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NOTICE

This report was prepared by the Contractor and sponsored by the Canadian Electrical Association (CEA), which
does not necessarily agree with the opinions expressed herein.

Neither the CEA (including its members), nor the Contractor, nor any other person acting on their behalf makes
any warranty, express or implied, or assumes any legal responsibility for the accuracy of any information or for the
completeness or usefulness of any apparatus, product or process disclosed, or accepts liability for the use, or
damages resulting from the use, thereof. Neither do they represent that their use would not infringe upon privately
owned rights.

Any reference in this report to any specific commercial product, process or service by tradename, trademark,
manufacturer or otherwise does not necessarily constitute or imply its endorsement or recommendation by the
CEA or any of its members.

The Canadian Electrical Association is one of the oldest industrial
associations in Canada, having been founded in 1891.

Virtual/}' all electric utilities in Canada retain CEA membership in the
Corporate Utility category. In all. 31 utilities provide more than 1100
individual corporate member representatives serving on CEA sections.

The objectives of the Canadian Electrical Association as contained in the
constitution are:

• To foster orderly and efficient development of energy resources so as to
achieve and maintain a reasonable and acceptable balance between the
protection of the environment and the growing energy needs of the nation.

• To provide a forum for the study, discussion, exchange of information
and further development of all subjects of interest to the Association's
members.

• To inform the public, government and industry of the needs, goals,
responsibilities and achievements of the Canadian electric utility industry
so as to facilitate reasoned choices in matters of concern to the industry
and the public it serves.

• To develop and promote policies and programs including research
and development respecting the production, distribution and wise use of
energy, in conjunction with government, the scientific, academic and
industrial communities, kindred associations and the public at large, to
the benefit of all Canadians.
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ABSTRACT

IREQ was contracted by the Canadian Electrical Association to review

plasma technology and assess the potential for application of this tech-

nology in Canada. A team of experts in the various aspects of this tech-

nology was assembled and each team member was asked to contribute to this

report on the applications of plasma pertinent to his or her particular

field of expertise. The following areas were examined in detail: iron,

steel and strategic-metals production; surface treatment by spraying;

welding and cutting; chemical processing; drying; and low-temperature

treatment. A large market for the penetration of electricity has been

identified. To build up confidence in the technology, support should be

provided for selected R&D projects, plasma torch demonstrations at full

power, and large-scale plasma process testing.
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EXECUTIVE SUMMARY

The Canadian Electrical Association contracted IREQ to review plasma

technology and assess the potential for application of this technology in

Canada. IREQ accordingly assembled a team of experts in the various

aspects of this technology, requesting their contribution to this report

on the applications of plasma pertinent to their respective fields of

expertise. The following areas were examined in detail:

iron and steel production
strategic metals production

- surface treatment by spraying
- welding and cutting
- chemical processing
- drying

low-temperature treatment.

The experts did not limit themselves to a textbook treatment of their

subjects but considered plasma technology in the Canadian perspective.

Furthermore, their assessment of the potential of various applications is

based on personal experience and information gained through consultation

with industry and numerous plant visits. Particular attention was given

to on-going plasma R&D activities in Canada.

The ma.ior findings of the study are listed below:

« A large-scale potential market for plasma technology exists in the

Canadian primary-metal industries and in drying (specifically in

pulp and paper, cement and lime manufacture, and in the mining

industry). This market (450 000 TJ/year) represents more than one

third of the total energy consumption in Canadian industries.

• The full potential of this large-scale market will not be achieved

without conversion subsidies and the development of special rate

structures to make electricity more competitive with fossil fuels.



• Plasma technology is still an industrial newcomer and consequently

represents a higher risk investment than conventional technology.

Industry must still be convinced of its viability and reliability in

an industrial context. In order to build up confidence, it is

recommended that several pilot projects be simultaneously supported

in close collaboration with industry.

• A 10-MW facility should be built in Canada to test plasma torches at

full capacity. Testing cannot be left to manufacturers, however; an

independent body should be set up to determine and perform standard

tests such as measurement of the thermal efficiency, the lifetime of

the electrodes, and temperature and velocity profiles.

» Penetration of electricity in the large-scale market identified

above will be limited, in any case, by the availability of plasma

equipment because few manufacturers exist and, to date, all equip-

ment has been custom-made. Furthermore, a delay of two to three

years can be expected for construction and installations. It would

not be realistic to contemplate the conversion of more than 250 MK

per year, i.e. 1% of the above market. (To give an idea of the pre-

sent power requirements of typical targets, a rotary dryer calls for

10 MW, a cement kiln 60 MW, and a pelletizing plant 100 MW).

• In spite of the fact that, from a theoretical performance point of

view, thermal plasmas are more effective than fuel in high-

temperature applications only, they can also be highly beneficial in

lower-temperature processes because of other unique properties. By

providing a clean hot gas for drying, for example, plasma technology

could eliminate the need for a costly heat exchanger and reduce the

size and, therefore, the cost of both the dryer and the gas-moving

equipment; moreover the net energy consumption could be greatly

reduced by using superheated steam as a drying fluid.

t In addition to the very large substitution market discussed above,

there exists in Canada a smaller market potential where the unique

properties of the plasma can be applied to new high-temperature pro-
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cesses leading to new or cheaper products. The applications of

plasma to the production of strategic metals and to chemical pro-

cessing are two examples of the opportunities offered by this tech-

nology. Canada's lower electricity rates can make us a world leader

in this field and RDD (Research, Development and Demonstration) in

plasma technology should therefore be actively supported.

At the present time, the Canadian effort in plasma technology RDD

is very small. Support is recommended for the few existing teams,

even if in some cases their projects appear to have the same general

objective. An example is provided by the projects on the treatment

of dust or fines using the University of Toronto design reactor in

Toronto and the Noranda design reactor in Montreal; at this stage of

development, the superiority of one design over another cannot be

assessed with confidence, especially at the level of power required

for industrial application.
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1 INTRODUCTION TO PLASMA TECHNOLOGY

by

Michel 6. Drouet

IREQ

The current Canadian energy policy calls for an expansion of electrical

demand and the development of new industrial processes based on large-

scale usage of electricity in order to justify and make efficient econom-

ic use of the expanded power system. This report falls within the over-

all Canadian objective, surveying both the high-temperature processes

which use electrical energy in the form of plasma arcs or discharges and

the various industries where the introduction of these plasma processes

can be considered.

This first chapter presents a general overview of the state of the art of

plasma technology, including a brief introduction to plasma physics, and

a description of the working principle of the plasma generators and

plasma furnaces used in research laboratories or industry, or commercial-

ly available. Illustrative examples of applications will also be given,

keeping in mind that detailed explanations are given in the subsequent

specialized chapters.

The following chapters were prepared by specialists in each field of

activity and contain detailed examinations of plasma technology applica-

tions pertinent to Canada. Electricity's potential for penetration into

the industrial sector is also examined using data from Statistics Canada

Catalogue 57-708, Consumption of Purchased Fuel and Electricity (1). The

results of a survey among government departments and electrical utilities

in Canada are giver, which indicate both the rates and the conversion

subsidies applicable to this technology. Finally, in the last chapter,

the recommendations based on the findings of the studies conducted by the

various specialists are presented.



1.1 DEFINITION OF A PLASMA

Heated beyond a certain temperature, the molecules of polyatomic gases

dissociate into simpler fragments. On further heating, the atoms

decompose into electrons and ions and, at the same time, excited species

are created. Such an ensemble is called a plasma, if its net electrical

charge is zero, or a thermal plasma, if all its constitutive species

(molecules, radicals, atoms, ions and electrons) have a similar energy

distribution and are therefore at the same temperature.

In practice, the term plasma is applied to the gaseous state of a

substance from the moment the gas acquires a noticeable electrical

conductivity allowing the flow of energy necessary for heating up the gas

to this plasma state (Joule effect). The charge carriers (electrons and

ions) accelerated by the electric field impart some of their energy to

the neutral particles .through collisions. At suitable pressure and.

therefore, particle density, this exchange is sufficiently intense for an

equilibrium of the general energy distribution to be reached: the plasma

becomes thermal.

The plasma state of matter is therefore mainly characterized by the

energy (temperature) and the density of both the electrons and the back-

ground gas particles. In general the ratio of the electron temperature

over the gas temperature, Te/T, is higher at lower densities (pres-

sures) of the background gas. This ratio may be used to distinguish be-

tween:

- High—temperature plasmas with Te/T values near unity. The gas
temperature T is rather high, up to 10 000 K and even higher,
making these plasmas well suited for processes needing high
enthalpy transfer (fusion, spheroidization, spraying, vaporiza-
tion, drying) or for the synthesis of inorganic material such as
ceramics, small molecules, etc. The electric power density fed
to the plasma and the mass treated per unit time are important.

- Low-temperature plasmas with a Te/T value much higher than
unify. In general, the gas temperature is between ambient and a
few hundred degrees Kelvin, which means that these plasmas are



well suited for processing materials sensitive to temperature
effects (organic compounds, for example). Moreover the electric
power density fed to the plasma is usually low and the mass
treated per unit time is rather small (mg/s).

From this simple distinction it is obvious that processes using

high-temperature plasmas offer a potential for much larger-scale usage of

electricity than those based on low-temperature plasmas. This is

confirmed by the detailed process analyses presented in the subsequent

chapters.

1.1.1 Heat Transfer and Plasma Processes

The electric current creating the discharge may come from an electric arc

burning between two or more electrodes, as illustrated in Figure 1, or

from an inductively coupled high-frequency field. Outside the energy

input region, the particles lose their energy and eventually recotnbine.

This zone, where the so-called relaxation of the higher energized states

occurs, is known as the afterglow region but it is as much a plasma as

the discharge region.

Electrode+
Arc plasma

E l f l C t r o d e .

Figure 1: Plasma Generation in an Electrical Arc



Heat is transferred in and from the plasma by the mechanisms of con-

duction, convection, radiation and diffusion. / Conduction occurs by means

of interparticle transfer from a region of higher temperature to a region

of lower temperature. Radiation contributes to heating by the absorption

and reradiation of photons. Convection depends on the transport of heat

energy by a stream of fluid to regions at lower temperatures. And,

finally, diffusion depends on the migration of molecules, atoms, ions,

electrons and other species due to concentration or thermal gradients.

High-temperature physicochemical processing holds promise for the follow-

ing broad areas:

Highly endothermic reactions
- Reactions that are limited at ordinary temperatures because

of slow reaction rates
- Reactions dependent on excited species
- Reactions requiring a high specific energy input without

dilution by large volumes of combustion gases
- Reactions or phase changes to alter the physical properties

of a material.

Some of the advantages of thermal-plasma processing include: rapid reac-

tion rates, smaller apparatus, continuous rather than batch processing,

automated control, and useful new products.

Thermal processing is made up of at least two large categories of phenom-

ena: those of a purely physical nature and those involving one or more

chemical reactions. Physical processing involves heat transfer between

the plasma gas and the phase being treated, causing a substantial rise in

temperature with an associated physical transformation, whereas chemical

processing involves one or more chemical reactions induced in the con-

densed phase or in the plasma itself.

1.1.2 Efficiency and Performance

A comparison (2) of the energy available for heating from arc-heated air

and from a natural flame is shown in Figure 2. Assuming a theoretical



flame temperature of 1970°C for the combustion of natural gas, the com-

bustion products have an enthalpy of approximately 3000 kJ/kg yet,

depending on the working temperature of the furnace, only a limited

portion of the energy is made available. By comparison, a typical arc

heater can heat air to an enthalpy of approximately 9000 kJ/kg and make

available a large portion of this energy over a wide range of tempera-

tures. It is tempting to conclude, as frequently done in the literature,

that the efficiency of the arc-heater should generally be much higher

than that of the natural-gas burner. Actually, in many applications no

advantage at all is taken of the higher available energy of the arc

heater.

Arc heated air

4000 2000 3000
Work temperature, °C

4000

Figure 2 Comparison of the Available Energy in a Natural-Gas Flame
and in Arc-Heated Air as a Function of the Temperature.

By.way of example, let us consider the case of the induration of iron ore

pellets in a furnace at a temperature of 1340°C. It would seem that, if

the furnace is heated by a natural gas flame, only 36% of the energy in

the flame is transferable while, by contrast, 88% of the energy of the

arc-heated air Is available. In fact, the temperature of the indurating

gas, heated to 2000°C by the gas burner or to 4000°C by the arc heater,



has to be lowered to 1340°C by mixing it with cooler air before it is

blown through the pellet bed. In this example then, the energy available

in the working gas is the same for both heating mechanisms so that for

this particular process the efficiency, which according to the first law

of thermodynamics (3) is defined as

onergy usefully transferred by the device (to the material),
energy input

is the same for both the plasma-heated furnace and the gas-fired furnace.

It should be noted that if a gas heater operating at a temperature nearer

to the required furnace operating temperature of 1340°C were used, a

higher performance of the furnace would be obtained. Performance is now

defined according to the second law of thermodynamics (3) as

energy usefully transferred by the device
maximum possible energy usefully transferable
for the same function by any device using the
energy input

However, the enthalpy of the gas heated by this high-performance device

would presumably be much lower, thus requiring a higher gas throughput.

As is often the case, a compromise must be made between performance and

engineering and each application should be considered on its own merit.

1.2 PLASMA DEVICES

As indicated earlier, plasmas can be used as a chemically active medium

or as an energy carrier. Combined heat transfer by radiation and contact

conduction at temperatures up to 10 000 K and over can attain enormous

values. A high-temperature gas flow, on the other hand, has a high

enthalpy owing to the effects of dissociation and ionization. The

heating capacity of such a gas flow on the heated surface can be 1 or 2

orders of magnitude greater than that obtained in the most efficient



fuel-fired furnaces. This makes it possible tc accelerate the heating

process as for melting, cutting and welding using plasma heat.

Furthermore, since the process of ionization does not change the chemical

properties of ions compared with their respective atoms, it is possible

to form plasmas having oxidizing, reducing or neutral properties.

Many different types of plasma device have been developed, each being

optimized for a specific application. This chapter is limited to thermal

plasma devices which, as already mentioned, offer a greater potential for

much larger-scale usage of electricity than the low-tetnperature plasma

devices. They are classified here Into two categories: the plasma torch

and the plasma furnace.

1.2.1 Plasma Torch

The plasma torch is used to convert electrical energy into the thermal

energy of a gas by passing the gas through an electric arc maintained be-

tween two electrodes (Figure 3). The amount of heat that can be added to

a gas in this way is considerable ("101* kJ/kg), much more than can be

achieved with conventional combustion.

Magnetic coil

Cold gas
injection

Plasma flame

Electric current

Electrodes

Figure 3 Typical Plasma Torch Design.



Control of the position of the arc in the generator is required a) to

achieve the maximum energy transfer between the discharge and the flow of

gas, b) to protect the wall of the generator and c) to minimize elec-

trode erosion. Tangential in.iection of the gas is often used to obtain a

vortex stabilization of the arc along the axis of the device as shown in

Figure 3. The plasma generator may also be provided with a magnetic coil

at one or both electrodes to force the arc attachment points to rotate,

thus distributing the seemingly unavoidable erosion over the whole elec-

trode surface; in some configurations the tangential gas injection is

sufficient to also rotate the arc foot, dispensing with the need for

coils.

Plasma torches are available on the market up to a power level of a few

megawatts (5 MW in the case of most manufacturers, 8.5 MW for HJils (4)).

In spite of arc-foot rotation, erosion limits the electrode lifetime to a

few hundred hours (100 to 400 h) and it remains the major technological

problem hampering the penetration of this technology. As erosion is

highly dependent (5) on the value of the arc current (a I ), it seems

that a generator operating at higher arc voltage would be more advanta-

geous than a device of the same power. However, a higher voltage means a

longer arc and more electrical insulation, which would make the device

bulkier. In any case, manufacturers claim that the design of most

devices allows electrode replacement in less than 30 min.

In addition to the plasma torch and the DC power supply, a plasma gen-

erating system usually includes the following components:

a deionized water system to cool the electrodes
- a gas system to provide clean and pressurized plasma gas
- an electrical or mechanical arc-starter
- instrumentation, interlocking and safety systems to ensure

safe and stable operation
- a raw-materials injection system, where required.

The cost of a plasma generating system varies between $100 to $300 per

kilowatt, depending on the manufacturer and the auxiliary systems in-

cluded.
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1.2.2 Plasma Furnace

While the plasma torch is only a gas heater, the plasma furnace, by con-

trast, is a device where a material is introduced for physical or

chemical transformation at high temperature and where the plasma supplies

the required heat and may even be one of the reactants (6).

Plasma furnaces of various configuration have been developed. The nature

of the material transformation and the energy efficiency of the operation

depend on the geometry of the furnace as well as on the mode of injection

and the residence time of the material at high temperature. Several

geometries are shown schematically in Figure 4. In Figure 4a, the plasma

torch is simply used to heat the furnace, which may be used for sintering

or melting the material; in Canada this configuration is used for waste

pyrolysis (RMC, Kingston (7)) and is being considered for iron ore pellet

induration. In Figure 4b the material is simply dropped in the plasma

produced by AC arcing between three graphite electrodes; this is the

basic furnace geometry of the University of Toronto (8). Hiils (4) and

AVCO (3) use injection of the plasma gas and of the material in tne

cylindrical torch itself, Figure 4c, followed by rapid quenching of the

afterglow gas to obtain acetylene. In the SKF Plasmasmelt process

illustrated in Figure 4d, the ore and coal powders are injected in the

torch flame and the reduction is completed in a cavity of the coke-filled

furnace (10). To avoid the anode heat loss, in several configurations

(Figures 4e, f, h) the arc is transferred to the charge and the current

flows through the material being treated to a bottom electrode connected

to one of the two terminals of the power source; in most cases the charge

acts as the arc anode. The design of the torch itself remains generally

similar to that discussed earlier in relation to Figure 3, except that

the downstream electrode is now disconnected from the power source and

used only as a collimator for the plasma stream. In the configuration

used by Daido the plasma torch position is fixed (11). By contrast, the

Tetronics design provides for a mechanical precession of the torch

assembly which distributes the arc power more evenly in the furnace and

the bath (12).
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Figure 4 Plasma Furnaces of Different Configuration.
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In most of the cases discussed above, the material to be processed is fed

through the furnace roof and is heated as it falls; however, the reac-

tions occur mainly in the bath. On the contrary, in the designs shown in

Figures 4g and h, the powdered material is fed together with the plasma

gas into the torch itself; the powder is projected against the inner wall

of the colliroator where it melts to form a falling film of material which

shields both the collimator and the inside walls of the furnace from the

arc radiation. In addition to limiting the wear on both the furnace

walls and the collimator, the falling film reduces the heat loss; in the

Bethlehem design (4g), the arc is not transferred (13) to the bath while

in the Noranda design (4h) it is (14), resulting in a further increase in

the thermal efficiency.

Additional detailed discussion of these and other plasma devices are pre-

sented in the specialized chapters with indications of their application

potential in Canada.

1.3 SOEHARY OF THE ADVANTAGES OF PLASMA TECHNOLOGY

This introduction to plasma technology has shown that the heat produced

by a plasma furnace has the advantage of being at a much higher tempera-

ture than that produced by combustion of a fuel; in many applications

this leads to:

- a reduction in the size of the reactor and, consequently,
shorter start-up and shut-down of the operation

- shorter melting time

- the possibility of rapid quenching of the high-temperature
material, yielding new products or a higher conversion per-
centage of the material

- the possibility of using such gases as air, water vapor,
carbon dioxide, hydrogen and others

- no or negligible carbon contamination

11



reduced contamination of the products due to the use of non-
-consumable electrodes

products comparable in quality to those produced under
vacuum because of the control of the furnace atmosphere

reduction in the investment cost, mainly because of the
smaller size of the required installation for competitive
economic operation

less air pollution, low audible noise, reduced disturbance
of the electrical network and lower consumption of refrac-
tories as compared to conventional arc furnace operation

12
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APPLICATION OF PLASMA TECHNOLOGY IN THE CANADIAN

IRON AND STEEL INDUSTRY

by

Edna Dancy

IREQ

2.1 INTRODUCTION

The iron and steel industry is an energy-intensive industry based mainly

on fuels other than electricity. This chapter attempts to determine

realistically where plasma technology could be advantageously intro-

duced. It does so by first describing the steips involved in making steel

and then outlining the industry in Canada and recent energy use trends.

Next, it explores where plasma technology could be applied, looking at

entirely new processes as well as modifications to existing processes.

Most importantly, the industry's own views on this technology are ob-

tained by means of a questionnaire sent to most Canadian steel producers

and through direct consultation. After a summary of the potential

benefits and problems and an indication of research and development under

way in Canada, a series of recommendations are made.

2.2 CURRENT TECHNOLOGY IN THE IRON AND STEEL INDUSTRY

To enable an examination of ways in which plasma technology could be

usefully implanted in the iron and steel industry, a brief description of

current technology is in order. Conventional processing can be divided

into a number of steps:

1. Raw-materials preparation

2. Ironmaking (reduction)

3. Steelmaking and refining
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4. Casting and primary rolling

5. Finishing

These steps, and the alternative routes that can be followed, are summa-

rized in Figure 1.

