.30 (slope of 2).

For a current of 96 A and for the sample B, the minimum
diameter required for the tube to appear as a semi-infinite
plate at a frequency of 68 Hz is 1.9 cm, which is the diameter
of the tube tested.

For the lower frequencies, the +tube diameter 1is not
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Table 7.13.

Measured and Calculated Loss Values

Sample B.Variable Frequency Tests

(;‘::) (AII'I{‘l‘S‘l) (Hfz) v {wf;fl} eog (Wigl) ui?g{fo ];;?txlo’
96 1602 22 4.69 ) 26 21.6 1.49 24.1
180 3000 | 65.2 27.4 63.4 0.887 19.6
228 3805 ! 113.8 30 97.6 0.73 212
30 5.47 26.1 25 25.3 2.04 27.5
‘;
" " i 72.6 27 69.7 1.21 21.8
| 107.3 30 104.9 0.99 20
40 6.34 30.4 26 29.8 9572 32
J N y 82 29.5 78.9 1.61 24.6
121 31 116 1.32 22.6
50 7.1 33.5 23.8 33.9 3.4 35.2
L “ ; 89 26.5 88.6 2.02 26.7
5 129.7 29.4 128 1.65 24.2
60 7.75 37.5 25.5 37.4 4.07 39.4
n . 1 99.4 30.8 98.1 2.42 29.8
| 144.7 36 141 1.98 25
68 8.3 38.8 29.2 39.9 4.62 40.8
" " E ] 105.5 31 105.5 2.74 21.6
E ' 154.5 35.5  151.2 2.25 28.8
60 72 21 6.6 51.6
72 i 21.5 5.7 48.3
84 | 23.4 5 45.2
% 0 15.6
180 55
228 ’ 88
-0.83 g - 0.213

Pc based on Py = 575 x lO’Hs
Fs
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Table 7.14. Measured And Calculated Loss Values. Sample B
Variable Frequency Tests
I £ VE Pm op Pc refr fo Em?
Aot
(A (Hz) (Wm~1) o (wn™1) x10" x10
96 452 21..2 102.6 28.7 101 30.7 108
544 23.35 112 27.4 1162 36.9 118
611 24.7 119.6 27 .4 116.7 41.5 126
147 26.8 128 2651 126.3 48.3 135
826 28.7 137.4 24.7 1355 56 144
1099 33.1 162 2742 156 74.6 170
1218 34.9 169.7 Z5 164 82.7 178
1460 38.2 188 2741 179.7 99,2 197.7
Results From Table 7.7.
120 50 48.1 2.83 32.5
156 2. 2.27 28.7
228 131 1.66 24.5
276 175.8 1.41 223
300 200 1.32 2l.5
Results From Table 7.13. I = 96A
f vE/f Pm Pm/f
22 .23 23.2 1.05
30 0.18 26.1 0.87
40 0.16 30.4 0.76
S0 0.14 355 0.67
60 0.13 37.5 0.625
68 0.12 38.8 '0.57
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Table 7.15. Measured And Calculated Losses. Sample A
Variable Frequency Tests

I Hg f vE Pm 6p Pc Pc* Mreff of P"m_:_

; At

@ ) #H) Wn=!)  ec m )  m ) x10!] x10°

96 1602 22 4.69  28.1 23.9  24.9 22 1.02 22.3

180 3000 86 26 78.7 77.3  0.61 19.5

228 3805 135 T 123 0 18.9

30 5.47 30.8 25.8 27.9 23 1 24.5

94.1  26.7 83 81 0.83 21.3

g " . 139.5  29.4 128 0.68 19.6

40 6.3  34.6  25.5 32 24.7 1.87 27.3

1 100 30.8  89.8 8.7  1.11 22.7

L " ? 151.9  30.4 136 0.91 21.4

50 7.1 37.9  25.4 36 26.6 2.34 30.1

" " l 108.8  29.1  97.5  93.4  1.39 24.7
| 163.5 33 145 1.14 23

60 7.75  40.7 28.9 40.2  28.7 2.81 29

" " l | 118.4 35 106 100.8  1.66 26.8

5 176 38 155 1.36 248

68 8.3  43.5  25.3 43 30.6  3.18 34.6

" " | | 138 30.9 113 107 1.88 28.1
5 183 33 164 1.55 26
60 1000 71 18.66 25.3  21.3 4.92 38

84 1402 70 34.8  25.3  35.8 3.66 36.1

72 1200 70 26.2  25.3  28.2 4.17 7.1

96 0 20.7 16.5
180 0 72.9 !
228 0 117 E

g = 0.213 Pc based on L gge = 536 X 105Hg 0833
"

Pc* based on Upeff = 612
¥ 4
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Table 7.16.

Measured And Calculated Loss.

Sample A

Variable Frequency Tests

* P o
T £ vE B op Pc Pc Hrefefo ugefffo* ﬁm’t
Vi 2
S
(A (H) o cc omh)  omh)  xwo' xw0't x10s
96 396 19.9 102.8 29.4 103.9 76 18.5 9.9 81.7
537 2 el 8 B2 iy s 25.9 120.7 88.7 25.1 13.4 93.5
585 24.2 123.6 28.2 125.9 92.5 274 14.6 98.2
762 27.6 140.8 28.6 143.5 105.3 35.6 19 111.9
1010 31.8 161.5 28.3 164.8 120.9 473 25,2 128
1282 35.8 185.5 29.2 185.5 135.9 60 32 146.7
1504 38.8 199.8 30.1 200.7 147 70.4 B7aS 158.8
v 1613 40.6 206.7 28.3 207.8 152.3 75.8 40.2 164
Results From Table 7.10.
120 50 55,1 1.94 28.1
156 88.4 1.56 26.7
228 168.3 1.14 23.7
300 264 0.91 203
B =10.213
536 x 103 Hg=0.833

Pc based on Upeff
Pc* based on Uyeff =
brefffo based on 536

urefffoybased on 612
F 4

612

x 103 HS-U . 833
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sufficiently large and therefore some errors will be introduced
in the application of the semi-infinite loss formula. Based on
this formula the calculated losses Pc.s , for sample B, are shown

in Table 7.17 where Pc are the losses calculated based on the

actual dimensions of the tube.

Table 7.17 Calculated And Measured Loss Values.

Sample B, 96 A

f S P P. Pom Boua

o -1 i P..
(Hz) (Wm ) (Wm) (Wm ) %
22 23.2 21.8 21.6 5.6
30 261 25519 25.3 2.3
40 30.4 29.5 29.8 2.9
50 33.5 32.9 33.9 1.8
60 370 36.1 37.4 3.7
638 38.8 38.4 39.9 1

As the frequency increases, the error shown in Table 7.17
does not reduce uniformly, although agreement between measured
and calculated loss values is good.

Apart from the experimental errors, two additional factors

must be considered, in assessing the magnitude of error
indicated 1in Table 7.17. It was stated that}for the lower
frequencies, the tube tested is not gquite a solid. Hence the

measured losses will be somewhat lower than if the tube was
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solid. Since the losses calculated on the basis of a finite
diameter, are larger than on the basis of a semi-infinite plate,
for a diameter smaller than the minimum value corresponding to a
particular frequency, the losses will be underestimated . Thus there is a
self cancellation of the errors, with the result that agreement
between measured and calculated loss values is good, even at

frequencies below 68 Hz.
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7.7 Anomalous Loss

It has been shown, that the three dimensionless parameters,
E%E%u z, P, describe the tube performance. For a constant P ,
thes other two parameters will therefore show the effect on tube
losses of all the variables within the limits of experimental
error, where correlation exists. The variables embodied in the
independent dimensionless parameters should be independent.
However, for steel, w is a monotonic function of Hs.
If a functional relationship between r_and H is used, as in
this case, the three dimensionless parameters are no longer
independent and can only apply to another +tube under the
conditions of equality of ? and external diameter. Since this
condition is satisfied for the two tubes tested, the absence of
correlation between the other two dimensionless parameters will
indicate the presence of additional factors which were ignored
in the derivation of the dimensionless parameters, such as
hysteresis.

The work of Hale and Richardson [71] is partly relevant to
this discussion. They measured losses on a number of cores, over
a range of frequencies and at flux densities in the middle
portion of +the magentisation curve. The data were studied by
means of dimensionless analysis.

The materials tested were divided into groups with similarly

shaped B/H curves and significant correlations were obtained

between parameters embodying the classical variables, which are
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known to influence core losses. These variables were grouped in

the three dimensionless parameters,

z kS
P, ) { B. d ) }: ]21
'FJ'D P J.O ° Bc
where Jo = area of static hysteresis loop in Joules per

cubic metre, per cycle at B,

d

lamination thickness

They overcame the difficulty of the dependence of
permeability on H, by assigning an average value I{ , which is
the permeability averaged with respect to flux density from 0 to
B,. They also found that the third dimensionless parameter was
constant for materials with similar shapes of B/H curve and

hysteresis loop

>

§ B.d
versus

o P °

losses of all the independent classical variables. Fig. 7.31 is

Thus a plot of shows the effect on core
reproduced from their paper and shows that there is no correla-
tion between curve A, for ingot iron, and curve B for one of the
groups of materials tested. They argue that the only plausible
explanation is in terms of domain size and a reduction in domain
size, leading to a reduction in losses.

