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1. 
The invention relates to a method for the elec 

trical heating of metal bodies and to an appara 
tus for carrying out this method. More par 
ticularly, it relates to a method and apparatus 
for heating large billets of steel or the like. 

It requires comparatively long periods of time 
for the thorough heating of large cylindrical 
steel billets, that is, those having an average di 
ameter greater than 10 cm., or of steel plates 
having a thickness greater than 10 cm. In heat 
ing such pieces with electric fields of the fre 
quencies produced by rotating electrical ma 
chines (that is, in the range of about 50 to 3000 
cycles), the heat is generated in a limited Zone 
near the surface of the Work. The coefficient 
of heat conductivity 

( Watt, ) 
cm. C. 

is So Small that the heat in this Surface Z.One is 
distributed rather slowly to the central part of 
the body. Heating at Such frequencies can be 
carried out economically only if the furnace is 
effectively insulated, if the heating period its is 
kept as low as possible by a proper control of 
the power and proper choice of the frequency, 
and if the internal power consumption of the 
control device is kept OW. 
The primary object of the present invention 

is to provide an improved method and appara 
tus for the electrical heating of large pieces of 
metal. 
Another object of the invention is to provide 

a process and apparatus for achieving the Cri 
teria set out above, so as to obtain economic 
heating of such pieces. 
Further objects and advantages of the inven 

tion will appear more fully from the following 
description, especially when taken in conjunc 
tion with the accompanying drawing Which forms 
a part thereof. 
The drawing shows diagrammatically the cir 

cuit of a heating apparatus which can be used 
for carrying out the invention. 
According to the invention, billets having a 

major dimension greater than 10 cm. (Which ex 
preSSion is used herein to designate either cylin 
drical billetS having a diameter greater than 
10 cm. Or plates having a thickness greater than 
10 cm.) are heated in two heating periods. 

respectively. During the first heating period to, 
the surface temperature of the billet is heated 
to the highest permissible temperature. The 
duration of the period to is preferably between 
Ti and 3T, where T is the time constant at 

These 
periods are designated as “to' and “ts-to' 
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which the temperature difference between the 
surface of the billet and the interior thereof is 
equalized when the supply of power is discon 
tinued. 
At the end of the period to, the supply of 

power po (which equals 
W. 
en: 

is abruptly reduced. The difference of tempera 
ture, between the surface layer and the center 
of the billet is equalized during the period ts-to, 
during which period the temperature of the Sur 
face is maintained substantially at the value 

5 which it had at the end of period to by proper 
control of the power. 
Another feature of the invention is the pro 

vision of apparatus for carrying out the method 
described above. This includes a plurality of 
furnace units, a source of power, a voltage di 
vider delivering different voltages, a separate 
voltage controlling device in Series with the volt 
age divider for delivering an adjustable volt 
age to each furnace unit, and an individual 
change-over device for each furnace unit for 
connecting the units selectively to different 
Woltages. 

In the following description, 8 has been used 
to indicate the diameter of a cylindrical billet 
and A the thickness of a plate, measured in centi 
meters. D has been used as generic to both 8 
and A, where the same formula is applicable 
to both. Where there are different formulaS, 
they are designated by B for cylindrical billets 
and S for plates or sheets, respectively; as (1B) 
and (1S). ... - 

First heating period to (sec.) 
It is useleSS to begin heating With the largest 

power po (that is, 
Watt 
cm. 

of the surface of the billet) available. The 
mean temperature S will then, it is true, in 
crease very quickly to: 

4pot 
8.- : (IB) 

2pot 
9,-i, (LS) 

Where c designates the specific heat per unit of 
Wolume 

Watt. Sec. 
cm. C. 
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But under these conditions the surface tem 
perature will increase still more rapidly, and an 
eXceSS temperature will exist corresponding to 

(2) 

The time constant at which the excess tem 
perature S-S is generated during the heating 
period and equalized during the cooling period 
is represented by the formulas: 

- -v *c. (i.e. A (3B) 
A Y c 

T=(£) X 
It will be seen that the excess temperature, as 

the time t increases, approaches 

9 - 9- (...) T 
A high Speed of heating 

n 
t 

thus results in a high excess temperature S-S 
of the Surface of the billet, especially if the time 
Constant To is not kept as low as possible. 
To is proportional to T1, but it also depends 

to a great extent on the frequency v, the per 
meability u, and the inverse value of the resis 
tivity p (which equals 

