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THESIS



The objective of this thesis is the study of the
application of induction heating principles to the
heating of several metallic pieces to obtain the desired
results, By means of the formulas that will be presented
later, the circuit requirements are calculated and
suitable coils designed to accomplish a determined
purpose, namely, to heat the material up to Tdegrees
Farenheit in t seconds,

One of the sources of trouble in induction heating
is the variation of the resistivity of metals with
temperature, This effect causes the load power to vary
and therefore the reflected impedance due to the load,
and the Q of the work coil., As a consequence, the Q of
the tank circuit, the tank voltage, and current change
too. This can be best understood by inspection of the

circuit diagram,
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Considering the circult shown as equivalent to

the actual circuit, we can write

N ;
X.j, \: 1 ™,
44 —_——— - C———————— ——
Work Metal
coil to be heated.
2
Rg = Ry # SlgﬁL_J%z (1)
Ro® « (WL2)2

X5 (WM)2
X = X, = 22
e T RT Y (WLy)?

Therefore, there is always an increase in
resistance due to the secondary circuit and a decrease
in reactance, It must be well understood that the
original reactance, ﬁl, to be considered, has the same
magnetic circuit as the actual one with the only
difference that the secondary circuit is open circuited.

Thus, in the case of heating a copper tubing, Xg
is measured with the tubing inside the coil, and X3
without the tubing. The experiment shows that X, and
Re are 1.93-% and 0.161- 1, X; and Ry being 2,41 and
0.160 S,

The problems dealing with magnetic loads are

somewhat more complicated, although the variation of R






follows the same behavior, In this case Xj; would be the
coll with the magn#tié : core inside but not allowing any
secondary current to flow. This is certainly not the
same reactance as that measured with the coreless coil
and can be thought of as the same coil with a laminated
core of the same permeability ., This way, starting from
the coreless coil reactance ¥ we can obtain X; in the
following steps:

1) - Coreless coil X,

2) - Same coll with ideal 1aminated: core
X1 = XoM

3) - Same coil with actual core:

Xo (wM)2 Xo (w2
X, = X1= ==g——7 = X, M - =2
e~ 71" R Xp oM RoZ¢ Xp2

The following experiments show that X, > X, and of course
that Re > Rj.

In all the problems on induction heating, the
varlation of the resistivity of the load plays an
important part, While the computations on » - f - power
deal with the resistivity that corresponds to the aver-
age temperature of the material to be heated, the design
of the tank circuit must be made considering the minimum
Q, that is the maximum resistance Rg of the circuit.
Formula (1) says that this corresponds to the maximum
resistivity of the core. During the operation, changes
in Ry due to the temperature, produce changes in Ry and

therefore in the Q of the main tank. This, in turn,



causes the tank voltage and current to change and as a
consequence the D.C, plate voltage must be adjusted
continuously to keep a constant tank current and so a
constant magnetizing force, All this will be illustrated

“later with the aid of wector diagrams,

CALCULATION OF REQUIRED MAGNETIZING FORCE

"Radio Frequency Heating" by Brown, Hoyles and
Blerwith, on page 29, gives the following general

formula for heating cylindrical conductors.

AT +- CegeS. rationalized
= = . -7 practical system of

S~

i ST u.nits.

By,

when: P= Watts per unit length

Ho = magnetizing force of the coil without
the core,

1" = conductivity. .
/. = radius of cylinder

skin depth in the cylinder

:
1]

F = a function of several Bessel's
functions plotted in the following graph:
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In all the experiments performed in connection with

this thesis a/s was much higher than 5 and so we can set






F equal to one,

P= §J§_§g€ . _g_ watts per em length.
=
The power density (watts per cm cube), becomes:
8 il Hy? a 8 H,2 3
(1) PD = Q. = 2 0o __ watts/cm
Voo S . a s
(2) But 1
S & —Fm———m——— cm (Brown's page 17)
2i14[1079w
’. \ ]
Therefore; ; B
v o = o [ A N T
(3 pp= o L e

From here on we will analyze separately the

magnetic and non-magnetic materials,

MAGNETIC MATERIALS

By definition

Therefore:

But since induction héating is accomplished under

sa turation conditions -

B = constant

it |

and: /| o Where S
/ 1. LA - ALY

. - . | -

Therefore: P,D = --—

where P is the resistivity of the
material






Id

and i : \ oy ”

The variation of P with the temperature causes the energy
input to vary continuously so that the total energy input

per cublec cm 1is: - .

Assuming now that the temperature increases linearly
with time and neglecting the initial value, we can write:
t° = K1 t sec.

Assuming also that the resistivity increases with temper-
ature following a straight 1ine through the origin, we
can write:

o= K11 tO = K3 ¢ sec

Where K; = ;1 x k!
This assuunption is not very far from the actual condit ions
as can be seen from the corresponding graph ofl? =* (to)
Fig. (1). Besides, as far as power computations are
concerned, it yields acceptable results since the main
contributions of energy are effected at higher values
of P when it approaches the straight line closely enough.

Under these conditions we can write:

—— L — a ) ;/ ) |






But Ppay = X1 Tgec- Therefore:
N
= 2
E=G. ~\Pmax I ?sec
If p is a linear function of temperature, as has been

assumed, then:

Prax = 2 Paverage

Therefore: )
6 . )+ ! -) 4 )+ 3/2 Y
E = 6x0.945 ./ Pave Tsec, = 0:.945K Hy (Pave!t Tsees
Howevers: a |
E = (PD)yye X Tgecs,
So: 3/2 B
- 0945 KTy
Hence:
2/3
Hy = ( (P’D)ave a g cgs rationalized
(O'9MS‘K’V/j Pave) system of units
The value of K = 199 x 10'5*‘ 4 depends upon the
. [

magnetic induction of the material at saturation and,

of course, it changes if we change the system of units.,
For ferrous materials, "Electronic for Industry"

by Bendz gives:

. {Exa 23

o - -

( 0.438 v { Pave )

oersteds

Where:
L watts/cubiec inch

PD

diameter in inches

resistivity in /. inches

hu
"






H, = peak magnetizing force (oersteds)
M = relative permeability
B = magnetic induction (Gausses)

The condition

-g - % Z 4,25 ( to make F = 1) expressed
in these units becomes
—
d%inches . d e . d M 2 yos
s(inches 3170 p 3170 - - o2
d-iﬂ&— N e

- YN
d«-\/ﬁi_ =. 13400
Pone,

The value of/b\ to be used in these formulas was found

from experimentation (Bendz's, page 298) to be:

/1 = 1.8 BpSRfUIAtlon - 4 g x 18000 = 32400
HO ' HO

NON-MAGNETIC MATERIALS

Letting /,\, equal unity, equation (3) becomes:

. 159 x 105 x Hy2
P.D : lp,l

Under the same assumptions done before, the following

final formula can be obtained (Bendz's 304)

Hy =q EDxd oersteds

-3
2,99 x 10 \W'

Wwhere, as before:

diam, in inches

resistivity, -~~ inches



f = frequency, cpo.

The condition g "7 4,25 Dbecomes:

A \/ i -7
e

SELECTION OF FREQUENCY

\,
r

The original formula

~

and the plot of F as a function of § shown before, show
that increasing % in the range 0-2,.25 (by increasing
frequency) causes a high increment of F and thereforeP,

when & reaches 2,25, F reaches 0.8 and approaches
saturation., Therefore, we can define a minimum fre-
quency (for % = 2,25) for which the coupling of energy
is efficient,

In fact, let's analyze the variation of the ratio

"power absorbed in the core to power lost in the exciting

solenoid" as a function of F.

EOWGI‘ core
E =

I” R golenoid

But

Rsolenoid = =3 50 (Brown's, page 22)

Besides from (2)

o o Where the A's are constant

DT e—

- for a given material



Therefore:

RSOle - A.2 !\‘| f
Similarly:
a _core - e
s core A3 T
So:
Rsol. = A#a core
S core
and .
Power core Power core
E = IzAh a core = A. a core o 2
s core 5 s core Ho
substituting % 2
o
and from ( 4 ) gives:
E= i F If & »2,29 F " constant
Therefore T, constant,

With higher values of frequency (a/s ™ 2,25) we
couple, of course, more energy into the core (for same
Ho) but the ratio E 1s very nearly constant and so is,
of course, the efficiency.

The minimum frequency for efficient heating is,

therefore:
a
S = 2,25
So §=a 2ff‘/'Jg_vj¥;” = 2,25 (cgs rationalized
o0 units)
128,5 x 10°
4 = .- .
’/ min [ PN o L

/

In the specific case of the piece of iron that
will be heated in the 1lst experiment we have:

. = 26000 —  (to obtain the higher
min - /

_—-.\. RN ; min)






t. =938
0.5" = 1,25

Q
]

Therefore: 6
. l28.5 x 10 = 34 e
5min.26000x938x1.56 = ]t

The critical frequency to heat a 0,5" diam. copper

cylihder is: N : L e L

+ : S ——

P, et
The equipment used to conduct the experiments
has a frequency of 350 KC, thus obtaining the highest
possible efficiency for a given material and work
coil, The object of using so high a frequency is to

couple more power into the core for a given circuit.

EQUIPMENT AND VECTORIAL DIAGRAMS

The equipment used during the experiments was a
1 KW, 20 amp, tank current, Westinghouse Generator.
The equipment is so designed that we can obtain two
different frequencies by changing the connections.,

a) Hartly circuit - For dielectric heating
with a frequency of 10 M c¢/s.

b) Feedback oscillator - For induction circuit
with a rated frequency of 300 KC.

-11-



The experiments were run with the oscillator set
in (b) and the frequency was checked to be 350 KC.
Essentially the circuit is as shown below:

i b

X - ey

| N
/"_A }

C
ot
N
N

The ectorial diagram can be drawn for the tank

circulit as follows:

b=



when the material to be heated is introduced in the work
coil, it has been found that Q decreases due to the
reflected resistance as has already been explained.
This produces a slight shift in the vector diagram but
the main effect is that the current j«. decreases,

In fact, the impedance of thre tank circuit at
resonance 1is:

so, if R increases R,
decreases and, for
) the same plate current,
" o E, decreases too, This
R causes I, and I to
decrease, )

When tlre material is being heated the reflected
resistance changes continuously due to the variation
of resistivity of the core with temperature which causes
the above mentioned change to take place, As a result,
if a constant magnetizing force (constant (L) is
desired, the anode supply voltage Epp must be
continuously adjusted,

The measurements of temperature were made with
two iron constanton thermocouples whose calibration
curves are attached, Fig.(2), The 1lst couple was used

during the 1lst experiment and the 2nd one was used in

the others.

-13-






HEATING SEVERAL SAMPLES OF LOW CARBON STEEL

-14-



The following specific heat and resistivity data

was obtained from the "Handbook for Metallurgical

Engineers",

SWEDISH IRON

or S_HEAT DENSITY RESISTIVITY

68 .1079 70°F - 7.85

77 .108 600 - 7,78 ©c Of P
0% ,1097 1200 - 7.63 o 32 13,2
140 ,112 100 212 20.1
212 114 200 390 274
302,121 300 570 36.
392  ,128 Loo 750 46,2
482 134 500 930 58.3
572 140 . 600 1110 72,
752 ,151

932 ,163

1022 ,172

1112 ,188

1200 ,208

So the following average specific heat values were

obtained for different ranges:

70°F -  ,1075 BIU/pound OF = small col/, .

l{
'

70 = 200 - ,111
70 - 600 - o 12""
70 - 1200- 3 1""3

-15-



EXPERIMENT #I

Piece of iron (0.,2% Carbon) 5.25" long,
0.5" diam, to be heated from 70°F up to
600°F in 1 minute.

1) Calculation of Thermal power required:

TP = 17,6 MC " T where:

M = rate of material to be heated per minute
(in pounds/minute).