They also show that the dimensionless parameters of thinner
laminations within one of the group, when plotted produce a curve which is
parallel and displaced in the direction of higher losses from
that for the thicker laminations. They attributed this to a
change in the ratio of domain width to lamination thickness, the
domain width not decreasing as rapidly as the lamination

thickness.
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For the present investigation, the dimensionless parameters
used ignore hysteresis loss, but the effective permeability
used for the calculation of losses embodies any contribution to
the losses by hysteresis. However, the effective permeability
was such as to give agreement between the measured and
calculated losses for the case of the thick-wall tube of sample
A. Thus, if there is an increase in hysteresis loss/cycle due
to the reduction in the wall thickness, the same effective
prermeability function will not give agreement between measured
and calculated values for progressively thinner walls.

Since the anomalous loss was not present with sample B
tubes, it can be concluded that the +tube material has a
hysteresis 1loss/cycle which does not vary with wall thickness,
or if it does, it is too small to detect in progressing from the
15 mm, to the 16 mm bore.

It was stated previously, that increasing the frequency
alters electrically the dimensions of the tube, so that the tube
appears first as solid and secondly as a semi-infinite slab.
This was +the case for both A and B materials at high
frequencies (Fig. 7.30).

Based on the above argument, the calculated losses at high
frequencies for the thin-wall sample A tube, should have been in
agreement with the measured losses since such agreement existed
in the case of thick-wall tubes of identical material.
However, examination of the results for sample A steel at 50 Hz
and at hign frequencies, indicate that for the test

current of 96 A, +the percentage difference between measured
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and calculated wvalues is almost the same and equals about 25% ; it

is independent of frequency. This suggests that the extra loss
is entirely due to an increase in hysteresis loss, the increase
being independent of frequency but related to the physical
rather than equivalent electrical wall thickness.

Since the equations developed for the calculation of losses
do not account for hysteresis, the extra losses cannot be

explained.

There is also the possibility that}x is a function of thick-
velf
ness. If this was the case, reducin% the wall thickness will

lead to a reduction in , since fewer layers of the tube

will be in the unsaturatedféigte and thereby reduce the loss.

In Table 7.16, the calculated loss has been obtained on the
basis of a fixed wvalue of permeability (as for the results
included in Table 7.9) and on the basis of extending the 1linear
relationship of the effective permeability function down to
Hsz 1602 (A mﬂ) giving an effective permeability of 1147 instead
of 6B1l2. The result calculated with }26;4: 1147 are in good
agreement with the measured values (Table 7.16). This however
must be providential , since for the low frequency range and for
the current of 96 and 180 A the disagreement persists (Table
T LB)s

The dimensionless parameters from Tables 7.13 and 7.15, have
been plotted in Fig. 7.32 and the impression given 1is that
correlation exists, thus invalidating the previous discussion.

However, the results are distorted by using for sample A,

}tzf = 1147 and 680 for the current of 86 A and 180 A

!
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respectively, when correlation 1is sought with +the measured

losses referring to the thick-wall tube, where was 612

kvf. £
for both currents. This difficulty can be overcome’by consider-

ing the results corresponding to 228 A only at variable
frequency, since for this current both tubes operate in the
linear part of the log}a/log H, characteristic. These results
ars plotted in Fig. 7.33 and)as it can be seen, there is no cor-
relation.

The lack of correlation cannot be explained as previously
by temperature effects and it should also be noted, although it was not
plotted, that the variable current fixed frequency points also
lie fairly closely to the characteristics of Fig.7.33.

Since Dboth characteristics of Fig. 7.33 refer to constant
current and wall thickness, the hysteresis loss per cycle is a
constant. As the frequency increases, the hysteresis 1loss
increases, and therefore there is no correlation, as the dimen-
sionless parameters ignore hysteresis.

Since sample A tube has a considerably larger hysteresis
loss, as compared to sample B tube tested, it follows that there
will be no correlation between the dimensionless parameters.

Fig 7.34 shows the dimensionless parameters obtained from
the high frequency results (on the basis of }teﬁ = Bl2 for
sample A) and again, there is no correlation ‘for the same
reasons as for the low frequency tests.

On the basis of the evidence presented, it can be concluded,
that the cause of the anomalous loss, with sample A material, is

hysteresis.
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The anomalous loss 1s independent of frequency, but
increases with a reduction in wall thickness up to a certain
value depending on the current.

The cause of +this could be a relationship between the
microstructure and wall thickness, but other than Hale and
Richardson’s [71] observations in support, information in the
literature regarding this phenomenon as related to resistance
heating is not available.

For sample B material, there is some evidence, that the
anomalous loss is not present, but this is based on the results
of two wall thicknesses only. The hysteresis loss was small.

From the point of view of heating, tubes made from material
A have advantages over material B since it has a larger resis-
tivity but almost equal permeability for (Hs>3400) and extra
hysteresis losses below a certain value of wall thickness. The
losses however cannot be predicted, unless a method for
calculating hysteresis loss is developed.

An interesting observation which does not lead to any
conclusions, 1s that sample A has a higher Si content than
sample B; silicon is an element normally associated with a reduction in

iron losses.
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7.8 Waveforms

7.8.1 General discussion

For all specimens tested, waveforms of the supply current
and surface current-density were recorded for different values
of current. The current-density waveforms were obtained from
current-density probes as described by Burke and Alden [69],
which give an output voltage proportional to the surface
current-density.

Ideally, a sinusoidal current waveform was desirable, since
the equations developed for the calculation of loss assume
sinusoidal excitation. In practice, it was found that for some
specimens tested their impedance was large compared to the
system impedance and therefore some distortion in the current
waveform was present.

It has already been mentioned (sec. 7.4.3), that this
distortion, which is mainly due to the third harmonic, did not
significantly affect the power loss. A bigger kVA transformer

than the one used for the tests would have produced
sinusoidal currents, by the use of air-cored reactors, but it
was unavailable. The slight distortion therefore had to be
tolerated.

In Chapter 6, the method developed for the calculation of
power loss was based on equations derived from a linear
solution. These equations therefore cannot be expected to
predict +the field distribution within the conductor material.
Bearing in mind that the main objective of this thesis is the

prediction of losses, the inability to predict or estimate the
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current-density distribution within the material may not beééﬁn-
sequence, in the case of the isolated conductor. It has however
been shown that for this case the depth for complete penetration
can be predicted. It will also be shown in the next section,
that the step-function analysis can be used to predict} to a
reasonable degree of approximation, surface current-density
waveforms and) more importantly, explain the observed voltage
waveforms obtained in the case of small diameter conductors and
thin-wall tubes.

For the case of the concentric arrangement, it is important
to be able to predict the electric field at the external surface
of the tube, since this value determines the leakage current to
earth.

A numerical solution of the field equations describing the
system, appears to be the only way to prediet accurately the
tube surface current-density. A reasonable estimate can be
made, using the results of the isoclated tube, bearing in mind
that for identical external and internal tube dimensions, the
depth of penetration for a given H is smaller in the case of the
concentric arrangement. The wvalue of {: could also be used as a
guide to the depth of field penetration since by definitionti
is the depth below which there is no penetration of field or

current. However, +this definition is not valid in the case of

direct current resistance heating as will be seen later.

7.8.2 Solid conductors

Two typical sets of waveforms have been included in Fig.
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7.8 corresponding to different levels of magnetisation,
H$=l370 (A mA} and Es:6194 (A ﬁ’}. The current-density waveform
corresponding to the larger current, shows evidence of satura-
tion, whilst the waveform corresponding to the lower current
does not. This observation is in line with the findings of
Section 7.4.3 where it was deduced that the turning point for
the 1.11 cm diameter bar was in the vicinity of 1400 (A mJ) and
therefore the operating point is not in the saturation region.

Whilst the step-function solution for the case of thick and
thin steel plates has been superceded by more accurate methods,
(Lim and Hammond [52]) (O’Kelly [13]), comparable solutions for
a bar of any diameter has not been developed, when the field is
produced by the conductor current. However, the analysis based
on the step-function B/H characteristic discussed in Chapter 5,
can be used in the absence of a more accurate alternative
solution.

In Chapter 5, Burke and Lavers and Davies and Bowden’s step-
function analyses were discussed. None developed expressions
for the time variation of electric field strength and therefore
an expression will now be developed.

