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M
odern tech-
niques for
produc ing
long prod-
ucts such as

cylindrical and rectangular
shaped bars and rods integrate
three stages of production—
casting, re-heating and rolling—
into a continuous line. The goal
of re-heating is to provide the
bar/rod at the rolling stage with
the desired temperature profile
across its thickness, diameter
and length. In some cases, initial
temperature of the product
prior to re-heating is ambient.

In other cases, the initial tem-
perature is non-uniform due to
uneven cooling of the rod/bar as
it progresses from the caster. 

In the past, gas-fired fur-
naces were typically used
because of the low cost of gas.
In recent years, however,
bar/rod producers are shifting
their preference toward induc-
tion heating systems. Gas-fired
furnaces require a very long
heating tunnel to achieve the
desired temperature uniformi-
ty. The length presents a great
problem in plants due to the
limited space between the cast-

er and rolling mill. Also, gas-fir-
ing can result in poor bar sur-
face quality (due to scale, decar-
burization, etc.), and faces envi-
ronmental restrictions. These
factors resulted in heating by
induction becoming the popu-
lar approach to re-heating bars
and rods of both ferrous and
nonferrous metals.[1]

“surface-to-core” 
temperature profiles

Depending upon the pro-
cess parameters, an induction
bar/rod heating system may
consist of one or several in-
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when designing modern 
in-line induction heating

systems, a requirement for
temperature uniformity of

the re-heated product is
only one of the goals. 

additional design criteria
include cost, maximum 

production rate, minimum
metal losses (due to scale,

oxidation, burns, decarbur-
ization, etc.) and providing 
compact systems that have

a high electrical efficiency.
other important factors

include quality assurance,
environmental friendliness,

automation capability, 
reliability and maintain-
ability of the equipment,

and cost. this article
describes several of 

these criteria.

Fig. 1  Thermal profile of a steel bar being as processed through an eight-coil induction line.
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line induction coils. The chal-
lenge in induction heating
arises from the fact that “sur-
face-to-core” temperature pro-
file continues to change as
the bar passes through the
line of induction coils. Since
the core of a bar is heated
solely by thermal conductivi-
ty, the bar core tends to be
heated more slowly than its
surface. In addition, leading
and trailing ends have a ten-
dency to heat faster than the
body of the bar.[2]

The main reason for heat
deficit in the core of the bar is
the so called skin effect. This
effect deals with current pene-
tration depth (surface layer
where 86% of power is
induced) and depends upon
metal properties and frequen-
cy (see Table I). It is typically
much easier to provide “sur-
face-to-core” temperature uni-
formity for metals with high
thermal conductivity such as
aluminum or copper bars.
Metals with poor thermal con-
ductivity, including stainless
steel, titanium and carbon
steel require extra care in
order to obtain required tem-
perature uniformity, including
a careful determination of the
number of induction coils,
their design, distribution of
power along the induction
line, control features and fre-
quency choice. 

use of computer 
modeling

By combining the use of
advanced computer modeling
software with sophisticated
engineering background, mod-
ern induction heating special-
ists may analyze in a few
hours, complex technological
problems that could take days

or even weeks to solve using
other methods. Computer
models can predict how differ-
ent factors impact the transi-
tional and final heating condi-
tions of the bar, and what must
be accomplished in the design
of the induction heating system
to maximize the effectiveness
of the process and guarantee

the desired thermal conditions.
Fig. 1 shows the results of

the transitional and final heat-
ing conditions of a 3 inch
diameter carbon steel bar and
its “surface-to-core” tempera-
ture profile along the induction
line. The line consists of eight
6 inch diameter induction coils
measuring 40 inches in length

i n d u c t i o n  h e a t  t r e a t m e n t s

TABLE I current penetration for
hot steel as function of frequency

Frequency, kHz Depth, mm Depth, in.

0.06 72 2.83

0.5 25.1 0.99

1 17.7 0.7

10 5.6 0.22

30 3.2 0.13

200 1.25 0.05 Fig. 2  Power density and temperature profiles of a bar at different positions in an in-line induction heater.
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with a gap of 12 inches between
the coils. The coils are operat-
ing at 1 kHz at a production
rate of 2.56”/sec. Refractory
thickness is 0.5 inch.

