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desired stability for crystal growth was altv ca•ci.l o::t.

A cold crucible assembly suitable for the growth of r- ;a,'tory oxide crystal
has been designed and constructed. It is Ni,'~c modular as~sembly
which will be readily adaptk-d in the future o. ,.• : atosphere

F furnace system.

Using a 50 Kw (4-7 megahertz) RF power supl%, ma.,ufctured by Fritz
Huettinger Elektronik GmbH, Freiburg, t;ermriay,'Li.A "3,1d cru.cible assembly
was tested and kilogram melts of zirconia (melting p'oint 26900C) were
successfully contained.

The cold crucible assembly developed during Lhe -ourse of rhis program was
delivered to Air Force Cambridge Research LaloraLo•ies (LQP).
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TE CN ! CAL SUMMARY

ihe objectives of this program were the study, design and t~alric-t ion of

A. cold crucible system for the synthesis and crystal growth ol refraictorv -A

semiconductors and oxides. The work performed during the c:,ur:;t of thil

Sprogram and the results achieved may be summarized brItfly a.; Jolotwin:

"ITheoretical analysis of the electrical characteristics of the cold

crucible system.

i••_• It was found that a properly designed skull melting assembly.i

has no effect on the field applied to the charge. The Akull

merely lowers the inductance of the RF coil slightly by

excluding the field from the volume occupied by the tube

structure and adds a small resistive loading to the coil.

The power delivered to the molten charge by a given RF field

was calculated for disc-shapeJ charges approximated by an

ellipsoid of revolution. These calculations were carried out

for both large and small field penetration skin depths and,

for an ellipsoid of dimensions 8cm x 8cm x 2cm in a field of

1000 A/m, the maximum power required is several k-lowatts.

In considering skull melting assemblies of varying sizes, our

analysis shows that, for skin depths which are small comp.-.red

to the radius of the skull, the power required its g~enerallv

proportional to the square of the radius. However, in the

cae where skin depth is large compared to the skull radius,

the RF power must be transferred at a high field and therefore

lower overall efficiency. In general, large cold crucible

assemblies appear to be more efficient than small systems.
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"rht.,reitcal analysis of the thernal. characteristics of te, trold r,'-uc1,jj4'
V:- tem.~

Using computer techniques for thermal modeling of variow.s skull
melting configurations, we found that the molLea region tend-.
to take the shape of a flattened body of revolution. With the '
source of heat near the equatorial plane near the surfa-.c o'
the body, heat travels inwards and .. lost by radiation and
conduction along the way.

If a substantial heat loss from the melt surface occurs, the
shape of the melt is very sensitive to the amount thus lost.
Therefore, upper radiation shielding is vital to the stability
of melt tevperature.

'>A detailed analysis of the RF jpwer control system necessary to provide
:-he desired stability of operation.

A closed loop control system was used to mainLain constantpower in~put to the melt. Initially, RF currenL feedback

control was explored but improved control of RI' power was
achieved by - the oscillator plate current as the feedback
signal.

The response time of the control system was appre-cimately 2
seconds; however, Ehe theruial time constant of the molten
charge was much longer than this with the result that awlt
temperature fluctuations due to external disturbances were
relatively snall.

D'XSJ., and construction of a cold crucible assembly suit.able for thfý
growth of refractory oxides.

-2-
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The resultaný desigm was based upon tht guidelines established

by Lhe theoretical analysis as weil as first-hand knowledge ol

r Lhe cold crucible configurations which are currently operating

with considerable success in the U.S.S.R. The cold crucible

system developed is a rugged, completely metallic, modular

assembly which will be readily adaptable in the future to a

controlled atmosphere furnace system; indeed, the structure

has been designed to withstand external operating pressures

up to 100 atmospheres.

""Testing and evaluation of the cold crucible assembly using stabilized

t ziro-onia (melting point 2690C).

Over thirty (30) melting experiments were carried out in the

cold crucible assembly. The power suply used was a 50 kilowatt

high frequency RF generator (manufactured by Fritz iuettinger

Blektronik GmbH, Freiburg, Germany) tuned to operate at

approximately 4 megahertz.

Using kilogram charges of zirconia powder, densification and

melting could be achieved with applied RF power levels as low

as 6 kilowatts. At 15 kilowatts of applied power, it was

possible to obtain complete, stable melting of the zirconia

charge.

Large, semitransparent columnar graiz. single crystals of

stabilized zirconia (typically 3-4=m on edge by 5-7m in

length) were obtained by slow cooling of melts contained in

the cold crucible assembly.

*Development of the criteria for integration of the cold crucible assembly

within a controlled atmosphere, high pressure furnace chamber.

-3-
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One major conce rn was the effect of electrical grounding on
the performance of the cold crucible. It was found that

qtable melts could be achieved and mainzained quite readily

whether the cold crucible was groutded or not to the RF power

supply.

Ats noted above, the cold crucible a.ssembly has been design,_-d

ior operation at external pressitres up to 100 atmospheres.

The major problem, as yet unresolved, involves the development

of a low-loss coaxial RF feedthrough casigned not only to

provide maximum RPF cransmission at megahertz-frequencies but

which meets the requirements for safe cperation at high

pressures (approximately W00 atmospheres).

*Upon completion of the progr.m, the prototype of the cold crucible assembly

was delivered to the Air Force Cambridge Research Laboratories (LQP).

•4o.
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PREFACE

S• 'Major advances in the development of cold crucibles, i.e. wati r cooled

metal crucibles for use i;Ith RF induction beating, used for "skull

melting", have taken place in the past two years with significant Impact i

on refractory materials technology. For the first time, it is possible

to contain stable, uncontaminated melts of even the most refractory

materials for which no crucible exists.

Russian scientists at the Lebedev Physical Institute In Moscow have

developed skull melting to a point where is has become a reproducible

production operation. Oxide melts at temperatures up to 3000C with

weights up to 25 kilogram are being used in the production of a wide

variety of strategic materials including unique laser crystals,

refractory optical elements and uelt-cast ceramics.

The new process involves direct high frequency induction heating of the

material contained in a water cooled, crucible-like structure. The melt

formed is contained by a sintered shell or "skull" of identical I
composition so that the problems of reaction and contamination,

traditionally the most severe problem faced in the containment of

refractory melts, have been virtually elimInated. The melt can then1 be cast or recrystallized using standard methods of crystal growth.

• i
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J.0 INTRODUCTION

The principal objective of the program was the design and d.v.-topiuw. ,,!

of a skuUl melting system which can be used for the product i;n o'f hltrls

purity oxide single crystals. Typically, most of the cold crucibles in

operation today have evolved by empirical trial and error procedures. .

theoretical analysis of the cold crucible has been carried out to relate

the properties of the material(s) to be melted to the electrical and

thermal characteristics of the cold crucible. Based upon this analysis;

we have established basic guidelines for the design and construction of

cold crucible assemblies.