In essence, the process involves the removal of oxygen from the oxide

form in which iron occurs in nature, purification and adjustment of the

composition of the resulting impure iron, together with recycled scrap,

to obtain steel with the required properties, and finally shaping of the

steel into the finished product.

2.2.1 Raw Materials Preparation

Most ores, and all Canadian ores, contain sufficient impurities that they

must be finely ground so that the impurities can be physically sepa-

rated. For most current ironmaking procedures, the finely ground ores is

then mixed with small quantities of limestone or other materials and

agglomerated into marble-sized pellets or chunks which are partially

fused or sintered for mechanical strength.

The principle ironmaking process requires coke, which serves as reducing

agent and fuel. Coke is produced by heating finely ground coal in closed

retorts (coke ovens) in the absence of air, and drawing off volatiles and

some sulfur.

2.2.2 Ironmaking

Most of the world's ironmaking is carried out in blast furnaces. Here,

in vertical shafts up to 30 m high and 10 to 15 m in diameter, iron oxide

is reduced to an impure liquid iron. The ore (ore, pellets or sinter) is

charged at the top along with coke and limestone (flux) and preheated air

or oxygen is blown at the bottom. Partial combustion of the coke
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produces heat and reducing gas (rich in CO) which meets the charge as it

descends, producing molten iron (containing carbon, silicon, sulfur,

manganese, phosphorus), molten slag (from the limestone and minerals in

the ore) and off-gas (N2, H2, H20, CO and C0 2).

Modern blast furnaces are very efficient but, because of their size (1000

to 10 000 tonnes/day), not suited to all operations. Recently, a number

of "direct-reduction" processes have come into being, with varying

degrees of success. In these, solid iron oxide, usually as pellets or

lump ore, is brought into contact with reducing gas and transformed

directly into solid iron that still contains a small amount of oxygen.

These processes are much less capital-intensive than blast furnaces and

are particularly suited to smaller-scale operations, especially where

natural gas is available. They have the added advantage that the iron is

less loaded with impurities. This direct-reduced iron (DRI, sometimes

called "sponge iron") is usually melted and refined in an electric arc

furnace (see below).

2.2.3 Steelmaking and Refining

The iron, obtained from the blast furnace or direct-reduction unit, or

recycled scrap is transformed into steel by selective oxidation of the

impurities and, when special properties are required, by addition of

other elements.

Most present-day steelmaking is performed by the basic oxygen process

(BOF) in which molten iron and scrap, with added lime, are subjected to

jets of pure oxygen blown into or onto the bath. The oxygen burns out

the carbon to produce steel and reacts with silicon and other impurities

to create slag. In recent modifications such as the Q-BOP furnace, the

oxygen with coolant is introduced at the bottom of the vessel.

In contrast to the pear-shaped vessels used in these processes, the older

open-hearth process involves treatment of the hot metal and scrap in a

shallow reverheratory furnace. This process, which requires many hours

(compared with "25 min) and is much more energy- and labor-intensive, is

rapidly disappearing.
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On the other hand, electric furnaces are becoming increasingly impor-

tant. They are very versatile and can accept a wide range of charges

with scrap and DRI in any proportion and can use hot metal or pig iron.

The furnace is a cylindrical shell with a dished bottom and removable

roof. Heating is by an electric arc struck between graphite electrodes

and the charge. The impurities are oxidized by an injected stream of

oxygen or, alternatively, by oxygen in added iron ore (or remaining in

the DRI pellets, if they form a part of the charge).

The final stage of steelmaklng often takes place in the ladle into which

the steel is poured for transportation to the casting operation. This

normally involves removal of excess oxygen, adjustment of temperature and

addition of alloying elements that impart the required properties.

2.2.4 Casting and Primary Rolling

The molten steel is either cast into ingots, which are then rolled (hot)

to smaller or thinner sections in a primary mill, or continuously cast

directly Into such sections.

2.2.5 Finishing

The billets (small square sections), blooms (large square sections) and

slabs (rectangular cross section) are reheated to an appropriate tempera-

ture and rolled in one or several stages in a variety of rolling mills to

produce semi-finished products.

It should be noted that some of the iron produced by the blast furnace is

not converted to steel but is used directly for castings where its high

carbon content imparts the required mechanical properties. Remelting is

carried out in cupolas or in electric arc furnaces, and can also be done

using induction furnaces. Some steel is also cast into shapes, while

other is cast and forged. In addition, some special steels are subjected

to certain treatments not included in the above description, e.g. vacuum

deoxidation, vacuum casting.
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IRON AND STEEL IN CANADA, 1981

LEGEND

• INTEGRATED RON AND STEEL PRODUCERS J

A NON-INTEGRATED RON PRODUCERS

• NON-INTEGRATED STEEL PRODUCERS

A PLANTS WITH ROLLING MILLS ONLY

Integrated iron and sted producers
(numbers refer to locations on map above)

1. Sydney Steel Corporation (Sydney)
Z. Dolasco Inc. (Hamilton)
3. Slelco Inc > (Hamilton and Nanticoke)
4. The Algoma Steel Corporation. Limited

(Sault St.?. Mane)
5. Sidbec-Dosco Incorporated (Contrecoeur)

Non-integrated iron producers

6. QIT-Fer el Titane inc. (Sore!)
7. Canadian Furnace Division of Algoma

(Port Coiborne)

PUnU with rolling omlte only

8. Stanley Strip Steel Division of Stanley
Precision, Inc. (Hamilton)

4. Pacific Continuous Steel Limited (Delta)

Non-integrated otael producer*

10. Courtice Steel Limited

21. Stelco Inc. (Contrecoeur)
12. Atlas Steels a Division of Rio Algom

Limited (Tracy)
13. Colt Canada Inc. (Sorel)
14. Canadian Steel Foundries Division of

Hawker Siddeley Canada Inc. (Montreal)
15. Canadian Steel Wheel Limited (Montreal)
16. Sidbec-Dosco Incorporated (Montreal and

Longueuil)
17. Ivaco Rolling Mills Division of Ivaco

Inc. (L'Ongnal)
18. Atlas Steels a Division of Rio Algom

Limited (Weiland)
19. Burlington Steel Division of Slaicr Steel

Industries Limited (Hamilton)
20. Lake Ontario Steel Company Limited

(Whitby)
21. Manitoba Rolling Mills (Canada) Limited

(Selkirk)
22. Interprovincial Steel and Pipe

Corporation Ltd. (Regina)
23. Stelco Inc. (Edmonton)
24. Western Canada Steel United (Calgary)
25. Western Canada Steel Limited

(Vancouver)

Figure 2 Principal Canadian Steel Producers.
Source: Canadian Minerals Yearbook, Iron &

Steel Section, 1981.
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2.3 CANADIAN FACILITIES AND ENERGY TRENDS

2.3.1 Canadian Producers

In North America, most integrated steel producers, that is to say compa-

nies with operations at all stages of iron and steelmaking from raw mate-

rials to finished product, base their production on the blast furnace.

In Canada, the three largest, Stelco, Dofasco and Algoma, accounting for

some 80% of total production, which amounted to 16 million tonnes in the

peak year of 1979, are no exception. Of the five integrated companies,

only Sidbec-Dosco, with about 8% of Canadian capacity, at present employs

the alternative route of direct-reduced iron together with scrap in the

electric arc furnace. (Although Stelco has operated a direct-reduction

plant, this is now shut down because of the abundance of scrap at low

price.) All the integrated producers use some scrap as part of their

charge. Mini-mills (smaller, local producers with electric furnace oper-

ations that make up a large part of the remaining Canadian capacity) use

principally scrap, although recently some have used DRI to control im-

purities. Special steels (Atlas), special products (e.g. pipe) and cast

products also contribute to the balance. Figure 2 shows the main Cana-

dian producers and their location while Table 1 indicates the activities

of most of the companies.

With respect to the iron ore industry, in addition to the ore mined and

treated for use in Canada, a large quantity of ore concentrate and

pellets is produced for export. On the other hand, substantial amounts

of U.S. pellets are imported by the Ontario steel producers and smaller

amounts of other foreign ore (e.g. Brazilian) by Sysco and by Sidbec-

Dosco, the steelmaking subsidiary of Sidbec.

2.3.2 Energy Use and Trends

Total energy consumption by the five integrated producers (representing

=85% of total Canadian capacity) amounted to 3.39 x 108 GJ (321 341 x

109 Btu) in the peak year of 1979. It fell to 3.10 x 108 GJ (284 311 x

109 Btu) in 1980 and 3.00 x 108 GJ (284 311 x 109 Btu) in 1981(1).

22



Without too much error, we can say that the Canadian ferrous industry as
p

a whole consumes of the order of 4.0 x 10 GJ per annum. This figure may

be a little high because the remaining 15% of the industry usfcs iron or

scrap as its starting material and so is not involved in ironmaking,

which accounts for a large share of the energy used. This 15% of the

industry also uses a larger proportion of electricity than the average

for the five integrated companies, since it is essentially based on the

electric arc furnace. Hence,, for the industry as a whole, the

distribution amongst the various forms of energy used will not be exactly

as shown in Figure 3; in particular, coal will be slightly lower and

electricity slightly higher.

In the same period of time covered by Figure 3, as a result of the energy

crisis and, also, changing technology, various changes have occurred.

Between 1974 and 1981, the following trends can be noted for the five

integrated companies:

*3% reduction in total energy used per tonne raw steel, from
25.04 to 24.43 GJ/tonne

«13% reduction in coal energy used per tonne raw steel, from
17.12 to 15.04 GJ/tonne

a17% increase in natural gas energy used per tonne raw steel,
from 4.07 to 4.76 GJ/tonne

a5% increase in oil energy used per tonne raw steel, from
2.56 to 2.70 GJ/tonne

=19% increase in electrical energy used per tonne raw steel,
from 1.29 to 1.54 GJ/tonne.

Over a similar but slightly longer time period, from 1973 to 1981, but

for the whole industry (2), there were also some notable changes in the

amount of steel made by each of the three methods (Figure 4):

55% reduction in open-hearth steel
31% increase in BOF steel
73% increase in electric-furnace steel.

23



Shore of total energy, % Energy use,1086J

s
en
IT OJ

A
Pl

§3

CO 9

g
arctnrr

ff2

5
S
a.



Predictions generally indicate that the share held by BOFs will not

change very much in the future but that open hearths will gradually be

phased out while electric furnaces will increase their share.

These data do not include energy use and trends in the iron ore in-

dustry. Iron ore is mined in Ontario, Quebec and Labrador. That mined

in Ontario is consumed in Ontario, some as sinter (coal being the fuel)

and some as pellets (natural gas being the fuel) and there is little in-

terest in changing these fuels. The Quebec/Labrador situation is very

different: of the pellet production capacity presently in use (one

pelletizing plant of 6 million tonnes/year having been shut down),

17.2 million tonnes/year is normally for export and 4.8 million tonnes/

year for Canadian consumption. These figures do not represent current

production levels, however: for 1983 these are approximately 3 million

tonnes for Canadian use and 9 million tonnes for export. Fuel consump-

tion is of the order of 740 000 KJ/tonne, mainly oil, but in some cases

includes up to one third as coal added to the pellets before firing. It

is difficult to predict future production in view of the parlous state of

world industry and the present intense competition on the international

ore market.

2.4 PROCESSES SUSCEPTIBLE TO IMPLANTATION OF PLASMA TECHNOLOGY

In the previous section, it was seen that electricity has gradually been

increasing its share of the energy spectrum, and all indications are that

it will continue to do so. The problem is to determine whether and where

it is appropriate to further increase electricity's share by the selec-

tive introduction of plasma technology. In this section, existing pro-

cesses that could be modified to allow the use of plasma are examined.

2.4.1 Replacement of Other Fuels - General Philosophy

Oil is the main target for replacement but the other two fossil fuels

also present opportunities. Natural gas is available, although recent

pricing policies have reduced the confidence of large users. While coal
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is available in abundance, the grade required for making coke, namely

metallurgical coal, is in increasingly short supply. This fact, coupled

with the obsolescence of a number of coke ovens, suggests that coke re-

placement could also be attractive.

The process of removal of oxygen from the oxide (ore) is costly in

energy. As a result, energy consumption in the chain of processes be-

tween iron ore and steel product is concentrated largely in the produc-

tion of iron. The fact that cokemaking and ironmaking together account

for some 50% of total energy use in a conventional integrated opera-

tion(3) reinforces the above view that coke replacement could be inter-

esting. However, such replacement could also present problems simply

because of the very large amounts of electric power that would be requir-

ed in certain geographic locations. For example, it is suggested that

Stelco's 'E' blast furnace (5100 tonnes/day) would use 107 MW (3).

Obviously, careful .ioint planning would be required.

While coke replacement would have an impact only on the four conventional

integrated companies, oil and gas replacement would probably be more

widely and thinly distributed, there being a number of potential applica-

tions for this technology at the various stages of steelmaking and

finishing as well as in ore preparation.

2.4.2 Specific Applications

2.4.2.1 Induration of pellets. In a pelletizing plant, the agglomerated

balls of finely ground iron ore and additions are passed along a moving

grate where sintering occurs through passage of air heated to a tempera-

ture of up to " 1340°C. Oil- or gas-fired burners along the length of

the moving grate provide the heat. These could be replaced by plasma

torches heating air or steam. A 3 mi11ion-tonne/year plant would require

a 100-MW supply (8 x 105 MWh) replacing - 2.2 x 109 GJ (-2.1 x 10 1 2 Btu)

of fossil fuel.

Pelletizing plants afford the opportunity for stepwise introduction of

this technology. One torch could be installed as straight replacement of
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several burners. This would enable testing of the torch itself under

operating conditions as well as verification of the impact of the substi-

tution on the operation of the plant and on the product.

2.4.2.2 Ironmaking. The use of plasma torches for coke replacement in

blast furnaces was referred to earlier. They could be used simply to

augment the temperature of the blast, so supplying some of the heat that

is otherwise produced inside the furnace by burning some of the coke, or

alternatively to supply hot reducing gas to the furnace by injecting coal

into the hot-air or oxygen stream. This would reduce the coke consump-

tion even further and would, in effect, replace part of the coke by elec-

tricity and part by (low-quality) coal.

Closely related technology can be used to reform natural gas, oil or coal

to produce reducing gas (CO + H2) for direct-reduction processes such as

the Kidrex process. Catalytic reforming (partial oxidation) as presently

used is inflexible with respect to the feed/catalyst combination and is

Inapplicable to coal. Plasma reforming would enable greater flexibility

with respect to feed and would substitute electricity for the fossil fuel

presently used as source of energy for the endothermic reforming reac-

tion. The plasma/coal combination is particularly attractive.

2.4.2.3 Steelmaking. At the steelmaking and refining stages, there are

a number of possibilities. Hot air or reducing gas could serve as

possible energy replacement in open-hearth furnaces. Also interesting is

the potential use of plasma torches for melting scrap in BOFs or for

raising the temperature of the hot metal so that it can melt added scrap

(BOFs are normally charged with hot metal from the blast furnace). The

low cost of scrap versus the cost of hot metal makes this attractive.

Preheating scrap before charging it into electric furnaces is another

possible application. Requiring more development work would be plasma

torch replacement of the electrodes in electric arc furnaces, and the

goal, in this case, would be smoother operation rather than substitution

of electricity for a fossil fuel. Plasma torch preheating of ladles and

temperature adjustment during ladle refining would be fairly simple

applications. Remelting is another application meriting consideration.
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This would he of interest principally in the special-steels area and

would be relatively small-scale. It would, however, be a fairly sophis-

ticated application, necessitating a certain amount of design work, since

a protective atmosphere would normally be required.

2.4.2.4 Soaking pits and rolling-mill furnaces. Soaking pits and

rolling-mill furnaces are obvious candidates for installation of plasma

heating. However, this application might be more appropriate in a mini-

mill or specialty steel plant than in an integrated plant, particularly

one with coke ovens. Energetically, there is a complex interdependence

between the various operations within a steel plant (Figure 1). Thus,

while implantation of this technology would certainly have the effect of

increasing the use of electricity, it is not always clear how the overall

energy use in a plant would be affected. For example, if there is very

nearly enough coke-oven and blast-furnace gas for heating soaking pits

and reheating furnaces, it is obviously inappropriate to install plasma

heaters. On the other hand, if plasma-heated reducing gas were injected

into the blast furnaces, so reducing the coke rate, coke ovens would be

retired, making available less coke-oven gas. Then electric (plasma)

heating at these locations could become attractive.

2.4.2.5 Foundry industry. The foundry industry may also offer opportu-

nities for introduction of plasma heat. Molten iron for casting is pro-

duced mainly by melting scrap or pig iron (from a blast furnace) in a

coke-fired shaft furnace known as a cupola. There are certain similar-

ities to a blast furnace, but the coke serves only as the source of heat

and carbon in the metal (necessary for the mechanical properties of cast

iron); no reduction of ore is involved. Plasma firing has been pro-

posed^) as a coke-saving measure, which could be quite interesting since

the coke required must have a low sulfur content, there being no sub-

sequent processing to remove sulfur from the metal. However, while this

substitution might be quite attractive in the U.S., which has several

very large foundries associated with the automobile industry, there

appears to be less scope for application in Canada. Here, cupolas are

numerous but small, the largest having a capacity of 45 tonnes/hour and
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most producing less than 10 tonnes/hour. It would probably be difficult

to justify the capital cost.

2.5 NEW PROCESSES

So far the discussion has been limited to applications in which the over-

all process is left essentially unchanged. Even in the two cases where

the plasma is used as a source of heat for a chemical process (production

of reducing gas for direct injection into the blast furnace or for use in

a direct-reduction process), the process as a whole will be modified

rather than radically changed. It is enticing to explore the possibility

of more fundamental changes that could be brought about using this tech-

nology, changes, for example, in the way the reduction process is carried

out or in the vessel in which refining is conducted.

2.5.1 Ironmaking - The Reduction Process

The reduction process is the most likely candidate for radical change,

mainly because of the underlying need for alternatives to the blast fur-

nace. This need arises from a variety of causes: capital cost of a blast

furnace, size of local market, unavailability of coking coal, availabi-

lity of alternative fuels, availability of unusual iron-bearing raw mate-

rials, etc., and it has been the driving force behind the development of

existing direct-reduction processes. An additional- incentive lies in the

desire to couple the ironmaking process directly, and continuously with

the steelmaking process. As a result, in the years since the w.r, many

ideas have been explored experimentally and on paper. Plasma technology

can provide the means by which electricity is substituted for that part

of the carbonaceous fuel that would otherwise be used to furnish heat to

the reduction reaction. Several plasma-based processes have been

investigated in the last decade, and at least one of them is being

actively promoted. They will be described below.
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2.5.1.1 SKF Plamasmelt. This approach to reduction has been demonstrat-

ed at the pilot level and is being promoted commercially. In it, a coke-

filled shaft furnace with plasma heaters located at the tuyere level

furnishes the plasma reaction chamber. Preheated, partially reduced ore

and pulverized coal are introduced into the plasma-heated reducing-gas

stream as it enters the coke bed. Coke is consumed only for carboniza-

tion of the molten iron, at the rate of <• 50 kg/tonne of hot metal. The

off-gas serves as feed to the plasma torch and for ore preheating and

reduction. Trials have been conducted for 24-h periods using a 0.4-MW

then a 1.5-MW plasma torch. A technical and economic study for a

250 000-tonne/year plant vs. a 2 000 000 tonne/year blast furnace indi-

cates a « 19% reduction in the cost of producing molten iron. Electri-

city would be consumed at the rate of 1120 kWh/tonne (5).

2.5.1.2 Falling-film plasma reactor - Bethlehem Steel Corporation. This

process, developed by MacRae (6) and associates, has been fully demon-

strated at the 1-MW level. Fine iron ore is reduced to the metal in a

single-stage process using H2/natural-gas mixtures. Electrical consump-

tion of 2.65 kWh/kg was achieved but results indicated that greater effi-

ciency could be expected on scale-up. The reactor is based on the idea

of having a falling film of reacting material that flows down the walls

of the reactor. This reduces radiative heat losses, provides adequate

residence time for the reaction to reach completion and increases reactor

operating lifetime by reducing anode erosion. It has also been demon-

strated for ferroalloy production, a field in which it is perhaps more

likely to find practical application.

2.5.1.3 Extended-arc furnace - University of Toronto. This approach,

pioneered by Segsworth and Alcock (7), has been with a three-phase

extended-arc counter-current furnace. Very fine ore, carbonaceous mate-

rial and, if necessary, slag-forming material are fed into the top of a

shaft so that they fall through the plasma zone between the three graph-

ite electrodes (one or more of them hollow to allow a small flow of argon

to be fed into the arc) more or less horizontally disposed at the base of

the shaft and, thence, into the hearth section below. The hot gases,

argon and reaction products, CO and CO2, pass up through the shaft,
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transferring heat to the falling material and participating in various

gas-solid reactions that result in partial reduction of the oxide, pro-

duction of more C02, some of which oxidizes the C to produce more CO, and

so on. The reduction is probably completed in the hearth, from which

molten iron is periodically tapped. This process has been studied only

on a very small scale in a 100-kW furnace but scale-up is at the planning

stage.