C = average specific heat in BTU/pound OF

T

temperature variation in OF
In this case it is:
Vo, = 1,03 cu, inch
Density at 700F = 7,85 5%3 = ,284% %%%?gnch
Hence:
M = 1,03 x 0,284-= 0,292 pound
Besides
C20 - 600 OF = 0,124
Therefore:

Thermal power = 17,6 x 0,292 x 0,124 x 530
= 338 watts.

2) Radiation, convection and conduction losses,

plece

Conduction losses are very small because the

is held by two O,1" diam, pivots fixed one at

each end.

The radiation and convection lossess are less

than 10 watts (from Bendz's, page 301) and therefore

are negligible,

-16-






3) Power density,

p.p = lotal input (watts) ., 338 _ 3og Watts

Volume of metal in 1,03 ~ Cub.inch
coll

4) Peak magnetizing force:
The corresponding formula for a solid magnetic

cylinder is:

H _/PD x d 2 alid where d ,iA: o
poi =( Bl ) 2 vemawnere
Where H = o:--i.
d = diameter (inches)
- = relative permeability
= resistivity at average temp (335°F) =
;]= frequency in C/S = 350,000 C/S

As already explained, the permeability to be used in

these formulas is:

- = 3200

The magnetizing force therefore becomes

- v

| 328 | ‘
He ' 0.3 /33 x 107 %10 %1070 = 200%/3 =
v

peak

- 3.5

. = 32400 _
) W5 - 93¢

The condition

is satisfied.






5) Coil design:

The coil was designed to be 6.7" long so as to
cover the material thoroughly., With a 19 min, interior
diameter this allowed a clearance of 32 mm around the
work piece. The coil was made of 19 turns of copper
tubing 6 T diameter, The outside diameter became
1 4

The sketch below shows the coil with the iron
plece insides _ o Y, =

|
!
|
|

N e

6) Coil current.
The values of H in - and I in amperes

are related by the following formula:

[ ).t

{ C L (uned)
If H is to represent the peak magnetizing force and I

is expressed in terms of (.- ) of a « * wave, then:

/ L

Ly






Therefore:

To take account of the coil-core spacing the factor

K, is added:

,"J:‘"' AL L .

Z s — | (Bendz 312)
\I

coll length
spacing

K; being a function of

In this example the current will be:

4

£ o f } o

Where for a %%gg%%g ratio equal to 45, Ky is very
nearly 1,02, Hence:

I = amp. 18.0
As the rating of the equipment to be used is 1 KW,
20 amp,, this experiment can be run without further

complications,

The table shows the experimental results where the
values of temp, I and V were measured, thus allowing

the calculation of the impedance to be made:

-19-






TABLE I

Temp.(over
room temp.
Th.couple
£ Sees, I .3 OF V Z
350 KC 10 ‘f: 2,9 95 61 3.3
: 20 5 %go 23 3.#1 L
0 Temp. in 1
" eB %fé 33% 32 3.57 minute =

" 0 11 420 66 515 ¢« 70 =
" 26 13.5 515 66.3 '}";Z 9  5850F
n 90 18,2 700 69, 3,73

To separate both, the resistive and reactive
components of 2 , measmurements of the Q of the
circuit were done by means of a (J meter, The material
was heated up to a certain temperature and quickly
connected to the Q meter and disconnected from the
heating equipment, The same operation was repeated
at different maximum temperatures,

The following data was obtained:

TABLE II
OF over
room —
f _ temp, Q T - T‘
350 KC 70 9 \’r ALY oL
n 2 0 ‘Wt‘l\ e /
; 50 % | T e—
[T 700 l+ |
" 800 3.3
" 900 3.5

Plotting 2 and Q as functions of temperatures
in Fig.(4) provides a means of determining the values
of R and X independently. The separation of R and X

was made by means of:

-20-



(z2 = R2 4 X2

(
(Q
(

X

—

Solving the above equations gives:

2 X2
Zz-X "‘67

Hence
_ Z2

X2 =
1l s 52

R

= X2 (14 %2)

X

R =

PTNINSNNNNN

The following table gives the results obtained for

the first sample tested:

TABLE ITI

OF over

room temp, Z Q. X R
100 3.3 8.7  3.28  0.377
200 .43 7.6 3,403 0.W47
300 3.52  6.55 3.48 0.532
400 3.5 5.5  3.50  0.636
500 3.60 4,73 3,53  0.746
600 3.6% 4,23 3,5%%  0.837
700 3.73 3.9  3.61  0.927

The same measurements were repeated for the coil

alone over the range of temperature from room tempera-

ture up to the temperature that the coil attains when

the material has been heated.

It was found that Z and

Q are constants, the values being:

-21-






TABLE IV

Coil
Alone Q Z X R

The same

range of

variations

of temper-

ature 15 2,42 2,41 0,16
Where X and R have been calculated as before.

These curves are drawn on the same graph as the

parometers of the cored coil (Fig, 4). The curves of
Fig. 4 show to what extent the resistance and

reactance of the coil increases when the core is set

inside.

CALCULATION OF COIL VOLTAGE

The following vector diagram shows the core and
coll currents and voltages and the distribution of

fluxes through the core and alr space:

it

\
[P




~ ‘



Where:

iw, Ey, flux through the work piece and corresponding
emf in the coil -

QA, Ep, flux through the air space and corresponding
emf in the coil -

I, & coll current

Iy - core (secondary) current -

Ez - secondary emf (core)

H - magnetizing force duetoe the coil current.

The coil current produces tle magnetizing force
H and the flux §, in phase with it, The flux in the
core ¥, is 1n phase with the magnetizing current Ip.

The emf induced in the core Ep is 909 lagging
2, and the core current I» is lagging due to the
reactive characteristic of the gircuit.