From equations (5.3) and (5.5)

Eay. 2B oWJ(t):’Zb Hesimuwt (7.3)
= o 2byl)- e

Equation 5.6 can be written as

= - N -5
<£J->5|v}‘wt = va._,,..___ﬁ)) - l- [—LP_(E):I (7.4)
= 2 Lbd 3Lb

in order to introduce the dimensionless parameter S/E
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From (7.3) and (7.4) after some manipulation it can be shown

that

(T:5)

E(t)-—%ﬁ{.cos(yf)Z \/l - Lp(u/?:];
| : 2 - Y&y,

00g

For a thick plate, b-— o0 and equation (7.5) reduces to
equation 20 of Agarwal’s paper.

Thus the factor

2/! - LP@J/ess
2- W’)/};

takes into account the finite diameter of the bar. As wt — o,
ky&%iébo and therefore the value of E(t) at the start of the
half cycle, is the same as if the bar had an infinite radius, or
otherwise is equivalent to a thick plate. This observation is
in order, since, before the flux has penetrated into the metal,
the +two situations are indistinguishable. Thus, from equation
7.5, at t=o, the voltage Jjumps to its peak wvalue. This sudden
Jjump is the result of the assumed B/H curve and this point will
be discussed subsequently.

For a given value of wt and 8l/b, the value of ?{t) can be
calculated from equation 7.4. For small values of wt, W@”/b is
<<1 and therefore the value of E(t) remains at the peak value.
From equation (7.5) E(t) as a function of time can be calculated
for different values of the parameter 5;QL Fig 7.35 shows E(t)

for a few values of 5:/b. For the second half of the cycle, the
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voltage waveform is identical to the first half, except for a
displacement in time of W/, and a sign change. In Fig. 7.35
g/b = 0 corresponds to the infinite radius, or thick plate. 1In
practice, this condition can be achieved by a large diameter
bar, whose limiting value is a function of current, frequency
and conductor’s material parameters. Since the prediction based
on the step-function analysis, becomes more accurate as the
level of saturation increases, in Fig. 7.35, the characteristic
corresponding to gl/b = 0, will be a true representation of
actual waveforms, in the case of a large diameter bar and high
level of saturation. This observation can be substantiated by
the waveform (x) of Fig. 7.36 which is reproduced from Bowden
and Davies paper [14].

The results reported in Sect. 7.4 refer to a 1.11 cm
diameter solid bar and therefore depending on the value of
current through the bar, the voltage waveform will lie between
the curves corresponding to & /b = 0 and J:/b = 0.82.
Observations of the oscillogram in Fig. 7.8 indicate that there
is no sharp rise 1in voltage at wt = O. That this 1is a
consequence of the assumed magnetisation characteristic, can be
shown by reference to the papers of Lim and Hammond [52],
0’Kelly [13] and Zakrzewski [10] relating to thick and thin
steel plates.

In particular, Lim and Hammond compare the waveforms
obtained from the step-function solution with the waveforms
obtained from a numerical solution of the diffusion equation and

a Frohlich representation of the B/H curve. These waveforms are
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reproduced in Fig. 7.37 for comparison. Since the power loss
mechanism for thick plates is the same as that for conductive
heating, it can be argued that a more representative waveform at
the start of the half-cycle would be as shown by the dotted
lines of Fig. 7.35, which closely resemble the waveform of the
oscillogram in Fig. 7.8 under saturation conditions.

So far it has been assumed that the prevailing conditions
are such that the wavefront does not reach the centre before
the end of the half-cycle, or only just reaches it.

These conditions are represented by \J% /J‘r 7 I

and ‘|% édf = | respectively, in the equation
5

<5 (5 Ys)

Under these conditions equation 7.5 applies for the
interval O<t<Ty$ .

Suppose now, that for a constant frequency and diameter, the
current is large enough to cause the separation surface to reach
the centre of the bar before the end of the half-cycle 1i.e.
{% Bﬁ;(l. In such a case, for the remainder of the half-cycle,
the conductor exhibits a constant resistance equal to its d.c.
value and equation 7.5 applies only to the interval 0<t<T.

This observation was made in qualitative terms by McConnell
[72] but was not pursued further. This phenomenon was also
completely ignored by Davies and Bowden [63] when calculating
the losses of a 2.54 mm diameter wire, which show a large error
(sect 6.4.1). To test the above prediction, measurements were
performed on a 3 mm diameter wire. In addition, the test results

would provide a further check for the method of predicting
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Table 7.18. Measured And Calculated Loss Values

For A 3mm Diameter Wire

I Hs n, ey Tea Psm Feo-tm
(A) (Am~1) (Wm™") (Wm~=T) (Wm=T) (Wm™ ") 3
16 1697 7.14 6.89 6.77 757 - 5.2
24 2546 14.5 14 .4 14.1 1538 - 2.7
32 3395 24 .8 24 .6 24.1 2631 - 2.8
40 4244 38.1 3T of 36.9 4042 - 3.1
48 5093 53.7 53.7 52.5 5704 - a2
64 6791 93.6 94.2 92 9931 - 1.7
80 8488 147.2 146.3 142.7 15620 -3
96 10180 216 209.7 204.6 22920 =. B3
112 11880 296 284.7 277.7 31406 - 6.1
120 12730 . 336. . . . 326.6 . 318.5. . .. 35651 - 5.2

bor . p = 15.9 x 10-8 ¢ m
For P p = 15.5%x 108 9 m
ez -0.83
— 3 L
TR = 575 x 10 Hs
!/
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losses and finally confirm tha% for small diameter conductors,
the power index of H approaches 2.

The measured and calculated results are shown in Table 718
Fig. 7.38 shows that the power index of H, is indeed 2.

The measured value of resistivity using a voltmeter/ammeter
method was 14.8 xldﬂa(flm] + 6% and good agreement is obtained
between measured and calculated loss values based on a value of
resistivity within this range. *

Fig. 7.39 and Fig. 7.40 shows a selection of oscillograms
for different 1levels of saturation. It can be seen that
depending on the value of current, the transition during the
half cycle from a.c. +to d.c. resistance, occurs at different

time intervals.

An attempt will now be made, to predict waveform (a) of Fig.

7.40.
Under d.c. resistance conditions, E(t) is given by
TRy = 2 Hs (7.86)
ob
and is in phase with the current through the wire. For a given
value of ﬁs, equation 7.6 has a definite wvalue. However, the

value of E(t) obtained from equation 7.5 1is dependent on the

value assigned to é:.

X Although the wire was immersed in water the heat generated
within it could not be dissipated in the time required to
take readings and the bar temperature was not therefore

constant throughout the range of currents.

275



2 A,
Now S; " VoW Ba

A
-

Assuming B, is 1.72 for mild steel and B, = 0.75 B, with
= 7 - A
W= 314 (rad 51), g = 0,64 x10 (S m‘), H_f = 7201 (A m”)
61 = 2.35 mm

From equation 5.8,

-I( . ]'S )-:—Cgb
wT = Siwv —_
\J3 2.3

which agrees with the value obtained from the oscillogram of

Fig. 7.40.

From Equation 7.6

OLb Ao’ ol E a5

EE)) = —22 722! =15 (VD)

The measured value of E(t) = 1.44 which is in agreement within
the experimental error.
From equations 7.4 and 7.5 with wt = 63° LP(U/b: 1

>I‘72_01 = 0.35-2-“0.8]‘ N
0.64%x2.35%10 % 1

“E@J‘: 4

with a measured value of 1.32.

The measured and calculated voltage waveforms are shown in
Fig. 7.41. It can only be assumed that the disagreement at the
beginning of the half cycle is due to the same reasons given for
the case when ‘£<b

As the current increases, the wire exhibits a resistance
equal to its d.c. value for a greater part of the half cycle.

The calculated loss values in Table 7.18 are based on the

effective permeability method. The step-function theory can be
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used but equation 5.12 developed by Burke and Lavers fails

. . . . 2. L
since it applies only if = |
V'3 /d'x 2

For the case when‘I%'%ég <\l, the power loss can be calculated

from equation 6.4.

The two components of power are shown in Table 7.19 as E
and P, . As the current increases the second component which is
due to the d.c. resistance predominates.

In the effective permeabilty method, the calculated values
are dependent on the effective permeability and resistivity. In
the step-function method, the equivalent flux density BA and
resistivity influence the calculated loss values. All these
parameters can betobtained only from measurements and on this
basis there is 1little to choose between the +two methods.
However, +the effective permeability method can be valid for
magnetic surface field-strengths as low as 1000 (A md}, whereas
the step-function theory is inaccurate at this range, but can
predict reasonably well the waveforms of surface current
density.

Additional tests were carried out with two bars of equal
10 mm diameters, but of different resistivities and the results
which are not included showed that
1. the losses could be accurately calculated by using a value

3 =013

of K = 575 x10 H; )
ivetd

/ . . .
2. there was a unique characteristic relating the dimensionless

parameters in contrast with the sample A and B tubes of

15 mm bore;
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Table 7.19.

