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Ezample 8-2

Determine the resistance, reactance, and impedance per foot length, and
current-carrying capacity of the following transmission line:

Frequency of power, f........ccoiueiiiiiiiieeaana.. 10,000 cps

Cable BIZ& .. vitt it i e i 350,000 circular mils
No.of CabIEB . oottt e e 2, side by side
Resistivity of copper at 85°C,p.........coovviui.n... 2.17 microhm-cm

Distance between oable centers, W’ .................. 1.07 in.
The effective diameter is given by converting the circular mils to inches:
A, = 10-v373,300 = 0.611 in.

As the actual diameter of the stranded cable (less sheath) is 4, = 0.80 in.,
the effective resistivity is assumed to be

pe = 2.17 x (0.80/0.611)* = 3.7 microhm-cm
The current depth is

198,\/'; 198,‘/ﬁ 0.038 i
=1 ;b 108 = 0038 in.

Substituting these values, together with the Bessel functions (88), into
Egs. (8-7) and (8-8), and multiplying by 12 for 1-ft length,
3.7 M,(0.80/V2 X 0.38)
0.8 x 0.038  M;(0.80/v2 X 0.38)

3n 1
Xcos[— — (6, —Oﬂ)jlxtz: x 12
4 V1 ~ (0.8/1.07)
=43 x 10-% x 1.02 x 0.73 x 1.505 x 12 = 5756 x 10-® ohm/ft
X, = 5675 x 10-% x tan 43.6 = 550 x 10-® ohm|it
From Eq. (8-9), the external reactance is
= (8)(m)(10%)(10~%)(2.54)(12) cosh-! (1.07/0.8)
= 6,150 x 10-8 ohm/ft
Therefore the impedance per foot length is

R, = 0.354 x 10-8

= VR2 + (X, + X,)? = 6,710 x 10-8 ohm/ft

Assuming & maximum power dissipation of 19.5 watts per foot, the current

capacity is
I J 195 184
L=NE, N515 x 108 o omP

The following table is based on the above type of calculations. The figures
are within 10 per cent of measured results (87).
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AUXILIARY AND CONTROL EQUIPMENT 263

In general, these values apply when the thickness of the busbar is at least
Y in.

Summarizing machine-frequency cables and busbars, the following prac-
tices should be carried out in good designs:

1. Standard stranded cable can be used at machine frequencies, with
reduced ratings.

2. The best arrangement for cables is four conductors with staggered
polarities.

3. Contact between strands varies current-carrying capacities of cables.

4. Calculated and experimental values of characteristics for cable and
busbar agree closely.

5. The thickness of bushars should be at least 1.2 @, where dis the current
depth.

6. Maximum current can be carried in busbars when the width is vertical,
the spacing greater than %4 of the width, and the bars painted black.

7. Water cooling can increase the current-carrying capacities of cable and
busbars.

8. Spacing between bars should be approximately % in. for 440- or 220-
volt lines, and %3 in. for 800-volt lines.

8-3. R-F TRANSFER SWITCHES

Many applications of r-f power require the maximum use of the generator.
One of the best ways to achieve this is by using two work positions with one
generator, and transferring power by an r-f switch.

Figures 8-8 and 8-9 illustrate a 400-amp switch designed for 500-kc opera-
tion at up to 8,000 volts. The main features of these switches are heavy
contacts, with water cooling, rugged construction, and large solenoids.
These solenoids pull the contact arm through & small arc (approximately
15°), and interlocks remove r-f power during switching.

The switches can usually be bolted to the face of the generator over the
output terminals. Auxiliary circuits can be interconnected with external
work-handling equipment.

8-4. NEW SOURCES OF INDUCTION HEATING POWER

The inherent disadvantages and maintenance problems of rotary and r-f
generators haveled to experiments with several alternative sources of power.

One type of frequency converter is that using mercury-arc rectifiers.
Experimental work has been carried out over a number of years (90); a
recent installation appears to have good practical possibilities (91).
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F1G. 8-9. A r-f transfer switch in enclosure. (Westinghouse Electric Corp.)
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The advantages of the inverter are that it is more efficient than a motor-
generator set, it is static, and its output frequency may be varied. The
major drawbacks are the difficulty of obtaining suitable rectifier tubes, the
design of control circuits, and starting conditions.

+ = L
P Q Work
_ c== coil
+ > * - R,
D-c ©
supply X
Grid
D-c reactor control
o ]
-

Fia. 8-10. Principle of the mercury-arc inverter.

Figure 8-10 shows the basic principles of the inverter: (a) curves of the
plate and cathode voltage with respect to the neutral N; (b) plate currents;
(c) plate-to-cathode potential of one plate; (d) output voltage and current.

The circuit is shown with H firing first, producing a plate current ¢, and
a positive half-cycle of output voltage across the transformer secondary.
Grid control prevents plate K from firing until time ¢;, when the current
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commutes from plate H to plate K in the phase angle time of ¢,. This
assumes that a sinusoidal voltage is maintained by the tuned load circuit.
After t,, all the current is taken by K in the form of ¢,. The output voltage
and current swing in the opposite direction, because of the winding arrange-
ment of the transformer.