One of the major problems as yet unresolved in the use of the cold

crucible for the growth of single crystals is related to the stabilization

and precise control of melt temperature. We have analyzed the critical
a" control parameters of the cold crucible and, based upon the unique RFI

power control techniques which have been developed in the United States, A

have defined a control system to provide the high degree of stability

necessary for crystal growing applications, a

A cold crucible assembly complete with control system suitable for oxide
crystal growing operation has been designed and constructed. Testing and

F evaluation of the cold crucible assembly and control system have been

carried out to explore the operating techniques suitable for crystal

growing applications. Stabilized zirconia (melting point 2690C) has

been used to demonstrate the very high temperature operation of the cold

crucible under oxidizing conditions. Large columar crystal grains of 4
partially stabilized zirconia have been recrystallized from stable melts

contained in the cold crucible.

The ultimate goal of this work is the integration of the cold cr4-.le

system into a crystal growens furnace chamber capable of operatron euskr.
,-'otroled atmospheres at pressures up to 100 atmospheres.

-9- :
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It appears that no difficulties will be encountered with the integration

of the cold crucible inside the high pressure furnace chamber. However.

it will be necessary to develop a suitable coaxial high frequency RF

transmission line for the furnace which will satisfy the requirements of

the ASME Pressure Vessel Codes as well as the requirements for low loss

RF power transmission.

rA
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2.0 TECHNICAL DISCUSSION

2.1 INTRODUCTTON

During the course of this program we have:

"1. Theoretically analyzed the electrical characteristics of th. cold

crucible system. The problems involved aad the conclusions derived

are presented in Section 2.2 while the derivation is discussed in

Appendix A.

2. Theoretically analyzed the therml characteristics of the cold

crucible. The conclusions are presented in Section 2.3 and the

derivation shown in Appendix B.

3. Theoretically analyzed the control of the RF power. This is

discussed in Section 2.4 and the derivation is presented in Appendix

C.

4. Designed and constructed the cold crucible assembly. Refer to I
Section 2.5 for review of the design criteria.

5. Tested the cold crucible assembly with stabilized zirconia (melting

point 2690"C) for demonstration purposes. Operating procedures and

results are reviewed in Section 2.6.

6. Investigated the criteria for integration of the cold crucible

assembly in a high pressure furnace chamber. section 2.7 reviems

the pr.ablems involved. i

7. Delivered a cold crucible assembly to the Air Force Cambridge

Research Laboratories (LQP).

-U- I
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2.2 THEORETICAL ANALYSIS OF THE ELECTRIcAL CHARACfERISTICS OF ThE COLD

CRUCIBLE

";he following problem; involved in skut. meiting of rifracrory materrl.hs

have been theoretically anaiyzed:

'The effect of the copper cage on the magnetic field applied to the

refractory charge.

0 The resistive cd inductive effects of the cage on the radio frequency

coil.

*T"e effect of the skin depth of field penetration on the total power

input to the charge. H

*The spatial distribution of the power input.

athe resist4 ve loading of the RF coil due to power absorbed by the charge.

'The RF magnetic field required to welt metal particles in the charge to
achieve startup.

*The effects of scaling the size of the cold crucible assembly on the

applied magnetic field as related to skin depth.

It is found that a properly designed cage has no effect on the field

applied to the charge. The cage merely lowers the inductance of the RF

coil slightly by excluding the field from the volume occupied by ther

cage tubing and adds a small resistive loading to the coil.

The pnwer delivered to the molten charge by a given applied RF field is

calculated for a disc-shaped charge approximated by an ellipsoid of

revolution. This is done for the field penetration skin depth both

-12- :-
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large and small compared with the smallest semi-axis of the ellipsoid.

These two limiting cases converge twoard a commn maximum value o! tite

power when the skin depth in each case approaches the size of the semi-

axis. For an ellipsoid of dimensions 8cm x 8cm x 2cm in a field of 1O)(10

A/m, this m3ximu power is several kilowatts.

The calculations show that the heating power is strongly concentrate,,

around the equator of the ellipsoid, especially when the skin depth is

.mall compared with the thickness of the ellipsoid. An expression is.

derived for the resistive load~xg of the RF coil by the induced curren,.

in the molten charge.

Startup by means of 2m diameter metal spheres embedded in the powdered

charge is found to be theoretically feasible but requires a starting

field perhaps 10 times larger than that needed to maintain the melt.

our analysis shows that for skin depths which are small compared to the

radius of the skull, the power required is generally proportional to the

square of the radius.. However, in the case where the skin depth is large

compared to the radius, then the power must be transferred at a higher

fit±d and therefore reduced overall efficiency. The conductivity of

ZrO2 is approximately 10 Who/cm at its melting paint and .approxi-

mately .35 .ho/cm at about 1300C with a reasonably linear rela:iinuship.

At a frequency of 3.5 megacycles the skin depth is 0.85cm at its meltins:

Point and 5cm at 1300C. Therefore the skull constructed with a diameter

of approximately 7cm will couple very easily at the melting point but

will exhibit reduced coupling efficiency at 1300°C. If the material to

be relted has a conductivity vs. temperature profile as shown in Figurt-

I for A1203( 3 1 the dramatic change in conductivity (over 2 orders of

magnr'ude) shows that ,ontrol of this material at or near th,- neIt ing.

pvInt is quite critical. Once the alumina has solidified, the couplinu

t-ficiency will be so poor that it cannot be remelted.

-13-



S 2. $ TiRUMAL. ANALYSIS OF THE COLD C•RUCIBLE

The thermal analysis of the feed powder and the melt when heated by ti,

induced RF currents and cooled by the walls of the container was comple'ted.

We find that:

OThe molten region tends to take the shape of a flattened body of

revolution; it acts as a fin, with the source of heat in a ring near the

equatorial plane near the surface of the body. Heat travels inwards and

is lost by radiation and conduction along the way.

"If a substantial heat loss from the top surface of the melt occurs, the

shape of the melt Li very sensitive to the amount thu!; lost.

'There should be a large amount of powder to insulate the melt on its

underside, although the exact amount is not critical. This means that

the molten zone should be confined to the upper portion of the cooled

container.

Thermal models have been developed for typical skull melting systems and

the effects of heat sources and sinks upon melt shape have been profiled A
by computer techniques and are discussed in Appendix B.

2.4 CONITROL OF RF POWER

Stable control of the RIF power is required for successful crystal growth.

There is a basic tendency toward instability when induction heating is

used dircctly to melt semiconductors and refractory oxides. Therefore

a o:lr)sed loop control system was used to maintain a constant power input

to the melt. Initially RF current feedback control was explored but

improved control of RI power into the contained melt was achieved by the

use of the oscillator plate current as the feedback signal.

-14-



Afttcr melting, the balance hetween heaat generation and heat r .;,;

.,c.e re.su]ts in a stable system. 11', responAt. t In. ol Ohlt .itni root

"-;y,;t,.n wex; about 2 seconds. The thermal t ini constant o( I' thIe cloagi- w;i:o

much longer than this, with the result that temperature I I Jictttl Itolv: Ihl,

to external disturbances were relatively small.