The primary emfEj is made up of two parts: E,
due to the flux in the air space, and E, due to the
flux in the work piece, Both these vectors are leading
the corresponding fluxes,

The variation of H (peak magnetizing force) vs.
the diameter of the coil and work plece, is shown to

be (Brown, p. 28) roughly:



—— o — 4
\ ”
. I
, —'T-‘ B B
F T
!
- o
’ !
- - i ) I l *
3 RN --—'—-;___. <4
. - L —. -
P R —_

C - i PO

Therefore, the flux through the air space is

< ¢, B and H
T = 6.45H (A1l = Ay) g cés u;;_lts ;

Where

A coll = cross sectional area coil in inchesl'

Ay, = cross sectional area work piece

The flux through the work piece is calculated
assuming that it penetrates the material at a constant
value B (phase and magnitud constants) to a depth
equal to o below the surface. It is further assumed
that the material is saturated and B = 18000. (See
transactions A3jEE Vol, 63, June 1944, p, 273).

On this basis the total flux through the material

1s approximately:






s)t: r |

@w = 18000 T7 .d . § x 6,45 ( S and d in inches)
Where

é; = 17,6 ’ ﬂ_??mL__ % 17.6\/3u‘5 §51i030§10-6 inches

Where

P = 37 thO“éJlbug = 14,6 x 10‘6 . inch

(Corresponds to 600°CF)

So:

= 12,6 x 3.8 _ 67 x 10-9 inch.

S} 102

Under the assumptions made Ty is in phase with
B in the surface which is, in turn, in phase with I

coll, Therefore, the diagram becomes:
{e,
AEN

~ N

1Y
ol

\
‘:31






In this ideal diagram we are neglecting the in
phase component of E, that is small compared with the
reactive component, "

Now we can compute E,, and E;.

E, = 328,6 x £ x T x 18000 Ir 4 §¢ x 10-8 volts.
= J0.0162xf xTxdx6 = J 36 volts

Where T = coil turns = 19, .d = core diam = 0,5"

f = frequency.

The value of E, must be calculated by means of
the equivalent ideal coil., The same coil shall be
discussed in connection with the heating of a non-
magnetic material,

From there we get:

A coll - A, = 0,67 - 0.196 = 0.47% sq. inch.
Therefore:
Ep = J 28.6 x £ x T x H x 0.47% x 10-8 = 331 volts

Neglecting the internal resistance and reactance
voltage drops we have:

Ep = J31 ¢ J36 = § 67 volts.,
This value corresponds to 600°F and coincides

with the one measured in the experiment,

From there 2 =—£- = 82 = 3.73g0 (600°F)
When the core 1s taken out, all the voltage drop
is due to the flux in the air and, assuﬁing roughly

the same current distribution in the coil, we get:

-26-






(A coil
E ﬁyz- 0
(8, = 6.45H X Agpil = H x 0,67 x 6,45

0.67) inch

Therefore; if H is kept constant (I = 18.0 &mp) we get:
E , =0
j28.6 xf xTxHxo0.67 x 108 = 4l volts

E,
and the reactance of the coil would be:

E 44
Xeo1l =T = 75 = 2.
a?.one I E

This coincides with the value obtained from the
experimeﬁt.

Therefore, the introduction of the iron core
increases the reactance of the coil from 2,4 _ to
3.73 nLat 6000F and also reflects some resistive
component that can be calculated by means of the power
factor:

Internal Power factor is:lnmlt to the core (watts)=
VI (work coil)

Where V does not take account of the internal

IRy and IXj drops.

cos ] = é%—‘i%t—s = 0,28

cos%%:o.za

Vhere . is the angle shown in the diagram



v=E+Ew

Therefore:
R Z.3a73.% 0.28 = L.O45 . (at 600°F)

The total resistance of the coil with the core
inside is the sum of this term plus the coil
resistance, This was measured and was found to be:

Ry = 0.16 .
Therefore:
RT@tal = 0,16 ¢« 1,045 = 1,205 .o (at 600°F)

This figure differs from 0,837 . found in
the experiment by 30%. This is understandable if we
consider how indirectly this experimental value was
obtained.,

The efficiency of the coil is:

2
effy = 1= 1.045 3100 = 877,
12 1,205

-28-






and the total power factor

cos P = %:-3-%5 = 0.323

The above results have been plotted in graphs

2, 3 and 4,

EXPERIMENT #2

Piece of iron (0.,2% carbon) 6" long, 0,37"
diameter to be heated from 70°F up to 1000°F in one
minute,

1) Calculation of required thermal power:

Again:

TP = 17,6 X M Xx C XA T (units as explained before)

In this case:

Volume = 0,645 cub, inches

M= 0,6, 45 x 284 = 0,1, 83 pounds/minute,

C = average 70 - 1000°F = 0,137 BTU/pound x°F

Therefore:

TP = 17,6 x 0,183 x 0,137 x 930 = 410 watts,
2) Radiation, convection and conduction losses at

maximum temperature are 17 watts (4%) and will be

neglected during the calculations,

3) Power density

= 410 - watts
PD = 0.645  ~ 637 cub,Inch

-29-
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4) Peak magnetizing force:
The same formula used before applies in this

problems:

s _
Hpeak = (BRxd ) /3 valid when d\'/i‘zn,broo
(0,438 \[fp ) 2

The resistivity is:
P = Psygop = 34 psvom = 13k x 10-® U inch

Therefore:

H = (éﬂ.x 0.37 . - 2/3
peak  §0,.438 V35 x 1o*x13.1+x10‘6;

= (249)2/3 = 39,6

The conditilion

T
[818 x 35 x 10% . 4 37 4 105 x s
Y 13.% x 10-°

= 1,700,000 _> 13,400

Where: /k = 3%gQ% = 818 1is satisfied.

d &PJL= 0437

5) Coil design.
The same work coil employed in the preceding
problem was also used for this experiment, A

sketch of the coll and core is shown below.