Measured And Calculated Loss Values Based On

Step-function Theory - 3mm Diameter Wire

Hs

P4 P, Pc Pm Pcd.c. (Pc - Pm)
@ o o o wm™h  omh oD s
16 1697 6 0.74 6.74 7.14 5.6 - 5.6
24 2546 11 2. 77 13.8 14.5 12.7 - 4.8
32 3395 13 14 27 24.8 22.6 8.8
40 4244 15 25.4 40.4 38.1 35.4 6
48 5093 20 39.6 59.6 537 50.9 11
64 6791 17 17 94 93.6 90.5 0.4
80 8488 24 126 150 147 141.5 2
96 10180 32 186.7 218.7 216 204 1.2
112 11880 41 259 300 296 277 1.5
120 12730 44 299 343 336 318 2

I
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3. the current density double hump characteristic obtained with
the 3 mm wire was also obtained with the 10 mm bars at high
values of field strengths.

Tests were also carried out with a 20 mm diameter bar. The
results are not reported but confirmed the method of
calculating the power loss, indicated that the power index of
surface field strength 1is 1.61 and produced a dimensionless
parameter characteristic the same as the one obtained for
the thick-wall sample A tube (their respective external
diameters differ by only 5% and therefore can be described by
the same characteristic). The oscillogram for the 20 mm
diameter bar corresponding to H, = 20,254 is shown in Fig. 7.42.

Fig. 7.43 shows the calculated waveform with the two points

obtained from the oscillogram of Fig. 7.42. The calculations
were based on a value of Ea = 2 in view of the high level of
magnetisation. The good agreement between the measured and

calculated waveforms for bars of different diameters confirmed
the derived expressions for the calculated surface electric
field waveforms, which to the author’s knowledge have not been
published previously.

In the step-function theory and for a thick plate with a
surface excitation produced by a current external to the plate,
the depth of penetration is the maximum value of U¥@J[ which |is
attained at the end of the half period. The field 1is =zero
beyond this depth if [{¢)] is less than the half thickness of the
plate. If the excitation is produced by a current flowing as in

the case under consideration through a bar, and the conditions
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are such that Iwﬁ)'at the end of the half cycle is less than the
radius of the bar, the field beyond IW&Jl is not zero. This is
because the current flows through the bar throughout the half-
cycle. In the case of large diameter bars, where the centre is
not reached by the end of the half cycle, a better definition of
depth of penetration can be obtained in terms of the power loss
and this concept has been used in deriving in Chapter 4 the

equation for complete penetration.

7.8.3 Isoclated tubular conductor

At the beginning of the half-cycle, the flux penetrating
into the surface cannot distinguish between a bar and a tube.
The centre of the bar is now replaced by the inner surface of

the tube and the time taken to reach it has been shown to be

2 _a
| = 2 b (7.7)

the current density waveform will be similar in shape to the
ones obtained from solid bars, for a corresponding level of
saturation. This is confirmed by the oscillograms in Fig. 7.44,
A to D, where it can also be observed that the phase angle
between the voltage and current becomes zero as the tube-wall
thickness 1is reduced. This is to be expected since with deep

penetration and thin-wall tubes Rac approaches Rdc.
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The phase angle is also a function of the level of
magnetisation and this can be observed by comparing the
oscillograms of Fig. 7.44 (A) and Fig 7.45 (A).

If

(b"‘l) & a <|
—_ 4+ —
§, /J 3 3%

the same phenomenon is observed as with small diameter bars,

i.e. the tube at some interval within the half-period, exhibits
a constant resistance equal to its d.c. resistance.

Equation 7.5 is valid but only up to t = T«

Considering Fig. 7.44 (E), which refers to a sample A tube
of 19 mm and 16 mm external and internal diameter respectively,
and applying equation 7.7 with JZ = 2.63 mm

wT = 87

the peak value under d.c. resistance condition is

E®)| - 2b H. : Ly Oaa)
c(bia’)
with a measured value of 1.28. This agreement also confirms the
value of resistivity.

(The temperature at which the oscillogram of Fig. 7.44 (E)
was obtained was 35.C and therefore a temperature correction was
made with a temperature coefficient of resistance of 0.0037/‘0}.

The peak value under a.c. resistance conditions 1is 1.34
(V mq) with a measured value of 1.36 (V ﬁd). Similarly for the
sample B +tube of equal radial dimensions (Fig. 7.46 (B)) and
with éj = 2.55 mm

wT =70

=1
The peak value under d.c. resistance conditions is 0.95 (V m )
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2
with a measured value of 0.93 (V m ).
Under a.c. resistance conditions the calculated voltage 1is

a1 =1
1.05 (Vm ) and the measured value 1.08 (V.m ).
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T.9 Concentric Arrangement

7.9.1 Results and discussion

The method of measurement and its accuracy have already been
discussed in Section 7.3.1.

Tables 7.20 and 7.21 show the measured and calculated 1loss
values for four bore sizes of sample A tubes. For the isolated
case, it was found that for sample A material and for large
values of & , agreement between measured and calculatéd loss
values was obtained on an effective permeability given by
536 x10 H, o

In Chapter 4, +the criteria for the use of Arnold’s or
Dwight’s formula for the concentric arrangement have been
established and on this basis, for the P values considered in
the experimental work, Dwighté formula is the more appropriate
to use. The use of this formula together with the above
effective permeability, fails to predict the results correctly.
This is not surprising; 1in the case of the isolated tube, the
effective permeability was the result of the field decaying
inwards whilst in the case considered here, the field is
decaying outwards. Thus for the same surface field strength,
successive conductor layers in the concentric case are less
strongly magnetised than in the isolated case. Since the
effective permeability takes into account the change in perme-
ability with depth, it should be expected that the effective

permeability in +the concentric arrangement will have to be
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increased. It will also Dbe shown later that for the same
surface magnetic field-strength, the depth of penetration is
smaller in this cagé. Since the depth of penetration is related
to permeability, reduction in depth of penetration, reflects an
increase in permeability and therefore the above observations do
not contradict the physical laws describing resistance heating.

The mathematical equations developed in Chapter 4, showed
that the resistance of +the outer tube 1in +the concentric
arrangement increases. In the absence of permeability effects,
the increase in resistance can be explained rather simply; since
the area of cross-section available to current in the inner
surface 1is smaller than at the outer surface, the effective
resistance of +the tube should be higher than when the current
flows in the outer surface. The reduction in the depth of
penetration due to an increase in permeability, enhances this
effect further.

Having established that the effective permeability is not
the same as in the isolated case, it remains to quantify its
value. By calculating the losses, it was found that the
effective permeability had to be modified by a constant factor h
for a given P value. That this factor will have to vary for
different F values, can be deduced from the fact that at some
value (depends on the external diameter), the tube resistance
should be equal for the two configurations (Fig 4.7).

The multiplying factors h, are shown in Tables 7.20 and 7.23
for each tube size tested and when plotted against P T

straight line relationship is obtained.
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The loss as a function of B for constant current is shown in
Fig. 7.47. The increase in loss AW, as a function of current
is shown in Fig.7.48 and as a percentage of the measured loss of
the isoclated case, in Fig. 7.48. As the current increases, the
percentage increase is reduced due to the increased penetration.

In Tables 7.20 and 7.21, the values of AW are based on a
series of repeated tests, but as already mentioned, for high
values of currents and thin tubes, they become less reliable.
In drawing the graphs of Fig. 7.48 corresponding graphs of
Chapter 4 have been used as a guide to their shape. This 1is
because 1in the case of non-magnetic conductors, +the equations
used to calculate the increase in loss, have been experimentally
verified in the past.

In the case of the isolated tube, it was found that as the
wall thickness was reduced, the measured loss was higher than
calculated, with the discrepancy increasing with a reduction in
wall thickness. For the concentric arrangement, this discrepancy
becomes apparent again, for the same F value of 0.37. However,
if the difference between calculated and measured loss values
for the isolated tube are added to the calculated loss values in
Table 7.21, for F = 0.37 agreement is once again obtained with
the measured loss values.

Since the depth of penetration is a function of the
diameter, reducing the external diameter of the tube, will
reduce the increase in loss for the same current. Thus a thin
wall tube of large external diameter can experience at a fixed

current the same increase in resistance as a thick wall tube of
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smaller external diameter.

The 1increase in loss due to the concentric configuration,
can also be shown by considering the step-function theory. It
has been shown in Chapter 6 that the increase in power under the
condition that the wavefront does not reach the inner or outer

tube surfaces before the end of the half-cycle, is given by
Az T/z T‘/!. s
A _wl 5m‘(wf).«. dr - Swmfut); 4t
o819 o Za ), +Y6), o 2b V0. -YpE);

where T is the period and the subscripts t and ¢ refer to the
isolated and concentric arrangement respectively. For a
constant b, as a is reduced (i.e.thicker wall), A W increases.