Using a 50 kilowatt output high frequency RF power supply, we would

obtain fields stronger than 104 amperes per meter, which were sufficient

to melt kilogram charges of stabilized zirconia and maintain them in the

fully molten state.

2.5 DESIGN AND CONSTRUCTION OF THE COLD CRUCIBLE ASSEMBLY

Based upon the electrical and thermal analyses which have been carried

out, we completed the design of a cold crucible assembly which is shown

in Figure 2. The copper structure has been designed for high pressure

operation and integration with the ADL crystal growing furnaces presently

in use at the Air Force Cambridge Research Laboratories. The cold

crucible assembly is shown in Figures 3 and 4.

2.6 TESTING OF THE COLD CRUCIBLE ASSEMBLY

During the course of the testing and evaluation phase of the program,

over thirty (30) melting experiments were carried out in the cold

crucible assembly. The power supply used was a 50 kilowatt high

frequency RF power supply manufactured by Fritz Iluettinger Elektronik

GmbH, Freiburg, Germany, tuned to operate at approximately 4 megahertz.

The cold crucible in operation with a 1 kilogram charge of stabilized

zirconia is shown in Figure 5.

To set up the cold crucible for operation, the assembly is first wrapped

in Fiberffax on the outside (to prevent loss of feed powder from Pe•Xe~ e%\1
-J-
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Ll-e tuljI:e.. The Flberlrax is held In plil'v by 4a 4Uidl ) i)) pyfi.x 111,h.,

mI l,'o. water is supplied to the ,k[tL at the rate of "• al lowt:i per

mili ut'.

rho skull was filled with stabilized zirconia powder and approximate'Iy

10 grams of zirconium metal chips (1/8" diameter) were buried In the,

center of the powder. The RF power (approximately 4 megahertz) was then

turned on and increased to an indicated plate voltage of approximately

4-5 kilovolts. Within 10 minutes the zirconium chips would become

incandescent and. heat the surrounding powder charge. As the zirconia

charge heated, the plate voltage dropped and the current increased,

indicating more efficient coupling due to the increase in electrical

conductivity of the heated zirconia. As the RF coupling increased, the

powder would densify and melt and it was necessary to add more powder

to the molten charge.

While densificatioa and melting could be initiated with RP power levels

as low as 6 kilowatts, applied RF power in excess of 15 kilowatts

produced better results.

Figure 6 shows a fused stabilized zirconia (Zircoa Corporation) charge

as removed from the cold crucible assembly. Note that the outer

sintered shell of the charge (approximately 1mm thick) has retained the

shape of the multi-tube structure of the cold crucible. The. top of the

molten charge shows the effects of continuous out-gassing during the

course of the fusion operation. No external radiation shield was used

to reduce the severe radiation losses from the upper sui face of the

molttn charge, and a solid, translucent crust formed above the melt

which had to be repeatedly punctured to permit the addition of feed

powder.

Figure 7 shows the initiation of melting using approximately 6 kilowatts

of applied RF power to the charge. Note the sintered dark mass near the

-16-
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bottom where the zirconium charges were placed. It I. also 4.vide,,t tlia

once heating starts, the last place to heat is the center region. Figair.

bshows Sample 3 with an Input power of 7 kilowatts; clearly morc

sintering and melting is evident. Figure 9 shows Sample 7 with an input

K Ti- of 9 kilowatts power. First evidence of melting is now obviously visible

near the top of the charge.

It was evident that some form of radiation shielding was required to

reduce thermal losses from the Incandescent melt and to minimize the

hard crust formation above the melt surface. A zirconia ceramic

radiation shield was positioned on top of the cold crucible structure.i" However, it was noted that, with the RF load coil positioned close to

Lthe top of the cold crucible, the hot ceramic radiation shield was

heated inductively, thus reducing the total power available to fuseH• • the charge and destroying the radiation shield.

Figure 10 is an example of fusion (charge M-2) with the coil near the

top of the cold crucible. Note that while better melting was observed,

crust formation was still appreciable. In this run the radiation

shield was destroyed. In Figure 11 (Sample M-3), the coil was
substantially lowered, showing significantly less crust formation;

the shield remained intact

"The decision was made to reduce the size of the charge to approximately

L 700 grams (thus lowering the melt level) and to lower the RF coil so

that the lowest turn was positioned at the bottom of the cold crucible.

Subsequenr experiments using ceramic radiation shielding (Norton sintered

zirconia bubble plate) proved to be quite satisfactory and melts could

he readily maintained with significantly reduced crust formation.

Figure 12 (Sample M-9) was run using Y203 stabilized zirconia and cooled
to room temperature over I hour. The sample had a distinct yellow color,
but large columnar transparent grains were evident.

-17-
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Figures 13 and 14 show the results of Run M-tO. A 700 gram zirconia

powder charge (Johnson Matthey Chemicals, Ltd., 99.992 purity) was used

with 10 wt % yttria (Rare Earth Products, Ltd., 99.997 purity) added to

prevent the destructive phase change (cubic to tetragonal rev monot.linic)

which occurs during the high temperature recrystallizatIon of zi rconia.

"The charge was melted with 15 kilowatts of applied RF power (estimated

loss via radiation is less than 2 kilowatts). The melt was cooled

slowly over a period of 1 hour and, upon removing the recrystallized

charge from the cold crucible, large, semitransparent columar crystal.s

of zirconia were revealed. Upon visual exa-nination of the columnar

crystals (typically 2-3mm on edge and 5-6ms in length) translucent

regions were dispersed throughout the transparent grains indicating that

the high temperature cubic-phase was not fully stabilized; it appears

that more than 10 wt % yttria should be added to the zirconia charge to

fully stabilize the cubic form.

With regard to the uss of automatic RF power control, it was found that

the automatic Lzntrol system ccald no;- be utilized effectively during

the heating or cooling phases oi the melting operation. At the critical

temperature where the skin depth of the charge was approximately chat of

the cold crucible, the RF coupling efficiency would change drastically,

thus causing the control circuit to overdrive the RF generator. Once

the stable melt had been achieved (using manual cortrol methods) the RF

power control system proved to be very effective in maintaining a stable

power input to the fused mass. At the terminatior of the experiment,

the cooling operation was carried out by manually reducing the input

power.

2.7 INTEGPATION OF THE COLD CRUCIBLE ASSEMBLY WITH A HiGR PRESSURE FUP.NACE

To date, all of the melting experiments with the cold crucible assembly

have been carried out in air (as shown in Figure 5) and there are obvious



:advantages to using this assembly within a controlled atmosphIe.re, high

jre.•ure furnace chamber.

One major concern was the effect oW -. lectrical r-roundlng un the w,.rlort'uane

of the cold crucible. The cold crucible has been operated louth with and

without grounding to the RF power supply and stable melta could be

achieved quite readily in either case.