3-Phase supply

Output
tank circuit

Phase shifter

>

4 5 6 MF transformer

r- -1 -1 r- r- =1

Grid
transformer

B
J,

Q00—

—Bias impulse

transformer
6-Plate inverter

Oscillatory |

starting circuit
Cathode

= D-c

F16. 8-11. Medium-frequency eycloinverter.

The output voltage QP varies in proportion to the d-c input voltage, with
a fixed firing angle and load impedance. Alternatively the firing angle can
be varied to give different output voltages. The ripple voltage MS is
absorbed by the d-c reactor.

Practical inverters usually consist of a large three-phase, full-wave, grid-
controlled mercury-pool rectifier fed directly from a three-phase supply.
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The grids are self-excited from the output circuit. This circuit, known asa
cycloinverter, is shown in Fig. 8-11. The average output voltage can be
controlled by the use of a phase shifter in the same way as in thyratron
operation. The reactor is again used to suppress the third harmonic ripple
current.

Starting problems are generally overcome by arranging the grid control
circuit to provide an early firing angle 8 during the first few cycles. This
prevents inverter action, and the first two plates (1 and 2 in Fig. 8-11) carry
both currents in parallel. The reactor prevents this current from rising to
full load. The next pair of plates takes over the current and after this the
action is normal.

Figure 8-10d4 shows that the output current is an approximate square
wave. This means that the inverter works at a slightly higher frequency
than the tuned output circuit.  Increasing the firing angle § increases the
output-circuit frequency. Also the harmonic content of this current in-
creases the capacitor rms current. In general, the capacitor requirements
can be calculated on the basis of a sinusoidal voltage, with little inaccuracy.

At full power output, inverter efficiencies may be as high as 85 per cent.
Frequencies vary between 1 and 1.5 ke.

8-5. MAGNETIC MULTIPLIERS

Reference has already been made to frequency triplers. The principle of
the magnetic multiplier is based on the summation of pulses obtained from
saturable reactors (92). Figure 8-12 shows the waveforms resulting from a
tripler. Each phase voltage is applied to its own reactor and the load in
series. As explained in Chap. 5, the reactor drops nearly all the voltage
until it saturates at the critical or firing angle f,. By adding the pulses
produced in this way, a 60-cycle supply can be multiplied to 180 cps.
Obviously, the critical angle must not exceed 60°, to prevent simultaneous
saturation of two reactors and a line-to-line short circuit.

If phase-changing transformers are included in the circuit to provide
multiphase star outputs, any number of multiplications is possible. In
practice, nine or eleven times appears to be a reasonable limit to any one
stage. The output can of course be fed to another stage.

This principle, known for many years, was utilized for early radio trans-
mitters. Limitations in core materials resulted in Jow power efficiencies
and large sizes for these early attempts at multiplication. Recently, vast
improvements have been made in the quality of rectangular-loop magnetic
materials. Saturation flux densities of 14,000 to 16,000 gauss or more are
possible; materials such as Deltamax are used. Asaresult, multipliers have
been designed for computers, motor control, and aircraft equipment with
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high degrees of multiplication. Square-loop hysteresis curves can be shown
to produce considerable harmonics. This factor, together with the use of
phase-changing transformers and several stages of multiplication, could
result in frequencies of 1,000 cycles.

) J\ﬂf‘
Gi) _r\—\./_

Saturable
reactors VeV

(iii) Load

_J\_.\j._

(a) Frequency tripler

(i

7’ ] 7
. N p
(i) 4 Z

(iii) <

f\ Load voltage
v v vV

(b) Waveforms
Fie. 8-12. Principle of the tic multipli

At present, the size of a multiplier is greater than that of the equivalent
motor-generator set, and the efficiency tends to be somewhat lower (50 to
90 per cent) (92). However, the inherent advantages of simplicity, low
maintenance cost, ruggedness, and static operation appear to make the
use of higher-powered multipliers very desirable for low-frequency induc-
tion through-heating. In addition, the saturable reactors can be controlled
as to firing angle by a bias supply. This provides a good power control for
the power output.

A two-stage multiplier is shown in Fig. 8-13, with power control available
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by an adjustable bias at the second stage (93). This circuit is essentially a
tripler followed by a doubler. The capacitor C is used to improve the power
factor of the doubler stage. It is claimed that the regulation of this type of
two-stage unit is improved over that of a single-stage sextupler.

3-Phase supply

... f

AL RIS
E

i 1, e

b

Bias supply |

Autotransformer

Bias rectifier 1

Choke

Fre. 8-13. Two-stag gnetic-frequency p

The efficiency of the doubler stage can be made very high. Values as high
as 98 per cent have been quoted (94).

The other major disadvantage of the magnetic multiplier is its inherently
low-input power factor. This requires considerable correction, as values for
triplers may be as low as 30 per cent (93). Regulation tends to be high
because of inherent leakage inductance and aftersaturation inductance, but
this can be improved by tuning the load with a series capacitor.

Although the magnetic multiplier has several disadvantages, its potenti-
alities for low-frequency induction heating are good. Provided the size can
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be reduced and the efficiency and input power factor increased, it could
offer serious competition to the motor generator at through-heating fre-
quencies.