2.5.1.4 Other processes. These examples are given to Illustrate pos-

sible innovative approaches rather than as recommended processes. To

them could be added processes that have come to be thought of as being

more applicable to ferroalloys than to iron, in particular the trans-

ferred-arc processes (Noranda (8), Foster-Wheeler/Tetronics (9)). In

addition, there are unproven processes such as that proposed for directly

producing powdered iron (10). One point should be emphasized: to be

successful economically as well as technologically, the process must

offer something not found in an existing process, be it the replacement

of a scarce fuel, the ability to utilize waste or unusual raw materials,

elimination of a process step, drastically lower capital investment, etc.

2.6 EQUIPMENT AND PROCESSES AVAILABLE

The various plasma torches and reactors have been described elsewhere in

this report. This section examines how they have been or could be incor-

porated into processes or processing steps in this industry, with indica-

tions of the companies involved.

In cases where the requirement is for hot air or hot gas, a number of

torches are commercially available at the 1-MW level, and some have been

built for higher power levels. Thus, for an application such as the

firing of pellets, several suitable torch types are available. Electrode

life under continuous operating conditions is soro "hing of an unknown;

production of oxides of nitrogen might also present a problem, albeit a

resolvable one. As already mentioned, technically, pellet firing could

present an attractive opportunity. Westinghouse has been particularly
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active In pursuing this application, while SKF (Sweden) has also done

some preliminary testing,

SKF, with its Plasmared and Plasmasmelt processes, has heen very active

in working towards commercially viable direct-reduction processes.

Plasmasmelt was described in the previous section. Extensive pilot-scale

work has also been performed on the Plasmared process which is a direct-

reduction process producing sponge iron (DRI) in a shaft furnaces, and is

essentially an upgraded version of the Wiburg-Soderfors process (1955).

It incorporates a plasma reformer for producing reducing gases (CO + H 2)

from carbonaceous fuel materials (liquefied petroleum gas in the first

instance, heavy fuel oil or coal ultimately) in place of the original

resistance-heated coke reformer. The plant operates with three 2.5-MW

torches and produces 10 tonnes/h of DRI. A 10-MW plant is planned.

Chemische Werke Htils of West Germany is also active in this field. This

company, which has been using a plasma process for the manufacture of

acetylene since 1939, recently turned its attention to reforming hydro-

carbons to produce CO and H2 for direct reduction purposes. It is pre-

sently licensing a 40-MW ( 5 x 8 MW) plant to Union Steel Corporation

(USCO), South Africa, to be completed in 1984. In this case, ' e gas

feed will be a coal-derived mixture of CH^, CO and H2.

Plasma reforming would be directly applicable to the Midrex process of

Sidbec, in this case replacing the catalytic reformer. It should be

noted that a Canadian patent covering such a reforming process is held

jointly by Sidbec and Hydro-Quebec (11).

The provision of hot reducing gas to a blast furnace is at a compara-

tively early stage of development. Initial tests were performed by the

Belgian Centre de Recherche Mfitallurgique (CRM) on a small experimental

blast furnace in Liege. A 60-kW DC Arcos torch was attached to the

single tuyere, reducing gas being produced directly in the plasma from

natural gas and air. Favorable results led to further tests on a small

commercial blast furnace (Cockerill's, LiSge) using a 3.5-MW Westinghouse

torch attached to one of the tuyeres. This work was partially supported
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by several steel companies, including Stelco. It showed that a torch

could operate in the damp, dirty environment of a blast furnace. Testing

has now returned to the experimental furnace, where coal injection is

under study.

The SKF Plasmadust process is a modification of Plasmasmelt. It has been

developed for extracting zinc from steeltmaking dust. There is no pre-

reduction step, and a splash condenser for collecting the zinc is incor-

porated after the reactor. A 3 x 6 MW plant for treating 70 000 tonnes/

year to obtain 15 000 to 20 000 tonnes of zinc is due to start up in

1984.

Commercially available from Daido Steel, Japan, are a number of small

primary melting and remelting furnaces that enable melting under protec-

tive atmospheres and are of interest principally in the area of special

steels, e.g. plasma-induction primary melting (500 - 3000 kg), consumable

electrode remelting (50 - 1000 kg).

In addition, there are several plasma arc furnaces (Voest-Alpine) in com-

mercial operation at Freital (East Germany) and in the USSR. These are

essentially transferred-arc furnaces, with the anode, in the bottom of the

furnace, which otherwise resembles an electric-arc furnace. They are in

the 10- to 100-tonne range. Freital/Voest Alpine has also been respon-

sible for the design of a 5-MW furnace for melting ferromanganese fines

for Mintek (South Africa).

ASEA (Sweden) is also involved in design work for Mintek, this time for

two 40-MW DC arc facilities for melting DRI fines. The powder charge is

fed down a hollow graphite electrode.

2.7 CONSULTATION WITH CANADIAN INDUSTRY

Consultation with the industry was considered essential for evaluating

the potential uses of plasma technology. Present energy use patterns and

the compe.ties' perception of future developments and of the technology
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must all enter into consideration. A questionnaire was therefore de-

signed with the aim of obtaining this information; it was sent to 15 com-

panies. In addition, a number of telephone discussions were conducted

and the two largest integrated steel companies were visited.

Unfortunately, this attempt at consultation came at a very difficult time

for the companies, with most of them in poor state financially. The eco-

nomic recession has played havoc with steel requirements, and production

dropped catastrophically in 1982 and 1983. As a result, in a number of

cases, negative reaction to the questionnaire and the other attempts at

consultation meant simply that the company had too many other important

things to worry about at this time. On the other hand, those that did

respond generally showed interest and prior knowledge of the technology.

Eleven replies were obtained, five of them from the integrated companies.

2.7,1 Questionnaire on Plasma Technology in the Canadian Iron and

Steel Industry

Questions 1 and 2 were aimed at determining the details of fuel utiliza-

tion in each of the companies, namely types of fuel, quantities of each

and in which operations. The replies came back in widely different

forms. An attempt is made in Table 2 to present the data in a way that

shows the similarities as well as the differences and that gives an over-

all picture of how energy is used in the industry.

It can be seen that the usage pattern is very different in a con-

ventional, coal-based, integrated plant from that in other plants. This

arises partly because coal not only furnishes the major portion of the

energy (chemical and thermal) required for ironmaking, but also provides

thermal energy for steelmaking (via hot metal directly to open hearth or

basic oxygen furnaces and combustion of coke oven gas) and for subsequent

processing stages (via coke oven gas and blast furnace gas). Non-

integrated plants must use other energy forms for melting and heating, as

must Sidbec-Dosco also.
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The replies to Question 3 indicated that conversion of any installation

to electricity would be considered only if the return on investment were

favorable. Capital savings are of paramount importance, with increased

productivity, operating flexibility, process control and quality impro-

vement all being important. Because electricity is currently more costly

per unit of energy than any other energy form, operating savings would

not be significant. Energy cost stabilicy and environmental constraints

are considered important, but only in conjunction with other considera-

tions. Of the integrated producers, Sidbec-Dosco showed the greatest in-

terest in converting to electricity.

The part that might be played by plasma technology in such conversion

(Question 4) was seen as being in the provision of hot-blast or reducing

gas to blast furnaces, reforming of fossil fuel for direct reduction, the

replacement of electrodes in arc furnaces, scrap preheating, inert-gas

melting, pellet firing, ingot heating and ladle preheating.

The major problems associated with adopting plasma technology (Ques-

tion 5) were perceived as being in the areas of torch reliability, main-

tenance costs (electrode replacement) and capital costs, which in some

cases could be higher than for traditional alternatives or, where the

plant is not due for rebuilding, unnecessary except as a means of chang-

ing to electricity. Retrofitting could also pose difficulties. In one

case, long-term energy contracts would present a serious problem. The

general feeling is that the technology is not yet sufficiently developed

and that a long-term demonstration of torch reliability (preferably by

the private sector) is needed to demonstrate feasibility. However, the

long lead time anticipated poses problems; it is difficult to balance

rewards 10 to 20 years away against huge development costs now.

Most companies indicated that they have no immediate rebuilding plans

(Question 6) or none suitable for this technology. Of the few favorable

responses, one company is seriously interested in plasma production of

hot reducing gas for injection into a blast furnace to avoid rebuilding

coke ovens. Two others showed some interest in plasma replacement of

electrodes in arc furnaces.
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Several companies indicated that capacity could be increased in certain

installations if more hot gas (air, reducing gas) were available (Ques-

tion 7): blast furnaces (15% increase anticipated but not substantiated),

reduction plants (10% increase anticipated), arc furnaces (scrap preheat-

ing), soaking pits, ingot heating.

Plasma technology is generally viewed as a medium-term (6 - 12 years)

development (Question 8), although the blast furnace application might

require longer. Those applications where commercially available, low-

power (» 1 MW) torches could be used and prototype demonstration might be

implemented in the short term ( 1 - 6 years); arc furnace electrode repla-

cement might also fall in this category.

On the question of how far substitution of reducing gas for coke in a

blast furnace could be carried out (Question 9), the response, from the

few companies able to answer, was that this is a major unknown even

though coke consumption has been reduced to about one third of normal in

a very small experimental blast furnace. Reduction to about a half was

suggested as a more reasonable expectation, it being essential to

maintain the porosity of the burden. Some concern was expressed that the

overall fuel balance of the plant would be upset. For example, if less

coke were made, less coke oven gas would be produced, which could mean

that more oil or natural gas would be required to make up for the lack in

subsequent steps.

Possibilities for implantation of plasma technology within the respon-

dents' own company and in the industry at large (Question 10) appear as

follows; the numbers under each heading indicate the number of companies

replying affirmatively.

One company also reaffirmed that operating savings are generally not to

be expected because of the high cost of electricity; capital cost is

generally the basis for comparison^
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In the case of Question 11, of the ten companies replying, seven

have given consideration to introducing plasma technology into their

operations, four are pursuing the possibility to varying degrees and one

is doing so by cooperation in research elsewhere.



Most companies are not, at the moment, considering any other major con-

version to electrical energy, e.g. replacement of open hearths or BOFs by

electric arc furnaces, induction heating of billets, resistance heating,

etc. (Question 12). However, one company gave a positive response with-

out elaborating further and two ma.ior companies indicated that there are

always possibilities that arise as plans are developed for the future;

those that are economically viable and technically sound are implemented.

In addition, any change that gives flexibility in steelmaking is viewed

favorably.

The most important additional suggestion or comment (Question 13) was

that electricity is too expensive and that only very low rates could make

changes attractive. One company also suggested that large-scale projects

would require subsidization.

2.7.2 Personal Discussion

A number of additional points came out in discussion with steel company

personnel, the first being that the industry is surprisingly aware of

this technology. However, a number of companies, in particular some of

the smaller ones, do not perceive that it could apply to them (although

it should be mentioned that one company which did not respond to the

questionnaire or engage in discussion is known to be considering an

alternative, novel technology).

Three of the four conventional integrated companies (the fourth had not

given consideration to the matter) were of the opinion that the main

opportunity for plasma utilization lies in providing hot reducing gas to

blast furnaces, using low-quality coal as the source of carbon and hydro-

gen. There is a certain rationale in using this sophisticated technology

and high-cost electricity to perform the necessary chemistry on a

low-cost fuel (coal) when the result is a capital-cost advantage (over

building new coke oven batteries) coupled with better process control.

However, as the energy manager of one company pointed out, an integrated

plant can be "fine-tuned" energetically; thus any change has overall

ramifications.
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Another point that evolved vith respect to plants with blast furnaces was

that in such plants, electric arc furnaces (or any newly developed

plasma-based equivalent) will not make much inroad because they are not

well-suited to hot-metal charging. In the interests of energy

efficiency, hot molten metal from the blast furnace is normally charged

directly into basic oxygen or open hearth furnaces, so avoiding the

necessity to re-melt. In such plants, arc furnaces are used mainly for

scrap melting. In other plants, where the charge is solid (scrap,

reduced pellets, purchased iron) they are all-important.

Finally, the opinion that pervaded all conversations and consultations

was that, in cases where electricity was serving only to replace another

fuel as source of heat, this technology would become attractive from the

viewp tnt of operating costs only if the price of electricity were far

lower.

2.8 DISCUSSION AND CONCLUSIONS

2.8.1 Benefits

Unless electricity costs are drastically reduced, the main benefits

likely to occur from the use of plasma technology seem to be in the

capital-cost area, with particular reference to the replacement cost of

coke oven batteries.

Operating-cost benefits are not anticipated by the industry. Thus,

changeover to electrical energy and plasma technology is unlikely, unless

there is some added benefit such as replacement of oil as fuel (e.g. in

an oil-fired pellet plant), increased operating flexibility (e.g. in

direct reduction, where it enables the reforming of carbonaceous material

other than natural gas) or possible treatment of an unusual raw material

(e.g. electric furnace bag-house dust). Even with these special cases,

however, lower electricity rates would be necessary.



Operating flexibility could, in fact, be a fairly widespread benefit, but

this can only be demonstrated at a later stage, when the technology is

established. Increased output could also be expected in certain cases.

2.8.2 Problems

The unknown long-term performance of plasma torches is probably the most

important problem. No company is likely to consider installation of un-

proven equipment except, perhaps, in a very modest stepwise fashion or as

part of a government- and/or utility-sponsored program. Unknown main-

tenance costs and downtime are completely unacceptable.

Capital costs, although mentioned earlier as a benefit, could, in many

cases, act as a deterrent. With no operating-cost benefits in sight,

companies will not lightly embark on a program of change from a simpler

technology (e.g. gas- or oil-fired burners) even in the event that they

need to rebuild. In fact, responses to the questionnaire indicated only

very limited planned capital investment in the foreseeable future.

In the case of a major plasma installation, the electrical utility con-

cerned could be facing a significant distribution problem. For example,

a large modern blast furnace would require more than 100 MW of power. In

this respect, companies would also require some assurance that this power

would continue to be available to them.

2.8.3 R&D in Canada

Canadian research and development directed specifically at plasma tech-

nology in the iron and steel industry has been rather limited, despite

the size of the industry and the fact that a number of universities have

been looking at this technology more or less seriously.

Stelco has made an economic study with respect to injection of hot reduc-

ing gas into a blast furnace and has participated in the CRM (Belgium)

program (6), This participation is continuing, although plans for tests
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in Canada in conjunction with Ontario Hydro on injecting coal into a 5-MW

torch have fallen through.

The University of Toronto has performed experimental work on the reduc-

tion of finely divided iron-bearing materials in an extended arc fur-

nace. As a result of this and of general exploration of this field, it

is now involved jointly with Ontario Hydro and Dominion Bridge in the

design phase ($110 000) of scale up to 1 MW ($1 400 000). The principal

aim of this pilot plant is the treatment of electric furnace baghouse

dust for recovery of the metal values therein.

Sidbec has had a long-term interest in this field and a number of years

ago performed preliminary experimental work at Hydro-Quebec's research

institute, IREQ, on the reforming of natural gas. The possibility of

substituting a plasma reformer for the catalytic reformer of the Midrex

direct-reduction plant is again under consideration, with the further

interest of evaluating the economics of using coal instead of natural gas

as the source of reducing gas. In addition, substitution of plasma

torches for oil burners in the pelletizing plant is being examined; in a

preliminary phase, this would involve installation of a single torch.

2.8.4 Conclusions

Technically, and from the viewpoint that this is an industry that con-

sumes vast amounts of energy at high temperature, the iron and sceel in-

dustry is attractive for application of plasma technology. However, from

the foregoing sections it can be seen that, of the many possibilities,

only a few are likely to be implemented except perhaps in the very long

term, once this technology is well established. Even in good economic

times, profit margins in this industry are too low to allow it to embark

on any change that will not result in savings of some kind within a defi-

nable period of time. Nevertheless there are a few instances where spe-

cial circumstances or needs combine to make the use of plasma attractive,

and this notion is reinforced by the fact that several companies are

actively interested. The importance of electricity rates as a means of
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encouraging and promoting this technology cannot, however, be over-

emphasized.

2.9 RECOMMENDATIONS

As a result of the present study, the following recommendations are made:

1. The enormous potential for application of plasma technology
in the Canadian iron and steel industry should be pursued.
It arises from the large consumption of energy at high tem-
perature.

2. A strong awareness of plasma technology exists in this in-
dustry, and considerable thought has been given to whether
and where advantages are to be gained. Four specific pro-
jects are presently under serious study: hot reducing gas
for blast furnaces, reforming of fossil fuels for direct
reduction, treatment of baghouse dust, firing of iron ore
pellets. Available support should, in the first instance,
be applied within the framework of these projects.

3. Torch reliability must be proven and maintenance frequency
and cost must be reduced to acceptable levels. Three of
the above projects are likely to use torches with many com-
mon features. Thus, testing within any one of these would
be of value to the other two. It would also serve to
demonstrate more generally the viability of the technology.

4. Related to the above recommendation, but on a more fund-
amental level, electrode erosion should be studied, pre-
ferably in configurations that approximate the practical.

5. Ways of implementing reduced electricity rates should be
explored, e.g. reduced rate because of steady load; reduced
rate for off-peak power use in dual-energy systems.
Capital-cost subsidies must also be considered.
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3 APPLICATIONS OF PLASMA TECHNOLOGY

10 THE PRODUCTION OF STRATEGIC METALS

by

William H. Gauvin

IREO

3.1 INTRODUCTION

The term "Strategic Metals" is used in connection with a family of metals

belonging to Groups IVB, VB and VIB of the Periodic Tahle. More specifi-

cally, it Includes:

Elements from Group IVB titanium (M.P. 1668°C, B.P. 3260°C)

zirconium (M.P. 1852°C, B.P. 3580°C)

Elements from Group VB vanadium (M.P. 1900°C, B.P. 3450°C)

niobium (M.P. 2468°C, B.P. 3300°C)

tantalum (M.P. 2996°C, B.P. 5425°C)

Elements from Group VIB chromium (M.P. 1875°C, B.P. 2665°C)

molybdenum (M.P. 261O°C, B.P. 556O°C)

tungsten (M.P. 3410°C, B.P. 593O°C)

Strategic metals, as a class, do not possess common structures or proper-

ties but are loosely related through their very high melting and boiling

points, their high strengths and generally good corrosion resistance in a

wide range of corrosive environments. Because of these properties, they

are frequently called refractory metals. Equally important is their

ability to form alloys, particularly ferroalloys, which are in great

demand in the production of high-technology metallic industrial compo-

nents. Finally, they are also characterized by a rather high selling

price (of the order of $10/kilogram and up, except for ferrochrome) which
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reflects the difficulty in extracting these metals from their ore and in

refining them to the tight specifications required by industry. The

conventional methods of extraction are quite complex and frequently

include a combination of techniques involving hydrometallurgy, pyro-

metallurgy and solvent extraction (1). Some of these, like the produc-

tion of zirconium, have experienced no major improvement since the Second

World War.

3.2 USES OF STRATEGIC METALS

Chromium is the major alloying element in martensitic and ferritic stain-

less steels (types 405, 410, 430, 446 and 502) but appears in combination

with titanium, niobium and molybdenum in the austenitic stainless steels

(types 302, 304, 310, 216, 321, 347). These are widely used in the

fabrication of storage tanks, reactors, pump housings, pipes and fittings

in the chemical and metallurgical industries. But it is in the produc-

tion of so-called heat-resistant alloys and superalloys (either cast or

wrought) that large use is made of these strategic metals, for applica-

tions under extreme conditions such as gas turbines, turbo-superchargers,

high-temperature furnaces and reactors, steam superheaters, grinding and

abrasive alloys and tool steels. Typical of these are the Hastelloys,

Inconel, Nimonic, Duritnet and the Haynes superalloys. They are also

finding increasing use as alloying elements in powder metallurgy and in

the production of powders (largely as borides, nitrides or carbides) for

plasma spray coating.

Very recently, considerable interest has been shown in the production of

high-strength low-alloy (RSLA) steels of the so-called "dual-phase"

structure, whose microstructure consists of a dispersion of 10% to 20%

martensite islands in a matrix of soft, ductile ferrite. They were pro-

duced until recently by an expensive continuous annealing type of heat

treatment, but the latest development permits a low-carbon, low-alloy

steel exhibiting special continuous cooling transformation characteris-

tics to be processed on a conventional, high-production hot-strip mill.

With surprisingly small amounts of strategic alloying elements (mainly
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chromium, molybdenum and niobium) these steels reveal remarkable duc-

tility and formability with very high strength, and may well prove to be

the answer to the automotive industry's quest for lighter materials.