The cold crucible assembly was designed initially so that the support

stem could be sealed into the base port of the standard ADL Model HP, HP

or HPCZ Furnaces. An O-ring sealed support structure (to adapt the cold

crucible to these furnaces) has been designed to permit operation at
-5pressures ranging from 10 tort to 100 atmospheres. The cold crucible

assembly could easily be mounted in a fixed position at the base of the

furnace to facilitate Ctochralski crystal growiiag experiments. Alter-

natively, the stem of the cold crucible assembly could be attached to a
S~lower drive mechanism, thus permitting vertical movement of the -assembly

for Bridgman-type crystal growing operations.

In order to fuse large melts (of the order of 1 kilogram), it will be

necessary to add feed powder to tha cold crucible assembly during the

course of the melt-down operation. A suitable powder storage vessel

and feed mechanism, capable of operating at gas pressures up to 100

atmospheres, have been designed for glass-melting applications prior to

"the initiation of this program and should prove to be useful in resolving

this operating problem.

:'he major difficulty we can foresee in Integrating the cold crucible

aissembly within a controlled atmosphere furnace chamber involves the

lou-loss transmission of high frequency (megahertz range) RF power into

the sealed metal chamber. It will be necessary to design a suitable

coaxial RF feedthrough which will not only provide maximum RF transmission

efficiency but meet the requirements for safe operation at high pressures A

(approximately 100 atmospheres).
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•. e:O' NCLU.S ION:i

"A .;impie, rugged cold crucible assembly has been developed wlidls ch ,- I)4

used LO contain stable kilogram size, refractory oxide meltS at

temperatures up to 3000C in air.

'Thcoretical analyses of the thermal and electrical characteristics of
cold crucible operation have been carried out and verified experimentally.
Based upon these analyses we have established the basic guidelines for

the dcsign and construction of cold crucible assemblies.

'The critical control parameters of the cold crucible have been developed
and we have defined an RF power control system necessary to provide the

high degree of stability for crystal growing operations.

*The cold crucible assembly has been designed and constructed to withstand
external prcssures up to 100 atmospheres and we have established the
criteria for integration of the cold crucible assembly within a high

pressure furnace chamber.
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4.0 RECOMMENDATIONS

A'heoretical analysis of cold crucible melting and processing indicates

that minimal problems will be encountered in developing large-scale cold

crucible systems. There is already dramatic evidence of the potential
(3)

industrial applications of this new technology; Russian workers havv

s.uccrc-sfully contained refractory oxide melits weighing up to 25 kilograna;

and Trolten glass charges up to 250 kilograms in weight are now being

processed in France.(

"*o date most cold crucible operations are carried out tIn air. Under

controlled atmosphere conditions, this new process may well be the answer

co :he time honored problems of working with ultra-refractory materials

such as ferrites, semiconductors, chalcogenide-glasses, metal alloys and

cermets whose melts are sensitive to ambient atmosphere composition or

pressure.

it appears that few difficulties will be encountered with the integration

of the cold crucible system inside . high pressure furnace chamber.

iHowever, it w;ill be necessary to develop a suitable coaxial high
frequency RF transmission line for the furnace which will satisfy the

3tringen: requirements of high pressure operation ,tnd minimal RF power
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APPENDIX A

THEORETICAL ANALYSIS OF THE ELECTRICAL CHARACTERISTICS OF SKULL MELTING

A.1 EFFECT OF THE CAGE

We assume that the cage consists of vertical copper tubes parallel to the

axis of the coil as shown in cross section in Figure A.l. The effect of

the bottom of the cage is small and will be neglected here.

I ' I
@ 0

CROSS SECTION OF SKULL MELTING CAGE
FIGURE A.1

If the coil has n turns and a length P. and carries an alternating current,

1, the rms current per unit length is

Ul
-" =u--(A/c) (1)

and the axial magnetic field is

nl (2)
0 -
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At ; rrcquen.ies in the raDge 1-10 megahertz, the skin depth of jM.norrtilt f !

,i the field into the ctpper tubes oe the cage is only about ? Y.

I'- copper therefore essentially excludes the field and act-: 1lk, ,an

almost perfect diamagnetic material. Urder these condition:; eaati tub,

has a circulating current per unit length equal to -i (A/m).

The energy stored in the field is

E r 2 He (Ac -A )(Joule) (3)

2Ho coil Acage(Jue

where the A's are the cross-.sectional areas of coil and cage and where

"4-. x 10 Henry/m and is the permeability of free space. From (2)

the expression becomes

p 0 n2 12 (A coil - Acage) (i:)
2 9.

The energy can also be expressed in terms of the net self-inductance, L,

of the assembly by the relation

E -L 2  (5)
2

On equating (4) and (5) we obtain for the inductance

S(Ac -Ail

L n 2 p coil Acage) (Henry) (6)
0 1 .

The cage, therefore, reduces the inductance of the coil by a factor

(A - A
* coil cage)/Acoi 1 .

:'he cage also adds some series resistance to the coil. The circumferential

current, i, in a tube of the cage is distribution in depth, x, into th.

copper according to the approximate formula

i -xIS
J = _/6 (7)

-37-



wh,.re J is the current density (A/m), and is the skin de.pth, g;iven by

the relttion

nPfa p w.o

Here~ ~ f stefeuny(0 n stecnutvt fcpe rh~r)

The power dissipated per unit area of tube surface is then

tv c j2 12 (/2 9o -3 2o6Z(/2 9

The total power for N tubes of height, h, and diameter, D, is

N 7D h i 2  n2 Nr1 Dh1 2  (10)2a6 2oZ26 10

and the effective series resistance introduced into the coil is thetefore

R 1n2 Nw Dh

We have assumed that h < £. If the tubes are longer than the coil, h, in

(11), is replaced by k.

A.2 HEAT INPUT TO THE CHARGE

We assume for mathematical convenience that the charge has the shape of

.in oblate spheroid, which is a good approximation to the ac, ual disc-like

.;nape. The equation of the surface is

r2 +z2•- ==1 (32)

where a and c are the semi-axes of the spheroid, and z and r are vertical

and horizontal cylindrical coordinates.
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'rhe distribution of induced current in the spheroid depends strongly on

the skin depth, 6, in the molten material. The two limiting cases,

6 >> c and 6 << c, are mathematically tractable, while the intermediate

case, 6 -v c, is too difficult for analytical treatment. The limiting

case:;, however, serve to bracket the intermediate case and give considerable

insight into the general problem.

"4.2.1 Large Skin Depth

When 6 >> c, the uniform magnetic field, H produced by the coil,

penetrates the charge with little distortion. Under these conditions

the induced circumferential electric field, E0 , is given by the simple

circuital emf equation

2wr 2 E _ a (wr 2 B) = - wr2 Vo jw Ho (13)T t

where -r 2 B is the instant=nRous magnetic flux through a circle of radius,

r, and w is the angular fLi.•evncy.