(4) 

nm. 
ohn T 

and is a Very complicated function of the dimen 
SiOnleSS parameter 

--- |- -, i. := 0.2at 2000 p. 8 (5B) 

ca- -... 0.2t Vidoo, A (5S) 
The following values are chosen for To: 

To=3.67T1 (8) (6B) 

To= Tif...(s) (6S) 
The values for fin(i) are: 

For cylinders For plates 

0.67 0.26 
0.70 0.267 
0.72 0.270 
0, 19. 0.282 
0.225 308 
0.265 0.348 
0.296 0.383 
0.340 0.448 
0.369 0,487 

2 2 2 
5- - || -- 

It is clear that, in order to reduce the excess 
heating of the surface as much as possible, the 
value of g should be kept as low as possible, con 
sidering the electrical efficiency of the furnace. 
This can be accomplished by making 8 as low 
as possible, but: 

822.5 (7B) 

i>. (7S) 
In treating pieces having different thickness 

at the same frequency, the lower limit of the fre 

O 
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4. 
piece having the Smallest dimension Dmin. As 
Sunning for steel that 

2 
p = 1.1 ohm. 

I. 

the frequency Will be: 
2 

v=350(...) (8) 
From this equation, it will be seen that pieces 

having values of D greater than 25 cm. can be 
heated With conventional frequencies of 50 to 60 
cycles. There is no upper limit for the frequency, 
but there is ordinarily no particular advantage 
in going beyond the range: 

wwn O Y2 
v sc350 to 200(...) (9) 

Upon heating with a high supplied power po, 
the temperature of the surface rises quickly above 
the Curie point, at which all iron alloys become 
non-magnetic. Thereafter, it increases slowly to 
0-1,300° C., for instance. This limit should 
preferably not be exceeded where forging is to be 
carried out at 1200° C. In the vicinity of the 
highest permissible temperature (, at the end of 
period to, the Supplied power is decreased, accord 
ing to the present invention. 

If the total heating periodts is considered, from 
the beginning when the billet is cold until it 
reaches its final temperature 0, the supplied 
power is applied allinost the whole period to a 
billet heated to the non-magnetic range, so that 
it is permissible to base the calculations on the 
aSSumptions that u=1 and p is constant, even 
during the period to. 
According to Equation 2, an average tempera 

ture is attained when t=to 

S. 
(10) 

f) 
Where 

(11) 

Which will have the following values: 
to 
T 0 0.2 0.4 0.6 0.8 ... O 1, 2 .. 4 

0.75 0.689 O,632 

2,2 2.4 2.6 

0.404 0.379 0,356 

0,588 

2.8 

0.335 

0.538 

3.0 - 

:0.317 

io ) ga T ,000 0,905. 0.825 

1.6 1.8 2.0 

0.499 0.464 0.432 

Second heating period, ts-to (sec.) 

At the end of period to, the power should be 
decreased, first by a large amount at once, and 
then continuously or step by step at a lower rate. 
According to the invention, the power should be 
Controlled during the final heating period ts-to 
in such a way that the surface terrperature 6 is 
kept as exactly as possible at the highest per 
IniSSible value. When t=ts, ai, which time the 
average temperature of the billet has reached the 
forging temperature 0, the heating is inter 
rupted. 
The variation of the temperature is represented 

by the differential equation: 

glo-dim. To 
1+2. x-w 

-- 9 
T did (12) 
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From this equation it follows that after inter 
ruption of the power supply (that is, when 

dom 
di T 

the internal temperature differences 0-6 are 
equalized according to the formula: 

0) 

d(8-8m)-3-8m. dt -- T s (13) 

that is, according to the function: 
-i. 

(14) 9-9,-(9-9)e 
It also follows that with a constant Supply of 

power (when 
d&n 
di 

is constant) the excess temperature of the Sur 
face follows the differential equation: 

d(8-8m).9 m dom. To a dt T, di T, (15) 
the solution of which 

do... ( - i. 
9-9-TV1-e T (16) 

already has been used in Equation 2. 
For the second heating period (ts-to) Equation 

12 must be solved for constant surface tempera 
ture (0 being constant, 

di) i=0) 
Equation 12 thus is simplified to 

d(8-8m) m san1-fift–0 (17) 
with the Solution 

t-to 

9-9,-(5-90)e 't' (18) 
During this period the supplied power must 

therefore be controlled in such a manner that 
the excess temperature of the billet Surface de 
creases according to an e-function with the time 
constant To-T1, which again ShoWS the impor 
tance of the requirement of reducing To as much 
as possible by choosing a sufficiently low fre 
quency (Equation 7). 