14 figures
in mm

31




Coil length = 6,7", made of 19 turns of copper
tubing 6 mm in diameter,
Coil current:

As in the preceding example:

I = 1e%3 X Hpepp X { (inch) Kq
N

Where Ky for a ratio:

Coil length o 16% . 33
spacing 4,8

is:

Therefore:

1= let3 x 22 8 X 6.7 1,03 = 20,6 anp.
The experiment was run at 20 amp, this being the
maximum rating of the equipment used.

The following table gives the experimental

results obtained:

TABLE V

f secs I temp(over \Vj Z
room tegp)

350 10 20 3.5 150 63 3,15
350 20 20 6 250 66 3.3
350 30 20 9 375 68 3.4
350 40 20 12,2 520 70 3,5
350 50 20 16 660 75  3.75
350 60 20 19 790 78 3.9
— v Temperature in
1 minute = 790
+ 70 = 860°F
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Voltage data has aléo been obtained to calculate
the impedance of the cored-coil,

Following the same procedure as in the first
experiment, the Q of the cored coll was measured at

different temperatures, the following results being

obtained:
IABLE VI
OF over
g room temp, Q
350 700 9.5
350 300 7
350 400 5e
350 500 5
350 700 3.5

Both Q and 2 were plotted on the same graph as
a function of temperature (Fig. 5). Therefrom pairs
of values at the same temperatures were obtained, As

a next step X and R_were calculated as before:

TABLE VII

OF over

room temp, - Z Q X R
100 3,09 9.3 3.035 0,327
200 3625 8.1 3.22 0.397
300 3.35 6.8 3.32 0,488
400 3okt 5.6  3.35 0.6
500 3.5 4.7  3.43 0.73
700 3.8 3.7 3.68 0.995
800 3.95 3.4 3.79 1,11

-32-






As already stated the coil used in this experiment
is the same as the one used before; 1its reactance and

resistance being constant and of value:

Z = 2,42
X =241 _
R = 0,16 _o

AThese curves have been plotted on the same graph
as the curves for the cored coil, The curves indicate
to what extent the resistance and reactance of the coil
increased when the core is set inside,

All the above results have been plotted

graphically in Figs. No. 5 and 6.

EXPERIMENT #3

Piece of iron 1.48" long, 0.75" dlameter to be
heated from 70°F up to 600°F in one minute,
The procedure is the same followed before.
1) Calculation of required thermal power:
TeP = 17,6 XM X C X AT
In this case:
Volume = 0,655 cub. inch,
M= 0,655 x 0.28% = 0,186 pounds/minute,
C = average 70-6000F = 0,124 BTU/pound °F.
Therefore:

TP = 17,6 x 0.186 x 0.12% x 530 = 215 watts.
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2)

3)

L)

5)

Radiation, convection and conduction losses are
negligible,

Power density.

L 215 . watt
PD=57655 329 o Then

Peak magnetizing force:
The formula to be applied is the same as in the

preceding problems:
(PD x 4 )2/3

H =
peéﬁ_~—£9:h38 r?FT;
a Vﬁ7t#f—— = 13400

When:

valid when

i)= p 335% = 25/;\@\«: 10 x 10'6 JL inch,

Therefore:
H ., = (329 x 0.75 2/3 .
peak T =%
0.438 \/35 x 10" x 10 x 10
3002/3 = 14.5.

Hence:

/4 - 32%%9—-; 720

The condition:

n
d\//‘ - o. 75\/720 X 350f610 = 75000 x 50,3 =

3,770,000 > 13400

is satisfied.
Coil design:

The coil was made of 6 turns of 6 mm diameter

copper tubing and was designed 5,7 ¢wm (2.24% inches)



in length and 3% mm outside diameter, thus allowing a

clearance of 1.5 mm around the material,

Figures in mm.

6) Coil current:
I = 143 x Hooe x L (inch) Ky =
N
1.43 x 25 x 2.2% g

Where K] correspondends to a ratio:

coll length = = X, =
1l lene ;@5 38  So Ky = 1.03.

Therefore:
I=24,7
To get this current through the work coil with
the 20 amps rated equipment, the work.coil was shunted
with a high voltage .075/ukf mica condenser, The

following data was obtained:
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TABLE VIIT

OF over

room temp,
4 secs I,,j; Mamp. Op v z
350 10 25 2.5 105 22,3 0.393
350 20 25 4 170 23 0.92
350 30 25 5.5 230 23 0.92
350 40 25 7.9 310 23,8 0.953
350 50 25 9 375 23.8 0.953
350 60 25 10.2 430 24,1 0.964%
350 80 25 14 580 25. 1.
The scheme shows
the parometers
measured,

e

_ w&éi VoIt

I

R

Final temperature in 1 minute = 430 ¢ 70 = 500°F
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The Q readings gave the following results:

TABLE IX

OF over
room temp, Q
70 7
200 7
500 5
700 [
1000 L

Finally, computations were made for the reactance

and resistance of the coil as before.

IABLE X

OF over

room temp, Z Q X R
100 0.89 7.35 0,885 0.12
200 0.92 6.7 0.911 0,136
300 0.945 6,2  0,93% 0.151
400 0.96 5¢6 0.94%6 0,169
500 0.975 5 0.956 0.191
600 1. .+  0.975 0.221
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The corresponding readings for the coll alone are:

TABLE XI
t
over roon Q Z X R
700 10 0.8 0.796  0.0796
600 10 0.8 0.796 0.0796

Measurements of the temperature were made at
both the surface and the center of the piece under
identical conditions and running the experiment with

20 amp. The following results were obtained:

TABLE XTI
OF over room
temperature
ICOil Center Surface Secs
20 amp. 130 130 20
" 170 170 30
" 210 228 40
. 263 278 50
" 317 333 60
" 470 490 90

It can be seen that the temperature is fairly
uniform due to the small size of the piece and the
fact that the heating was rather slow.

All of the above results have been plotted
graphically in Figs, 7, 8 and 9.
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COIL VOLTAGE COMPUTATIONS

Following the same procedure as in the first

experiment and neglecting the in phase component:

} =

-l

Ie

By = 0.06 & a x { xTx Sf volts
( 5~ and . 1in inches)

Where:

- ‘| Hx - 45 x 15 x 10~°
ij 17.6 } max. 17.6J 35 % 104 inches

Where
Pmax = PéOOOF = 15 X 10-6 ,-rL inch

Hence -

- -5
5k (6000) 77.% x 102 inches.