The associated current density is

J oE - -Ou w r H (14)2 o o

The rate of heat generation per unit volume at the radius, r, is

w"l= [11j12 I 2W2 r 2 11 (15)a 0 4 o o

Thr- power per unit area projected on the (x,y) plane is, from (12),

2 z 2z owJ 2W Ho c r 2  a(6))

It is to be noted that W" is zero at both r 0 and r a and is maximum

at r = a2173 - 0.816a.
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"1ih4 total heatiau' rFate for the whole ellipsoid k,;

a 2W f W•' 27irdr . ... (op ' W" :1I*" II" 1 }.

0 1 r 0

From (8), this can also be written, In terms of Instead of .a, a:n

4:Po IA a c Ha
w= • a~H (18)

"As a numerical example we take the following values:

-7lio 4 x 10 i! /m
0 6

f = 10 x 10 Mz

a - 0.04m

c = 0.01m

6 = 2c = 0.02m

Ho = 1000 A/m

Then W z 4000 watts.

The value chosen for 6 corresponds to i 63 mho/m and is probably near

the limit of validity of the theory. The value of H corresponds to
0

that for a 5-turn coil of length 10cm carrying a current of 2C amperes.

A.2.2 Small Skin Depth

The case, 6 << c, may not occur in practice for the range of conductivities

likely to be found for molten refractory materials without the usc of

rr(---,:Lncies well in excess of 10 megahertz. However, it is still of

aIlu.u to determine the power distribution in the charge .oT this lim it i n;

Like the cage tubing, the spheroid acts like a nearly perfect diamagnetic

body when , c. The current distribution on the surface of the spheroid
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t2

is such that the external magnetic field is the same as that produced by

a uniformly magnetized body of the same shape. The Intensity of

magnetization, m, (dipole moment per unit volume) is related to the

applied field, H , of the coil by the formula

0HO0

= -- (19)
I-N

where N is the demagnetization factor, which depends on the e1lip:soid

shape. For a sphere N = 1/3. For an oblate spheroid with semi-axes,

a, a, r, the factor is given by(1)

I +k 2  1 I-N = ) 1 )(1-1tan- k) (20)

where

k -1 (21)

Table A.1 shows how N varies with c/a.

TABLE A.1

DEMAGNETIZATION FACTOR N

c/a N

0.0 1.000

0. 2 0. 750

o.4 0.588

0.6 0.478

0. 8 0.396

1.0 0.333
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For the shape of interest here, where c/a 1/4, N = 0.7037. For this

value the intensity of magnetization is from (19)

mi - 3.375 H (22)

Knowing a, and therefore the effective distribution of magnetic charge

density over the surface of the spheroid, one can calculate the magnetic

field distribution and from it the equivalent surface current distribution.

In Figure A.2 we consider the ellipsoid as a perfect diamagnetic body with
permeability P = 0 Then the magnetic inducti.on, Bi, wit~hin the ellipsoid

is given by

B, = pHt 0 (23)

Also,*i Bt a Hi + (24)

The directiona of Hi and a are shown i.n Figure A.2.

Z HO

THE ELLIPSOID AS A PERFECT DIAMA(nd/TIC BODY

S~FIGURE A.2

S-42-
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We now apply the boundary condition that the tangential component of H is

continuous. Now the field, He, just outside the ellipsoid is known to be

tangential, as indicated in Figure A.2. Therefore, just below the surface,

(Hi) en 'e, as shown In the vector diagram in Figure A.3 where the

vector sum of He and H equals the internal field, H.

H0Hi
HH

MAGNETIC FIELD VECTrORS
FIG•'RE A.3

From the diagram we obtain the result

H " H sin4. -a sin (25)
e i

where the angle, *, is defined In Figure A.2.

On substitution for m from (19) we find that

H sin
H 0 (26)

e 1-N

The surface current, i, in A/m is equal to the tangential magnetic field.

It is therefore given by

H sin 4.
0 (27)
1-N
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1o ,.valuate sin *, we represent the ellipsold by the parailmi rno equat ion.

r = a cos t (28)

z c sin € (?9)

Then
sin dz -s (30) •

where ds is an element of arc on the allipsoid at the point of tangency

in Figure A.2 and is given by

da /dr2 -+ d-z7 (31)

From (28) and (29),

dr -a sin de (32)

dz c cos dO (33)

Therefore

ds d4)/a2 sin 2 € + c6 cos 2 • (A4)

On substituting for dz and ds from (33) and (34) into (30), we obtain

s in C =C cos €( 5

'a-2 sin2 + c? cos;, o

Therefore, from (27),

H Gi = cc -cos ; 6'

- Cn, 2 + ccs.

The total power is
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W = R 1 2 rds (37)

where R, the surface resistance in ohm/ , is given by (9) as

s i 2

On substituting for i, r, ds, and R from (27), (28), (34) :rnd (38) intos

(37), we find

ac H /2 a (I9-W0 =oCos d 0 09 ~ -N 3)
(I-N)

1-Na sin + c cos2

where

F(x) = (2xx l1 +X) (40)_)3/2 loe ( 1+ x -1 40
(x 1

Table A.2 shows how the second factor in (39) depends on a/c. It can be

seev. that the power is quite constant for c/a between 0.1 and 1.0 (for

fixed a). For very flat ellipsoids the power increases slowly.

TABLE A.2

GEOMETRICAL FACTOR IN EQUATION 39

ac F(a-
c

c/a a(l-N)

0.0001 24,020

0.001 18.101

0.01 12.534

1.1 9.190

0.2 7.510

0.25 7.465

0.4 7.564

0.6 8.121

0.8 8.744

1.0 9.425
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The radial distribution of the power is also of interest. From (37) we

find, on counting the power on both top and bottom of the ellipsoid, that

4 R It C
d(41)

dr (2-N) a

where
(r0.

c2  r2 r 2Sll - ( -7) •--11 - -)
~ 1 a. a a

Table A.3 shows how G varies with r/a for the case c/a 1/4. The last

column in the table gives the fraction of the power within a radius r.

It is seen that the power is strongly concentrated at the equator of t!,,i

ellipsoid.

TABLE A.3

RADIAL DISTRIBUTION OF POWER FOR c/a. 1/4

r( r_
a W(a)

0.0 •COOO .0000

0.1 .0010

0.2 .0083 .0001

0.3 .0296

0.4 .0757 .0021

0.5 .1650

0.6 .3317 .0121

0.7 .6532

0.8 1.3492 .0549

0.9 3.4094

1.0 1.0000

For c/a 1/4 the total power, from (39) and Table A.2, is

W 7.47 = 7.47 H 2 a 2  (43)
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oh. .Al-(--t that this expr.simon will remnain approxImat'i'y v:Jl Id fol

'/2 = 0.005m. At f - 10 megahertz, this corrI'sijoud:. to LOW i(JJnho/ni.

For az - 0.04m and H =1000 A/rn, as before, we find front (43) thait
0

W 2400 watts which is to be compared with the value of 4000 watts

calculated on the 6 >> c assumption for 6 0.02m.