8-6. TRANSISTOR INVERTERS

With the recent introductions of high-power transistors, it is now possible
to design switching circuits converting d-¢ to a-c power of the order of
several thousand watts. The basic principle of the circuit is shown in Fig.
8-14. It was developed primarily as a source of d-¢ to a-c¢ conversion (95).

A junction transistor can conveniently be considered as a relay or
controlled switch. A typical set of collector voltage-current curves is shown
in Fig. 8-14b. If the base is zero, or slightly positive, the collector current
(in this case supplied by the battery) is practically zero. The transistor is
therefore an open switch with a very small leakage current. This is the
point 0. By suddenly changing the base voltage to a suitable negative
value, the transistor is saturated and carries a large collector current 7,.
The emitter-to-collector voltage is practically zero; the transistor is there-
fore a closed switch. This is the point ¢, and the current is the result of
the battery voltage E, across the load resistance R;. Inboth instances the
dissipation resulting from the collector currept and voltage is below the
maximum allowed. But the power switched is £/, many times the maxi-
mum dissipation, and the base current and voltage are very low. Com-
mercial transistors are now available which are theoretically capable of
switching almost 1 kw of power using 1 watt of base power.

Two of these power transistors are shown connected to a transformer with
an idealized rectangular hysteresis loop, as in Fig. 8-14c. The inverter
action can be explained by sssuming that transistor 4 is conducting or
closed and B is cut off or open. The battery is now across winding 2 of the
transformer, with the polarity as shown. Voltages of the same polarity are
induced in the other windings; this results in a negative base voltage at 4
and a positive base voltage at B. This maintains 4 conducting and B
cutoff.

The battery voltage E across winding 2 produces an increase of flux in
the core until the core saturates. This is represented by the path a-b-¢ in
Fig. 8-14c. At saturation the current in winding 2 rapidly rises and the
reactance drops, causing the voltages in the remaining windings to dis-
appear. The negative base drive is removed from transistor 4, so that it is
nonconductive and acts as an open switch. The current of the winding is
then zero, and the flux drops to d (Fig. 8-14c). The flux change from ¢ to d
induces voltages in the windings, opposite in polarity to the previous condi-
tion. This causes transistor B to conduct (switch closed) and transistor 4
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is maintained cutoff (switch open). Battery voltage E is now across winding
3, and the cycle repeats in the reverse direction. The output voltage E, is
obviously a square wave with a frequency and amplitude as functions of the
turns and saturation flux of the transformers.

(c) Ideal rectangular loop

(a) D-c to a=c converter
Collector

V, more negative

V collector V,,

Emitter

c

,
1
Toollector 1y LemEe/Ba

(b) Switching action of a transistor
F1q. 8-14. Transistor inverter.

The relationships are

E
f= ops (8-12)
4Nz¢-
Ny
and E,=_—FE volts (8-13)
N,

where E = battery voltage, volts
N, = primary turns
Ny = secondary turns
¢, = saturation flux density
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Frequencies as high as 12 ke have been reported (95), and it is possible
that higher frequencies could be achieved withimproved transistors. Power
ratings can be increased by utilizing transistors in series, enabling a higher
input voltage to be used. Even with transistors available at present, an
inverter of several kilowatts at 10 ke and 300 to 500 volts is a practical
possibility. Efficiencies of these inverters are very high (95 per cent), and
the future potentialities of combining them with high-efficiency silicon
diode d-c power supplies are very great. The weight and cost would be low,
and the variable-frequency factor of transistor inverters gives them a great
advantage over rotary equipment.



APPENDIX A

TABLES OF BER AND BEI KER AND KEI FUNCTIONS

TaBLEs OF X(z), V(z), and Z(z)*
X(z) = ber?z + bei?z, V(z) = ber’? z + bei? z,
and Z(z) = ber z ber’ 2 + beiz bei’ z

z X(2) | s V(z) Z(z) 1 X(z) V(z) Z(z)
| 1.000 0.000 0.000 16[6.752 X 107 [ 6.461 x 107 |4.561 x 107
1.031 2.513 X 10~ 6.268 X 10-%(|17 2.612 X 10® |2.508 X 10* |1.770 X 108
1.610 1.084 5.209 X 10-|18| 1.014 X 10° [ 0.762 X 108 | 6.887 X 10¢
3.803 3.240 2.054 19]3.850 x 10° |3.808 X 10° | 2.888 x 10°
1.183 X 10 | 1.007 X 10 | 6.909 20[ 1.543 X 1019|1.489 X 10| 1.062 X 10