In order to realize this equalization of tempera 
ture with constant Surface temperature, a power 
p is required as follows: 

t-to 
6c dom-8c. 8-8.m.0. Tot-T A diA"T, T. (19B) 

AC - 9 ...to AC f To-T 
p = 3 T-T (19S) 

The desired forging temperature 0, then is 
reached after a heating period: 

- So 
3 - 5, (20) 

which therefore represents the shortest possible 
heating time to be attained Without exceeding a 
given value 0 of the Surface temperature. 

tic to--(To -- T,) 1. 

The power control 
The power Supplied to the Surface of the Work 

during the first, heating period to is expressed 
according to the Equations 1, 2 and 16 by 

8e.dom be n0 Po-4-4T, . 
-e Ti 

(21B) 
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6 
Act 8-8mo po-2T, -1. (21S) 

i-e T 

During the second ts-to, the power control 
must begin according to Equation 19 with a 
value 

-00 t3n - Sno 
pt-4 To-T (22B) 

-AC 8 - 80 
p= 2 T-T (22S) 

The power must be reduced abruptly at 
t-to in the proportion 

T -. 
o - a T1 23 T-T i-e (23) 

The shorter to is made, that is, the higher the 
heating speed, the more the degree of discon 
tinuity of the high-frequency load increases 
without shortening the total heating period is 
in a corresponding degree. For this reason an 
order of magnitude is reconnended for to 

to-T1 up to 2T or up to 3T1 (24) 
and for the power control at t-to a power pro 
portion: 

po: p =1: 

To 
T-T pop tool: 0.632 up to 0.865 or up to 0.950) 

(25) 
Whether, after the abrupt decrease at to, the 

decrease of power to pts at t-is is effected con 
tinuously or stepwise in several steps depends on 
the means used for the control of the voltage of 
the furnace coil. 

All the formulae are approxirative, partially 
since radiation losses from the charge have been 
neglected. The calculated values, therefore, have 
to be increased with increases in Such losses. it 
has, however, already been mentioned that Only 
very small heat losses may be counted on be 
cause of the comparatively long heating time 
required for large billets in high-frequency fur 
naces, and therefore errors involved by neglect 
ing these losses are Small. 

The drangement for the poiler control 
It follows from the above that the thorough 

heating of billets having 15 to 30 cm. diameter 
takes 5 to 30 minutes, which is much more than 
the time required for the forging or pressing 
operation itself. In practice, therefore, a great 
number of (N) billets will always be heated sinul 
taneously. For this purpose there are tWO alter 
natives. Either a few (n) furnaces are provided, 
each accommodating many 

(N) 
billets, and provided With Several Succeeding 
heating Zones acting With different announts of 
power on the billets, the billets being conveyed 
through Said Zones Without interruption; or, a 
comparatively large number 

N () 
of furnace units are employed each accommo 
dating a few (2) billets, the latter being held 
stationary Within the Sale furnace during the 
Whole heating period. The last mentioned al 
ternative is to be preferred when it is necessary 
to avoid oxidation as much as possible, as the 
furnace units then may be easily closed and filled 
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with a protecting gas. But, with respect to the 
feeding of the billets, the first alternative is con 
siderably simpler. In this case, it will be noticed, 
all n furnaces work with the same constant volt 
age. in the other alternative, however, the con 
trol of the Supplied power is effected by control 
ling the voltage of the furnace coil, which con 
trol, it is true, is performed according to the 
same program for all 

N 
2, 

furnaces but with a relative delay of phase 

for furnaces which are charged and discharged 
one after the other. Although the 

N 
, 

furnace units which are switched in are equal, 
the amounts of power and the voltages must be 
different at the same moment in different unitS. 
The coils of the furnaces, therefore, cannot be 
connected in parallel, but their terminal voltages 
must be adjustable individually, while the total 
power of the equipment is generated With Con 
stant voltage Elg in one or more parallel-con 
nected generators. 
The problem of carrying out a power control 

according to the proportion po:ptsas 1:0.1 by 
means of cheap control devices for each ful"; lace 
unit may be solved according to the invention 
in a nanner which is shown on the drawings by 
way of example. 
The voltage E.g. produced within the generator 

1 or power station is divided by means of a 
voltage divider 2, arranged in the primary sta 
tion or in the forge, according to the proportion 
ac:1-ac, where 

10ts 
-- 10 to 

at ------ 

1. 