On substituting for a from (8) we find that (43) takes the forhmI

W = 3.73 Pw a 2 H 2 6 (44)

00

which shows that W tends to zero for very small 6, for constant w. The

limiting expressions, (44) and (18), therefore show that as ;, varies

from small to large values, due to variation of the conductivity, W Spasses through a maximum which, for the numerical values chosen above,

probably lies between 2000 and 4000 watts and occurs for 6 = c =.0.01m.

-. is to be noted that for constant a, W increased with increasing w.

as can be seen from (43).I

A.3 COIL RESISTANCE DUE TO LOAD

On substituting for H from (2) into (44), we can express W in terms of
0

the current 1 in the coil by the formula

4= .78 p w a 2 H n2 12

mhe load therefore acts like a resistance

4.78 p w a2 6n 2 ( )(6

Likewise, from (18) we obtain

4M7 •o M a4 •c n 1

R- j2y2 (6 >> c) (47)RL =15 62• ( > )(7

-47-
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INtS

A.4 STARTUP

In order to start the Inductive heating one must usuially add t.oin high

conductivity material such as particles ol the same mi.tal ;,:, i:i pr:esn-t

in the compositic-n of the charge Itself. Typically, thfe m-l :aI:, tvtd

are available in the form of random-sized small chwiwks, MLikt.., or chips:

and for purposes of our calculations we have assumed the particles to h-J

spherical with radius a and conductivity a. In the high frequency field,

the sphere acts as a diamagnetic body with a demagnetization factor

N = 1/3 (see Table A.1). From (19) the effective intensity of the

magnetization of the sphere is

M3 H (48)

The total magnetic moment of the sphere is (8

M = 4 7ra 3 m = -2a 3 H (49)
3 o

For the special case of the sphere, unlike that of a spheroid, the

Smoment, M, acts as though it were located at the center of the sphere.

The tangential magnetic field at the surface of the sphere, due to M,

L ~is

(H) 4a 3  H sin 0 (50)
0dipole na2o

where 9 is the angle between the radius vector and the z-axis.

Since the applied field, H , gives a tangential component, - 1 sin ',

at the surface of the sphere, the total tangential field is,

- H sin 001)

The circumferential current per unit length on the sphere is therefore
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•- •f -? II. sin 0('7
On

since it equals the discontinuity in It at the surface of tli. rphcre.0

The surface resistance R is given by (38). On multiplying this; by A

i 2 and integrating over the area of the sphere, we obtain for the power

input to the sphere

W 3 H 2a2

W =f (-•)(H 2 sin2 e) 21ra2 sin eda = (353)
W 2 1 a6 )4 oaY0 o0

It is of interest to consider that this power is balanced by blackbody

radiation from the surface of the sphere at absolute temperature, T',

with the surroundings at temperature, T. Then

31H 2
4na2 ao(T4 - To 4 (5=

0 0~(~-4  06 (54)I

or 34)H 2

10 0. 0 4 oS.

whr j 5.672 x 108W i2 deg4 is the Stefan-Boltzamnn constant.-+

(55) shows that the equilibrium temperature is independent of the radius

of the sphere. For the case of a field, H - 1000 A/m, as before, and
-5 0

with a =o5.0 x 10 4) = 1500 WIT2, and T = 431 K.

The metal sphere would therefore not melt for the field assumed. However,

fo- d ten times greater field of 10,000 A/m, which is not unreasonable,

we get

4o(T' - To4) = 150,000 W/22
a0 (T T0

and

T = 1276 K

which will melt certain metals.
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A mnre appropriate assumption for skull melting is that the ,weral sphere

is embedded in a powder of thermal conductivity K. Thers thte equilibriui

temperature is given by

W
T - = (-56)o 4iKaL -3For K - 0.1 watt/(m deg K), a - 1 x 10- m, H = 10,000 A/m, and theo

other constants the same as before, we find that W = 1.88 watts and

T = 1600*K. The particle would therefore raise the temperature of the

surrounding powder to a value where inductive heating of the powder
would occur.

A.5 SCALING LAWS

It is on considerable interest to determine the scaling laws for magnetic

field H and the power input W when the geometry of the skull and the
0

charge are changed by some linear factor. To find the scaling laws we

assume that the rate of heat loss from the molten charge to the

surroundings is given approximately by the usual formula

W h A (T -T) (57)
Loss m m

where h is the heat transfer coefficiant, A is the surface area of the

melt, T is the temperature of the melt, and T is the temperature of

the surroundings. Since h, T and T are constant for a given material,m o
(49) can be written as

W C a2  (58)

where a, as above, is the major semi-axis of the spheroidal melt. it ib

assumed that the shape of the melt remains fixed, so that c/a is constant.
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ni.'vr equilbrium conditions the total power W supplied Ito t hae ,,oltvi.

cnarge equals the rate of heat loss.

iTherefore

W W
= Loss

:n the case where the skin depth 6 is large compared with a, we find from

(18), (50) and (51) for constant w and 0,

H 1 (60No 3/2
a

This means, for example, that if the geometry is scaled down by a linear

factor of 2, H (the high frequency field) has to bie increased by a
0

factor of 2M'. = 3.83. A linear factor of 4 requires an eightfold incr.,a::e

i n i I

in the other hand, in the case of a highly conductive melt, (31) along
with (50) and (51), shows that

H =constant 1%61)

'rom (50) and (51) the scaling law for power input is simple

W a 2  (62)

whatever the skin depth may be. However, in the case of large ?., since

,he. power must be transferred at a higher value of H 0 and therefore

riigher coil current, the coil losses are larger in this case and the

,.fficiency is therefore lower.
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A.6 RELATION TO PREVIOUS WORK

The foregoing theoretical analysis and the following thermal analysis and
power control analysis, together constitute a more detailed study of trhe

(3)
process outlined in a recent paper by Aleksandrov et al. The results

of the study generally support the conclusions of the Russian autho.s and

serve to sharpen their criteria for stable operation of the s•kull melting

technique.
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SAPPENDIX B

THEORY OF THE THERMAL CHARACTERISTICS OF SKULL MEITINC

It has been established already that the currents produced in an oblate

spheroid by an induction heater are largely concentrated around an

equatorial ring which is located near the surface. While the current

density as a function of position has been derived rigorously only for

the oblate spheroid, the results for this case give us much insight and

enable us to anticipate what will probably happen in the case of a more

complicated body of revolution whose radius is large compared with its

thickness in the axial direction and wh.ch is an electrical conductor.

Qualitatively speaking, we may say that the currents in the body will

establish themselves in such a way as to exclude most of the field

impressed by the induction heater coil. The value of B produced by a

ring of current depends mainly on the current, and not so much on the

radius of the ring (in a solenoid, the value of H is independent of the

radius of the coil), whereas the total flux priduced is the product of

the area of the ring and the average value of B within the ring.

Therefore, in the case of a conductor which is a flattened convex body

of revolution, one may expect that the induced current will be largely *1

concentrated in a ring of the largest possible radius which is contained

in the body. It is probably best to leave this kind of qualitative

argument in its present rather vague state, and simple to conclude that

it is of interest to study the shape of the isotherm at the melting

.emperature in a region filled with a powder of low thermal conductivity,

which contains a ring source and which is fairly closely conrained by a

vessel (represented by an isotherm at 300*K) maintained at room temperature.