3.883 X 10 [8.376 X 10 | 2.346 X 10 1|21/ 6.041 x 10'0|5.842 x 1010 4.127 X 10'°
1.323 X 102 | 1177 x 10? | 8.216 X 10 (122/2.371 X 101 |2.206 X 1041 1.822 x 101
4.643 X 10? | 4.203 X 10% | 2.943 X 10* [[239.326 X 10'! [9.044 X 1031 6.300 X 10%*
1.838 X 10° [ 1.526 X 10° | 1.072 X 10° |[24]3.675 X 10'*|3.568 x 10'* 2.521 X 10'*
6.077 X 10° | 5.621 X 10% | 3.053 X 10° ||25 1.450 X 10'*[1.410 X 10'%|9.966 x 10'*
10 2.245 X 10% | 2.093 X 10¢ | 1.474 X 10¢ |[26]5.736 x 10! | 5.582 X 10 | 3.945 x 102
11/ 8.383 X 10* | 7.863 X 10* | 5.641 X 10* ||272.271 X 10%¢{2.213 X 1014 1.584 x 10¢
12/ 3.167 X 10% | 2.977 X 108 | 2.009 X 10° (|28 9.007 x 10'¢|8.783 X 10'¢| 6.207 x 1034
13/ 1197 X 10° | 1,134 X 108 | 7.999 X 10 ||26] 3.576 x 1015 | 3.490 X 10| 2.467 X 1018
14/ 4.668 X 10° | 4.344 X 10® | 3.065 X 10° |(30, 1.422 X 10'®| 1.389 X 10'¢| 9.799 X 101¢
15/ 1.762 X 107 [1.672 X 107 | 1.180 X 107 |[c0 o @ -]

PR IB O R WO

* Data obtained from Reference 4.
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TABLES OF BER z, BE1 2, KER 2, AND KEI 2*
If J,(z) and Y,(z) are the Bessel’s functions of the first and second kinds of zero
order, we have
J(jzV5) = IzVj) = berz + jboiz

and Y, (jzVj) = K, (2Vj) = kerz + jkeiz

z ber z r bei z ] ker z ‘ kei z

0 1 0 © | —o.785

1 9.844 x 10 2.498 x 10! 2.867 x 10! —4.950 x 10~
2 7.617 x 10! 9.723 x 10-* | —4.168 x 10-? —2.024 x 107
3 —2.214 x 101 1.938 —6.703 x 10— —5.112 x 10*
4 —2.563 2.203 —3.818 x 10-* 2.198 x 10-*
b —8.230 1.160 x 10-? | —1.151 x 10-* 1.119 x 10-*
(] —8.858 —17.335 —6.531 x 104 7.216 x 10-*
7 —3.633 —2.124 x 10 1.922 x 10-* 2.700 x 10—
8 2.097 x 10 —3.602 x 10 1.486 x 10— 3.696 x 10-*
9 7.394 x 10 —2.471 X 10 6.372 x 10-¢ —3.192 x 10-¢
10 1.388 x 10* 5.837 x 10 1.295 x 10-¢ —3.075 x 10~¢
11 1.330 x 10* 2.572 x 10? —4.779 x 10~* —1.495 x 104
12 —1.285 x 10* 5.470 x 10* —6.308 x 10-* —3.899 x 10-*
13 —8.827 X 10* 6.466 x 10* —3.474 X 10— 5.387 x 10-¢
14 —2.131 x 10® —1.609 x 10* —1.088 x 10-* 1.268 x 10—
15 —2.987 x 10° —2.953 x 10® —1.514 x 10-® 7.863 x 10-*
16 —6.595 x 10* —8.191 x 10® 2.466 x 10-¢ 2.895 x 10-®
17 9.484 x 10° —1.309 x 10¢ 1.797 x 10-* 2.861 x 107
18 3.096 x 10¢ —7.454 X 10° 7.438 x 10-7 —4.6566 x 10-7
19 5.625 x 10¢ 2.804 x 10¢ 1.293 x 10-7 —3.982 x 10-7
20 4.749 x 104 1.148 x 10* —17.716 x 10-¢ —1.859 x 10-7
21 —17.616 X 10¢ 2.337 x 108 —8.636 x 10— —4.388 x 10~
22 —4.155 x 10°® 2.539 x 10° —4.536 x 10-° 1.097 x 10-*

* Data obtained from Reference 4.
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APPENDIX B

CHARTS: INTEGRATED RESISTIVITY VS.
TEMPERATURE; RESISTIVITY VS. TEMPERATURE;
THERMAL POUNDS PER KILOWATTHOUR VS.
TEMPERATURE
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APPENDIX C

CONVERSION TABLE; CONVERSION FACTORS

CONVERSION TABLE

To convert Into Multiply by gﬁ;:‘;iﬁlg;
Watts ......unen vvv...| Joules/sec 1 1
Amp-turns vever...| Gilberts 1.257 0.7958
.| Gilbertsfem 0.495 2.021
...... .| Joules 1050 9.48 x 10-¢
Centigrade . .| Fahrenheit (°C x %) + 32 (°F — 32) x %
Cuin. ... .| Cuem 16.39 6.102 x 10~
Cuin. . .| Gal (water) 4.329 x 10-%| 231
Erg .. .| Joule 10-? 107
Gauss L....inann ++...| Lines/sq in. 6.452 0.1550
Lb/cu in. 0.03613 27.68
.| Lb 2.205 x 10~*| 453.6
Cm 2.54 0.3937
.| Cal 252 3.968 x 10~
.| Cuem 108 10-2
.| Gal 0.26418 3.783
.| Cir mils 1.273 x 10¢ 7.854 x 10-7
Sqem 6.452 0.155
Btu/min 0.05688 17.58
.| Calfsec 0.2389 4.185
-| Ergs/sec 107 10-7
.| Ft 3.281 0.3048
Kwhr ..oooininnnnn.. Btu 3413 2.93 x 10~
Calsec™ cm=2°C-1..... Btu hr-1 fg=1 °F-! 242 0.00413
Watts/sqin. .... .| Cal sec~!8q cm—t 0.0371 26.9
US. gl veverninnnnnns Lb 0.2 8.32
Cu ft : U.S. gal 7.6 0.133
Btu-ft sq ft=1 hr—* °F-1. .| Cal cm~! sec~! °C-? 4.12 x 10— 243
. 8.1 x 108 1.236 x 10-¢
5.27 x 10-¢ | 1900
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APPENDIX C 279