Finally, it should be recalled that most of these metals are finding

ever-wider use outside the iron and steel fields, either in their pure

state or as alloys with other nonferrous metals. Zirconium, for example,

is the required structural material in nuclear reactors, because of its

low neutron-absorption cross section, high-strength and excellent corro-

sion resistance. Its alloys with tin, Zircalloys 2 and 3, are used as

nuclear fuel sheathing.

Titanium exhibits very high corrosion resistance toward acids, particu-

larly HC1, and its mechanical strength is as great as that of stainless

steel although its weight is only 60% that of steel. Its principal

occurrence is in the widely available ore, ilmenite, of average composi-

tion 54% Ti, while its main uses are as the pigment TiC>2, for the paint

and paper industries, and as a pure or alloyed metal in military equip-

ment and in the aviation industry.

Molybdenum is often used alone to make high-temperature components and

reactors. Its principal application, however, rem; ' s as an additive in

the production of specialty steels, in which it is i as molybdic oxide

(mainly in the U.S.) or ferromolybdenum (mainly in Europe). About 10% of

molybdenum production goes to make the pigment ammonium molybdate.

Tungsten and its alloys are employed chiefly in high-temperature applica-

tions (heating elements, lamp filaments), in construction machinery or in

tools. Tantalum is so expensive that its use so far has been limited to

low-temperature additions in superalloys, and to the fabrication of elec-

t roni c component s.

All strategic metals have a common serious disadvantage, that is their

vulnerability to oxidation. This may be turned to an advantage, however,

in situations where a thin film of oxide forming on the surface can pro-

vide adequate corrosion resistance. Their oxides, in the massive form
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such as zirconia (ZrO2)i can be used as refractory and/or insulating

materials.

3.3 ANALYSIS OF SUPPLY AND DEMAND

3.3.1 Value and Consumption of Concentrates

Table 1 shows the value of strategic-metal concentrates together with

their consumptions in Canada, the U.S. and Europe. The natural-ore

grades are very much lower than the concentrate grades shown in the

table, varying between 36% and 70% for TiO-, 0.2% and 0.5% for V/>5, 22%

and 45% for Cr2O3, 0.4% and 0.9% for N b ^ , and 0.05% and 0.2% for MoS2;

Ta205 seldom exceeds 0.12%.

The natural-ore grade is a factor of considerable economic importance

since the energy requirements (75% electricity) for mining, crushing and

milling (or concentrating) are inversely proportional to the ore grade,

being roughly 10 kWh per kilogram of refined metal for a grade of 1%, and

100 kWh for a grade of 0.1%.

3.3.2 Canadian Concentrate Production

The total production of concentrates of strategic metals mined in Canada

is shown in Table 2. Chromite and vanadium pentoxide are not produced in

this country, although deposits of chromite are known to exist in Mani-

toha and V 20 5 is present in large quantity in the spent Alberta tar

sands. The difference between the figures in Table 2 and the consumption

figures in Table 1 accounts for the exports of these strategic materials.

3.3.3 Value and Consumption of Products

Table 3 shows the value and consumption of the ferroalloys and the secon-

dary products made from the concentrates listed in Table 1. Also shown

is tiis added value resulting from the conversion of the concentrates.
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Table 1
VALUE AND CONSUMPTION OF CONCENTRATES
(in kilograms of contained element)

Description and
concent rat ion

Pyrochlore, 61% Nb2O5

Schee l i t e , 45% W03

Chromite (Transvaal)
44% Cr2O5

Chromite (Turkish)
48% Cr2O5

Vanadium Pentoxirie
Fused-98% V205

Vanadium Pentoxide
Technica^-85% V205

T a n t a l i t e - T2O5

98% Ta2O5

Molybdenite, MoS2
60% MoS2

I lmeni te , Fe and Ti
oxide 54% TiO2

R u t i l e , TiO2

96% TiO2

Zircon, ZrSiO^
65% ZrO2

Value
US$/kg 1982

10.22

13.32

0.21

0.40

14.20

12.10

107.0

17.60

0.254

1.68

0.25

Consumption, Meg/year, 1982

Canada

0.20

0.64

21

—

0.45

0.S.

2.75

9.55

295

—

5.90

EEC

2.50

12.70

336

—

7.25

(Combined with above figures)

—

0 . 4

24

—

—

0.7

2.80

370

139

5

—

2.30

405

105

6.5

The sources of data for Tables 1, 2 and 3 are listed in References 2 to

5. In studying this data, it must be remembered that 1981, 1982 and 1983

have been periods of decreasing consumption and falling prices, largely

due to the sharp recession in the automobile industry and in the steel
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Table 2

PRODUCTION OF CONCENTRATES OF STRATEGIC METALS IN CANADA IN 1982

Pyrochlore concentrate

Scheelite concentrate

Tantalite concentrate

Molybdenite concentrate

Titanium concentrate

3

6
1

870
410
41

400

332

000
000

000

000

X 10

kg

kg
kg

kg

of
of

of

of
bkg

contained

contained

contained

contained

Nb
W

Ta
Mo

of contained Ti

industries in general. The price of tantalite, for example, tumbled by a

factor of almost four during the past year. It is perhaps .justified,

however, to assume that both consumption and prices will rise again as

the recession abates. Even on the basis of the current figures some

interesting conclusions can be drawn from the tables:

a) Canada produces large quantities of molybdenum, niobium,
titanium and tungsten concentrates, most of which are ex-
ported (figures in Table 2 less figures in Table 1). There
are markets in Canada for the ferroalloys based on these
metals and for secondary products such as tungsten carbide,
titanium carbide, molybdenum powder, molybdate pigments,
zirconium and zircalloys, etc. At present these markets
are supplied from imports.

b) An effort should be made to export the higher-valued pro-
ducts mentioned in the previous paragraph, instead of the
concentrates from which they are made. Based on the added
values' shown in Table 3, it is evident that all the tung-
sten, tantalum, zirconium and titanium products are highly
promising, as well as the high-purity niobium oxide. It is
very probable that the same will hold true for the other
ferroalloys once the recession is over. In all cases in-
volving exports, however, the technical and economic study
of the proposal must take into account the tariffs imposed
by the importing country, such as those indicated in
Table 4, In this connection, it should be noted that for
most products, a significant decrease in tariff is pro-
jected over the next few years, which should stimulate the
export of Canadian metals.
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Table 3
VALUE, CONSUMPTION AND ADDED VALUE OF FERROALLOYS AND SECONDARY PRODUCTS

(In kilograms of contained metal)

Ifetal

Mb

V

Cr

V

Ta

Ho

Ti

Zr

Description
jnui GntHifc

Ferroniobium
Std Grade 65% Nb
Ferroniobium
Vacuum Grade 65% Nb
High Purity
Oxide 98% Nb2O5

H 2 - Reduced
Powder 99.9% W
Tungsten Carbide
Ferrotungsten
87-93% W

Ferrochrome
66-70% Cr
5-6.5% C
Low Carbon
67-71% Cr
0.05% C

Ferrovanadium
70-80% V (low C)
Caravan
11-12% C

Tantalum
Carbide

Molybdenum
Powder
Ferromolybdenum
70% Mo
Molybdic Oxide
Technical Grade

Titanium Sponge
TiO2 Pigment

Zirconium Sponge

Value
DS$/kg
1982

13.77

69.50

33.50

33.25
34.90

28.10

1.10

2.04

16.50

14.20

205

22

20.70

18.60

12.10
1.65

21

Consumption, Meg/year,1982

Canada

0.13

0.04

0.7
0.36

0.006

15.9

2.2

—

0.40

—~*

—

0.2

0.5

43.2

0.5

USA

2.10

0.55

1.68
3.59

0.35

235

37

--

5.3

0.06

2.8

3.4

13.50

60.8
174

4

EEC

1.95

0.50

2.22
4.77

0.42

260

41

—

6.6

1.8

5.6

8.1

42

7

Added
Value
US$/kg

3.55

59.28

23.28

19.93
20.58

14.78

0.89

1.83

4.40

2.10

98

4.4

3.10

1.00

11.7
1.39

20.75
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c) Most, of the conventional methods of production of these
metals and their secondary products are complex and ineffi-
cient • Excellent opportunities exist to upgrade them by
using plasma technology, particularly in view of the fact
that a solid base of fundamental information and research
has been established.

3.3.4 Canadian Reserves

The economic outlook for a new industry and its continuing viability

depends largely on the stability of its sources of supply. For many of

the strategic metals, Canada is blessed with very favorable mineral

reserves.

For niobium, Niobec (owned by Soquem) and Teck Corporation account for

most of the reserves of pyrochlore, estimated at 122 X 10 kg of contain-

ed Nb. Currently, Niobec produces about 20% of the free-world pyrochlore

supply. For tungsten, Canada Tungsten (NWT) and, to a lesser extent,

Dimac Resource Corp. (B.C.) report reserves of 430 X 106 kg of contained

W, the largest in the world outside China, which has three times as much.

Canada does not mine chromite, although it has substantial resources in

the Bird River area of Manitoba and small scattered bodies of good grade

in the Eastern Townships of Quebec. Similarly, Canada has no significant

source of vanadium as a mineral, although it occurs in the heavy crude

oils of Alberta. On the other hand, Canada is the world's largest

producer of tantalite ore with its Bernic Lake Mine In Manitoba owned by

TANCO (a joint company of Hudson Bay Mining and Smelting Ltd., the KBI

Division of Cabot Corporation, and the Manitoba Government). Reserves

are estimated at 1.8 X 106 kg, the third largest in the world (after

Thailand and Australia).

The Canadian reserves of molybdenum are Impressive and widely dispersed

albeit with a preponderance of deposits in British Colombia (Placer,

owners of Endako and Gibraltar; Noranda, owners of Boss Mountain and

Brenda; Hlghmont Mining Corp., owned by Teck; Lornex Mining Corp. Ltd.,

etc.). Mines Gaspe" in Eastern QuSbec, and Mount Pleasant mine in New

Brunswick are the principal producers in the east. Canadian reserves are
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Table 4

TARIFFS FOR SELECTED FERROALLOY CONCENTRATES AND PRODUCTS

PRODUCT

Pyrochlore Ores and
Concentrates

Scheellte Ores and Concentrates

Tungsten Metal Powder

Tungsten Carbide1

Vanadium Pentoxide

Ferrovanadium

Molybdenum Concentrates

Molybdenum Metal Powder

CANADA

free

57

free

free

free

free

5%

free

free

1979

free

7 5%

25c/lb

21c/lb +
12.5%

21c/lb +
12.5%

free

6%

12c/lb

lOc/lb +
3%

Most Favored Nation

UNITED

1980

free

7 2%

17c/lb

21c/lb +
12.5%

16c/lb +
12.5%

free

6%

1981

free

17c/lb

21c/lb +
12.5%

10c/lb +
12.5%

free

6%

STATES

1983

free

17c/lb

9c/lb +
12.5%

12.5%

free

Tariffs

15c5

free

17c/lb

12.1%

11.5%

free

note

note 7

no*-" '

1987

free

4 97

17c/lb

10.5%

10.5%

free

4.2%

9c/lb

6.3c/lb
+ 1.9%

EEC

(not available)

5 97

10%

6%

8%

(not available)

(not available)

free

6%

Notes: 1. Where tariff is in cents/pound, it is based on the content of the valuable element.
2. Precise values for intermediate years were not obtained; these values decrease in approximately

equal increments.



estimated at 650 X 10 kg of contained Mo. As far as titanium is con-

cerned, the reserves in ilmenite of Fer et Titane Inc. (QIT) at Havre

St.Pierre, Quebec are understood to be considerable.

Finally, new attractive mineral finds are announced fairly frequently.

One such is the Strange Lake deposit, owned by Iron Ore Company of

Canada, on the boundary between OuSbec and Labrador, with significant

grades of niobium, tantalum, zirconium and rare earths. Somewhat dif-

ferent and much larger In reserves are the spent tar sands from Canadian

oil sands mining operations;. Spearheaded by Syncrude Canada Ltd. (6),

the work of extracting minerals has shown that zircon and a 63% T102 con-

centrate could be produced in impressive quantities. Owing to heavy

transportation costs, however, the TiO2 concentrate would have to be up-

graded to rutile (94-96% TiO2) to make the product competitive. Since

Suncor Nearby near Fort McMurray could presumably supply the same

minerals, the future reserves from these two sources are truly very

large.

3.4 PLASMA FURNACE DESIGN FOR STRATEGIC METAL PRODUCTION

In evaluating metallurgical processes, it is generally accepted that

pyrometallurgical techniques are often more economical and less environ-

mentally objectionable than the hydrometallurgical approach. This is

certainly true in the case of the metals discussed here. In addition,

because of their high melting points and their free-energy-of-formation

characteristics, they require a fairly elevated processing temperature.

It is nut surprising, therefore, that the possibility of using plasmas as

a heat source would attract increasing attention, particularly in view of

the fact that the plasmagen gas, in many cases, can also be used as a

reactant. The reviews by Fauchais et al. (7, 8) contain details of the

vast body of research carried out during the last 20 years.

Of the four ma.ior types of plasma generation - DC jet, RF torch, hollow

tubular electrodes and transferred-arc plasmas - only the latter, gen-

erated between a non-consumable cathode and an anode consisting of the
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molten product, appear to be capable of meeting the exacting specifica-

tions demanded by the strategic metal market. None of the other three

types can provide the uniformity and completeness (nearly 100%) of reac-

tion required for most of these metals.

A very efficient design of transferred-arc reactor is the Noranda model

shown in Figure 1. In this type of reactor, the powdered feed (which may

consist of a very wide spectrum of size distributions from a few microns

to several millimetres) is introduced tangentially in a high-velocity

cold carrier gas and forcefully projected against the inner wall of a

cylindrical "sleeve" where it is exposed to the intense radiation of the

plasma column generated between the cathode shown in Figure 2 and the

molten bath of product, which acts as the anode. (For powers over 1 MW

the conical cathode tip shown in Figure 2 should he replaced by a cylin-

drical thoriated tungster button embedded in copper). The feed begins to

melt as soon as it hits the wall of this sleeve and flows down the inner

wall of the latter in the form of a molten film, where the desired high-

temperature reaction begins to occur. During this stage of the opera-

tion, all the radiant heat generated by the plasma column is absorbed by

this falling film. At the lower edge of the sleeve, the molten stream

agglomerates in the form of 200- to 500-ijm drops, which fall into the

molten bath below, continuing to absorb radiant heat in the process.

What ever additional residence time is required by the reaction is pro-

vided in the molten bath, before the product is tapped out. Depending on

the arc length, more than half of the power fed to the system is trans-

ferred to the bath as electron transfer effects.

Several small-scale (up to 125-kW) versions of this type have been tested

by Noranda during the past three years, and a 1-MW reactor of this design

is currently being tested by Davy McKee in their R&D division in

Stockton-on-Tees, England.

The Noranda design offers a number of advantages, which are not immedia-

tely obvious:

a) The molten film continues to absorb radiation as it falls
into the molten bath, thus shielding the walls of the
reactor and obviating cooling requirements.
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b) The feed carrier gas, which is optically thin, picks up
very little heat from the plasma by radiation and only a
little by convection from the molten film on the sleeve; it
thus helps to maintain the back of the sleeve and the roof
of the reactor relatively cool, as it leaves through the
effluent exit ports on the roof.

c) The cold plasmagen gas is used to cool the cathode assembly
before passing over the cathode tip.

d) No cooling of the anode is required if (i) a large plate is
used, of the appropriate surface area and (ii) a heel of
molten metal is left at all times at the bottom of the
reactor, when the latter is emptied.

e) Because of the efficient utilization of the electrical
energy supplied to the system, no water cooling of the
reactor is necessary. Judicious heat transfer design re-
sults in the formation of a skull of solidified metal
against the reactor refractory, which protects the latter.

f) In larger installations, stirring of the anode molten bath
should be effected by means of a magnetic field. This is
not necessary for powers up to 1 to 1.5 MW, although some
stirring (in addition to that naturally occurring under the
impact of the plasma column) can be generated by using a
ring anode (of large diameter) instead of a flat plate.

g) Because of the high tangential velocity of the carrier gas
for the feed, complete stabilization of the plasma column
is effected, which permits the use of greater arc lengths
and also avoids short-circuiting with the sleeve. This, in
turn, allows a higher voltage to be applied, with a result-
ing smaller current, which is most desirable, particularly
in view of the upward curve of the voltage-current (V-I)
characteristics of this type of device. Very large
currents are thus avoided, which considerably minimizes
cathode erosion. Two additional factors contribute to in-
creasing the voltage still further: firstly, a certain
fraction of small particles may enter the plasma column in
the sleeve region and thus decrease the electrical con-
ductivity of the latter, and secondly the gases in vortex
motion surrounding the plasma column undergo a sudden ex-
pansion as they emerge from the sleeve; this in turn causes
an enlargement of the column diameter, an increase in the
total energy radiated and a corresponding increase in volt-
age.
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In the light of the above description, it is now possible to consider the

operating characteristics of other transferred-arc systems. The reactor

design developed by MacRae and colleagues in the Homer Laboratory in

Bethlehem, U.S. undoubtedly constitutes a major pioneering effort (see

Figure 3). Its distinguishing feature is the location of the anode,

which takes the form of a vertical cylinder embedded in the wall on which

the feed impinges to form a molten film. It should be noted that the

molten bath in the bottom crucible is heated only by convection in

contact with the fairly cool spent gases, and that the metallic anode is

protected from the random arc roots only by the presence of a layer of

molten material. Should the latter exhibit a break, catastrophic gouging

of the bare wall might result. Good results have been obtained by MacRae

on the production of iron (using CHj, and H2) and of ferrovanadium (using

carbon).

The transferred-arc furnace developed by Tetronics Research and Develop-

ment Co. Ltd. of Faringdon, England, is shown in Figure 4. It is charac-

terized by a rotating cathode assembly making a small angle (9°) with the

vertical (called an Expanded Precessive Plasma Gun) which aids both stir-

ring and anode energy distribution. Very little plasmagen gas is fed to

the cathode and the feed material, which can range up to 1 or 2 cm in

size, is simply dropped through the feed ports. Heat losses (to the

cathode assembly and furnace walls) range from 20% to 30% for small fur-

naces and are down to about 15% for furnaces of 1.4 MW and higher (up to

3 MW). This furnace is simple in design and apparently quite rugged.

One of its most recent applications was for the production of ferrochro-

mium at a power of 0.55 MW, conducted at Faringdon in collaboration with

Mintek (Council for Mineral Technology) of Randburg, South Africa (9).

This work clearly indicated the technical feasibility of producing a

high-carbon (55! to 6%) ferrochrome analyzing 55-56% Cr out of a South

African ore containing 44.6% chromite (Cr2O3), in the presence of fluxes

consisting of quartz and lime, and with coal (54.3% fixed carbon, 33.4%

volatile matter) as reductants, with good thermal efficiencies.

Based on this work, Curr et al. (10) of Mintek have very recently de-

scribed an experimental 100-kVA furnace, shown in Figure 5, with a carbon

61



Gas inlet Ar-H2

-•-Cooling water

Cathode

Nozzle

Feed .
m a t e r i a l - * - - -

Molten
product,

Falling
film

Insulation

Anode

—I-*-Gas
. 1 offlieffluent

Figure 3 Bethlehem Steel Reactor.

62



Feed port j

Slag
metai

Cathode

Magnesia
bricks

Water
sprays

Tap
hole

g-chrome
bricks

Anode

Figure 4 Tetronics Reactor.

63



Gas in

Effluent
gas

Carbon
lining

Cathode

Observation
port

Feed port

Cooling
water

Magnesia
refractory
lining

Anode

Figure 5 Mintek Reactor.

64



lining on the roof, obviously designed to remedy a weakness in the r f

construction of the previous furnace. Characteristic of this furnace is

the hollow graphite cathode, 50 mm in diameter with a 10-mm bore, through

the centre of which a mixture of argon and nitrogen was passed as the

plasmagen gas at rates of 5 to 50 L/min. The feed, ranging in size from

0.2 to 6 mm, was fed under gravity at rates of 5 to 70 kg/h through the

single feed port, and not through the central bore of the cathode. Based

on this experimental work, Middleburg Steel and Alloys recently announced

that they have ordered a 20-MW plasma furnace from ASEA, Sweden, to be

commissioned in October 1984, specifically to expand their ferrochrome

production and thus help South Africa to boost its share of world

ferrochrome production from 42% in 1980 to around 65% in the near future.

In closing this description of plasma-generating devices, mention should

be made of another type which, although not a transferred arc, may find

applications in the production of ferrochromes. Developed at the Univer-

sity of Toronto (11) and schematically shown in Figure 6, this device

operates on 3-phase AC current, with the arc struck between three hollow

graphite electrodes, through the bore of which the plasmagen gas (Ar, Ar

plus H2, or CO) is fed. The finely subdivided feed falls by gravity

' through a chimney where it is pre-treated in counter current contact with

the effluent gases, before passing through the arc and finally falling

into the bottom crucible. This design has many advantageous features,

although the fact that the graphite electrodes are consumable may be

detrimental for certain applications since they may create unwanted

carbon contamination of the product.