Therefore: .

Ey (6009) = f 0.0162 x 0,75 x 35 x 10* x 6 x 77.4 x
1077 = J 19.75 volts

Besides:

E, = ,} 28.6 x § X T xH(Ag - A, x 1079 volts.

A, 1s the cross sectional area of the equivalent ideal

coil, As will be explained later in connection with

)
the heating of a copper tubing, the spacing JL of



this fictitious coil would be: (Brown's Chapter VIII)

actual current density

F‘».—-

oj\—- equivalent

ideal coil
1 (a)2
h- = h 1-(—?1_) Where a = 3 mm
h=4,5 mn

hl = k5 \[1- 0,445 = 3.33 mn.

Therefore the diameter of the ideal coil is:

d, = 1,01" and the area: A, = 0.8 sq. inch.
Hence:

E, = 7’ 28.6 x 35 x 10% x 6 x 45 x 0,358 x 107° =
=j 9,66 volts

Therefore

V 2 Ep +Ey = J9.66 + 3 16.75 = j 29.41 volts(600OF)

And:x = 23.41 = 1.15_,
i







Actually E, has an "in-phgose component" that provides
the power input to the load.

We can thus calculate the internal power factor
(not including the IQ\', Ty, voltage drops in the coil):

internal power = c,y{). _ TNput _to the core (watts)
factor - vV V I (work coil)

Where V - EA + Ew.

CU$V;
Therefore:

Rpeflejoda = 1.19 x 0.296 = 0.35352

= 0.296

]

N
=
\

v
T@eotl /
vE T e
;

The total resistance of the coll with the core
inside is the sum of this plus the coil resistance.
This was measured and was found to be:

Ry = 0.0795

This value 1s high compared with that found in the
éxperiment (0.221). This disagreement 1s due partially






to the fact that the power wzs less than 215 watts as
can be observed by looking at the heating curve. How-
ever the power could not be measured directly to check
this.

Besides, the value of R from the experiment was
found through a very indirect way basing our compu-
tations on the measurements of Q done with an inad-
equate instrument and for thls reason it cannot be
considered accurate.

The total power factor:

cos fr = 0.4326 = 0.363

1.I5
And the efficiency of the coil:

effeclency = 12 x 0.353 x 100 = §7.8%
I2 x 0.4326 \

Condensercomputations.

In the last experiment of this paper there is a
complete discussion about the apnlication of condensers
in parallel with the work coll.

- Starting from V = 29,41 volts and selecting I con-
denser so that:

= I
cond coil equip

Ewven though this formula 1s not estrictly eorreé¢tit can
be applied successfully due to the fact that i, is al-

most an entirely resistive current.
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N

V

y\IrdTeA
\lﬂmha
I
We can write
ICond = V. C. W.
¢ = leond = 4.7 x 106 “f_

VW 29.41 x 2irx 35 x 10% /

0.073 u

/
4

Q
"

EXPERIMENT # 4

Irom tubing 3.22" long, 0.11" thick and 0.84"
external diameter to be heated from TO°F up to 600°F
in one minute.

The calculations follow the same procedure as before

1) Thermal power:

TP = 17.6 x Mx C x AT
Where
Volume = Vi x UTBE® - 27652 x 3.22 -

T
0.805 Cub. inch

M = 0.805 x 0.284% - 0.229 pounds/minute
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C = average 7O - GOOCF - .124
= 530
Thence:
TP - 17.6 x 0.229 x 0.124 x 530 - 265 watts.
2) Radiation, correction, and conduction losses
are negllgibles

3) Power density.

PD = 265 = 2’)5 = 149 watts
total o[ cub. inch
volume

L) Peak magnetizing force. The same equation
for solid magnetic cylinders applies for the
hollow ones if the wall thickness 1s greater

than the depth of current pcnetration or:

Wall thickness -= 3170, [- /

Therefore: J//( f

'_"’ PDXd\2/3:{

K TSR] O3
/'

(335°F) - 10 x T0°x<. inch

H =< 285 )2/3 _ 28.6
«Of

So:

144 %x 0, 3'f

- 1130

N = 32400
/ 385 -
The maximum skin depth takes place at maximum
temperaturo It is:

(600°F) - 39/«mhn= 15 x 10~ 6 A_ inch

Skin depth - 317q/ 15 x 1076 .3170%1.95
1130 x 3% x 10F 107

6£.18 x 10-% inches
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The condidion
Wall thickness = 0.11")> 6.16 x 10~% inch
is satisfiled.
5) Coill design.
The coil was made of 10 turns of & hnam
dlameter copper tubing and was aesigned
3.5" (3.9¢m) long and 38 imahns outside diam-
eter thus allowing & clearancc of 2 imonss
around the core.
6) Coil current

For coil length = 89 = 45 K, = 1.02
spacing 2 ("Bendz page 312)

Therefore:

I ., =1.%3x28.6x 3.5 1.02 - 14.5 amp.
coil 10

The following data was obtalned:

TABLE XITI

t seecs. I coil OF over room

Temp. \ <
10 15.5 1.3 60 36 2.32
20 " 3.2 140 33 2.45
30 " 5.4 230 Lo 2.7
40 ! 7. 220 42 2.7
50 " 3.7 360 +2 2.7
50 " 10.5 35 o 2.7
90 " 15 620 Lo 2.7

Final temp. 1a 1 minute = 435 + 70 = 505°%7.
Following the samec procedure 85 before the Q's

Were measured at different tcomporcturz.