Considering the first term in the equation above, which
refers to the concentric arrangement, it can be observed that it
is independent of b up to a certain value (see Section 6.10.4).

Thus, 1if a is constant and the wall thickness is reduced by
reducing b, the loss will remain constant for a given current.
This explains the constancy of Rac in Fig. 4.10 as P reduces.
However, if - the variation in P is obtained by reducing a, as
P increases, there is a considerable increase in Rac and hence
power loss.

Because of the need to use a multiplying factor in the
effective permeability method in order to obtain agreement
between measured and calculated loss values, it was decided to
calculate the losses by means of the equation derived on the
basis of the step-function theory. The wvalidity of this

analysis was first checked on the experimental results obtained
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for an isolated tube. The results referring to the sample A
tube of dimensions a = 6.35 mm and b = 19 mm ( F = 0.666) was
selected ‘for this check on the basis that the experimental
results are more reliable than for the thinner wall tubes of the
same material.

~

For the calculations, B_ was taken as 1.72 T and éA as
1..72 x 0.5 = 1.29 T, To check the correctness of é‘, the loss
of the isolated tube was first calculated and the results are
shown in Table 7.22.

The agreement between measured and calculated values is good
in the saturation region and fails as expected in the
unsaturated region. Using the same value of ﬁn , the losses
were calculated for the concentric arrangement and agreement
with +the measured values was not obtained. In view of the
comments made previously regarding the experimental results, it
could be argued that the measured values are 1in error. Fig.
7.50 shows the band of experimental results which were obtained
from repeating the measurements on nine different runs. The
results of Fig. 7.50 indicate that the calculations must be in
error.

éa was then increased by a factor of 1.25 (equivalent to
increasing P by 1.25) and the results re-calculated (Table
To82)s

Agreement is now obtained. However, in this case the factor
of 1.25 has a different origin. In Chapter 5, the significance

of the factor of 0.75 was explained. This factor is a function

of the level of saturation and for very high field strengths it
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tends to unity. Thus the effect of 1.25 is to increasé the
factor of 0.75 to 0.75 x 1.25 ~ 0.94. In the concentric
arrangement the appropriate surface magnetic field is that
developed on the inner surface of the tube. For the tube
considered, the inner diameter is small and therefore for a
given current, the internal surface field strength is much
larger than in the case of the isolated tube. Thus there is
some Jjustification in the factor of 1.25.

In the case of the effective permeability method, the higher
surface .field strengths involved in the concentric arrangement,
necessitate a shift of the operating points beyond the turning point of the
K/H curve, thus enabling the use of the effective permeability
function throughout the range of currents considered.

Fig 7.51 shows the internal surface power density as a
function of the internal surface field strength. The
experimental points for different values of B lie almost on the
same characteristic. As the wall thickness is reduced, for a
given current, the internal surface field is almost equal to
the external and the increase in loss AW tends to zero. Thus
the straight line of Fig. 7.51 is not expected to apply to all
values of P but it covers the range of F = 0.37 to 0.66. Fig.
7.51 can therefore be used to estimate the tube dimensions and
current to give a required power. Obviously for different
steels, the same characteristic does not necessarily apply and
further tests are required with different tube radial dimensions

and materials (see also Appendix B).
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Fig. 7.53 shows the voltages proportional to the external
surface current-density as the tube bore is increased. As the
bore  increases, these values tend to those obtained for the
isolated case. This is to be expected since ; as the current
increases  the penetration increases, and therefore the surface
current density increases. The case when the external diameter
is reduced, is shown in Fig.7.54.

Fig. 7.55 compares the voltage outputs (not corrected for
amplifier gain) from the current density probes, for two
isolated +tubes of the same material and external diameter, but
of different bore sizes. In both cases, the characteristics are
made of straight line portions meeting at different wvalues of
current. The change in slope is due to saturation, with the
thinner wall tube saturating at a lower value of current. The
corresponding characteristics for the concentric arrangement are
shown in Fig. 7.56 and Fig 7.57. 1In this case, the two straight
line portions of each characteristic, meet at the same
corresponding current values as for the isolated case, except
that the slopes of the upper portion increase rather than
decrease. A plausible explanation could be that for low values
of current the tube surface is magnetised along the initial
part of the B/H curve and as the current increases, along the
upper part. The surface layer does not reach saturation level
because of the attentuation of the field as it reaches the

surface.
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7.9.2 Waveforms

The oscillograms obtained with sample A tubes of different
internal and external diameters are shown in Figs. 7.58 and 7.59
for two wvalues of current. The phase shift of the current
density waveforms for different tube wall thicknesses can be
observed and increases with wall thickness. The peak of the
waveforms are also displaced in time (some current density
waveforms are 1803 out of phase because the oscilloscope leads
were reversed). Since for a constant current, the level of
magnetisation depends on the internal diameter of the tube, the
oscillograms of Fig. 7.60 were therefore obtained in order to
examine the attenuation of current density with depth into the
material for constant magnetisation conditions. For this
exercise, two sample A tubes were connected in series and
excited by a concentric conductor. Both tubes had an internal
diameter of 6.35 mm and the nominal values of +the external
diameters were 19 mm and 12 mm.

A comparison of the oscillograms of Fig. 7.60 with the
waveforms of Fig. 7.37 shows a distinct difference in behaviour
of field penetration. Whilst the phase shift with depth is
present in both cases, in the case of a bar carrying current,
the peak of the displaced waveform is not enclosed by the same
envelope. This could be due to the larger tube wall thickness

associated with the waveforms of Fig. 7.37, or it could be a
cylindricality effect.

Examination of Fig. 7.59 (E) shows the same interesting

phenomenon which was observed previously with isolated thin wall
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tubes, namely that at some instant during the half cycle, the
a.c. resistance reverts to the d.c. value and produces a voltage

in phase with the excitation current.

The step-function theory can be used to establish the time
interval at which this transition occurs.

Analysis shows that for the concentric arrangement
T = _?-_.31\,\4 <£) .é-‘u;_b__ (7.8)
N g 3 2a '

Equation (7.8) which has not previously appeared in the

literature, gives the following values for wz

Current 288 A

WwT
Tube dimensions Fig.No.
b a measured calculated
(mm) (mm) degrees degrees
9.5 8 63 59 7.59 (E)
T B 90 81 7.59 (D)
6.95 126 107 7.59 (C)

For smaller values of a, the wavefront does not reach the
outer surface. The calculated values are of the right order but
consistently smaller than the measured values. The calculated
values are weakly dependent on the value of é? but strongly
dependent on the tube dimensions. Since the different Dbores
were obtained by drilling the +tube, +there is some uncertainty

in the value of the internal diameter. Similarly, since the
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measured values of w—T have been obtained from the respective
oscillograms, these are subject to a reading error.

The main reason for the disagreement between measured and
calculated values of wT is that wx is calculated for the inner
surface, whilst the oscillograms of Fig. 7.59 are obtained from
probes at the outer surface. The phase shift with depth is not
therefore considered in calculating and as it increases with
wall thickness, the discrepancy in wT increases. I .1&
interesting to compare egquations (7.8) with (7.7). In Chapter
4, when the formula for the impedance of the outer tube of a
concentric arrangement was quoted, it was stated that the
expression was the same as for the isolated tube, except that a
and b were interchanged and the sign in front of the formula
changed. Examination of equations (7.7) and (7.8) shows that
(7.8) is the same as (7.7) with the above changes made.

For the same values of parameters present in equations (7.7)
and (7.8) equation (7.8) gives a higher value of arc sin.
Since this value cannot exceed unity, it follows that when the
conditions are such as to enable the wavefront to reach the
inner surface of the isolated tube, for the same surface field-
strength, in the concentric configuration, the wave will not
reach the outer surface. This confirms that the “"depth of
penetration” is smaller in the concentric arrangement.

For this case and at the inner surface of the tube,

o H cosfut) [ L= ¥
o 2+ \P@/a

with L{J(t) obtained from

(7.9)
2

L
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o - 3
f, sm‘(_b_u;{:)= Ve + Y& (7.10)

3 A

The voltage due to the d.c. resistance is the same as for

the isolated tube under identical conditions.

The oscillograms of Fig. 7.59 (A) shows that even with a

wall thickness of 6.3 mm, there is some finite surface field.

7.9.3 Depth of penetration

()

The separating surface will reach the

J =\
" 3a (7 21)

WirN

depthj at the end of +the half-cycle.
Substituting for SZ in (7.1%) and
simplifying

5T
Wi o Ba

3 .
y-3yats 2 = (7.12)

By definition the distance (y-4a) 1is the depth of
penetration given by the step function theory.