ConversioN FacTors

Length Area. Volume

2.842 X 10! gal

lem = 3.837 X 107! in. || 18qem
102 X 10~ cu in.

3.281 ft || 1agm

1660 X 101 sqin. || 11
0.764 sqft || 1cucm

]

2.540 cm | 18qin. 452 sgem || }eurm 5.314 cu ft
3.048 X 10'm || 1eqft = 9.200 X 10%eqm || lgal = 3.785 1
louin. = 16.387 cu om
leouft = 2.832 X 10~*cum
Mass and density
1gm = 3.527 X 10~*oz (avdp) 1oz (avdp) = 28.350 gm
1 kg = 2.205 Ib (avdp) 11b(avdp) = 4.686 kg — - b O %
Standard gravity = 32.174 ft peregsec Standard gravity 80.8665 cm persqsec
Density Hg = 4.911 X 10~} 1b per sq in. Density H, = 13.596  gm per cucm
(at 0°C)

1 gm per cu cm = 82.428 1b per cu fit 11b per cu ft = 1.802 X 10~* gm per ou cm
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APPENDIX D

ZONE REFINING BY R-F HEATING

The basic purpose of zone refining is to remove impurities in & materigl by passing
a molten zone from one end of a sunably shaped charge to the other. A very high
degree of purity is achieved by g it is also possible to add an
accurately controlled amount of impurity by & method of refining known as zone
Jeveling or levitation (99).

Zone refining is based on the principle that the concentration of impurities at the
interface between the molten and just-frozen material depends on the effect of the
impurities on the melting point of the pure material. If the impurities lower the
melting point of the pure material, their concentration in the molten zone is increased.
If the melting point of the pure material is raised, the concentration of impurities in
the molten zone is lower. Therefore the molten zone, which is caused to travel along
the rod of material, can build up impurities, which are then left at one end. The
degree of refining and purification is a function of the ber of made along
the rod by the molten zone, but it has & practical limit. Figures of 1 part per billion
of electrically active impurities in silicon have been quoted (96).

Most applications of zone refining to date appear to be in the semiconductor field.
Germenium is usually refined as indicated in Chap. 5, with the powder or crystal
drawn in boats through a series of induction heating coils (Fig. 5-19a). Silicon cannot
be treated so easily in this way as it is highly reactive with most boat materials.

The floating-zone method is preferable, as it involves no boats but uses the surface
tension of the molten zone to hold it in place in & vertical rod (Fig. 5-19b). Rods of up
to 1 in. or more can be refined, by the use of the principle of levitation. Thig levita-
tional force results from the action between the induced and the induction currents.
The number of passes required for eilicon is higher than that needed for germanium,
as the distribution of impurities is less favorable.

The basic requi for floatt fining are an r-f heater, an accurate
mechanical variable-speed vertical drlve for the rod, an automatic recycling
mechaniam, and possibly a means of temperature control. In general, the r-f power
output is time-controlled via e variable plate voltage by a programmed sequence.
It has sometimes been necessary to preheat the rod by resistance heating in order to
lower its resistivity sufficiently so that the r-f power can be loaded into the material.
If a frequency of 3 to 5 Mc is selected instead of the conventional 450 ke, the loading
problem is easier and the preheating can often be eliminated. The higher frequencies
also result in a reduction of mechanical oscillation in the zone, caused by the generator-
power supply ripple (usually 360 cps, 8 to 10 per cent) modulating the radio frequency
(96). In general, most levitation processes involve the use of a controlled atmosphere
or a vacuum, so that the rod is surrounded by a tube to contain the necessary gas or
vacuum. This results in a loosely coupled high Q coil, requiring fairly high r-f current
and voltage. The higher-frequency range is more suitable for this type of coil,
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It is extremely iroportant to maintain the length of the zone and therefore the
power input constant during zone refining. Variations in the power supply to the
oscillator are usually controlled by stabilizing circuits. Variations in the tank-circuit
transfer efficiency, and therefore in output power, can result from loaded work-coil
impedance changes. In Fig. 5-15, these changes are shown as functions of work-coil
inductance L, and of coil Q(Q,). Although most zone-refining tank circuits are of the
split tank-coil type, as in Fig. 5-3b, the power output curves are similar in shape to
those in Fig. 5-15. The peak power is at the point where the total tank impedance z,
is the same as the tube plate impedance z,.