3.5 RECENT PROCESS DEVELOPMENTS

3.5.1 Ferrochrome

It is probable that the production of this alloy is currently

receiving the greatest amount of attention on the part of industry.

Because of the availability of good ore grade (typically 44% to

46% C^Os) South Africa holds a dominant position in this very important
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component of the steel industry. By addition of suitable fluxes (quartz

or SiO2, and lime) and coal as the reducting agent, which may be either

fed with the chromite, or dumped into the molten bath, a high-carbon (5%

to 6% ferrochrome) is readily obtained. The metallurgical reactions

occurring are fairly complex, but it is probable that the controlling

rate mechanism is the solution of the iron and chromium oxides in the

slag (governed by the oxygen activity) which are then reduced by the car-

bon in the coal to yield the metal and, also, the metal carbide. The

process is heavily endothermic. Depending on the composition of the ore,

the amount of fluxes and excess carbon must be carefully determined so as

to minimize the losses of Cr2O3 in the slag (which should not exceed

2.5%). For example, for a Cr/Fe ratio of 1.69 in the ore, an approximate

feed composition might be 60 kg of 44% chromite, 12 kg of SiO2, i kg of

lime and 25 kg of coal, all on a dry basis. Optimum temperatures appear

to be 1900 K for the slag and about 1825 K for the liquid metal. The

product would analyze about 56% Cr, 34% Fe and 5.5% C (9).

The production of ferrc thromes by plasma techniques illustrates most

decisively the many advantages of the latter over the conventional sub-

merged-arc electric smelting furnace, the most important of which are:

a) No flicker on the power grid.

b) Little noise or gaseous pollution and few other environ-
mental problems.

c) No need for costly sizing, screening and agglomeration of
the feed.

d) No problems due to electrical conductivity of the car-
bonaceous reducing agent and the slag, since the plama
furnace operation is not affected by an uncontrollable
rate of descent of the feed into the. hot zone, as in an
electric furnace.

e) Much lower installed cost of power supply. Costs for the
plasma reactor are $145 per installed kilowatt ($110 for
supply of power, transformer, SCR, power factor correc-
tion, and $35 for delivery to plasma reactor). The cost
for a conventional electric furnace is $325 per installed
kilowatt ($55 for the power supply and $270 for delivery
to the furnace).
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f) No need for very large vessels to accommodate a large volume of
unreacted burden.

g) No need for expensive lumpy metallurgical coke; any carbona-
ceous reducing agent can be used, providing it will not con-
tribute to undesirable impurities in the product.

h) Trivial cost of cathode replacement (including down-time)
compared to the cost of the consumable electrode used in arc
furnaces, despite the fact that the cathodes used in
transferred-arc furnaces have a limited life (minimum of 200 to
300 h at present).

Owing to the high endothermicity of the reduction reaction (it takes

almost exactly as much energy to bring the raw feed to 1800-1900 K as it

does to reduce It at that temperature) the operation is highly

energy-intensive (about 3.2 kWh per kilogram of chromite charged).

In conclusion, it would appear that the possibility of producing high-

carbon ferrochrome by the plasma route in Canada, based on Quebec or

Manitoba ore, is well worth considering. From a technical point of view,

it illustrates the use of carbothermy to reduce an oxide, in preference

to aluminum, silicon or magnesium as a reductant.

3.5.2 Zirconium

In contrast with chromium, little development work has been done on the

plasma treatment of ZrO2 to produce the metal. Is should be mentioned

that the plasma decomposition of zircon sand (ZrSiO^) to yield ZrO2 has

been carried out commercially by Ionarc in Bow, New Hampshire, for a

number of years.

Starting with zircon, the production of zirconium sponge is complicated

by the necessity to remove the hafnium (which is invariably associated

with zirconium in the ore) down to 50 ppm in the sponge, to meet the very

severe criteria imposed by the nuclear industry. This results in an

extremely complex and ponderous sequence of over 60 steps in the overall

conventional extraction process, as practised by Wah Chang, Western

Zirconium or Pechiney-Ugine-Kuhlmann.
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Figure 7 represents the last stage in the commercial process, often

called the Kroll process. It is the most expensive stage in the whole

process (about 35% of the total operating cost of US$16 a kilogram to

produce the sponge) owing to the cost of magnesium (about a kilogram is

required per kilogram of sponge) and of argon and helium. Finally, this

Is a batch process and the final stages of sponge shearing, sorting,

crushing, blending, etc. are particularly labor-intensive.

Replacement of the conventional Kroll process by a plasma process has

been under study at McGill University in Montreal and at the Industrial

Materials Research Institute (IMRI) in Boucherville, for the past three

years. Figure 8 is the flow sheet of the proposed plasma process. The

technical feasibility of the process has been demonstrated (12, 13), but

efforts are now being devoted to optimizing the recovery of the metal in

the molten zirconium anode. Although complete capture is not required

(unreduced ZrCl^ or lesser chlorides can be recycled to the torch) a

minimum of 30% collection is desirable. From an economic point of view,

the plasma process, at about 4 kWh/kg of Zr, offers considerable advan-

tages: no magnesium is required, the process is continuous and, most

important, a dense metal is produced (not a zirconium sponge) which can

be continuously cast.

Little incentive to pursue the development of a plasma route to nuclear

zirconium has been evidenced, however, owing to the small market of about

1 million kilograms a year for the latter, even including exports. On

the other hand, the production of zirconium metal containing the

naturally occurring hafnium would appear to present a real opportunity

for a new industry in view of the low cost and abundance of zircon and

the remarkable high strength and corrosion resistance of the metal, which

are not affected by the presence of hafnium. With this in mind, the

McGill Plasma Group investigated the production of ZrCl^ by the chlorina-

tion of ZrO2 in the presence of a chlorine plasma (14, 15). Chlorination

occurred both with and without carbon addition but was faster in the pre-

sence of carbon, at temperatures higher than 1700 K. Without the neces-

sity to remove the hafnium, the production of dense zirconium metal at a

cost of $2 to $3 per kilogram appears possible.
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From a technical viewpoint, it should be pointed out that efforts to

reduce ZrO2 directly to the metal have not been successful. It can now

be generalized that to produce a metal from its oxide, the best route is

to convert the oxide to the halide (preferably, the chloride) which, for

most strategic metals, has low melting (or sublimation) and boiling

points, and is easily prepared.

3.5.3 Titanium

Commercially, titanium metal is produced by the Kroll process (reduction

of TiCl^ with magnesium) or by the Hunter process (reduction of TiCl^

with sodium). Both processes suffer from the complexities discussed in

the case of the Kroll process for zirconium production. For the past

four or five years, the Electricity Council Research Centre in Chester,

England, has Investigated the single-stage gas-phase reduction of TiCl^

with sodium in a hydrogen plasma at temperatures of up to 2300 K. As

recently described (16), the process has run up against a considerable

setback owing to the difficulty of controlling the addition of the feed

materials.

The carbothermic reduction of TiOj in the presence of an argon or argon-

plus-hydrogen plasma has been attempted at temperatures up to 3200 K.

Although yields of 94% Ti were obtained, the product was invariably con-

taminated with titanium carbide.

In a joint McGill-IMRI project, the production of titanium metal, in a

manner identical to that previously mentioned for zirconium, has been

initiated. Here again, the problem is to optimize the yield of titanium

captured in the molten anode. In addition to the production of metal

ingots by continuous or semi-continuous casting of the anode metal, there

is considerable interest in the production of secondary products, such as

carbides and nitrides, and of other alloys, principally in the form of

powders for plasma spray coating.
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Since this country is the largest producer of TiO2 in the world, there

again appears to be considerable incentive for Canada to pursue the

plasma approach in this area.

As produced hy the Kroll or Hunter process, titanium takes the form of a

so-called sponge metal and must therefore be melted in order to be cast

in slabs, ingots, etc. Bhat (17) has given a good description of the

major recent developments in the melting of titanium as well as those of

special steels and alloys. Daido, in Japan, has pioneered the concept of

combining plasma transferred-arc heating with induction heating, as shown

in Figure 9. For 2-tonne furnaces, several 400-kW torches are used, and

the frequency level for the induction coils is 150 Hz. In addition to

its remarkable flexibility, this furnace is capable of producing resis-

tance alloys (Kovar, Permalloy) and super-alloys with quality levels

equal to that of vacuum induction furnaces, moreover at a much lower cost

and with better conservation of the alloying elements.

Finally, mention should be made of the plasma beam torch (17) which is a

hollow cathode transferring an arc to a molten bath which is contained in

a continuous-casting mould. The feed material in a coarsely comminuted

form is fed directly to the latter. The operation is carried out in a

vacuum and very small amounts of high-purity argon are fed down the bore

of the hollow cathode to create the plasma beam. Typical of this

installation is the Ulvac (Tokyo) casting unit capable of casting ingots

of commercial purity titanium and titanium alloys (such as the important

6A1 - 4V - 90Ti) at a total power of 2.4 MW (six 400-kW plasma guns),

operating at 10~3 to 10"1 Torr. The power source is rated at 34 000 A

DC and only 90 V, and the power consumption is 9000 kWh per short ton of

alloy. It is interesting to note that the cost of titanium scrap to be

remelted is $15,000 U.S. per tonne.

3.5.4 Molybdenum

Ferromolybdenum and molybdic oxide are two of the most important addi-

tives for the production of speciality and HSLA steels. The conventional

method of extraction from molybdenite, MoS2 (the natural ore), begins
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begins with the roasting of the molybdenite concentrate (about 55% Mo and

39% S) to produce the oxide M0O3 and, unfortunately, sulfur dioxide,

which must be scrubbed out. This is followed by a stage of purification

and, finally, by the reduction of the oxide with aluminum and

ferrosillcon in what may be termed archaic conditions. It is not

surprising, therefore, that decomposition of MoS2 by the plasma route to

produce the metal and gaseous sulfur which can be subsequently condensed

to solid sulfur has attracted attention. The technical feasibility of

this approach was proven by Munz (18) in 1975, who found that the rate of

the decomposition reaction was controlled by the rate of heat transfer,

at temperatures above 1883 K, which is the melting point of MoS2«

Although conceptually simple, this reaction presented an unexpected

difficulty of considerable magnitude, namely the necessity of achieving

99.9% decomposition efficiency, to meet the maximum sulfur content of

0.15% in the product demanded by the steel industry. For the next five

years, attempts were made to achieve this degree of sulfur elimination in

eight different kinds of plasma reactors by in-flight particle contacting

with a plasma tail flame, but without success. It is only when the

transferred-arc reactor shown in Figure 1 was developed that a product

containing 0.085% sulfur was finally obtained. It is interesting to note

that considerable elimination of the more volatile impurities occurred

while the sulfur was being driven off: magnesium, sodium and potassium

were completely eliminated while 84% of the lead impurity, 85% of the

antimony, 66% of the bismuth, 94% of the copper and 83% of the phospho-

rous were distilled off; the molybdenum remained in the liquid state.

Following an extensive development program, the process appeared so pro-

mising from an industrial point of view, that a detailed engineering

assessment was carried out (19). With regard to the capital cost, the

plasma furnace, ancillary power supply and instrumentation accoutred for

only 8% of the total cost. On the operating side, 4% covered tht cost of

nitrogen (as plasmagen gas), 18% for raw materials, 43% for labor, and

only 11% for electrical power while 24% accounted for the loss of

molybdenum in the effluent gas in the pilot plant available at that time

(a deficiency which could be largely reduced).
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Plasma thermal decomposition offers one of the most powerful techniques

to extract metals from their naturally occurring compounds. Certain com-

pounds, however, appear to be unusually resistant to this approach. Thus

silver selenide remains as an undissociated gas, even when exposed to a

temperature of 5000 K. Similarly, although FeS2, pyrite, rapidly loses

one atom of sulfur, the remaining FeS appears to be impervious to thermal

decomposition as a gas at elevated temperatures.

3.5.5 Vanadium

Very little difficulty was experienced in treating vanadium pentoxide in

the Noranda reactor with iron and carbon to produce a ferrovanadium con-

taining 79.4% V, 18% Fe and 0.6%, which met the specifications of the 80%

ferrovanadium required by the steel industry.

3.5.6 Tantalum and Niobium

Plasma production of the metal or of its compounds for these two elements

is still in the laboratory stage. Recently, however, the carbothermic

reduction of tantalite, Ta2Os, at a temperature of 3400 K, to yield

99.9% Ta with 50 ppm of oxygen and 400 to 500 ppm of carbon was reported

(20).

The production of ferroniobium is currently being investigated at McGill

University, following a promising preliminary study. The conventional

process involves aluminum as the reductant and is carried out under

vacuum; it is both complex and expensive.

3.6 ENERGY REQUIREMENTS

The energy presently required for production of the concentrates listed

in Table 2 is roughly 15 X 109 kWh for mining, crushing, milling and

shipping of the concentrates; about 75% is consumed as electrical energy

(about 1500 MW). This requirement is expected to increase by 50% by

1985-86, assuming a return to the production figures reached in 1979-80.
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The energy required for the domestic production of the ferroalloys and

secondary products shown in Table 3 Is surprisingly small, amounting to

approximately 3 X 109 kWh, about 90% of which is electrical energy. This

figure would be even smaller, if it were not for the large production of

TiO2 by Fer et Titane de Quebec (QIT). This low energy requirement is

simply due to the fact that practically all Canada's domestic needs for

strategic metals, with the exception of TiO2, are filled by imports from

Europe and from the U.S.

3.7 CANADIAN STATE OF THE ART

During the past ten years, the bulk of the research effort in the thermal

plasma field has been carried out by McGill and Sherbrooke universities,

with lesser contributions from OuSbec (Chlcoutimi campus), Laval and

Toronto universities and the Royal Military College in Kingston,

Ontario. It *.s highly probable that the FCAC (Formation de Chercheurs et

Actions ConcertSes) program of the Quibec Education Department, through

its financial support of a collaborative effort by the province's univer-

sities, industry and government laboratories, has contributed signifi-

cantly to Canadian progress in thermal plasmas. As a result, Canada has

achieved a reasonably good reputation In International circles, at least

in the research area, but still has no commercial-scale plasma applica-

tions in operation today.

""" specific R & D effort in the strategic-metals area is even more re-

stricted, and only McGill University and IMRI have a comprehensive,

albeit small, program of research in this area, aimed specifically at

zirconium and titanium production for the present.

On the other hand, there is every indication that the Canadian effort

will soon expand significantly, thus following the general trend observed

in the rest of the industrial world. IREQ has already announced its firm

commitment to a thermal-plasma development program of considerable magni-

tude. Other organizations, such as Ontario Hydro and the CANMET labora-

tories of Energy, Mines and Resources Canada have also indicated their
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intention to establish facilities of thfiir own in the general field of

thermal plasmas.

No mention has been made in this report of exciting new fields of

research in the so-called glassy (or amorphous) metals, for which plasma

technology offers an almost ideal method of production. Equally chal-

lenging research opportunities should be kept in mind in the area of

highly specific metal powders for plasma spray coating, which can be pre-

pared by atomization of the liquid metallic solutions of the proper com-

position.

3.8 CONCLUSIONS AND RECOMMENDATIONS

The production of strategic metals and their alloys or secondary products

is an area which has been completely ignored in Canada (with the excep-

tion of TiO2) despite ample reserves of their respective minerals. This

may be partly accounted for by the fact that the conventional extraction

methods are complex and difficult. For the first time, plasma technology

offers techniques of production which are simple and appear to be econo-

mically attractive.

In this brief report, it is hoped that sufficient information has been

provided to demonstrate the very real opportunities in this highly spe-

cialized field in Canada, based on a technology which is already in an

advanced state of development. From existing economic assessments (19),

the present added values for metal production, even in today's depressed

situation, seem reasonably optimistic, and they may return to their level

of three years ago, when they were two or three times higher, on the

average.

The plants would be small, but efficient and highly productive. Required

inventories, and corresponding working capital, would be low. They would

require little labor, which is a distinct advantage in view of the poor

competitiveness of Canadian labor in world markets, but would be highly
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energy-intensive, which is probably the only strong advantage in Carada's

favor.

A modest conversion of Canadian concentrates into alloys or secondary

products would require from 300 to 500 additional megawatts although this

figure could be much higher if large-scale operations such as the produc-

tion of ferrochrome or the processing of spent Alberta tar sands could be

implemented.

Obviously, additional development work must first be carried out. The

growing interest in plasma technology is quite encouraging but to induce

Canadian industry to invest in it will require considerably more than

laboratory experiments or even tests on a scale of 0.5 to 1 MW. What

will really be required is a national demonstration facility capable of

handling industrial torches at full capacity. This implies a rectifier

of at least 10-MW DC capacity, complete with the required instrumentation

and controls, and a heat sink designed to utilize the energy transferred

from the plasma torch in such a way that the efficiency of each device,

its electrode life, operating characteristics, range of applications and

limitations be assessed in a meaningful, objective and unequivocal

manner.
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4 SURFACE TREATMENT BY PLASMA SPRAYING

by

Serge Dallaire

Industrial Materials Research Institute

National Research Council Canada

4.1 INTRODUCTION

When the first U.S. space vehicle, Explorer I, went into orbit in

February 1958, many industries started to look with interest at plasma

spraying. The instrumentation section of the space vehicle was indeed

coated using a Norton's patented process. The "Rokide A" coating, which

was 98% AI2O3, seemed so exotic and the process itself so simple that the

temptation to rush into business was strong but a lack of experience led

to some disillusionment. However, the process of plasma coating began to

be studied extensively and, if its implementation in industry was slow,

it is now enjoying a gradual increase in usage in the broad spectrum of

the metal and ceramic industry in the U.S. and Europe.

In the present work, a description of the plasma spraying process is

given and the role of the parameters and their importance are pointed

out. Because the advantages of the technique are unique, applications

and usages are numerous. Examples of coatings produced for wear, ero-

sion, corrosion and thermal protection are given and the use of the tech-

nique for the production of parts is discussed. Finally, the attitude of

the industry and the position of Canada's industry in particular are exa-

mined while areas yet to be developed are indicated.
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4.2 CURRENT TECHNOLOGY

In the plasma spraying process, materials are introduced into a hot gas

stream and propelled onto the surface of a substrate. As shown in

Figure 1, the particles are heated when they enter the plasma. The heat-

ed particles are generally in a molten or plastic state when *hey leave

the effluent. The impacting particles flatten, interlock and overlap one

another, securely bonding together and forming a coherent layer of mate-

rial. When the substrate is properly prepared, it forms an adherent bond

with the coating layer.

Powder and
powder gas

h (-) x

Deposit

Substrate^

Figure 1 Plasma Spraying.

Depending on the form in which the material is introduced into the

effluent, this process has a number of variations. The one most widely

used is powder injection although techniques for roc and wire injection

have also been developed.

As shown in Figure 2, the spray powder stored in a hopper is suspended in

a carrier gas and transported to the plasma torch. The carrier gas is

usually the same gas used to generate the plasma arc. The control

84



console provides controls for metering the gas, water and electric

current to the plasma gun.

Powder
feed

system

Gas Gas

Plasma
gun

\
Plasma

t

Spray powder
Electrical powder
Cooling water
Arc gas

Figure 2 Plasma Spray System.
Source: Reference 1.

Material injection by rod or wire wire (see Figure 3) eliminates the need

for a carrier gas, since the feed rate is primarily controlled by the

vieIting rate of the material at the tip of the rod or wire. If the major

advantage of this technique is that the particles enter the effluent in a

molten state rather than having to be melted as they are propelled toward

the substrate, the principle limitation is that only materials which can

be fabricated into rod or wire forms can be sprayed. Ceramic rods for

spraying can be fabricated by extrusion and sintering techniques or by

bonding the fine particles with organic resins which burn out during

spraying.
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Figure 3 Rod-Type Plasma Spraying.

Source: Reference 2.

The availability of most materials in powder form and, also, the large

proportion of commercial and experimental work devoted to the powder pro-

cess may explain why the plasma spray process is limited primarily to

powder spraying (3).

Commercial equipment for spraying is available and plasma torches can

operate today at levels up to 80 kW but their efficiency Is still below

10% <4).

4.2.1 Low-Pressure Plasma Spraying

In order to substantially increase the gas speed up to supersonic veloc-

ity, the low-pressure plasma spraying process (LPPS) was developed by

Electro Plasma Inc. As shown in Figure 4, the basic component of the
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system is a working chamber which is evacuated to 0.2 mbar before spray-

ing; during spraying, a pressure of about 60 mbar is maintained. Owing

to the low pressure, the gas plasma velocity is increased to 2900 ms

and the material being sprayed attains a higher velocity than at atmo-

spheric pressure (5). Particles with high kinetic energy are supposed to

produce better coatings. Because the system is expensive, it is limited

to the coating of special parts of jet engines.

Powder feed unit

Distribution
module

Heat exchanger
(gun cooling)

Plasma flame
spray gun

Workpiece
manipulator.