We will also suppose that near the top of the vessel a rather large amount

of heat is lost in order to simulate the conditions that must obtain when

the crystal is being pulled slowly from the melt through an aperture above.
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Onet way to approac:h the problem Is to take the shapt of the 30OK Isotlhervm

;rot: the drawing of the Lubeu containing the coolanta and to -.olv ev

rigorously the boundary value problem thus defined. Ilow,!v.i, the phy:;2 cal

parameters involved (for example tht thermal conductivity of the powder,

which will depend upon its packing and any sintering that may take place)

are very poorly known, so it is not justified to use such rigorous

procedure. Instead we may employ a simpler technique and obtain at least

a preliminary understanding of the effects on the molten zone that will

be produced by variations in the main features of the system. Without

great difficulty some important results can thus be obtained which will

serve as guide posts in the experimental program.

in doing the simplified problem we are at liberty to place sources and

sinks of various strengths at such locations as we choose, provided that

these locations are outside the region of interest, which we will take

Lo be bounded by the 300K isotherm. Of course the ring source, which

is tused to model the induction heating, must be within the melt. We make

use of external sources and sinks to model the loss of heat from the top
and to control the shape of the 300K isotherm.

It appears that the 300K isotherm must pass close to the ring source in

that melt in order to give the isotherm at the melting point its expected

flat shape. Also, we want the 300K isotherm to be close to the melt at

the top (to model the loss of heat through the aperture used to extract

the crystal) and otherwise to resemble, at least roughly, the shape of

the cup formed by the tubes containing the coolant.

:n Figure B.1 we show what we have taken to be the "standard" arrangement

for thie 300K and 2318K isotherms (the melting point of alumina is 2318K).

"he positions of the sources and 3 sinks are shown and the drawing is to

-jcale, as indicated. The arrangement pictured in Figure B.1 was obtained

after a number of mathematical experiments; one lesson that was learned

very early is that the 300'. sink on the axis has a drastic effect on the
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.d.hape of the melt, and that the lower :urface ol the melt r.neds to be

well insulated. The melt is, in effect, acting as a fin, with the heat

traveling towards the center and being lost along the way. The insulation

along the under side, which serves to keep the heat loss to a minimum,

can be obtained by making sure that the molten zone is in the top part of

the cooled container, so that a thick blanket of powder is left unmelted

beneath the 2318K isotherm.

We will now illustrate the sensitivity of the shape of the molten region

to changes in some of the system parameters by means of figures which

show the two standard isotherme and two slightly distorted isotherms.

The distorted isotherms are obtained by solving the problem with some

changes in the boundary conditions.

In Figure B.2 we show two pairs of isotherms to demonstrate the sensitivity

of the shape of the melt to a variation in the position of the upper part

of the 300K isotherm from the standard position. The lower part of the

300K isotherm has been held nearly in place. It is clearly seen that the

top surface of the melt moves further than the 300K isotherm, while even

the bottom part suffers a significant displacement. It 43 of interest

note that the changes seen are due mainly to a change of 50 watts in the

strength of the sink on the axis (from 300W to 250W).

In Figure B. 3 we show two pairs of closely spaced isotherms. The lower

part of the 300K isotherm has been caused to move about 3amm below its

standard position (on the axis), but the corresponding variation in the

position of the 2318K isotherm is only about 1mm at the bottom and nearly

nothing at the top of the melt. Thus it is seen that the shape of the

molten zone is not very sensitive to variations in the geometry of the

bOtLOU. of the cup, provided that the blanket of insulation is present.

We also determined the sensitivity of the shape of the molten zone to a

change in the input power (supplied by the induction heater) by raising

the strength of the ring source from 3150W to 3300W, while the shape of
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the 300K isother-a was kept essentially the same as the standard. The

result is shown In Figure B.4, which indicates that the shape of the melt

is only slightly affected by the change in power input. 'Fitts it; probably

due to the fact that the distance between the side of the iiolten zone and

the cold container is very small, so a minute change in this dimension is

all that is needed to cause most of the added power to flow directly into

the container walls near the plane z = 0.

Under certain circumstances it might be desirable to let the molten man:;

cool slowly, of its own accord, without penetrating the layer of powder

that lies over the melt. In such a cabc on' might obtain a symmetrical

melt, as shown in Figure B.5.

So far, we have discussed only the case of molten alumina. Another
material of interest is zirconia, whose melting point Is 2988K. In Figure

B.6 we show a set of sources and sinks and the corresponding isotherms at

2988K and 300K. Because of its higher temperature the upper surface of

the pool of molten zirconia may be expected to lose much mare heat by

radiation than is the case with alumina. To allow for this, the strength

of the point sink has been set at 800W, and the strengths of the other

sources and sinks adjusted in an attempt to produce a suitable configura-

tion of the 2988K and 300K isotherms. While the amount of mathematical

experimentaLion with the model of the higher meltiny, point raterial has

been very limited, we expect that it would be necess:rv to separate the

ring source slightly further frotp Lhe main ring sink in ordor to produce
a 2988K isotherm that it similar in appearance to the 2118.K isotherm of

Figure B.1. From an operational point of view, this fNean-s that the

frequency of the induction locater must, be set so as to obt.:In a large

skin depth in the melt.

v'e expecc that the sensitivity of the shape of the zirconia nit-lt to

changes in the eAternal configuration will bc qualitatively the .-ame as

in the case of the alumind melt alreany discuosed.
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APPENDIX C

TEMPERATURE DISTRIBUTION DUE TO A RING SOURCE

In this section we derive the formula for the temperature (in steady state)

at a point in an infinite medium which contains a source of heat in the

form of a ring. We assume the thermal conductivity of the medium to have

the fixed value K (watts cm-1 deg C-1), so the temperature rust satisfy

Laplace's equation

72T = 0

and furthermore we require that the remperature be zero at infinity.

In accordance with thcse assumptions we find the temperature, dT, at a

field point, P, whse coordinates are (x,y,z) produced by a point source

of strength dQ watts located at P' with coordinates (x',y',z') to be

d-1 4xKs (1)

where

s = V(x-x') 2 + (y-y') 2 + (z-z') 2  (2)

By adding up the contributions due to many such sources we can, at least

in principle, find the temperature due to any distribution of heat sources.