If the zone length increases, the total loaded work-coil resistance and impedance 2z,
decreases, decreasing the total tank impedance z,, and therefore the output power.
This in turn red the of melting and d the zone length, increasing
the work-coil and tank-coil impedance and bringing back the operating point on the
power curve to the original point. The opposite occurs for a decrease in zone length.
The whole system is self-stabilizing, and an opti sensitivity should be achieved,
theoretically, if the work coil were the complete tank coil. In practice, the zone
length is very difficult to control because of the large inductance required, and a
compromise is achieved by using coils of approximately 14 to !4 microhenry
inductance.

The maximum zone length that can be supported by its own tension is a function
of the ratio of the surface tension of the material to its density (98) when it is molten.
Silicon and aluminum (also iron and titanium) are highly suitable to the process,
because of the corbination of their properties.

In general, power efficiencies of the tank circuit used are very low (20 per cent or
less). Although a few hundred watts are sufficient for the molten zone, generator-
power ratings of 5 to 10 kw are usually required (98).
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INDEX

Advantages of induction heating, 1
Air gap, reactance of, 141
through-heating coils, 177
Alloy casting, precision type, 103
Ampere-turns, coil, 2, 143
Amplification factor,
Annealing, 76, 77
Application specifications, 1, 112
localized heating, 118, 129
surface heating, 122, 130
through-heating, 114, 124
Austenite, 38

tubes, 176

Bessel’s function, 10, 13, 46
tables of, 273, 274
Bias voltage, grid, 78
Billet heating, nonferrous, 66, 77, 109
steel, 71, 73, 109, 124, 249, 250
Brazing, alloys for, 83, 85
joints for, 82, 84
r-f power density for, 121
stainless steel, 88
two-position method, 88
Busbars, transmission line, 257, 262

Cables, machine frequency, character-
istics of, 261
Cancellation of flux, 30, 33, 80, 155
Capacitors, machine-frequency,
struction of, 220
power-factor correction, 3, 6
radio-frequency, tank circuit, 158
supply-frequency, 239
Carbide solution in steel, 58, 60
Carbon content in hardened steel, 61
Case depths, frequency for, 95
hardened, shallow, 57, 91
Casting, centrifugal, 104
Cementite, 38
Class C oscillators, design of, 172, 176
Coils, ampere-turns of, 2, 143
balanced three-phase, 237
conductors for, 146, 151
design method, approximate, 3, 132,
137

con-

equivalent circuit, 139, 143
scale model analogue, 146

Coils, efficiencies of, 3, 132, 133, 142
bar-hardening, 58
impedance of, 134-136
liners for, 3, 44
loss of, 6, 137
mechanical construction of, 146, 154
power factor of, 113, 134, 135, 142
power systems for, 1
proximity type, 111
rammed, 153
reactance of, 141
shapes for brazing and roldering, 122
single-turn, 111
solenoid type, 111
support rails in, 153, 154
thermal insulation for, 153
through-heating air gaps in, 117
total power in, 6
Colpitts oscillator, 164
Conductors, impedance per unit length,
256
Contactors, 224, 241, 242
Control systems, supply frequency, 241
Convection losses, 3, 45
Conversion factors, 277-282
Cooling air, oscillator tubes, 169
Cooling water, oscillator tubes, 169
coils, 137
Cost per kilowatt output, induction
heating methods, 110
Coupling factor, transformer, 161, 191
Critical line, 38
Curie point, 38
through-heating, 64
Current, density, phase of, 14
depth, skin effect of, 1, 48
depth of penetration, equivalent, 2, 5,
14, 33, 114
nomograph of, 34
distribution in cable groups, 265
loading of copper cables and busbars,
261, 262
Cycloinverter, 267
Cylinder, hollow, power induced in, 22
through-heating, 74, 76
solid, current distribution in, 12
differential equation of, 6
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Cylinder, solid, heat penetration in, 16
total flux and power in, 15

Degassing, vacuum tube, r-f, 105
Depthof current penetration (see Current)
Design of class C oscillator, 176
of coils, 137, 143
of machine-frequency tank circuit, 221
of r-f tank circuit, 196
of water-cooled busbar, 37
Dissipations, grid and plate, maximum
values, of 174
Dual frequency for through-heating,
71, 73, 74, 249-251

Electric field intensity, integral of, 9
in work, 8
Electrical resistivity, 2, 32, 275, 276
Emission, electron, vacuum tube, 167,
168
Energy transfer, 57
Equivalent circuit, coil design method,

139, 143
Faraday, Michael, 1
Federal C ications Ci
regulations, 207
Ferrite, 38

Ferromagnetic materials, 41
Field, electric, 8. 9
magnetic (see Magnetic field intensity)
Filament, peak space current, 176
pure tungsten, 168
thoriated tungsten, 167
vacuum tube, 167
Filters, r-f, supply line, 209
Fixtures, brazing, 87
hardening, 98
tool-tipping, 87
Flux, cancellation of, 30, 33, 80, 155
end effect, 5
external reactance of, 141
transverse heating, 103, 106
Forging, through-heating for, 71, 114,
235
work-handling equipment for, 74, 75,
81
Frequency, effect on current depth, 1, 14,
25, 33, 34, 48
for induction hardening, 57
parasitic, 166
selection of, 3, 56, 119, 122
tank circuit, tuned, 161
Frequency converters, 263
Frequency multiplier, magnetic, 267, 268
Furnace (see Melting furnace)