Oil mist
separator

Powder feed hose
Gun manipulator

Powder cables and
plasma gas hose

Power supply
(gun) Power supplies

(transferred arc)
Power supplies

(manipulator
motors)

at exchanger
(exhaust gases)

Vacuum
pump

Vacuum
tank

Computer

Plasma flame spray
control console

Vacuum system and
powder feed

control console

Figure 4 Low-Pressure Plasma Spraying.
Source: Reference 5.

4.2.2 Plasma Spraying with Tranferred Arc

Since the particles remain only a short time in the plasma in the former

process, it may be necessary to add energy. This energy can be supplied

by a transferred arc between the nozzle of the spray gun and the sub-
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strate, as shown in Figure 5. A voltage between the anode and the sample

results in the formation of a discharge column which favors coatings with

good adhesion and low porosity (6). The LPPS process with transferred

arc is not extensively used however. Another version of the transferred

arc, which works at atmospheric pressure, is used to melt self-fluxing

alloys but this is similar to hard-facing and should be considered rather

as a welding process.

* ••

-

1

•

Transferred arc
power supply

Plasma
gun

Plasma
jet

Transferred

Substrate

Figure 5 Plasma Spraying with Transferred Arc.
Source: Reference 6.

4.2.3 Importance of Parameters

The plasma spraying process may be summarized as follows:
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1. Formation of the plasma: the el ctrical energy is tran-
sferred to the plasma gas, which is heated and accelerated.

2. Heat transfer to the particles: the plasma energy is par-
tially transferred to the injected particles, which are
heated, melted and accelerated.

3. Formation of the coating: the kinetic energy and a small
amount of heat are transferred to the substrate.

The complete process also includes various pre-spray treatments for the

powder and the substrate, and post-spray treatments of the new composite

formed by the bonding of the coating to the substrate. The complex

nature of the plasma spray process results in a large number of process-

ing parameters which must be controlled in order to obtain optimum coat-

ings. The process parameters are so numerous that only the most im-

portant are summarized in Table 1. Knowledge of these parameters, which

also include materials, is the key to successful operation of the plasma

spray system and production of useful coatings. The equipment currently

available is simple and a good technician can quickly learn to operate

it. However, the production of a well-sprayed coating requires both

experience and familiarity with each variable.

4.2.4 Advantages of Plasma Spraying

Although the plasma spray process has a large number of parameters which

must be closely controlled, it has undeniable advantages:

a) The wide range of materials to be sprayed. The high tem-
peratures generated are far beyond the melting point of any
known material. The criterion for spraying any material is
that it have a distinct range over which it remains in the
liquid phase. Metals, ceramics and some plastics can be
sprayed.

b) The low normal processing temperature. Although the tem-
perature of the plasma may exceed 20 000°C, the substrate
temperature can be kept low (below 125°C), thus avoiding
the risk of work piece distortion.
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c) The wide range of base materials. Because plasma spraying
is a "cool process", in so far as the work piece is con-
cerned, coatings can be applied to a great range of sub-
strates, including metals, ceramics, plastics and even
wood.

d) Flexibility of the technique. Composite, multilayered and
graded coatings can be built. Moreover, there is no
maximum dimensional limit on base material.

e) High-temperature-phase preservation. Rapid quenching
allows high-temperature phases to be preserved. Fine-grain
structures are obtained and some materials can be kept in
their glassy state.

4.2.5 Applications of Plasma Spray Coatings

These important advantages have enabled plasma-sprayed coatings to find a

very wide range of utilizations as protective coatings and also as a

manufacturing technique. Numerous applications of metal, ceramic and

organic coatings are described in the literature, the majority falling

under one of the broad classifications defined below.

4.2.5.1 Tribological Applications. Wear-resi tant surfaces can be pro-

vided by plasma spraying on components subjected to lubricatej or unlu-

bricated operation. For the first type of service, the plasma spray

technique offers compositional flexibility and controlled porosity. The

coating material is selected to withstand the wear mechanism while po-

rosity promotes oil retention. Coatings required to resist abrasive and

adhesive wear are largely composed of ceramics, which are easily deposit-

ed by the plasma spray process. Successful uTear-resistant coatings have

been developed using cobalt- and nickel-based alloys containing carbide

of chromium and tungsten as abrasion-resistant particles. Self-

lubrication can be provided by incorporating low-friction materials or

dry lubricant!, such as PFTE, the aromatic polyester "Eknonol" (7), gra-

phite and molydenum disulfide, for example. Wear barriers nay be con-

sidered as the biggest utilization of plasma-sprayed coatings on a com-

mercial basis, despite the fact that parts subjected to high impact, as

encountered with mining equipment, are not adequately protected by this

technique.
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Table 1

SUMMARY OF PLASMA SPRAYING PROCESS PARAMETERS (1)

I. Plasma

A. Arc Configuration (plasma gun design)

1. Electrode geometry
2. Arc gas flow pattern (vortex stabilized vs. sheath or wall stabilized)

B. Properties of the Plasma Effluent
1. Are gas velocity and pressure
2. Arc gas enthalpy (temperature)
3. Arc gas composition
4. Chemical projxrties of the arc gas (reactirity)
fl. Thermal ]irojierties of the arc gas (conductivity)

C. Plasma Spray Equipment Variables
1. Piasnia gun

(a) (iun traverse rate
(li) Spray angle
(c) Spray distance (gun to substrate)

2. Console control
(a) Arc gas flow rate
(b) Power level (K\V input)
(t) Cooling-waUT flow rate

3. Spray environment (atmosphere-control chamber, gas shrouds, air, etc.)
(a) Atmosphere
(b) Pressure
(c) Temperature
(d) Substrate holding fixture

II . Powder

A. Chemical composition

1. Crystal phases
2. CVystul structure (lattice dimensions)
S. Impurities

B. Physical nature

1. .Shape
2. Density
3. Size (powder particle size distribution)
4. Microstructure (porosity)
5. Surface nature

(a) Surface films (oxide, moisture)
(b) Surface finish

C. Properties
1. Thermal

(a) Melting point (melting behavior)
(b) Thermal conductivity
(c) Thermal expansion
(d) Specific heat
(e) Heat of fusion
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Table 1 (Continued)

SUMMARY OF PLASMA SPRAYING PROCESS PARAMETERS (1)

(f) Heat of vaporization
(g) Ktnissivity

2. Chemical
(n) Reactivity with arc or carrier gas
(b) Reactivity with substrate

3. Liquid State
(n) Viscosity profile
(b) Surface tension

D. Powder-feed system

1. Fowl equipment (aspirator or ecrpw feed)

2. Feed rate
(a) Carrier-gas flow rate
(b) Powder injection rate (volume or weight)

•i. Injection mode into plasma effluent
(a) Point of injection
(b) Angle of injection

111. Substrate

A. ClicimVal C<>m|K).sition
1. Crystal ctructiin- (lattice constunts)
2. Crystal iilia^n

B. Properties

1. Thermal
(a) Melting }x>int
(b) Tlicrmul expansion
(c) Thermal conductivity
(d) Spcctfit' heat
(c) Heat of fusion
(f) Heat of vaporisation

2. Physical
(a) Haidness
(b) DenKity

3. Chemical
(a) Reactivity with powder (phase formation, Mlubility, etc.)
(b) Reactivity with environment (arc gan, carrier gas, etc.)

C. Surface condition

1. Surface finish
2. Surface mierontructure (jiorosity, etc.) ,
3. Surface contamination

(a) Surface filnw (water, oxides, etc.)
(b) Contamination (dirt, etc.)

4. Surface Ktrcaaet
.">. Surfnee teinperaturc
fi. Surface defect*
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4.2.5.2 Chemical Corrosion-Resistant Coatings. A wide range of mate-

rials have been plasma-sprayed for corrosion and oxidation protection.

Aluminum, zinc and their alloys are used to protect industrial equipment

and structures subject to corrosion such as bridges, tanks and marine

ware. However, plasma spray deposits are not ideal for corrosion pro-

tection: the ingress of fluids may not be entirely prevented, since coat-

ings have some porosity and permeability. Adequate protection can be

obtained when the surface tension of the corrosive fluid is such that

there is no capillary transfer through the pores. For other applica-

tions, the pores are sealed by wax or a phenolic or silicone sealer.

Plasma-spray coatings are extensively used for corrosion protection,

despite the fact that care must be exercised to avoid galvanic corrosion.

4.2.5.3 Thermal-Barrier Coatings. Metallic and nonmetallic parts

exposed to high temperature are protected by sprayed coatings. Thermal

and antioxidant thermal barriers are multilayered and graded coatings of

metals and ceramics which have high-temperature capability and low

thermal conductivity. They consist of an insulating ceramic layer

appl'ied over an oxidation-resistant metallic bond coat. They are exten-

sively used for protecting the surfaces of metal components, gas turbines

and other heated engine parts which are exposed to fuels contaminated

with metallic impurities. In order to reduce metal temperatures, heat

flux and pollution, these coatings can he employed for piston heads,

valves and exhaust parts of reciprocating engines, particularly diesel

engines, parts of the space shuttle, in rapid-earth-drilling schemes, on

turbine shrouds and seal surfaces (8).

4.2.5.4 Reclamation. Another very important application of the plasna-

spraying technique is reclamation, where it is used to repair worn or

badly machined components. For example, a compressor housing which has

suffered damage from rotor impingement may be reclaimed by plasma spray-

ing. Cases are machined out to below the indentation and plasma sprayed

with a coating thick enough to allow the original dimensions to be res-

tored after machining. This type of coating is used to build up worn

surfaces of brake drums, grinders, spindles, etc. and also to repair blow

holes in castings.
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4.2.5.5 Self-Supporting Shapes. An application which is somewhat

removed from coating is the use of the plasma spray technique to produce

self-supporting shapes. Many configurations difficult to form by the

powder metal compacting technique may be readily sprayed with the plasma

.let (9). Internal configurations, internal undercuts, re-entering

internal and external angles are no problem with the plasma spray tech-

nique. Furthermore, it is a major method employed in the fabrication of

thin-walled components. Long thin-wall parts which are difficult, if not

impossible, to machine (or when the tolerances are close) are made by

plasma spraying: for example, tungsten tubes for containment of corrosive

fluids (10), ceramic sheets and tubes (11,12) and porous bodies of metals

that act as electrodes (13).

4.3 PLASMA SPRAYING AS AN ALTERNATIVE

Although the numerous compositions or materials that can be sprayed offer

a large selection of coating systems for a multitude of applications, the

plasma spraying process, strictly speaking, can not be considered com-

petitive with other coating techniques. Each process offers advantages

and disadvantages and it is impractical to consider plasma spraying

rather than any other coating technique unless it is required to improve

the quality, or lower costs, or for ecological reasons.

It is general practice to use electroplated chromium to minimize wear.

Plasma-sprayed chromium and chromium alloys may be successfully used as

alternatives to electroplated chromium in gas engines (7). Moreover,

sprayed molybdenum provides properties which result in a markedly longer

wear life. Sprayed coatings do not show microcracks typical of hard

chromium coatings. Furthermore, they have a deposition rate several

orders of magnitude higher than electroplated coatings and a greater

thickness* Government regulations impose more restrictions on the

disposal of effluents from plating, which makes plasma-sprayed"coatings

attractive in some areas (14). Coatings of carbides or oxides may be

used to replace electroplated or nltrided surfaces while tungsten carbide

94



on light alloys of aluminum, magnesium and titanium is considered very

tenacious and much more resistant than anodized surfaces (3).

Plasma-sprayed coatings are also practical for some types of atmospheric-

corrosion protection. They can compete in cost with other corrosion pro-

tection methods such as electroplating and painting because of the addi-

tional service life they provide (3,15).

4.4 PLASMA SPRAYING IN CANADA

The Canadian jet engine industry is the first and only one to make exten-

sive use of the plasma spraying process in preference to all the other

coating techniques that provides protection to surfaces exposed to severe

environmental conditions. Most of the work is done in in-house facilit-

ies and applications fall under the broad classifications mentioned

earlier. Overflow is taken by workshops which, apart from one shop

located in Sept-Iles, Qufibec, operate exclusively in the Toronto and

Montreal areas.

Very little R & D is being done in this specific domain in Canada except

at the Industrial Materials Research Institute (IMRI) of the National

Research Council Canada. The Chemical Engineering department of Sher-

brooke University seems interested in working on process parameters and

is currently working in collaboration with research workers from Poland

on a study mainly of transport properties. Sheritt Cordon Mines in

Alberta may be doing some research work on materials in cooperation with

Metco, but little information is available.

4.5 CURRENT AND FUTURE AREAS OF INVESTIGATION

The current research at IMRI is focused on the solution of specific pro-

blems with existing materials and on the development of new materials for

coatings. For example, hard materials such as carbides and borides are

useful for tribological requirements but difficult to build up into thick

95



layers, which severely limits their application. Multiple-component

powders are being developed which consist of agglomerates of different

metallurgical phases or different chemical compounds. Thick hard coat-

ings formed from compounds of the component materials are produced during

spraying by a synergetic process.

Heterogeneous multiple-component powders composed of coated particles are

also under development. As the plasma spraying process requires powders

which must be classified in very narrow ranges of particle size, a spe-

cial fabricating process using plasma as the heat source is envisaged.

The fabrication of fused micron-size ceramic powders for spraying, which

can be done by the plasma technology, should also be considered.

Ait interesting application may be the surfacing of rocks and granites by

plasma jet. With a carefully controlled thermal spelling process, it is

possible to achieve surface machining.

For specific needs, automation of the plasma spraying process is a possi-

bility to be investigated. Research in this field is already under way

in the U.S. jet engine industry (16).

Finally, more work should be directed to the development of plasma

devices which make more efficient use of heat. High-enthalpy laminar

flames, which are noiseless and require only a small amount cf gas flow

(3,4), may be interesting for this purpose.
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REVIEW OF PLASMA ARC WELDING AND CUTTING

by

Ken Thorn

Welding Institute of Canada

5.1 INTRODUCTION

Arc welding has been used as a ioining technique since the early 1900s

but it was not until 50 years later that a true plasma arc welding device

was developed. The first use of the plasma arc was for cutting applica-

tions, with plasma arc welding developed later, but the process remains

limited, despite increased activity recently in plasma arc cutting.

The terms plasma cutting and welding have come to refer to processes

where a plasma jet is produced through constriction of the plasma flow by

placing the cathode in the torch in such a way that the electrode tip is

enclosed within the nozzle. A view of a generalized plasma torch is

given in Figure 1. The plasma gas supply is fed past the electrode and

ELECTRODE

SHIELDING GAS- i

OUTER GAS CUP

THROAT LENGTH

TORCH STAND-OFF

ORIFICE GAS

NOZZLE

PLENUM
CNJMKt

ELECTRODE
SETBACK

ORIFICE DIA.

Figure 1 General View of a Plasma Torch,
Source: Ref.l, p. 54.8.
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is constricted as it flows out of an orifice. The net effect of the con-

striction is to produce a let of high-temperature, high-velocity plasma

much stiffer than the plasma envelope associated with nonconstricted

arcs. Through control of the various parameters involved in the produc-

tion of the plasma, a stiff cylindrical let can be produced with core

temperatures between 14 000 and 18 000 K; Figure 2 compares the tem-

perature distribution within a constricted plasma arc to that within a

nonconstricted (GTAW) arc. Additionally, the plasma arc can be operated

Temperature. K: CD 10.000 to 14,000 E3314,000 to 18.000 E I318.000 to 24.000 I H I 24,000 and up

(a) Nonconstricted arc (gas tungsten arc welding) (b) Constricted arc (plasma arc welding)

CoMtrictcd arc (Vicln-dlam orifice)

Shielding gas Argon, at 40 ft'/h. Shielding gas Argon, at 40 ft3/h
Cuncnt 200 A Current 200 A
Volute J5V Voltage 30 V

Figure 2 Comparison of a Nonconstricted (GTAW) Arc and a Constricted
(PAW) Arc.

Source: Ref. 2, p. 214.

in either a transferred or a nontransferred mode, as shown in Figure 3.

The factors used to control the properties of the plasma .let include the

operating current, orifice diameter and shape, type of ionized gas, and
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the flow rate of the gas. By adjusting these five variables, plasma jets

can be produced which are suitable for a wide variety of applications

from low-power welding to high-power metal cutting. Plasma jets have

also found use for metal spraying and for the application of wear-,

abrasion- and corrosion-resistant coatings.

Figure 3 Transferred and Nontransferred Plasma Arcs.
Source: Ref. 2, p. 215.

This section of the report deals with the current state of the art of

plasma technology and its applications to welding and cutting processes

in Canada. The information it contains was drawn from a variety of

published literature and private communications with equipment manufac-

turers and users.

5.2 PLASMA ARC CUTTING

It is the high temperatures associated with plasma jets that have led to

their use in cutting a wide variety of materials including carbon steels,

cast iron, stainless steels, aluminum alloys, and nickel- and copper-

based alloys. The versatility of this technique is due to the nature of

the cutting action which, unlike oxy-fuel gas cutting, does not rely on

heat produced by the exothermic reaction of iron and oxygen to form iron

oxide to melt the metal being cut. For cutting applications, high

currents, small orifices, high gas flow rates and gases with high thermal

conductivities are used. Cutting torches always use transferred arcs,
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i.e. the metal being cut forms the anode in the electric circuit, (see

Figure 4). This combines the heating effects of the piasma and the

current flow to produce extremely high temperatures and the molten pool

is swept away by the high-velocity /jet. These mechanisms will effect-

ively cut any metal and are particularly useful for piercing when a cut

cannot he started at an edge.

Direct
currant
power
apply

T
High-

frequency
generator

Resinor

Pilot arc
relay

contact

Electrode

Torch nozzle

Workpitct

Figure 4 Plasma Arc Cutting Circuit,
Source: Ref. 2, p. 915.

The gases used to form the plasma in cutting torches are usually argon/

hydrogen or nitrogen/hydrogen mixtures. In the case of steels and cast

irons, the cutting action can he supplemented by adding oxygen to the

plasma stream, which annexes the chemical heat of the oxidation reaction

of the iron to the plasma heat input. This allows for increased cutting

speeds for these materials. The oxygen is usually added to the plasma

downstream of the electrode because its presence has the effect of reduc-

ing the electrode life.

When done in the open, plasma cutting, particularly of thick material, is

extremely noisy because of the high plasma velocities and, as a result,

most cutting is performed on tables submerged in water. This reduces the

noise level and keeps the shop atmosphere clean because all the fine

particles formed during the cutting operation are trapped in the water.

Plasma cutting equipment operates at high power densities at the nozzle

in order to produce the heat necessary to melt the metal being cut.
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Typical operating conditions to cut 25-trnn thick aluminum are 170 V and

400 A with a gas flow of 70 L/min through a 3-irnn diameter nozzle. This

results in a power input of 68 kW and a power density of 8.5 kW/mm at

the nozzle.

5.3 PLASMA ARC WELDING

Plasma welding arcs have several advantages over nonconstricted welding

arcs, including improved stability, higher energy input, higher tempera-

tures, greater directional stahility, the use of an internal electrode

(not only protected from contamination but also noncontaminating), and

the ability to operate over a wide range of currents. Plasma welding is

subdivided into three broad categories: micro-plasma (0.1 - 15 A),

medium current (15 - 100 A) and high current (over 100 A), the first two

categories being most often used for manual applications while high-

current work is usually automated.

In most manual applications, the plasma torch is used very much like a

conventional torch, that is, as a heat source. It has several inherent

advantages over gas tungsten arc welding (GTAW) in the low-current range,

including a much stiffer, more stable arc, better concentration of the

heat, a protected electrode and a much higher tolerance to variations in

arc length without fluctations in other welding parameters.

In the medium-current ranpe, the use of plasma and GTAW are quite simi-

lar. In applications where plasma is considered better suited than GTAW,

the decision to use plasma is usually based on the ability of plasma

equipment to produce a .ioint with a higher depth-to-width ratio. Addi-

tional benefits are the extended electrode life, which results from the

protected location of the electrode within the torch, and the incorpora-

tion of automatic arc starting in automated applications. However, a

high level of maintenance of sll the equipment for such applications is

necessary because of the sensitivity of the process to changes in operat-

ing parameters, particularly gas flows.
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High-current welding is usually mechanized and often employs the so-call-

ed keyhole operating mode. When so operated, plasma welding takes ad-

vantage of its inherently deep penetration and high welding speeds. In

particular, material up to 6 mm thick can be welded in a single pass with

a square butt .ioint configuration. As with medium-current applications,

the process is sensitive to changes in the welding parameters and careful

attention must be paid to operating conditions to ensure consistent

.•joints.

Argon is the most commonly used gas for plasma welding. It is employed

for carbon and high-strength steels as well as for reactive metals such

as zirconium and titanium. In fact, it can be used to weld any metal,

although other choices of gas will often produce better results. Hydro-

gen is commonly added to argon to increase the temperature of the iet but

there are limits to the amount that can be added before adverse metallur-

gical reactions occur. Helium can also serve the same purpose but at

least 40% is necessary before a significant effect is noted. Further-

more, helium tends to increase the torch temperature, which reduces both

the current-carrying capability of thp torch and i.ts service life.