For the case of sample 'A tube with 2a = 6.35 mm,
& :0.406x1628 if), I1=288 A, Qa: 1.72 T, from equation (7.12)
y= 6.82 mm. Thus at the end of the half-cycle, the separating
surface penetrated to a depth of

6.82 - 3.17 = 3.65 mm
The wall thickness of the tube considered for the above

example is 6.36 mm and therefore, since the wall thickness |is

297



greater than 3.65 mm the current density should be zero at the
surface. The oscillogram of Fig. 7.59 (A) shows that the
surface current density is finite. In this respect the

discussion of Section 6.7 is relevant.
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7.8 Oscillograms - isolated conductor

(a) Surface current density

(b) Supply current
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Fig. 7.14 Measured surface power density as a functiqn
of square root of frequency from results of

ref.17
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Fig. 7.15 Calculated power loss as a function of square
root of frequency for a copper bar
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(a1) Surface current density
for I = 103 A 2 m length tube

(a2) Surface current density

. = 210 2 m length tube

(bs3) I = 180 A

(as) Surface current density

I =180 A 1 m length tube
Fig. 7.17 Oscillograms of current and current
density waveforms for an isolated tube
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HS for sample A. Results from Tables 7.8 and 7.10
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Fig. 7.22 Measured and calculated powers as a function of
B and constant current
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Fig. 7.23 Measured and calculated power loss at
constant current of 300 A as a function of B
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Fig. 7.26 Representative temperature rise curves of
tube samples tested
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Fig. 7.29 1Influence of material on conditions for a tube
to be eguivalent to a solic



Sample A
-~
- Sample B L
:
L I = 96 A
slope = 2
10° T T T T T .
10 100 Pm (Wm )

Fig. 7.30 Experimental results showing proporticnality
of Pm to vf-as f increases
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Fig.7.31 Measured values of the dimensionless
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Fig. 7.35 Calculated waveforms of surface electric -
field strength proportional to surface
current-density

Fig. 7.36 Oscillogram of voltages proportional to the current
density

Waveform(a) : current density at the surface of the bar

Waveform(b): current through the bar

~

Hge= 11800 A/m

(Ref 14)
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(Ref 52)
(i) Frohlich

(ii) Agarwal
Fig. 7.37 Waveforms of electric-field strength

-2

* Bom (Wm )
4 d = 3 mm
10 1
slope = 2
103 T T T : »
10° 10 H, (Am™ )

Fig. 7.38 Measured surface power density as a function of
surface magnetic field strength for a solid steel wire.
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Fig. 7.40 Oscillograms of voltages proportional to
surface current-density and current

Waveform (a) current-density Amplifier gain 5 . 2V/cm
Waveform (b) current

Wire diameter 3 mm
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Fig. 7.41 Comparison of
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Tube dimensions

Oscillogram di(mm) do[mm}
(A) 6.35 19
(B) 10
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(D) 15
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ig. 7.44 Oscillograms of surface current density
and current of isc
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d, = 19.07 mm
I = 300 A

300 di = wvariable

3 I = 240 A
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Fig. 7.47 Power developed for constant current as a
function of BO; concentric arrangement
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Fig. 7.48 1Increase in power loss as a function of
current for different internal diameters;

concentric arrang=ment
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Fig. 7.49 Measured percentage increase in power as a
function of current; concentric arrangement
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Fig. 7.50 Spread of experimental results in the
measurement of increase in loss AW
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Pig. 7.55 Voltages proportion al to electric field at the
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(C) (D)

Tube dimensions

Oscillogram di(mm) d_ (mm)
(A) 6.35 19
(B) 10
(€) 15559
(D) 15
(E) 16

Current 60 A

-3 T

Fig. 7.58 Oscillograms for tubes sample A Wi
conductor
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Tube dimensions
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Fig. 7.59 Oscillograms for tubes sample A with concentid
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(A) Current 60A Amplifier gain 14

(a)
(b)

(a) 1v/cm
(b) 0.2V/cm

(B) Current 156A Amplifier gain 14

2V /cm

0.5V/cm

(C)
Fig. 7.60 Oscillograms of J, waveforms of two tubes in se
Waveform (a) 12 mm outside diameter 6.35 mm bore

Waveform (b) 19 mm outside diameter 6.35 mm bore



CHAPTER 8
CONCLUSIONS

Known solutions applicable to a thick plate in the presence of
an alternating magnetic field parallel to its surface can be
applied +to the resistance heating problem provided the diameter
and wall thickness of a tube are above a minimum value.
Hitherto unpublished equations (4.40 and 4.48) have been derived
for +the purpose of calculating these values. These equations,
although based on Arnocld’s resistance ratio formulae referring
to non-magnetic circular conductor, have been shown to be
applicable to magnetic conductors by replacing h by h‘}i

The presence of the inner conductor in the concentric
arrangement increases the resistance of a tube. This resistance
can be calculated from Arnold’'s formula provided F_go.B,Dwight’s
high fregquency formula was shown to apply to the case when ﬁ.>03
provided %)Sand 2> 9

For a constant external diameter, the resistance continues to
increase with ﬁn . The larger the external diameter, the smaller
is the value of F, at which the resistance begins to increase.
For a constant internal diameter, the resistance remains
constant beyond ‘a certain value of F,. This value decreases
with an increase in the external diameter of a tube.

For the concentric arrangement of two pipes. the effective
resistance of the inner pipe is unaffected by the presence of
the outer pipe and therefore it can be considered to be in

isolation for the purpose of calculations.
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The depth into a conductor at which the power density reduces to
zero, 1s smaller than the depth at which the magnetic field
reduces to zero. These depths increase with a reduction in
diameter. For the same value of surface field strength and
tube dimensions, the depth of penetration is smaller in the
concentric configuration. For steel conductors, the classical
skin depth has no meaning.
It has been shown that if an effective permeability is used in
conjunction with formulae applicable to magnetic-linear
material, the losses can be predicted with an accuracy better
than 10%. For field strengths beyond the turning point in the
QGQFQ/EaQH‘ characteristic, the effective permeability is a
simple function of the surface field strength and can be derived
by simple measurements on a small diameter sample. A knowledge
of the B/H curve is not required. The turning point occurs at
a higher value of ijith a sample of higher resistivity. The
effective permeability is a function of the B/H characteristic
and resistivity and 1is independent of frequency and the
geometrical dimensions of a conductor. The same effective
permeability function may apply to steels of different
specification as a result of their corresponding values of K and
o The same effective permeability function cannot be used
for the concentric configuration and must be increased by
a factor which for a given internal diameter reduces with a
reduction in wall thickness.
The effective permeability method cannot predict the depth at
which the magnetic field attenuates to zero. Equally the step-

function method underestimates this depth with the error
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increasing as the conductor diameter decreases.

In the absence of hysteresis, three dimensionless parameters
embodying all the variables, describe the electrical performance
of a conductor supplied with a sinusoidal current. Alternative
sets of parameters are possible. One set enables the effective
permeability function +to be derived and the other +to produce
universal loss charts.

Losses by induction in thick steel plates can be calculated
simply by substituting]A

vel
/!
infinite magnetic-linear material.

for k in the loss formula for a semi-

A numerical solution for magnetic non-linear steel bar of any
diameter 1is not available. Laver’s numerical model fails to
predict the losses correctly in some cases but further
investigation is required to establish the limits of
applicability.

The power loss in an isolated conductor varies with the surface
field strength to a power index in the region 1.57 to 2. This
index is a function of t, d.)U} -?, Hs; and the B/H
characteristic of the material and is not a constant for a given
B/H curve. For a non-magnetic solid conductor an index of 2
indicates that +the conductor is equivalent to a semi-infinite
slab and for a magnetic non-linear steel conductor it indicates
the absence of skin effect.

It has been shown that egquations developed on the basis of the
step-function theory, can predict the losses for the cases
considered with an accuracy depending on the range of magnetic

field strengths. New equations have been developed for thin-
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wall tubes and small diameter wires. For these cases the power
is given by the sum of two components. The first is due to the
effective resistance of the conductor and the second due to its
d.c. resistance. As the current increases the second component
predominates. In addition and for the first time the step-
function method has been applied to the concentric
configuration. The nature of the surface current density
waveforms depends on the ratio of depth of penetration to
conductor radius. For tubes it is also dependent on the wall
thickness. "Thick" wall tubes and "large" diameter steel bars
have surface current density waveforms similar in shape to the
ones obtained for a thick steel plate in the presence of a
magnetic field parallel to 1its surface. This similarity
disappears as the wall thickness in the case of a tube and the
diameter in the case of a bar is reduced. Under these
conditions for part of the current half-cycle, the resistance oI
the bar or tube becomes equal to its d.c. resistance.

The design parameters of a saddle-tube or coaxial pipe heating
system, can be specified by means of the characteristics of Fig.
6.12 and B.3. Alternatively, for large diameter tubes or pipes
Lim and Hammond’s characteristics can be used.