=ho



TABLE IV

Teno Q
70 7.5
350 6
o000 R
200 4

From the graph No. 11 the followlng table can be

constructed:

TABLE XV
OF over room

temp. Z Q X R
100 2.4 7.6 2.38 0.313
200 2.6 6.3 2.57 0.378
500 2.7 6. 2.505 0.444
400 2.7 5.2 2.55 0.51
500 2.7 4.5 2.04 0.587
00 2.7 4.2 2.53  0.603

The following readings were obtained taiiing tne

core out of the coil:

TABLE XVI

Coil Temp
alone over rcom Z Q x R
10 1.75 15 1.715 0.114
)}50 1] 1t 1" 1
'roo " " n 1"

All these results are plotted in figs. 10 and 11.
Cordlusions are similar to those drawn from experiment

No. 1.



EXPERIMENT # 5

The same iron tubing was heated with a coil
inside, and & higher current using a condenser in

parallel.

TABLE XVII

Coll current secs. Temp over room

I M.omp N
34 10
E 20 1 40
" 30 1.5 65
" 40 1.7 72
" 50 2. &5
" 50 2.7 115
" 50 4.5 190
S S

. R 1

N2

T A 1w &2

R

_ @;

- ?)L{ A t:
B

Mt &) Nne e CM\
”**"_—n——-—~I —-"~{}“__Lf“”T“

The coil had the following chearacteristics:

external diameter = 13 im=wms
internal diameter = S NS
length = 8.5 = 3.35 inches
no. of turns = 15



The rinal 87T in one minute was only 115097. To
get a temperature of 600°F in one minute (AT= 530)
the current should have been Ip, and the peak magne-
tizing force Hp.
But:

H = Kl(P.D)?'/3 = Ko x (Thermal power)2/3 =K3 xéﬂ?/3.

The ratio between the actual Hy and H, is:

HS/E 20 - 4.61 13/2
:;‘2 = —\vr‘ - ‘ = 2
H] 115 ;irz—

Therefore:

32 . 132 s he1 -
§/2 1 3/2
1 = (3%.0)°7° x 4.61 - 128 x 4.51 = 915

Hence:
I, : 94.5 amp and the value of H, peak magneti-
zing force for such a coil to heat the material - up

to GOO°F in one minute, becomes:

Hopeak = 0.70 x 15 x aLk.,5 - 296.
D35

_ . . . P
Therefore In this case, the ratio of H;,nep

Houter
to accomplish the same purpose is:

Hinner = 236 = 10.35

Houter 0

Tne results are shown in graph No. 10.
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EXPERIMENT # 6

Copper tubing to be heated from 70 to 320°F in
two minutes.
The dimensions of the copper tubing are:
outer diameter = 0.5 inches
length = 6.2 inches
thickness = 0.018 inches
weight = 0.056 pounds
external volume - 1.215 cub. inches

The specific heat and resistivity are for copper:

TABLE XVIII
Op S. heat [rsncem
- 1.72
70 0.09 -
400 0.096 3.1
600 0.099 -
800 0.101 4.8
1200 0.106 6.6

Hence, average s. heat (70-320) = 0.093
1) Thermal power
TP = 17.6 x 0.056 x 0.093 x ggg = 11.5 watts
2) Radiation, convection and conduction losses
are negligible.
3) Power density

External volume I.2§§ cub. inch

4) Peak magnetizing force:

For this hollow cylinder to be considered
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equivalent to a thick-walled one, the following
condition must be satisfled:
Wall thickness = skin depth

That 1s: .
Wall thickness .2 3170 1 E\M: (Bendz's p.305)
. ¢
When -

() {(‘ = 2.8 xTﬁﬁum\: 1.1 x‘IGGJL inch

'\Afs 3l
So:

Wall thickness > 3170 é.lx‘]ﬁs: 170 ~34n.
cknes T = % ! 1.TT=5.6 IU31n

The required condition is satisfied.
Under these conditions we can apply the following

formula developed 1n this paper previously:

H=/ PDxd valld if d }.5.313400
‘ 3 VP
Va.50 x 0§ v ave
Where \thc: "?f: . =2.35 x TU?‘L:\\.:O.93 x IUG JL inch

The condition o

d,“f_ = 0.5 Zgzw“ :0.5110516.14:3.07x10+5 >13400
J9)
s 0.93xT0

is also satisfied.
Therefore: I
H=/_9.46 x 0.5 -=J3-2 x 103 = 56.5
/2 ST ‘/35xlotx6 9310
5) Coil design.

The same coil used in experiment No. 1, was
used for this experiment, its characteristics beilng:
19 turns of copper tubing 6 tnohas 1n diameter
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6.7" long
31 ¥mxims outside diameter
19 ywimas inside diameter
The clearance was 3.2 ¥mrimas and the factor K
nearly unity.
6) Coil current

I - 104;5 X !éo:é X 60] = 28.5 amp.

Coll voltage

The diagram shows the relative sizes of coil and

core:

31

It 18 easlly seen that we have to consider two
different fluxes, the one through the work piece éwand
the one through the air space surrounding it, Qf’-A .

Let a vector diagram be constructed. The coil

cuxrrent IC produces the flux @Ain phase with 1t. The
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rluxfﬁNis lagging due to the secondary current
(I, = Inork):g}s yet to be found.

As a second step let!s find the emf's. The emf
induced in the core E2 is 9éﬁagging i%land the core
current 1s lagging %odue to the resistive and inductive
characteristic of it, considered as a secondary circuilt
short circuited. Thus, E, 1s made up of I2Rp and IoXp.
Now adding up I, and I, referred to the primary, we .
obtain the total core magnetizing current Ip. The
primary emf E; is made up of 2 parts: E; due to the
flux in the air and EW due to the flux in the work
piece. Each of these vectors 1s leading 90° the

corresponding flux.

CC’S%k is the internal power factor.






Shifting the diagram so as to make Ic be in the

X axes we can write:

En
?A = H x Area alr space £
@,\ = H (Beo11 = Aw) A Jf,;f*> J
R ~A
Oy = A + E(P-JQ) Iy

Where A,,47 &8nd A, represent the area of the coil
and work piece and H the peak magnetizing force of the
coil above; that 1s, the air space. P and Q therefore,
take care of any change in the magnitude and phase of
H while coming into the core.