A recent improvement to plasma welding has been the use of pulsed-current

power sources. The advantages include increased tolerance to .ioint fit-

up and dimensions through better control of weld penetration, and greater

ease in joining thick and thin sections as a result of the controlled

heating of the pulsed arc. Distortion in thin sections can be reduced

because the pulsed arc can form a stable weld pool at lower average

currents than a non-pulsed arc while in some instances the effects of

surface oxide layers on compositional differences between different heats

of steels appear to be mitigated when pulsed current is used.

Plasma welding equipment can operate over a wide range of power inputs

depending on the thickness and type of material being welded. However,

the plasma velocity for welding operations is lower than for cutting

because the molten metal must not be expelled; this is achieved by reduc-

ing the gas flow rate and increasing the nozzle diameter.
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Table 1
HEAT SOURCE INTENSITIES AND PENETRATION FOR VARIOUS PROCESSES
Source: Ref. 3, p. 12

Process
Heat source
Intensity W

Fused-zone
profile

Flux-shielJed
arc welding

Gas-shielded
arc welding

Plasma

Electron beam
and laser

5 x 106 to
5 x 108

5 x 106 to
5 x 108

5 x 1010

Normal current

High current

5 x 10 to Low current

High current

10 1 0 to 10 12 Defocused beam

Focused beam

Table 1 shows typical heat source intensities for various processes and

their corresponding type of penetration. The heat source intensity for

plasma arc welding varies from 5 to 50 000 MW/m , which is only slightly

lower than that of electron beam welding.

5.4 PLASMA SPRAYING

Using plasma jets as the heat source for thermal spraying applications Is

the most recent development in the use of plasma - A typical plasma

spraying torch is shown in Figure 5; the material being deposited can be

introduced into the jet either as a powder or in the form of a heated
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Figure 5 Plasma Arc Spraying Torch.

Source: Ref. 2, p. 790.

wire. Plasma offers several advantages in this application. The close

control available in a plasma jet produces high deposition rates, low

dilution, low heat inputs, controlled deposition of thin layers and good

surface finish, all of which are beneficial features of plasma-deposited

surface layers. Furthermore, using plasma spraying, it is possible to

deposit a wide variety of engineering materials, including refractories.

However, the equipment is relatively expensive and requires careful con-

trol of welding conditions. Further details on plasma spraying are pro-

vided in Section 4 of this report.

5.5 PLASMA TECHNOLOGY IN CANADA

A survey of the use of plasma technology in Canada was carried out by

means of discussions with manufacturers and users. Of a total $200 mil-

lion expenditure on all aspects of welding, only 33% relates to welding

equipment. The total use of plasma equipment, however, amounted to an

expenditure of only $1.5 million, or just over 2% of all welding-

equipment sales. Further discussions with distributors and manufacturers

indicated that of the three different applications of plasma technology,
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by far the largest is for cutting. This is reflected in the fact that,

of the $1.5-million expenditure for plasma equipment, only 10% was for

welding.

Exchanges with equipment distributors indicated that the vast majority of

plasma arc welding applications were for the specialized joining of thin-

gauge material, an application which is particularly suited to microplas-

ma techniques. Hence direct comparison of its economic importance in the

welding field is difficult. Normally, welding activity is measured in

terms of either the mass of weld metal deposited or the mass of the weld-

ments, neither of which is a suitable yardstick for the present uses of

plasma arc welding.

As the expenditures on equipment indicate, most of the companies applying

plasma technology utilize it for cutting. Many have been using such

equipment for over five years now. Most applications involve automatic

cutting equipment while more recent purchasers are tending to buy

computer-controlled units. It is estimated that approximately 15 to 20%

of all cutting is performed with a plasma arc. Contact was therefore

made with several users of plasma-cutting equipment to have their evalua-

tion of their system. All were pleased with their setups. The advantage

of the technique is its high cutting speed and, despite higher capital

costs, the overall cost/unit length cut are considerably lower than with

conventional oxy-fuel cutting. With the plasma equipment, most users

find that the rate-determining step in cutting plate is the setup time,

rather than the cutting time, as is the case for oxy-fuel gas cutting.

One of the greatest advantages of plasma arc cutting is its versatility

in that materials other than carbon steel, such as aluminum, stainless

steel and copper, can be readily cut. Bevel cutting for weld preparation

is another application. In fact, the intense heat of the process makes

it suitable for all types of bevelling at a higher efficiency than oxy-

fuel cutting. Its limitations include possible problems at thicknesses

greater than 50 mm for carbon steel, because of loss of velocity of the

plasma jet. By way of solution, the use of water injection, illustrated

in Figure 6, constricts the arc and increases current density, which

allows higher cutting speeds and reduces dross. Another problen is that,

107



when cutting square edges, account must he taken of the swirl of plasma

gas flow, which tends to produce a small bevel if not corrected for.

Electrode (-)

Cutting 91s

Nozzle

Copper
nozzle

Work

Water
injection

Ceramic
nozzle

Work(-f)

Figure 6 Comparison of a Standard and Water-In.iected Plasma
Arc Cutting Torch.

Source: Ref. 2, p. 916.

This too can be improved by water infection. Plasma arc cutting is ex-

tensively used in the thermal cutting of nonferrous materials and is also

finding a growing use in the cutting of carbon and alloy steels.

5.6 CONCLUSION

The survey of manufacturers and users of plasma equipment both for cutt-

ing and welding shows that the techniques have an important role to play

in Canadian fabrication technology. Suitable equipment from several

suppliers is available for all of the processes described previously (see

Table 2) but in spite of this, the use of the technology is very limited.
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Table 2

COMPANIES CONVERTED WITH PLASMA ARC TECHNOLOGY

Source: "Director and Byers' Guide", Canadian
Welder and Fabricator, September 1983.

PLASMA WELDING AND CUTTING

Acetogen Welding Supplies Ltd.

Acklands Ltd.

Acme Welding & Supply

Arc & Flame Welding & Propane

Supplies Ltd.

Arcweld Products Limited

Barr, H.M. International

Canadian Liquid Air Ltd.

Canox-Division of Canadian

Oxygen Limited

Carter Welding Supplies

Central Welding Company Ltd.

Centre de Reparation M.T.R. Inc.

Consumers' Welding Supplies

Cunningham Equipment, Inc. J.A.

Deloro Stellite Canada Limited

Diamond Welding Supplies Ltd.

Don Valley Oxygen Ltd.

ESAB-Heath Gas Cutting Div.

Essex Welders Supply Ltd., The

Eutectic & Castolin

Fox Welding Supplies Ltd.

General Welding & Ind. Sup.

Hobart Brothers of Canada Limited

ICG Canadian Proprane Ltd.

Inter-City Welding Supplies

Co. Ltd.

Liquid Carbonic Inc.

M.G. Industries

Merrick Engineering, Inc.

Metallurgical Industries Inc.

Miller Electric Mfg. Co.

Niagara Welders Supply Limited

Palco Welding Products Canada Ltd.

Petrogem Canada Limited

The Ridge Tool Company

South-Western Ontario Welding

Supplies

Str idard Oxygen Ontario

Superior Welding Supplies

Tri-County Welding Supplies Limited

Union Carbide Canada Limited

Upton, Bradeen & James Ltd.

Vandry Gas & Welding Products Ltd.

Weld Process International Ltd.

Weldco Inc.

Welders Service (Erie-Huron) Ltd.

Welders Supply Co.

Welders Supplies Limited

Welding Products

West Coast Welding Supplies Ltd.

Western Canada Welding Products

W.A. Whitney of Canada Limited

Wetmore Welding Supplies Ltd.
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Plasma arc cutting is gradually expanding its share of the market because

of its versatility and high cutting speeds, yet plasma arc welding with

all its many advantages, especially at low energy inputs, has still not

been widely accepted into the marketplace. Its greater use in Canadian

industry requires increased awareness of its capabilities and a boost to

the low level of related research and development activity.

Since no official statistics are available, the following figures for ex-

penditures on welding research in Canada have been based on the results

of a survey carried out on behalf of Provisional Commission VII of the

International Institute of Welding. Some difficulty arises in the defi-

nition of welding research and many activites related to product improve-

ment or procedure development have not been included in the figures and

are therefore somewhat conservative. The total estimated expenditure on

welding research in this country is $7.5 million, which includes govern-

ment, business, higher education and non-profit organizations, and in-

volves only about 50 professionals. Of this total, almost no effort is

directed towards plasma arc technology. There is no activity in the

government research laboratories and, apart from Hydro-QuGbec, no other

electrical utility is carrying out research. The level of activity

within the universities is low, only the University of Alberta having a

defined program for one professor and two students and even this program

has not yet commenced. The Welding Institute of Canada has a small

interest in plasma in relation to the development of pulsed-current

plasma. The only other major activities are located at the laboratories

of two of the manufacturers, Canadian Liquid Air and Union Carbide. The

potential for research is therefore high but this must be assessed in

light of the current total expenditure of $7.5 million spent on welding

research. A number of factors would indicate that welding research ex-

penditures in Canada will, or should, increase more rapidly than the

general increase in R&D, These are:

. The present gross underfunding of welding research.

. The urgent need to improve Canada's productivity in the
manufacturing sector.
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The impact of welding on various major "national projects",
such as improvements in transportation systems, upgrading
key Industry plant, and the role of Arctic engineering.

The factor relating to productivity is especially Important for plasma

technology development because of its versatility, high travel speeds and

wide range of applications. The RSD activity required therefore covers

process development, fabrication technology, material technology and in-

spection technology. A combination of research in these areas will lead

to a greater use of plasma technology.
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GASEOUS REACTIONS IN HIGH-TEMPERATURE PLASMAS

Maher I. Boulos

Chemical Engineering Department

Sherbrooke University

6.1 INTROOUCTION

This section reviews the present and potential applications of thermal

plasma technology in chemical processing industries, covering such topics

as nitrogen oxide synthesis, hydrocarbon processing and the synthesis of

special materials - oxides, carbides, nitrides, etc. It also covers

applications of plasma technology for the destruction of toxic-waste

materials, which has been the subject of relatively recent developments.

In dealing with each of these applications, the review will include a

brief description of the proposed processes, the power level at which it

was tested and, whenever possible, an assessment of the potential of such

a technology in Canada together with the required R & D effort.

6.2 NITROGEN OXIDE SYNTHESIS

The use of an electric arc process for the direct synthesis of nitrogen

oxides was one of the first commercial applications of plasma technology,

which dates back to the beginning of the century. The process involved

the rapid heating of air to a temperature over 3000 K followed by rapid

quenching and absorption of the nitrogen oxides formed in water to

produce a mixture of nitrous and nitric acids. The main chemical

reactions involved are:
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N 2

2NO2 H

2N0 2 H

h 0 2

v 0 2

v H20

•* 2N0

+ 2 N O 2

•»• H N O ,

The process bad a low conversion efficiency (1.2% NO) compared to the

theoretical equilibrium value of 6% at 3600 K, and its specific energy

requirement (SER) was rather high («33 kWh/kg NO) compared to " 0.9 kWh/

kg NO, which is the theoretical requirement for performing the endo-

thermic synthesis of nitric oxides.

It is no surprise that, by the early 1920s, this process was rapidiy

replaced by the Haber-Bosch route for synthesis of ammonia, which in turn

can be oxidized to give the required nitrogen oxides.

steam
Natural gas (CH^) + H ^ reform H 2 + CO + C02

air

X catalyst

NH3

+02

NO, KO2 catalyst

+H20

-> HN02, HNO3

Virtually all of the nitric acid produced commercially in Canada is

obtained via the natural-gas process at an estimated equivalent SER of

-7 kWh/kg NO (1).

Recently, there has been renewed interest in the electric-arc process,

especially in France where Fauchais and collaborators (2) have shown on a

laboratory scale (30 kW) that the injection of oxygen in a pure nitrogen

plasma and proper design of the quench technique yield conversion

efficiencies as high as 11%. The reported SER is still relatively high

(20-25 kWh/kg NO) but it is felt that this could be reduced through
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optimization of the initial nitrogen-to-oxygen ratio, the reactor pres-

sure and the quenching technique. Further reduction of the SER can also

be achieved by substantial enthalpy recovery from the exhaust gases.

In the Canadian context, with the present surplus of natural gas, it is

unlikely that the electric-arc process can prove an economical alterna-

tive for the synthesis of nitric acid.

6.3 HYDROCARBON PROCESSING

Considerable attention has been given to the processing of hydrocarbons

under plasma conditions for the production of acetylene or an acetylene/

ethylene mixture from natural gas, heavy oils and, more recently, coal.

The first commercial production of acetylene from light hydrocarbons

using an electric-arc process can be traced back to the early 1940s when

Chemische Werke Hiils AG in Germany introduced its electric-arc acetylene

process. In this process, natural gas is fed directly into an electric

arc Struck between a graphite cathode and a copper anode. Quenching is

achieved by either a water or a hydrocarbon spray. In the latter case,

the hydrocarbon is partially cracked to ethylene, thus increasing the

overall ethylene content of the gases produced. The present production

capacity of this process, which has been in operation and constant devel-

opment over the last 40 years, is estimated at 120 000 tonnes C2H2/year

with an SER of 12.5 kWh/kg C2H2.

Further work in Germany by Farbwerke Hoechst AG and Hiils led to the

development in the early 1970s of a successful industrial process for the

production of acetylene from heavy liquid hydrocarbons. Acetylene yields

of 40 to 50% were achieved with naphta feedstock and of 27% with crude

oil. The process developed by Hoechst on a 10-MW scale, had an SER of

about 10 kWh/kg C2H2.

Over the last few years, workers at both Huls (3) and AVCO System Divi-

sion in the U.S. (4) have been testing new plasma reactors for the pro-
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duction of acetylene from coal. The results reported by Hiils using a

400-kW reactor showed an increase in the acetylene yield and a decrease

in the SER with the reduction of absolute pressure in the reactor.

According to them, an acetylene yield of 25% and an SER of about 14

kWh/kg C2H2 can be achieved by optimizing the reaction conditions.

Further process development work is scheduled to be completed by 1986,

and an 8-MW prototype is to go on stream by 1987.

AVCO, on the other hand, reported the successful testing of an acetylene

process based on the pyrolysis of coal in a hydrogen plasma at 0.5 atm on

a 1.0-MW pilot scale. The results show that quenching of the reaction

products with water results in a high yield of hydrogen and acetylene

with an SER of 10.5 kWh/kg C2H2. The use of a liquid or gaseous hydro-

carbon quench produces a mixture of acetylene and ethylene with a

decrease of the SER to about 7.8 kWh/kg C2H2.

It should be pointed out that both the Hu'ls and the AVCO processes have

been tested with coals with a relatively high content of volatile

matter. In the case of the AVCO process, for example, the coal used con-

tained, on a dry basis, 55.4% fixed carbon, 38.2% volatile matter and

6.4% ash.

Present work at Sherbrooke University, sponsored by Energy, Mines and

Resources Canada, aims at testing the plasma route for the production of

acetylene using Canadian petroleum coke in a hydrogen plasma at reduced

pressure. In this case the carbonaceous material used has only a small

percentage of volatile matter, which could be the cause of some diffi-

culties. It is too early, however, to evaluate the prospectives of the

process, since the work on this project only started in summer 1983.

In view of Canada's proven reserves of coal, crude oil, natural gas and

renewable hydroelectric power, it is quite likely that a plasma route to

an acetylene process could prove economical although considerable R&D

work will be required to identify the process parameters and optimize the

operating conditions for the particular raw materials to be used.
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6.4 PLASMA SYNTHESIS OF SPECIAL MATERIALS

A plasma reactor has often been regarded as the ideal tool for the syn-

thesis of special high-temperature materials such as refractory oxides,

nitrides, carbides, etc. Substantial research has been carried out in

this area on laboratory and pilot-plant scales. In two cases, namely the

TiO2 pigment and the synthetic silica processes, the work has led to in-

dustrial developments which are now in operation.

6.4.1 Titanium Dioxide Pigment

Titanium dioxide pigment is presently manufactured by Tioxide in the

U.K. using an electric-arc process in which TiCl^ is injected in an oxy-

gen plasma to produce a mixture of TiO2+Cl2. A similar process was also

reported in the USSR using a high-frequency induction plasma (300 kW) for

heating the oxygen. The SER reported by Down (1) for the induction plas-

ma process was about 2 kWh/kg TiO2. The majority of TiO2 pigment in the

world, however, continues to be manufactured via the Kerr-McGee or the

Dupont process in which the reaction heat is supplied by the combustion

of natural gas. In Canada TiO2 pigment is produced using the wet sulfate

process.

Obviously, this is an area where electrification can be used to gain an

economical advantage as well as to improve the quality of the product.

6.4.2 Synthetic Silica

The stringent purity standards required in ultra-pure silica have led to

the development of the induction plasma process for the production of

synthetic silica by the oxidation of SiCl4 in an oxygen plasma. The pro-

cess is in commercial production in the U.K. and France. Due to the

highly specialized and competitive nature of the product, hardly any

details are available about the process or its SER. A major breakthrough

in the market for fibre optics could stimulate further interest in this

technology, which is one of the principal processes capable of producing

a synthetic silica with a sufficiently high purity level to meet the

strict fibre-optics requirements.
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6.4.3 Fumed Silica

One of the commercially important forms in which amorphous silica can be

prepared is known as fumed silica. Its sulnnicron particle size, large

surface area, high purity, and chain-forming properties make it an excel-

lent additive in a wide range of industrial applications.

A number of attempts have been made to develop an adequate process for

the preparation of fumed silica via a plasma route. These involve either

the vaporization of silica sand in an air, N2, H 2 or steam plasma or the

partial reduction of SiO2 to SiO under plasma conditions followed by re-

oxidation of the SiO to SiO2 in the quench zone.

While the properties of the plasma-fumed silica are comparahle with the

commercially available product, no move has been made towards adopting

the plasma process on a commercial scale. Considering the electrical-

energy situation in OuSbec, there might be grounds to justify a detailed

economic assessment of the plasma process in comparison with currently

available technology.

6.4.4 Refractory Materials

Considerable effort has been devoted to the synthesis of refractory mate-

rials such as nitrides and carbides of a wide range of elements (e.g.

TiN, TaN, Al N, Si3N^, W2N, ZrC, TiC, SiC, WC). These have generally

been carried out on torches in the 10- to 30-kW power range. The poten-

tial application and the commercial value of the materials obtained have

usually been seriously limited by the fact that the powders are well in

the submicron-size range (10-50 nm). To a large extent, this is a result

of the rapid quench normally encountered in plasma processes which

hinders particle growth in the condensation stage of the reaction. In

this respect, induction plasmas torches, which involve large-volume,

uniform-temperature plasmas, would favor the production of a large-

particle-size product.

118



In the Canadian context, this is certainly another area of important

potential growth for the production of high-added-value materials. An

important breakthrough is needed, however, in the area of controlled

nucleation and particle growth.

6.5 DESTRUCTION OF TOXIC WASTES

Plasma pyrolysis of waste toxic materials has recently emerged as one of

the interesting potential applications of plasma technology in pollution

control. The technique pioneered by Barton of the Royal Military College

in Kingston, Ontario, has proven quite efficient for the destruction of

PCBs. Preliminary tests with tetrachloromethane have also obtained

destruction efficiencies exceeding 99.99%. The process is to be tested

shortly for the treatment of sludge waste from the Love Canal in New York

in a 1-MW mobile reactor.

6.6 PLASMA TECHNOLOGY AND THE CANADIAN CHEMICAL INDUSTRIES

On the Canadian scene, plasma technology not only offers a means of

reducing our dependence on imported energy resources and taking greater

advantage of our abundant hydroelectric energy, but also provides a

unique opportunity for the chemical industries to produce specialized

materials required in high-technology applications: fibre optics, super

alloys and specialty ceramics are typical examples with considerably high

added values.

Although exact and up-to-date production rates are difficult to obtain,

Statistics Canada (6) reports that in 1982 alone this country's chemical

industries produced close to one million matric tonnes of nitric affd.

Assuming only 10% of this production capacity could be converted to a

plasma process with an SER of about 10 kWh/kg NO, this would represent,

the utilization of some 476 TWh of electric energy per year.
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Acetylene, in cylinders or for the delivery by pipeline, has been pro-

duced in Canada at an annual rate (1978) of more than 7.0 million cubic

metres (8750 tonnes) (7). Here again, assuming only 10% of such produc-

tion were converted to existing plasma technology, with an SER of

10 kWh/kg it would represent the utilization of more than 8.7 TWh of

electricity per year.

Titanium dioxide pigment, whose annual production in Quebec accounts for

over $100 million dollars, is another area where plasma technology could

have an important potential. The shift in this case, however, requires

an important R&D effort to overcome some of the technical problems due to

the high calcium content of the slag used in the process. Research work-

ers at the University of Sherbrooke are interested in this problem and

are now in contact withTioxide Canada in Sorel, Quebec, with a view to

drawing up an appropriate research program to study the possible chlori-

nation of ilmenite slag in a plasma reactor.