INDEX

Gear-hardening, 96, 98
coil and quench, 62, 95
dual-frequency heating for, 100
heat patterns for, 97
induction methods of, 100
Generator, motor (see Motor generator)
r-f, conversion stages in, 157, 158
design of, 176
types of, 159, 163, 164
Generator power density, 112
Grain growth, steel, 40
Grid, angle of current flow, 172, 179
bias on, 178
current and voltage of, 173
dissipation of, 174, 176, 178
oscillator tube, 167, 168
Grid-controlled rectifiers, 188

Half-wave rectifier circuit, 181
Handling equipment (see Work handling)
Hardening bars, 56
case depths, frequency relation with,
108
coils for, 147, 148, 150
curves for, general, 91
shaft-scanning, 92-94
depths of, 56
gears (see Gear hardening)
progressive methods of, 93
single-shot or static, 80, 91
surface heating for, 72, 91, 122
Hartley circuit, 164
Heat conduction, 30, 46
Heat conduction cycle, 56, 66, 67
Heat conductivity, 31
Heat content of metals (see Pounds per
kilowatthour)
Heat losses, 3
Heat penetration, 2, 65, 66
Heat radiation and convection, 43
Heating, extension of, 116
‘“‘steady-state” condition of, 48
High-frequency current, effect of, 13
Hollow cylinder, power induced in, 22
through-heating, 74, 75
Hysteresis, 41
curve, 41

Ignitrons, 182

Imrmersion quenching, 62

Impedance, dynamic tank circuit, 158,
161

machine frequency, design of, 221
matching, 111, 113
Inductance, parallel-bar transmission
line, 257



INDEX

Induction hardening, parts for, 95,96, 100
Induction through-heating, 46
Inductors (see Coils)
Internal hardening, 97
Insulation, coil, thermal and electrical,
152, 153
transmission line, 258, 259
Inverter, mercury arc, 265
transistor, 270
Isothermal transformation diagrams, 62
reaction rate, 62

Joining, localized heating for, 71, 82, 118
Joints, design of, for induction heating,
82, 84
filter material for, 82
material preforms for, 83
self-jigging type, 83, 86

Keying, circuit, r-f generators, 190

Leakage, flux, 5

Linings, coil, 152, 153

Load line, oscillator tube, 175, 178

Load matching, output circuits for, 190
60 cycles, 239

Magnetic change points of metals, 38
Magnetic field intensity, air gap, 140
hollow cylinder, 23, 26
solid cylinder, 10
solid slab, 19
Magnetic repulsion, coil and workpiece,
149

Magnetic steel, 64
temperature distribution, 64
Magnetic wave, 64
Magnetization, 40
Magnetomotive force, coil, 140
Martensite, 40
Matching (see Load matching)
Measurement, r-f, current, 207
frequency, 204, 205

293
Metals, pounds per kilowatthour, 42, 78,
276

resistivity, 32, 275, 276
thermal conductivity, 31
Metering, r-f generator, types of, 203
Motor generator, cooling of, 213
characteristics of, 217
parallel operation of, 218
power efficiency values of, 218
principle of, 210
synchronous impedance of, 217
vertical type, 216
Mutual inductance, coupled transformer,
161

Nonferrous metals, coils for, 152, 154,
155
heating of, 109
Northrup, E. F., 70

0il quenching, 58
Oscillator, Colpitts, 164
grid-dip, 206
Hartley, 164
reverse feedback, 163
self-excited, 163
Oscillator tubes, cooling, 189
industrial, 168, 170-172
Qutput cireuits, r-f, 190

P and Q functions, hollow cylinder,
thick-walled, 25, 26
thin-walled, 23, 24
solid cylinder, 16
solid slab, 19, 20
Parallel operation of motor generators,
218

Paramagnetic materials, 40
Parasitic oscillations, 165
Parasitic suppressor resistors, 166
Pearlite, 38, 40

Penetration depth (see Current)
Permeability, 237

power, 204 effect, on current depth, 37
voltages, 204 on power input, 37

Measur ts, at fi function of work-surface power density,
225 21

at radio frequencies, 203
at supply frequencies, 243
Melting furnace, Ajax-Northrup, 101
Ajax-Wyatt, 101
pot hearth, 101
stirring action of, 101, 104
submerged resistor type, 101
Metals, emissivity, 31
nonferrous (see Nonferrous metals)

magnetic steel, 20, 37
Phase junctions, effect in oils, 68
Plate, oscillator tube, construction of,
167, 168

cooling for, 169

Plate current and voltage, 173

Plate-current flow, angle of, 172, 179,
180

Plate dissipation, 174, 176, 178



204

Pounds per kilowatthour, curves, 42,
78, 276
definition of, 42
Power, control of, for r-f generators, 185
density, maximum value of, 112
surface of work, 113, 117, 123
frequency of, 119, 122
function of permeability, 21
losses, workpiece, 112, 115, 120
over-all efficiency of, 57
supplies for r-f oscillators, 180
systems, complete, 2, 57, 108
work, 6, 17, 117
Power factor, capacitors, 3
correction of, 113, 219
Process specifications, 1