The emf's core then, can be written:
Ea = J28.6 x!z TxH (Aco_il - A') TO'B volts.
E, = J28.6 x/z TxA,. H(P-JQ) xl‘GB volts.
T represents the number of coil turns.

In the present experiment at a temperature of

320°F we have:
inch.c
= P = 101 X ms '
P.: P320

d = diameter - 0.5 inch.

Hence:

}_f_ 0. 5 x 10 - 0.5 x 10° x 5.63 = 282,000
\ 1 1x10

The parameters P and Q vary as shown in the
following graph. Taken from AlEE transactions Vol. 63,
June: 194%, p. 273. |
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The value(f(ﬂ'-sz- )- 9 on the X axes corresponds to

d(_?; = 13400

Hence in the present case we are beyond that

point and:
=2
P=zQs= 6%10 = 2.24 x 10
Therefore:

E, = J 28.6x35x10%x19x0.19x56.5 (2.24-J2.24)10"Ovolts

\. ;_'_S-cv

E, = J (471-3871)1073x 0.4714J0.471 volts = 0.665 LF>

We can see that, in all the theoretical cases very
small and the flux @Acan be neglected, the internal

power factor angle is 45°.
The value of E, 1s analyzed by considering an

equivalent ideal coil.
Due to the curi-ents flowing in the cylinder the
current density in the coil increases at the innér

boundary and decreases at the outer one as the diagram

shows:






qQui Vv, |cl\fdl

In Brown S. Hoiler's Chapter VIII there is a
complete analysis of the matter where for a single
turn co;l they conclude that for the equivalent ideal
coll the following equation applies:

h' = h\ll - a\2
)
In this case: ~
h = 6 Toonvs
a = 3 iImcims

Therefore:

h' = 61/1-0.25 = 6 x 0.865 = 5.2 invhes

and the diameter of this ficticious coil

d 23.4 ynuires = 0.923 inches.

(

0.67 sq. inch.

>
(¢]
1]
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§28.6 x 35 x 10% x 19 x 565 x (0.67-0.196) x 10-8
J 51 volts = 51 | 90° volts.
* We must add to this internal voltage (emf) the

voltage drops in the coill itself due to its internal
impedance.
From (Brown's page 22)
M et
Theoretical calculations are not accurate, whereas
a simple reading in the experiment gives (neglecting Xi)
Ry = 0.16 n
Hence
IRy = 28.5 x 0.16 = 4.5 volts
We can see that in this case the total voltage isvery
nearly the same as Eg and our'flbeeones nearlf 90°. The

total coil voltage is shown in the following diagram:

fxi(w’.a\eﬁe d) Ieg
Q:
EA————1
Crota
\QTbT'é\
EW
OoT o]( aca\q




.



Hence:

Total coll voltage: 52 volts | 84°
Where 84° is the totalY%ince it comprises also the
IRy, Ixi, drops on the coil. The efflclency of the
coil is:

Effy = Ey (in phase com Jonent) I Eu 100

0. 41]1_; 100 = 1‘.7;;11 100 = 9. 5%

Total power factor = co&‘ﬂ =

In the experiment the voltage through the coil
was 7% higher than this value, due to the fact that a
slight difference in the measure of the coil diameter
increases greatly the area (Ago11 - A,) end as the coil
was made by hand its diameter was not wvery. uniform.

The variation of the internal power factor with

the ratio coil has been shown to be (AlEE transac-

Awork
tions Vol. 63, June, 1944, page 273)
Jrocthe
Ji - o
S —

.“ //
Hcm‘

Ry = =1

] /\

A
//”—ﬁ\‘~\\§-\§“;~‘~_-‘~§‘
| T
O - 1 -12'.._ 1 :#___,\___ - (;,~ i .xl'-w._.;___'.LJ>
j ‘,
f ()
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The experiment was run by connecting a condenser
in parallel with the work coil as shown. The table

" glves the results obtalned.

TABLE XIX
“Tiotal Icoil S ecs. . V Z

. over room te
20 29 10 1.8 %—EE‘T'QZS'
”n n 105 fn

20 2.5
" fn 30 3. 130 ” "
" " 4o 3.5 150 " "
" " 50 3.8 160 * "
" " 60 4,2 175 " "
" " 90 5.2 220 " "
" " 120 5.7 240 n n
- _ l |
(f)I%ora\
(.m\
T 3 <jf:
vV o3
S

Final temperature in 2 minutes = 240 + 70 = 310°F
The value of Q was found to be constant through

thié temperature range and equal to Q = 11l.
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Therefore, R and X were galculated with the result

listed below:

TABLE XX
Coil with temp.
hollow cop- = over room Q 2 l R
peI‘ core. - . . .

For the coll alone the corresponding parameters

are also constants over the same range of temperature.

TABLE XXI
Coil alone Q 7, X =
same range

It is seen that the copper core acts as an induc-
tive secondary circult increasing the total resistance
and decreasing the reactance.

The fact that the resistance of the secondary is
very small compared with the reactance causes the total
reactance and resistance to be fairly constant.

In fact, the total impedance 1is:

2
Ry +.(_W?§4)__R.?._\_+Jw(11- wM)2L
R + (WL2)? 2 2

Rp® + (WLp)

That in this case reduces to:

Ry + M2B2 + gw(L, - %_2_) where M2RZ 1s small.
IEE 2

Condenser Computations
In applying a condenser in parallel with the work

coll care must be taken to insure that this combination

N o
L






will not form a tank circuilt that can take control of
the frequency of oscillation. |

To help avoid this undesired possibility the
following condition will be imposed.

Q1oad < 804 Q main tank circuit with work coil
This can bé written as: (Bendz's p.319)

Coil voltage x coil current ¢

oad watts
enerator rated volt-am
\< ZOZ Toad watts
or Vo x I, L80% V Iy

In addition, the Westinghouse Mfg. Co. recommends
o <
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