A given power output from a saddle-tube system can be obtained
by different combinations of current, tube dimensions and
material. The steel with the highest permeability and
resistivity will produce the maximum power for a given current.
The volume of steel and the current required are smaller for the
smaller diameter tube, but the required supply voltage for a

given length of pipeline and power is greater.
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For one of the samples tested, an extra unaccounted loss is
present as the wall thickness is reduced. This is believed to
be due to hysteresis effects but further evidence 1is required
from tests on samples of a specification resulting in similar
behaviour. This anomally does not affect the results of the
saddle-tube system since for safety considerations the wall
thickness must be sufficiently thick to ensure that the surface

field is almost zero. This wall thickness as stated previously

reduces as the internal diameter increases.
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CHAPTER 9

FURTHER WORK

Two surface heating systems based on saddle tube and coaxial
configuration have been considered. The theoretical
investigation was limited to a concentric arrangement and the
experimental work was restricted to the saddle-tube system.
Additional experimental work is thus desirable with the coaxial
system for complete quantitative comparison to be made possible.

The effects of eccentricity need to be investigated
theoretically and experimentally. Although of limited relevance
to the saddle tube system, it is of importance in the case where
the transport pipe itself acts as the heat tube, with the return
conductor inside the pipe.

The above systems and many other variations based on the
skin effect phenomenon, differ only in their heat transfer
characteristics and in their manufacture and installation costs.
A scientifie investigation is required to quantify these
characteristics and evaluate their influence on the performance
of the different systems.

Very few solutions are truly general. In seeking a
universal or general solution, there is the danger that a
solution will not emerge, because of the complexity of the
required theoretical models. However the establishment of a
general theory must remain a long term objective of any work in
this area.

In this thesis a simple approach has been adopted towards
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finding a solution by utilising the concept of an effective
permeability and by adopting an approximate non-linear solution,
but possibly at the expense of generality. It is therefore
important to test the boundaries of +their applicability by
further tests.

The aim of these tests would be +to relate the B/H
characteristic, resistivity, chemical composition, heat
treatment and radial dimensions to the production of power loss.
From the academic point of view this investigation need not be
limited to particular types of steel, but in practice, cost
considerations will automatically exclude many steel
specifications. These tests will also establish the relationship
between effective permeability in the concentric arrangement as
influenced by the tube% radial dimensions. An important
restraint in carrving out these tests will be to secure
different tube dimensions from identical steel specifications.

An analytic technique for an isolated steel tube can also be
used for the concentric arrangement of two tubes since only the
boundary conditions need to be changed. Thus the analytic
method of reference 14 could be extended to the case of coaxial
tube of “large" diameters and "thick" walls. Such a solution
will establish analytically an effective permeability function
and also enable current densities to be calculated over the
entire range of the B/H characteristic.

A numerical solution of the differential equations
describing the two systems is also an attractive proposition,

particularly if it is performed in a dimensionless form, leading
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to design curves as a function of supply conditions, material
parameters and tube dimensions.
Further measurements on field penetration are required and

the accuracy of measuring the power in the saddle tube needs to

be improved.
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APPENDIX A

B.S. 980 : 1950

As altered May. 1954

Chemical composition

reflzl"f;lc: Description c S Ma | Ni Cr | Mo 5 P
number per | per | per | per | per | per | per | per
cent cent cent cent cent cent cent cent
max. | max.
CDS-1 | Mild steel, soft 020 | — e — — — | 0050 0-050
max.
CDS-2 | Mild steel, hard 0-20 — —_ —_ —_ — | 0-050 | 0-050
max.
CDS-3 | Low carbon 0-18 | 0:05/| 04/| — —_ — | 0-050 | 0-050
case-hardening max. | 0-35 | 07
CDS-3A| Low carbon 0-18 | 005/ | 04| — — — | 0-050| 0-050
case-hardening max. | 0-35 0-7
CDS-4 Low carbon 0-10/| 0-05/| 06/ | — —_ — | 0-070 | 0-050
case-hardening 018 | 0-35 1-0
(free machining)
CDS-5 | *30" carbon, soft 0-20/| 035 | 03/ | — = — | 0050 | 0-050
040 | max.| 09
CDS-6 | *30° carbon, hard 0-20/| 035 | 03/ | — =y — | 0-050 | 0-050
040 | max.| 09
CDS-T | 45" carbon, soft 0-40/| 035 | 03/ | — — — | 0-050 | 0-050
055 | max. | 09
CDS-8 | *45" carbon, hard 040/ 035 | 03/ | — —_ — | 0050 | 0-050
0-55 | max.; 09
CDS8-9 | Carbon-manganese, | 0-26 | 0-35 | 12/ | — — — | 0-050 | 0-050
solt (suitable for max. | max. | 17
welding)
CDS-10 | Carbon-manganese, | 026 | 035 | 12/ | — — — | 0050 | 0-050
hard (suitable for max. | max. | 17
welding)
CDS-11 | *26" carbon-man- 02 | 035 | 12/ | — — | 015/ 0-050 | 0-050
ganese-molybdenum | max. | max. | 17 025
(suitable for welding)
CDS-12 | 1 percentchromium- 0-26 | 0:35 | 04/ | — 0-8/ | 0-15/| 0-050 | 0-050
molybdenum max. | max. | 08 12 | 030
isuitable for welding)
CDS-13 | 1 percent chromium-| 0-25/| 0-35 | 05/ | — 0-8/ | 0-15/| 0-050 | 0-050
molybdenum, hard | 045 | max. | 10 12 | 030 !
CDS 14 | 3 per cent nickel, 0-30/| 035 | O3/ | 275/ — [ — | 0050 0-050
hard 045 | max. | 07 | 35

NOTE |. Reduced mechanical properties if subsequently anneuled, brazed, or welded.
NOTE 2. Reduced mechunical properties if subsequently annealed or brazed.

NOTE 3. Opuonal elements Mo, Ti, W, Cb

NOTE 4. Titanium not less than 3 «

Opuonal elements, Mo, W and V.

and ¥V

C or niobium (columbium) not less than 10 x C.
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Table Al

Physical Properties of Steels (Ref.58)

Thermal properties
3 . (see Notes)

Material and condition Temperature  SPecific Electrical
Compasition ‘ gravity Specific  Coefficient  Thermal  resistivity

% < wem? heat of thermal conducticity  #{lem

Jikg K expansion  W/m K
107K
Carboa Steels

C 0.06 RT 187 — — 65.3 12.0
Mn 04 100 482 1262 60.3 17.8
200 520 13.08 549 25.2

Annealed 400 595 13.83 452 448
600 754 14.65 364 T25

200 875 14.72 285 107.3

1 000 - 13.79 276 1160

C 008 RT 1.86 - - 9.5 13.2
Mn 031 100 482 1219 51.8 19.0
200 523 1299 532 26.3

Apnealed 400 595 1391 45.6 458
600 741 14.68 3638 734

800 960 14.79 8.5 108.1

1 000 — 13.49 216 116.5

C 023\ Eal RT 7.86 — - 519 159
Mn 0.6 J060A22 100 486 1218 511 219
200 520 12.66 49.0 9.2

Annecaled 400 599 13.47 427 48.7
500 749 14.41 35.6 75.8

800 950 12.64 260 109.4

1 D00 - 13.37 272 116.7

C 0421\Ens RT 1.85 - - 51.9 16.0
Mn 0.64 J 060A42 100 436 1121 50.7 2.1
200 515 1214 48.2 9.6

Annealed 400 586 13.58 419 493
600 708 14.58 339 16.6

200 624 11.84 247 1l

1 000 - 13.59 26.8 122.6

C 0.80 RT 7.85 — — 47.8 17.0
Mn 032 100 490 1111 482 232
200 532 .72 452 308

Annealed 400 607 13.15 38l 50.5
600 T2 14.16 7 72

800 616 13.83 243 1129

1 000 - 15.72 26.8 119.1

c 122 RT 7.83 — — 45.2 184
Mo 0.35 100 486 10.6 448 252
200 540 11.25 435 333

Annealed 400 599 12.88 38.5 54.0
600 699 14.16 335 80.2

800 649 14.33 239 115.2

1 000 - 16.84 260 110.7

C 023)Enld RT 185 - - 46.1 197
Mo 151) 150M19 100 477 11.89 46.1 259
200 511 12.68 448 333

400 590 13.87 39.8 52.3

600 741 14.72 343 78.6

800 321 t2.11 264 110.3

1 000 - 13.67 1.2 1174

Notes:

|. Where specific heats are quoted al temperatures above R.T.. the values have bee

of 50 *C up to the temperature quoted.