INDEX

Resistance, busbars, 257, 262
cables, 261
coils, 141, 144
work, 14, 142, 144
Resistive loss, 3
Resistivity, electrical, 2, 32, 275, 276
Rotors, machine-frequency, 210, 212

S curve, 63, 68

Saturable reactor, a-c type, 188
high-voltage type, 186, 187
for r-f generators, 185

Scanning speed, control of, for hardening,

59

Seam welding, continuous, 89

Selective heating, 1

Semiconductors, r-f crystal growing of,

Protective atmospheres, through-heat-
ing, 82

Protective devices, for motor generators,
225

for r-f generators, 184
Proximity heating, 28
Pyrometer, radiation type, 242

Q factor, measurement, 206
r-f, 157, 161, 192, 193
work coil, 102, 196
Quench, agitated-bath, 60
angle of incidence, 59
gear-hardening type, 62
medium, 60
ring, 61
“‘static,” 60
types, 58-60
Quenching, 40, 57
cracks, 60
spray, 60
steel, 58

Radiation, certification, r-f generators,
207
correction factor, 50, 51
heat losses, 3, 43, 44, 120
stray field, r-f, 207, 208
Reactance, air-gap, 141
busbars, 267, 262
coils, 141, 144
machine-frequency cables, 261
work, 141, 142, 144
Rectangular slab, magnetic field inten-
sity, 20
power and flux induced in, 18, 19
Rectifier tubes, 80
circuits for, 181
References, 285
Refractory materials, coil liners, 153

108, 200
r-f zone refining of, 199, 283
Shaft hardening, 101
curves, 91-94
Silver brazing, elloys, 83, 85
joints for, 82, 84
power density, r-f, 121
Skin effect, 1, 30
Smoothing, power supplies, 180
Soak chamber, 31, 46
Soft soldering, alloys, 83, 85
gaps, 89
induction heating for, 88, 90
power density, r-f, 120
temperatures for, 85
Solenoid-operated air valves, billet heater
244
Solid solution, steel, 39
Space charge, 167
Spark-gap converters, 104
Specific heat, metal, 42
Standing wave ratio, 255
Standing waves, 255
Stations, machine-frequency output and
work-handling, 227
Steel, selloying agents, 88
carbon and alloy content, 69
installations, dual frequency types,
65
power input for, 2, 64
temperature curve for billet, 64
through-heating, 65, 73
Steels, for induction hardening, 56, 68
normalized treatment, 56
previous heat-treatment of, 56, 69
Stirring effect in melting furnaces, 101,
104
Strip heating, bright tin reflow, 106
Surface heating for hardening, 72, 91, 122
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Systers, design of, 3
machine-frequency, types of, 232
power-efficiency, cost of, 3, 236, 257
supply-frequency, advantages of, 237

Tank circuit, autotransformer, 162
coupled transformer, 161
r-f, 158, 160
split tank coil, 161
types of, 161
Temperature, negative differential, 67
surface-to-center differentials, 52, 54
p e control systems, hi
frequency, 225
r-f, 202
supply-frequency, 272
Temperature distribution, 31
in busbar, 35
in steel billet, 52
Temperature drop in busbar, 36
Thermal conductivity, 33, 35
iron or steel, 35
Thermal power work, 112, 115, 119
Thermocouple, twin-prod type, 242
Through-heating, example, 124
forging and forming, 71, 114, 235
nonferrous metals, frequencies for, 109
production efficiencies, 80
“‘single-shot," 73
temperature-controlled heat cycle, 72,
7
temperature distribution, 46
time-controlled hest cycle, 72
Tool-tipping, 83
Transfer switches, r-f, 263
Transformer, machine-frequency, types
of, 223
r-f, design of, 196
equivalent circuit, 191
KVA-transfer efficiency, 194, 1956
power-transfer efficiency, 192, 193
variable coupling, 198
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Transformer, supply-frequency, power
control, 240
Transformers, basic equations, 4, 29
current, 3
high-voltage, utilization factors of, 183
short-circuited secondary, 5
Transmission cables, machine-frequency,
259, 263
characteristics of, 261
Transmission line, characteristic imped-
ance of, 253
inductance of parallel bar, 257
meximum power transfer efficiency of,
254
parallel bar characteristics at machine
frequencies, 262
r-f, 252
design of, 258
Turns, coil, calculation of, 136, 138, 145

Vacuum induction melting, 104
Vacuum tubes, industrial, characteristics
of, 175
construction of, 167
cooling methods for, 168, 169, 171
design principles of, 167
efficiencies of, 174
protection for, 184
Vector diagram, solenoid coil, 139
Voltmeter, r-f, 204, 205

‘Water cooling, busbar, 37
‘coils, 137
oscillator tubes, 169
‘Work, reactance of, 141
resistance of, 5, 141
‘Work handling, machine-frequency types,
229

supply-frequency types, 245

Zone refining, silicon, 108