25-(1-VE) Pt Pio 
To each furnace unit the constant voltages 

Eg, Ega, Eg (1-ac) are applied. 
Furtherriore, a comparatively Small adjustable 

(26) 

voltage hEgy is inserted in series with the voltage 
Ega, where 

(27) 
2 C-(1- E) 0 to Vp to 

3 is a voltage control arrangement. If the volt 
age Egg is to be controlled continuously, this volt 
age may be generated in a booster-generator, an 
induction regulator or a slide transformer or the 
like. If only stepwise control is desired, a regul 
lating transforrier with a tap-changing switch 
may be used. In any case the one "generator 
connector tap' A of the furnace coil ) is con 
nected to the free end 5 of the Wiriding producing 
the voltage Egg while the other 'generator con 
nector tap' 6 is connected through a change-over 
Switch or two switches either to the free end 8 
of the voltage divider 2 or to its intermediate 
pole 9. 
By these arrangements the following control 

program is performed: The furnace unit is 
started with a Voltage Eg (licy), where the ratio 
y and its sign is adjusted automatically for con 

O 
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8 
stant supplied power po during the first heating 
period to, as shown by the position of the Switch 
7 in the upper furnace unit. At the end of this 
period (t=to) the Switch. 7 is changed over and 
connects the coil to the voltage Eg (ac--J) as 
shown by the position of the Switch in the lower 
furnace unit. Thus the power decreases instan 
taneously according to the proportion 

(ac--y): (1--gy)=pt:po (28) 
Thereafter the adjustable auxiliary voltage is 

altered automatically from Egy to -Egy (as indi 
cated by the changed direction of the arrow in 
the Voltage control means 3) corresponding to a 
decrease of power in the proportion: 

(a-y): (ac-Hy)=pt: pt (29) 
after which the furnace coil, when t=ts, is dis 
connected automaticaliy. 
The essential feature of this solution of the 

control is that the expensive control device which 
generates the aidjustable voltage Egy need be 
dimensioned only for low internal power con Sulimption. 

designates a capacitance which is automati 
cally controlled in the usual Way in resonance 
With the reactance of the furnace coii. 
I claim: 
1. Method of thoroughly heating electrically to 

forging temperature billets having a tinickness 
greater than 10 cin. by currents and frequencies 
generated in rotating machines, which coimprises 
ineating the billet, during a first period and thus 
increasing the Surface temperature of the billet, 
to substantially the highest permissibie value, and 
during a Second heating period controlling the 
power Supplied to the billet so as to ?naintain sub 
Stantially the Sarne surface temperature, the du 
ration of the said first period being between 
and 3 times the time constant at which the tern 
perature differences between the Surface of the 
billet and the interior thereof is equalized when 
the Supply of power is discontinued, the power at 
the end of the first period being abruptly reduced 
in the proportion 

t 

T (- - T, T.VI-e 
where Tois the quotient of the difference between 
the Surface temperature S and the average tem 
perature S of the billet divided by the rate of 
increase of the temperature 

dom 
dt 

at which such difference occurs, and during the 
Said Second heating period the power being de 
creased in the proportion 

- t-to 

l:e To-T1 

1: 

2. Method according to claim 1, in which the 
current frequency is within the range of about 
350 to 2000 times 

O ) Dmin 
where Dmin is the smallest major dimension of 
billets being treated. 

3. Apparatus for carrying out the process of 
claim 1, comprising a plurality of furnace units, 
at least one generator supplying a constant volt 
age Eg, a Voltage divider connected between said 
generator and Said furnace units and arranged to 
Supply to each furnace unit voltages Eg, Egac and 
Eg (1-3c), an individual control device for each 
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furnace unit adapted to connect in series with 
Voltage Ega a variable voltage Egy, and a Sepa 
rate change-Over device for each furnace unit for 
selectively connecting to the furnace unit a volt 
age Eg (ity), in which gy is variable, during a 
first heating period, and a voltage variable from 
Eg (ac--g) to Elg (ac-ly) during a second heating 
period. 
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