2. Coefficients uf expunsion are mean values from R.T. up to the
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B.1

B:i.1

APPENDIX B
DESIGN CONSIDERATIONS

Saddle-tube System

Introduction

In designing a saddle-tube surface heating system two

quantities need to be specified. These are:

1. the current to develop the required power for heat loss
compensation

2. the tubes’ radial dimensions to ensure that the field
attenuates to zero at the external surface

The ability to choose these quantities leads +to an

economic design in terms of the kVA rating of the supply

transformer and the cost of the steel tube and return

copper conductor. The purpose of this Appendix is to

develop an outline design procedure.

Design procedure based on semi-infinite slab solution

If the radius of a tube is much larger than the
penetration depth, 1its curvature can be neglected and the
tube can be replaced by a semi-infinite slab. Depending
on the current and grade of steel, a tube having a
diameter of the order of 4 cm and a wall thickness
(depending on the diameter) in the region of 5 mm, may
satisfy this condition (Chapter 6). This suggests the
possibility of using the numerical solution applicable to
the semi-infinite slab [9] for the saddle-tube system.

In Chapter 5, it was shown how the charts produced by Lim

and Hammond [9] could be used to calculate the loss in a
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large diameter Dbar. The possible application of these
charts to the above case and to the saddle-tube system was
not investigated by the authors and particularly the
relevance of these charts to the saddle-tube arrangement

is not obvious.

Fig. B.1 refers to the problem considered by Lim and

Hammond.
® H,
s _]f_ e L S e
@ y

s

Fig.B.1 Induced current in a thick plate due
to a magnetic field parallel to its surface.

If t in Fig. B.1 is sufficiently large so that the field
reduces to zero at the interface, then there 1is no
interaction of fields between the top and bottom half of
the plate. Lim and Hammond show that this condition 1is

satisfied if
XF/t>.O.5

Consider now that in Fig. B.2 the value of 4 enables the
cylindrical boundaries to be flattened and the value of t

satisfies the limiting condition £;/t = 045
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Fig. B.2 Establishment of surface magnetic fields
in a saddle-tube system due to current I

Under +these conditions, H, in Fig. B.2 is zero and t
specifies the wall thickness of the tube which can now be
represented by half the plate of Fig. B.1 with Hs replaced
by Hg; . H,; 1is related to the current I and the

9

internal diameter d; by H$.= I/Qrd.
19

For the concentric arrangement, the charts of reference 9
can be used as follows:

A given grade of steel specifices o B, and ?' . For a
chosen value of H;; and the known value of 5 » h is
calculated. (If H,. is chosen too small, the diameter
required is large or H;is below the wvalue corresponding to
the "turning point")

From the normalised penetration curves, the value of n is
determined from where the lines of constant h and J%/t =
0.5 intercept the constant characteristics. The wall

thickness is obtained from
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g2 o

n = crft’B,/g

knowing n and h, , the value of the dimensionless loss P,

is read off from the charts.

For a required power P (W m ), the internal diameter is

calculated from

P = Pot/md, H,.

n

and the external diameter from

d. = d.+ 2t

L (5

Finally, the required current to develop the power P is

calculated from

A
I =H,;7d; (in the charts of ref. 9, H_. has been

Se

used)

Design procedures based on Chapters 6 and 7

Consider now that the tubes’ dimensions do not permit the
tube to be approximated to a thick plate as in the previous
section. Under these conditions, +the results of section
7.9.1 can be used and have been processed to produce Fig.

B.3.

Three points referring to the tube d = 12 mm do not lie on
the curve. Examination of the results in table 721
shows that agreement between calculated and measured loss
values corresponding to these points is not as good as the
remaining results. The dimensionless parameter Pfygsald;
has been obtained on the basis of the calculated loss

values. If the measured values are used, the points will

350



be shifted upwards. It is rather surprising that all the
points corresponding to the four tubes tested lie on the

same curve considering that four wall thicknesses are

involved.

e
In Fig. B.1, increasing t beyond the limiting value of 2 4¢

will not result in an increase in loss,

In Fig. B.2 however, the effective resistance increases
with the wall thickness in a manner depending if d; or d,
is 1increased to produce the increase in thickness (Fig.
4.6 and 4.10). Since for the case under consideration d
is specified, for a given current the loss will not
increase by increasing t; an observation consistent with
Fig. 4.10 and a conclusion reached using the step-function
theory (Sect. 7.9.1.)

The above suggests that Fig. B.3 is applicable to any
diameter provided the wall thickness is sufficiently large
to ensure that for a given current R,., has reached 1its
constant value (see Fig. 4.10). This wall thickness is
much smaller than what is required for zero field at the
surface of the tube.

The use of Fig. B.3 for design purposes is simple. For a
selected Hsi value, the corresponding parameter PG-/Hslec
is determined from the curve of Fig. B.3. For a specified
power, d. 1is calculated from P o/ l:d;and the required
current from Hgemd,

The curve of Fig. B.3 is applicable to any steel of known
values of s and E' if the H,. axis in Fig. B.3 1is

converted to h, by dividing Hs; by the value of g'for
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v

sample A material.

Discussion

The two methods of design are compared in table B.1. In
order to calculate 4 from the curves of reference 9, the
value of E for sample A needs to be known, since the curve
of Fig. B.3 refers to this material. As g is unknown, the
values of d¢ in table B.1 have been calculated on the
basis of four values of ; within the expected range. The
largest percentage difference in d; between the two
methods is 15% reducing to 3.5% as the diameter increases.
The % difference is a function of diameter and also of Hs
For the same value of He; , 1if the specified power is
doubled, the required diameter must also be doubled. For
example, if 200 (W m ) is required (see table B.1) with Hs
= 5500 (A m ), the required diameter is 1.1 x 2 = 2.2 cm
but the % difference in d is still 15%. For Hs;: 2120
(A ﬁd), 200 (W m") will require a tube of 9 cm bore and
the % difference between the two methods is as before 3.5.
As the power specified is increased, larger values of H
must be considered in order to keep dt at a reasonable
size (dc must also be available as a standard bore) and
the prediction based on Fig. B.3 becomes more accurate.
Depending on the value ofﬁ,, the accuracy of determining w
and P and hence d; and t varies with the degree of
extrapolation required on the charts of reference 9.
Whilst Fig. B.3 is independent of Bs , the calculation of

di and t from the loss chart of reference 9 is influenced
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by the wvalue of Bs : A reduction in B, leads to an
increase in t and 4, . The value of 1.72 chosen for the
comparison of results in table B.1 is a reasonable
estimate.

The calculated values of d: are insensitive to a wide
variation 1in the value of T : For small values of ? 1
the B/H curve approaches the step-function approximation
and the thickness t calculated on this basis (equation
7.12) is therefore sensitive to the value of E. For a
given H the field penetration increases with a decrease in
diameter and therefore the small diameter tube will
require the thicker wall for zero field at the surface.
As the wall thickness must be commercially available, some
readjustment (upwards) to the value calculated may be
necessary and a precise calculation of t is not therefore
a strict requirement.

The same power can be developed by tubes of different
radial dimensions. The smaller diameter tube requires a
smaller current and a smaller wvolume of steel. The
smaller current however requires a higher voltage from the
supply transformer to provide a given power. (the smaller
tube will have a higher p.f.). For a given upper limit in
transformer secondary voltage, the maximum length of
pipeline which can be heated, will be smaller for the
smaller diameter tube. For a given power an optimum
design can be obtained on the basis of costs.

In the dimensionless loss parameter of Fig. B.3, o can be

corrected for temperature. The operating temperature of
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the tube will be dictated by the power rating, the thermal
resistance between the tube and Pipe and the wall
thickness.
The return conductor will contribute to the rate of heat
generated and will equal Iszc , Where Rde is 1its dc
resistance. This contribution can be taken as 10% of the
power required or a more accurate estimate obtained from
an iterative calculation. Alternatively, in calculating
the tube rating, the contribution of the return conductor
can be ignored and considered as a safety margin in
meeting +the specification. The presence of the air gap
prevents this energy from being readily transferred to the
tube, unless some heat transfer medium (better than air)
is introduced in the space available.

B.2 Coaxial System

For the coaxial pipeline system, the dimensions of the outer pipe

and its power loss (which does not contribute to the useful heat)

can be determined in a similar manner to the saddle-tube. The

power developed in the transport pipeline can be calculated from

equation 4.45 by replacing F by h:{fr (if the wall thickness
v <

L4

demands it) by the effective permeability method developed in
chapter 6. If the required field strength is in the region of
1000 (Am'1 ) or less, the step-function and effective permability
methods will give inaccurate results.

Since in the case of the coaxial system, the diameter of the

outer pipe is large, for

-1
H5c<1000 (Am)
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the charts of reference 9 will give more accurate results since

they extend (depending on the value of 3 ) to Hg= 500 (Am ' ).
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Plate 1

Arrangement for supplying electrical current
to a tube under test