In Fig. 2, typical “surface-to-
core” temperature profiles and
power density (heat source)
distributions are shown along
the radius of a bar after exiting
Coils 1, 3, and 7 and after 12
sec. of bar transportation on
free air (scales of power densi-
ty profiles are different for var-
ious coil positions). The tem-
perature profile does not
match the heat source profile
because of thermal conductivi-
ty of metal.[1]

“nose-to-tail” 
temperature profiles

“Surface-to-core” is only
one component of the thermal
conditions specified by the cus-
tomer. Another component is
“nose-to-tail” temperature pro-
file. When bars travel “end-to-
end” through an induction
heating line the “nose-to-tail”
temperature uniformity is not
a problem. However, in most
cases, there is a 5 inch to 10
inch or more air gap between
leading and following bars.
Existence of these air gaps
could create unacceptable tem-
perature non-uniformity along
the length of the bar.

An electromagnetic field dis-
tortion results in a variation of
induced power in areas of the
bar ends. This distortion is
referred to as the electromag-
netic end effect. In the case of
non-magnetic metals (i.e., cer-
tain stainless steels, aluminum,
titanium or carbon steel heated
above Curie point), there is
typically a surplus of induced
power in the bar end area com-
pared to its body.[1]

For ferromagnetic bars, even
inside a long inductor, the ends
may be either overheated or
underheated[3] and the task of
obtaining “nose-to-tail” tem-
perature uniformity is typically
a more difficult one compared
to minimizing “surface-to-
core” temperature gradient.
Studies show that the power
deficit causing underheating of
the end area will be pronounced
for steels with high magnetic
permeability heated with rela-
tively low or moderate power
density. In some cases, it can
have a unique “wave-shaped”
power distribution along the
bar length. In this case, there
will be a local surplus of power
in the end of a bar, however in
the region adjacent to the end
there will be a power deficit
compared to the power induced
in the body of the bar. 

energy efficiency 
and cost

Induction heating manufac-
turers are paying special atten-
tion to maximizing the energy
efficiency and minimizing the
cost of equipment. Highly effi-
cient solid state power sup-
plies, tapered low-loss coils,
sophisticated refractory and
short bus bars are some of the
factors which can minimize
energy demand. 

Deciding what cross-section
range of bars should be
processed in a given set of
induction coils requires consid-

eration of a number of factors.
Coil heating efficiency is large-
ly a matter of the fill factor
(area of the workpiece to be
heated compared to the inside
diameter of the coil windings).
As the fill factor decreases, the
efficiency decreases and energy
costs rise. On the other hand,
if one invests in a second set of
coils, the savings in energy cost
are diminished by the capital
cost of the second coil set.
There is also a production loss
due to the time required to
change coil lines, although
advanced “quick change”
design features can minimize
this downtime.

An analysis of the product
mix is necessary to determine
how often the bar size may
change and what the duration
of each product run will be.
These answers will help the

user determine the value of the
second coil set. Note that
below Curie point the heating
efficiency is not as greatly
effected by bar size range, thus
it may be worthwhile to
change only the “above Curie
temperature” coils. 

Another consideration that
has been employed quite
effectively for improving the
efficiency of an induction sys-
tem is the application of a
dual-frequency design con-
cept. This concept utilizes a
low frequency during the ini-
tial stage of heating when the

bar retains its magnetic prop-
erties, and then uses a higher
frequency in the next stage
when the bar becomes non-
magnetic. The dual frequency
concept may also be effective-
ly applied for avoiding unde-
sirable temperature non-uni-
formity within transverse
cross sections of non-cylindri-
cal shaped bars/rods.

Fig. 3 shows an in-line
induction heater of carbon
steel bars. Bars are 20 ft. long
and of various diameters (1.5”
and 2”). Production rate is
16,500 lbs./hour. The system
consists of 9 coils. Frequency
of 1 kHz is used on the initial
heating stages. Final heating is
provided by two 750 kW, 3
kHz solid state power supplies
(model SP5). Bars are unload-
ed from railroad tracks out-
side, placed on a bar bundle
table and then fed end-to-end
through the building wall to a
bar feeder rack. Bars escape
one at a time and feed through
the induction heating line. The
bar handling system also

induction heating manufacturers
are paying special attention to

maximizing the energy
efficiency and minimizing

the cost of equipment.