In Figure C.A we show a ring source of radius, a, located in the z-plane

and a field point at an arbitrary point. It is evident from the diagram

that

X1 a cos B

y' a sin 0

z = 0 (3)
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SNow atppose the scurce to dissipate q'watts cm -1 tfnI,)rwly jilonp: 10;

c| re'wf erence. Then

dQ=Q' ado (4)

since ad is the element of arc. Therefore we find from the above equati

equation
,Q' a dOdT =(5)

4wKV(x - a cos O)z + (y -a sin 0)2 +' z2

or, by integration of (5) around the loop,

2v
T Ra f dO (6)

47rK 0 V(x -a cos e)2 + (y - a sin 0)2 + Z2

O account of the symetry of the problem we can replace x in (6) by r

and replace y by 0. Thus

2w 
dT -Iýa I -e (7)

i(!• "T =4wK 0 j]r' + a2 + z2 -2at cos 0

l The integral in the right-hand side of (7) is not "elementary", but can

be evaluated simply in ter~m of the well known complete elliptic integral,

• K(m), which is defined by the formula

K; (m) I --- do (8)
S0 v/Z - m sin2

First make the substitution

S0 20 2+ w

=in (7) to obtainZ

Qa • do

T M f ,. 9)
2 -n/2 V(a + r)2 + z2 -4ar sin2

Next remove the factor (a + r)2 + z2 from the expressitr whose square

ci~~jU #wIer e ise evn

root is indicated and note, sance we find that the range of

equat-6-i



integration can be reduced by setting the lower limit to zero if a factor

of two Is placed In front of the integral. Thus we find

QT W12 d)T= - ' f (10)
wKV(a + r) 2 + z2  0 - 4ar

(a 0- r) 2 + z2

Whence, by the definition of (8), it is clear that

a K[ 4ar

rKr(a + r)2 + z2

The function K(m) is easily computed by means of the approximations given

(5)by Hastings. Finally we let Q be the total heat dissipated by the ring

so

Q' Q/2wa

and

T K 4ar
+(a + r) 2 '+ z2] (12)21t2KJ(a -+T1)2 + Z2 -

if the ring is located at a height, h, instead of at the plane, z = 0,

the quantity, z, in (12) must be replaced by the quantity, z - h. Note

that K(O) = 12, so a ring source of "cadius, a = 0, produces a temperature

field

T (13)
4wK)r 2 + z2

This is obviously the field produced by a point source, as it jolly well

ought to be.
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APPENDIX D

CONTROL OF RADIO FREQUENCY POWER

The typical current feedback control system, shown in Figure D.1, was

used to control the output of the radio frequency generator. The Leeds &

Northrup H-AZAR Recorder was used as a preamplifier, the input summing

point, and also to record the error signal. The cbaracteristics time

constant (Il) of the H-AZAR is 0.1 second. The time constants of the RF

,-enerator and the associated saturable reactor are approximately Lhi.

-oralue a little longer.

To adjust the controller to the process the integral (reset) action (k )

of the Leeds & Northrup Series 80 CAT Controller was made as large as

possible in order to obtain accurate steady state control, while the gain

(k.) a•.d the derivative (rate) action (ka) of the controller were adjusted

to obtain stable control with minimum response time. The resultant

settings were: Reset - 50 repeats/minute, Proportional band = 35%, and

Rate = .02 minute. The frequency response of the system is shown in

Figure D.2. The open loop response was computed from the measured closed

loop response values. The I/f slope in the low frequency end of the open

loop response curve is due to the integral action of the controller. The

650 phase margin, close to the minimum value considered acceptable in

good control practice, shows that the adjustment is close to optimum.

The closed loop response is good to about 0.3 to 0.7 Hertz. The response

does not begin to fall off rapidly until about 1.0 Hertz.

The measurements and adjustment of the control system were difficult

because of RF noise pickup. At the operating frequency of about .

Megahertz the inductance of most conductors is not negligible, proper

grounding is often impractical and the resultant ground loops lead to
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excessive pickup. Some effects of RF noise were still noticeable even

after our best efforts to improve the system grounding.

Another factor which interfered with closed loop control oJ the RF power

"during startup was the dramatic change in conductivity of zirconia upon

heating. The conductivity rises rapidly with temperature and there is a

correspondingly rapid increase in power absorbed by the load. At the

same time there is little change in the RF current because the melt

occupies only a small portion of the volutne inside the heating coil and

also because the penetration depth is st 4 ll large compared to the

dimensions of the melt. The result is a tendency toward thermal runaway.

To solve this problem the Huettinger RF generator was modified tc allow

the oscillator plate current to be used as the feedback signal. The
plate current increased almost in direct proportion to the real power
load on the RF generator and is a much better measure of the power into

the melt than RF current. Also, this method of control was not sensitive

to RF noise pickup. When the control system was adjusted for plate

current feedback, the controller settings were: Reset = 100 repeats/

minute, Proportional band - 100%, and Rate = .02 minute. The overall

response was not measured but seemed to be about the same as with the RF

current feedback.

The last factor in the system dynamics is the thermal transfer function

of the charge. This fun.cion is difficult to measure but we can estimate

the thermal time constant (T 3) by assuming that the heat loss is entirely

due to conduction and using the relationship

dT3 Ch dW

The heat capacity, Ch 4.18 Ms (Joules/degree) in which M and s are the

mass and specific heat of the charge, respectively. Typical values are
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M = 700 gm

s - 0.1 cal/gm*K

which result in C = 293 Joole/*K.
h

The thermal resistance, dT/dW, is approximately

dTfdW (degrees/watt)

in which AT is the temperature rise of the melt and W is the total input I
power.

Evaluating this derivative for AT = 2600*C and W = 13,00 watts, we

obtain dT/dW - .2 degrees per watt per degree and T3 = 60 seconds. Since

this is much longer than the response time of the closed loop, temperature

fluctuations wil3, be considerably smaller than the power fluctuations ofIZIthe system.

One final consideration is the maximum available power. Power is

determined by the magnetic field and therefore by the RF current. The

current is determined by the induL.Live reactance of the coil and the

output voltage of the RF generator. Since

H == U, _- and L - n 2  (2)- I WL

decreasing the number of turns in the coil, n, increases the current, I,

as n and increases the magnetic field, H, and consequently the output

powe r.

Our final coil design is for a 4-turn coil, 2" long and 2.19" mean radJtus.

The coil inductance is given by

L n2 r2 42 X 2.152 - 1.9 microhenries
10 + 9r 10 x 2 + 9 x 2.15
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The tactor for loss of inductance due to the cross-sectional area of the

cage, (Areacoil - reage /Area coil, is es.limated co be about .8, so

that the net inductance is about 1.5 microhenries. Assuming that the

maximum voltage is 5,000 volts and at a frequency os 3.6 megahertz, we

have

[ I 5000 = 150 amperes
2n x 3.6 x 106 x 1.5 x 10-6

and

H 4 x180 11,e00 amperes/meter.
2" x 2.54 x 10-2

Substituting this value into (17) from Appendix A,

W • 21 O2 W2 oCK

with the other parameters

a - 50 who/meter

1o = 4 x 10-7 henry/meter

S= 19 x 106 radLans/second

a = .032 meter

c = .01 meter

we obtain

W = 24 kilowatts

which is half the rated capacity of the RP• generator.

Iii practice we measured 20 kilowatts plate power at approximately these

conditions. The power intc; the cooling water was about 13 kilowatts.

This was close to the maximum power obtainable in a practical sense since

at higher voltages there was a tendency toward arcing across the work

coil.
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