Fig. 3  An induction bar heating line.



includes a reversing system and
an unload table that is used
when there is a press stoppage. 

rectangular and trap-
ezoidal cross sections

If a bar/rod has a non-cylin-
drical shape, there is a distor-
tion of the electromagnetic
field in its edge areas.[3,4] Known
as the electromagnetic trans-
verse edge effect, this phenom-
enon creates a non-uniform
temperature profile within the
transverse cross section of the
rectangular and trapezoidal bar
(Fig. 4). This effect also plays a
major role in obtaining temper-
ature distribution across the
slab, bloom or plate width. Fig.
5 shows the distribution of the
induced eddy current within
the transverse cross section of
the rectangular bar with pro-
nounced skin effect (d/δ = 10,
where the bar thickness “d”
divided by eddy current pene-
tration depth “δ” is equal to
ten) and when skin effect is not
pronounced (d/δ = 3).

If the skin effect is pro-
nounced (d/δ > 4), then the cur-
rent and power density is
approximately the same along

the bar width, except in the
edge areas. The edge area,
where the distortion of induced
power takes place, is usually
[(1.5 - 4.0) x δ] long. Even
though radiation and convec-
tion heat losses at the edge are
higher than heat losses at the
central part (Fig. 5), the edge
areas can be overheated in
comparison to the central part.
This occurs because in the cen-
tral part the heat sources pene-
trate from two sides (from two
surfaces) and at the edge areas
the heat sources penetrate from
three sides (two surfaces and
butt-edge). Edge overheating
usually occurs when relatively
high frequency is used and
when carbon steel is heated
below Curie point or when
heating highly electrically con-
ductive metals.

If the skin effect is not pro-
nounced (d/δ < 3), then under-
heating of the edge areas will
occur. In this case, the current’s
path in the bar cross section
does not match its contour and
most of the induced currents
will close their loops early,
without reaching the edge
areas (Fig. 5). As a result, the

power densities and heat
sources in the edge areas will
be less than corresponding val-
ues in the central part of the
bar or slab.

case study
Recognizing the advantages

of in-line induction heating,
one of the world largest alu-
minum producers turned to
induction for re-heating con-
cast aluminum bars. The cast
bars have a trapezoidal cross

section and are processed at a
speed of 42 ft./min. The induc-
tion re-heater used was a line-
frequency unit that required no
special power supply (to keep
the equipment cost down).
However, line-frequency in-
duction heating often falls
short of meeting all production
requirements due to limited
temperature control, industrial
noise and an inability to meet
thermal uniformity in non-
cylindrical shapes.
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Fig. 6  A compact, medium frequency bar heater improved efficiency and heating

quality for an aluminum bar manufacturer.

Fig. 4  Rectangular bar exiting and in-line induction bar heater.
Fig. 5  Eddy current distribution in the transverse cross-section of a rectangular bar

(pronounced skin effect at d/δ = 10; unpronounced skin effect at d/δ = 3).
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After an advanced computer
modeling analysis of the effi-
ciency that could be expected,
it was found that a medium
frequency solid-state power
supply with a coil operating at
700Hz/750kW would provide
the optimum production/effi-
ciency combination. The net
result was a compact re-heat-
ing system using a minimum
floor space of approximately
60 inches (Fig. 6) with signifi-
cant efficiency improvements
over the line frequency system.
Another important benefit was
the uniform temperature pro-
files within the trapezoid-
shaped aluminum bar and the
ability to control the re-heating
process as a function of the
alloy, the bar geometry, and

the initial temperature profile
before re-heating.

solid state power supplies
A very important facet of

induction heating that is some-
times overlooked in the initial
design stages is the ability to
successfully deliver to the bar
or rod the maximum available
power from a given power
supply at minimum cost. Quite
often, the induction coil is
designed to achieve the desired
bar/rod thermal condition
without regard to the power
supply that will be used. This
can result in an undesirable sit-
uation where the output char-
acteristics of the power supply
will not match the input char-
acteristics of the induction

coils. In other words, the
power supply will not be able
to develop its rated power if
the coil requires more voltage
or current than the power sup-
ply can deliver. Transistorized
power supplies are especially
cost effective at frequencies of
10kHz and above. At frequen-
cies below 3 kHz, SCRs still
dominate the market especially
for high power levels.

There are many factors
involved in proper matching of
the power supply operational
characteristics and induction
coils. The optimal design of a
modern induction heating sys-
tem must therefore take into
consideration not only the fea-
tures of the physical stand-
alone induction heater, but a

combination of the induction
coils, load matching compo-
nents and inverter. IH
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