Applications in the area of special materials, on the other hand, are

still several years from any large-scale industrial development, but have

been the sub.iect of systematic studies is at a number of university

laboratories in QuSbec (McGill, University of Sherbrooke and University

of Quebec in Chicoutimi).

6.7 CONCLUSION AND RECOMMENDATIONS

From the foregoing considerations it can be seen that a relatively large

effort has been devoiid to the study of potential applications of plasma

technology in chemical processing. The production of acetylene by the

pyrolysis of various hydrocarbon feedstocks in a hydrogen plasma seems to

be one of the most promising applications and has been used on an in-

dustrial scale since the early forties. The potential penetration of

such a technology in the Canadian industry is largely dependent on the

economic situation and on the price of electricity as compared to that of

natural gas and other hydrocarbon feedstocks.
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Another area of important potential application is the synthesis of spe-

cial high-temperature materials. Already TiO2 pigment and synthetic

silica are being produced in Europe on an industrial scale using plasma

technology. The adoption of these technologies in the Canadian industry

would be a step in the right direction but further research work is

needed before other synthesis reactions for the production of refractory

oxides, nitrides and carbides can be adopted on an industrial scale.

Very special attention should be Riven to this area, however, in view of

the high added value of such products and their potential strategic role

in high-technology applications.
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APPLICATION OF PLASMA TECHNOLOGY

TO DRYING OPERATIONS

fry

William H. Gauvin

IREQ

7.1 INTRODUCTION

For ths purpose of this report, drying will he defined as the removal of

a liquid from a solid by thermal means. It is one of the most common and

widely used operations in virtually all aspects of industrial process-

ing. Drying can be performed in a large variety of equipment, the spe-

cific nature of which depends on the physical form and chemical composi-

tion of the material to be dried. In the great majority of industrial

applications, hot air is used as the drying medium.

If the material to be dried is a fine powder and free-flowing, flash

drying, fluidized-bed drying or transport drying can be used. If the

material is fine but very wet, continuous tunnel tray dryers, moving con-

veyors with either parallel convection heating from the drying air or

through-circulation (hot air passing continuously through a bed of the

wet material on the moving conveyor) or vertical turbodryers can be used.

Pasty materials that cannot be granulated or pelletized can often be pre-

formed by extrusion to form spaghetti-like pieces, 0.5 cm in diameter and

several centimetres long, which are spread on a conveying screen and

dried by through-circulation.

For large-scale drying operations of pelletized or coarsely granular

feed, rotary kilns are most often used. These are usually equipped with

"flights" on the interior surface for lifting and showering the wet mate-

rial through the hot gases during its passage through the cylindrical

kiln.
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For sheet materials such as printed fabrics, coated sheets and rugs, loop

dryers are used, in which heated air is circulated over or through the

material. They are to be distinguished from the widely used cylinder

dryers, usually consisting of a number of internally steam-heated drums

over which the continuous wet sheets pass in series. Typical of thiscon-

duction-type of dryer are Fourdrinier paper machine dryers, cellophane

dryers, and textile piece goods dryers. Because of the importance of

newsprint drying fa conventional drying operation often consisting of as

many as 60 steam-heated drums in series) considerable improvements in

performance are being achieved by means of hot-air impingement, press

drying, vacuum contact drying and dielectric drying.

Finally, if the solid to be dried Is in the form of a solution, a col-

loidal suspension or a slurry, spray drying is used, which consists in

atomizing the liquid in contact with hot air. Due to the high surface

area created by the atomizing process (one litre of liquid atomized into

100-ii droplets will create 2.1 x 10 drops with a surface area of

60 m ), heat transfer rates are very high, drying is rapid, and the dried

particles are removed In cyclone collectors or bag filters. Some of the

spray dryers used for food drying (milk, potatoes, eggs, coffee),pharma-

ceuticals (hormones, blood plasma, vitamins), pigments (chromates,

molybdates) and ceramics can reach sizes of 12 m in diameter and 30 m in

height.

7.2 ENERGY REQUIREMENTS

The energy-intensive nature of drying is not generally realized. In

Canada, the drying of newsprint «lone involves the removal of 30 million

tonnes of water per year, at a cost of over half a billion dollars (1).

In the United States, for a total production in 1982 of 60.8 million

tonnes of paper and paper board, about 80 million tonnes of water had to

be removed at a cost of about US$15 per tonne of paper (2).

Less well documented Is the drying of lumber, which can be estimated

roughly at 4 million tonnes of water removed at $15 per ton of wood (1983
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Canadian dollars) for a wood averaging wet 1.7 kg of water/kilogram of

dry wood, and dried to 0.1 kg of water/kilogram of dry wood. Of about

twice this magnitude is the thermal drying of mining concentrates. But it

is in the food, pharmaceutical and chemical industries that drying opera-

tions occupy a major role: it has been estimated that over 30% of the

energy consumption in these industries is due to drying (3).

The analysis of the energy consumption data presented in Section 10 in-

dicates that drying accounts for approximately 320 000 TJ, which repre-

sents almost 25% of the total Canadian energy consumption in industry.

Of that, only 5% is accounted for by electricity, i.e. 95% of the drying

is done using combustibles. As will be shown later in the present sec-

tion this process offers a very large potential indeed for the penetra-

tion of electricity by means of plasma technology.

Drying is an expensive operation, ranging in cost from US$15 per tonne of

water removed for crude lumber drying to about US$40 per tonne for a

sophisticated spray drying operation. These figures do not include

capital recovery for equipment cost, which can be quite large.

7.3 USE OF THERMAL PLASMAS

7.3.1 Thermal Efficiency and High Temperature Plasmas

During the past two years, an increasing amount of attention has been

devoted to the possibility of using thermal plasmas as a source of heat

in drying operations. This would appear quite paradoxical at first

sight, since plasma devices were developed specifically for the genera-

tion of high temperatures and their advantages over conventionalfossil

fuels, such as natural gas, coal or fuel oil, are frequently expressed in

terms of their efficiency due to the large temperature differences they

generate. Thus, if a metallurgical reactor for the melting of iron at

1800 K is fueled with natural gas burned in air, yielding a flame tem-

perature of 2200 K, the ideal first-law efficiency of the heat transfer

is (2200-1800)/2200 - 0.1818 or 18.2%. Using a plasma flame which can
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easily reach a temperature of 10 000 K, the efficiency Is now 82%. If

the reactor is used to melt a lower-melting metal, such as copper at

1350 K, the efficiency in the natural-gas case Is now 38.6%, and 85.5% in

the case of a plasma flame. Thus, as the operating temperature of the

process becomes lower, the thermal efficiency of the conventional fuels

improves, but so too does that of the plasma device, albeit more slowly.

It is often argued that, to generate electricity by thermal means, about

three times as much calorific value of conventional fuel must be spent,

or about 10 000 Btu per kilowatthour of electricity, which has a calo-

rific value of 3412 Btu. In the case of the melting of iron, however,

the effective heat generated by 1 kWh of electrical energy in the plasma

(0.82 x 3412, or 2800 Btu) is still considerably higher than that of

10 000 Btu of conventional fuel at 18.2% efficiency, or 1820 Btu. In the

case of copper melting, on the other hand, the effective electrical heat

would be 2920 Btu, against 3860 for the conventional fuel. This clearly

shows that, from a purely calorific point of view, plasmas are definitely

more effective, but for high-temperature applications only.

The above comments are not the whole story, however. To truly understand

why plasma devices can, in certain drying applications, compete most

advantageously with conventional fuels, it must be appreciated that many

other factors enter into the economic consideration that should govern

the final choice of a heat source. These factors are discussed below.

7.3.2 Fuel Cost Comparison

To return briefly to conventional fuels, engineers frequently compare the

cost of these fuels in a preliminary way on the basis of their calorific

value. Table 1 presents such a comparison in midsummer 1983 Canadian

dollars based on industrial rates prevailing in Montreal, Quebec, and its

immediate surroundings. In the case of the two coals considered in the

table, the cost of transportation to a site located 500 km from Montreal

has also been considered. The drastic impact of the transportation costs

is immediately apparent. The same consideration also applies to the

delivered cost of wood, peat or biomass as the distance between the point
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of collection and Che central plant increases. On the basis of fuel cost

alone, electricity does appear to he expensive, indeed. However, other

factors enter the economic analysis and must be taken into account.

Table 1

CALORIFIC VALUE AND COST OF VARIOUS FUELS

Fuel

Wood
Wood
Natural gas
Electricity
No. 2 oil
No. 6 oil
Coal
Coal, delivered1

Coal
Coal, delivered1

Calorific value Cost 1 $ per MBtu $ per MWh

8 000
8 000
980

3 412
39 600
41 800
20 X 10
28 X 10
28 X 10
28 X 10

Btu/lb2

Btu/lb2

Btu/scf
Btu/kWh
Btu/L
Btu/L
6 Btu/tonne
'U Btu/tonne

Btu/tonne
6 Btu/tonne

$5/wet 3tonne
$20/wet 3tonne
$4.50/1000 scf
$0.020/kWh
$0.234/L
S0.138/L
$14/tonne
$44/tonne
$35/tonne
$65/tonne

0.63
2.50
4.60
5.86
5.91
3.30
0.70
2.20
1.25
2.32

2.15
8.53
15.69
20.00
20.17
11.26
2.39
7.50
4.27
7.92

1 Industrial costs in 1983 Canadian dollars delivered to Montreal
2 Bone dry
3 Wood contains 50% moisture
4 Cost of delivery to 500 km from Montreal: $30/tonne

7.3.3 Efficiency of Energy Transfer

Next to be considered is the efficiency of energy transfer. For example,

the first-law efficiency of a wood burner seldom exceeds 0.7 while the

efficiency of a boiler fired with oil or gas is 0.8 on the average. It

is also necessary to consider the engineering complexity of the fuel-

burning installation: thus the combustion of No. 6 oil (commonly called

Bunker C oil) requires that the burners be equipped viih preheaters while

a coal-burning plant requires extensive flue-gas-cleaning and sulfur-

removal equipment. By comparison, the transfer of electricity into heat

may approach 100%.

7.3.4 Efficiency of the Equipment

Finally, the design and efficiency of the equipment used to heat up the

drying air to the desired temperature must be considered. If the drying
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air is heated directly, that is, if it consists of the combustion gases

to which cold air has simply been added, the presence of soot and ash in

the resulting mixture may be detrimental. The presence of water vapor

produced by combustion of the hydrogen contained in natural gas or other

conventional fuels will also decrease the water-absorption capacity of

air, as previously described. These problems can be eliminated by the

use of indirect heating, in which the air is heated In a heat exchanger.

This solution is expensive however, since the Capital cost of the in-

stallation goes up markedly, as does the operating cost of the blowers or

compressors required to move the very large volumes of drying air through

the heat exchanger and that of the dryer proper.

7.3.5 Drying with Plasma

Based on these considerations, It is not too difficult to visualize why

heating the drying air by adding a small quantity of very high-

temperature plasma gas (nitrogen or air) might offer very real advantages

in providing clean air, eliminating heat exchangers, and decreasing the

size of both the dryer and the blowing equipment.

7.4 SUPERHEATED WATER VAPOR AS A DRYING MEDIUM

The idea of replacing air by superheated water vapor as a drying medium

is not new. However, it has never been practised commercially. A recent

techno-economic study (5) has shown that, in the case of spray drying,

the use of superheated steam which could be reheated and recirculated to

the system offers definite advantages over conventional spray drying with

air. Under comparable conditions, savings of 33% in capital costs and

21% in operating costs could be realized in the case of a typical medium-

size Installation of 2300 kg/h of water-evaporation capacity. At about

the same time, Svensson (6) reported a method for the steam drying of

wood pulp using a pressurized steam dryer which reduced the net consump-

tion of steam by a factor of at least 5. There is little doubt that

steam drying possesses many advantages, not the least of which is the

fact that there are no such limitations on its use as the saturation phe-

nomenon experienced with wet air. Of even greater importance is the fact
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that plasma technology offers a new, remarkably efficient heat source to

generate the drying steam.

The use of a plasma of superheated water vapor as heat source offers many

obvious advantages. For example, extremely high enthalpies can be

achieved: water vapor at 1 atm pressure and a temperature of 6000 K has

an enthalpy of 7.36 x 101* kJ per kilogram, or more than 25 times the

enthalpy it has at 100°C and the same pressure. Actually, industrial

installations could very well operate at lower temperatures, say 4000 K,

with still very high enthalpies.

One of the greatest advantages of using steam-plasmas is that the spent

gas consists only of water vapor (that from the plasma source plus the

water evaporated from the wet solid). Part of this spent steam, which is

still quite hot, can be reheated and recycled to the dryer, while the

rest can be used for plant use.

Figure 1 shows a very simplified diagram of a rotary kiln in which steam

is used as the drying medium. Only a small steam-generator is needed for

start-up and for supplying the steam to the plasma torch. The overall

design should not differ markedly from conventional hot-air systems,

except that care should be exercised to maintain good insulation through-

out to avoid condensation of the steam. Flushing of the dry product bins

with hot air should also be carried out for the same reason. Depending

on the application, a well designed system should not exceed a net energy

expenditure of 0.6 kWh per kilogram of water evaporated. Such good per-

formance is due to the utilization of the excess steam generated (which

is equal to the water evaporated from the wet material) and to the ex-

cellence of the heating process (direct mixing and no heat exchanger

required). Such a performance could not be duplicated by a hot-air sys-

tem, owing to the rapid saturation of the latter with water vapor. This,

in spite of the low temperature levels involved, is a good example of a

potentially successful plasma application, made possible by a unique com-

bination of favorable factors. The same general flowsheet could be

adapted, with slight modifications, to most of the dryers described

earlier. Spray drying, on the other hand, is clearly an exception,

because of the large quantity of water driven off during the evaporation

of the feed solution.

129



Plasma
Torch

Feed
Hoppei

Sealed \ /
Breeching S

Shell of Rotary Dryer
Cyclone

Figure 1 Steam Plasma as Heat Source in a Rotary Dryer.

Following a theoretical analysis and computer modeling of the spray

drying of a sodium nitrate solution (7), an experimental stainless steel

chamber, 30 cm in diameter and 178 cm high, of the design shown in

Figure 2, was constructed and tested in the plasma laboratory at McGill

University. Pressure nozzles of various capacities and droplet size

distributions were used on feeds consisting of pure water, 10% sodium

nitrate solution) and 30% solutions of the same salt. Actually, nearly

complete evaporation and drying were found to occur over a dryer height

of only 50 to 60 cm. The complete experimental data are available in

Reference 8. For 30% solution of NaN03, the optimum feed rate was

18.2 kg/h and the exit temperature of the steam was 315°C. The product

was completely dry and the thermal efficiency was 79%. For 10% NaK03,

the feed rate was 15.5 kg/h, the exit temperature 310°C and the effi-

ciency 86%. Incidentally, both efficiencies are considerably higher than

for conventional air dryers, which seldom exceed 60 to 65% efficiency.
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Figure 2 Steam Plasma as Heat Source in a Spray Dryer.
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One clear conclusion that can be drawn from this experimental study is

that appreciable savings in capital and operating costs can be achieved

with a steam plasma, as compared with conventional equipment. The reduc-

tion in chamber size, for example, was a factor of about 10. Even larger

reductions would be possible if the dryer were operated under pressure,

thus recovering considerable energy from the exit steam, while avoiding

the use of fans and compressors.

Finally, it should be mentioned that, although most manufacturers of

plasma torches have published voltage-vs-current data for steam opera-

tion, none of their devices have operated on steam in commercial install-

ations on a continuous basis. From recent information (9), on the other

hand, it appears that dissociated water vapor is no more aggressive than

oxygen or hydrogen plasmas, taken individually.

Because of the highly promising characteristics of plasmas of superheated

steam from an industrial point of view, the McGill Plasma Group, in

collaboration with IREQ, is actively pursuing the development of a novel

plasma-generating device, specially designed to capitalize on the unique

properties of steam plasmas.
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LOH-TEHPERATORE PLASMA TECHNOLOGY

by

lenato 6. Bosisio

Electrical Engineering Department

ficole Polytechnique de Montreal

8.1 INTRODUCTION

Low-temperature plasmas (LTPs) have been studied for many years, and

numerous important material treatments have been successfully demonstrat-

ed on a laboratory scale using relatively small plasma volumes (1). On

the other hand the transfer of LTP technology from the laboratory to the

industrial sector has been successful only in a relatively small number

of cases: one of the most notable has been dry plasma etching in the

microelectronics industry (2,3). In this application, however, no signi-

ficant consumption of electrical energy is involved with such small LTP

volumes and the substitution of the wet chemistry by dry LTP treatments

is more important for its economic enhancement than for increased elec-

trical energy consumption. More pertinent to this study, is the transfer

of LTP technology from laboratory models to full-scale industrial opera-

tions with a high production rate and large energy requirements, as in

the paper and textile industries. In the latter case, successful in-

dustrial results are very limited and they are a sorry contrast to the

numerous encouraging applications tested in plasma chemistry laboratories

dedicated to material processes. The reason for this apparent technology

transfer failure is the lack of suitable equipment for truly industrial

operating conditions.

This report provides a list of typical industrial applications using LTPs

compiled for the most part from previous reports (4), conferences (i) and

the technical literature. Owing to the very large number of such appli-

cations, a complete list would be prohibitive within the scope of this

study but this fact should not alter the conclusions reached.
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8.2 PHYSICAL DESCRIPTION OF LOW-TEMPERATURE PLASMAS

LTPs are normally generated inside a partial vacuum («• 1 Torr) using

either electrode or electrodeless discharges with or without a carrier

gas (6,7). For the purpose of many industrial applications only

electrodeless discharges can prevent contamination of the processes from

electrode corrosion.

Because of the low gas pressure, industrial use of LTPs is limited, for

the most part, to RF and microwave frequencies. A block diagram of a

typical LTP system is shown in Figure 1. The plasma generated in such a

reactor is a nonequilibrium plasma (8) in which the electron temperature

is 10 to 100 times greater than the energy of the heavier gas species.

The chemistry and physics of the plasma have been extensively studied and

repor d (9).

PRIMARY ELECTRICAL
POWER

RF OR MICROWAVE
POWER SUPPLY

GAS

MATERIAL TO
BE TREATED

COUPLING
SYSTEM I

LTP
REACTOR

PUMI
SYS1

»ING
'EM

EXHAUST
SYSTEM

Figure 1 Block Diagram of a Typical LTP System used
in either a Laboratory or Industry.
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8.3 RF PLASMAS AND EQUIPMENT

Most LTP applications reported in the technical literature use frequen-

cies between 1 and 100 MHz. The advantage of such plasmas is that it is

easy to obtain commercial equipment fitted with reliable solid-state

sources available at both low (100 W) and high (100 kw) power levels.

However, three major disadvantages exist with RF plasma generation when

designing industrial-size systems. The first is related to the coupling

system between the source and the reactor (Figure 1) which is usually a

low-Q resonant circuit needing to be kept at a fixed frequency even under

variable plasma load conditions. Such tuning requirements are tolerable

under laboratory working conditions but quickly become prohibitive in an

industrial environment where varying work loads change the electrical

impedance seen by the power supply. The second disadvantage is the

nonuniform plasma distribution (10) in the reactor, a factor which again

can be coped with on laboratory samples but tight limits (± 5%) must be

respected over large surfaces in high-quality industrial work (11). The

third problem is that of producing large-volume plasmas with RF

technology; it is still impossible to uniformly surface-treat a 50-cm

wide sheet, for instance, with a plasma generated by RF techniques.

8.4 MICROWAVE PLASMAS AND EQUIPMENT

The principles involved in generating LTPs at microwave frequencies of

1-10 GHz are the same as those for RF plasma generation (Figure 1) and

the technological problems encountered have been similar in both cases.

However, microwave power sources are more expensive (from 3 to 5 times)

but less reliable in an industrial environment. High-power solid-state

microwave sources are still not available; furthermore it is relatively

difficult to buy microwave power sources greater than 5 kW from stock.

For this logistical reason, and also because microwave technology and

hardware are less common and more expensive than RF technology, little

work has been done on LTP applications (12) at microwave frequencies.

The two most commonly used microwave power frequencies are 915 MHz and

2450 MHz. The hardware for 2450 MHz is more commercially widespread than
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for 915 MHz because of the existence of common communication systems at

the higher frequency, which is why many experimental microwave LTPs

operate at 2450 MHz.

8.4.1 LMP* Technology

A new microwave technology (13) has recently been developed which pro-

vides a solution to the difficulties related to coupling, uniform plasma

density and large volume. This technique, which consists of a slow-wave

structure situated at a critical angle with respect to the reactor vessel

(13), is referred to as the LMP (Large-Volume Microwave Plasma) tech-

nology. It can be used successfully to surface-treat a moving web of any

practical width (e.g. 10 m in the cross machine direction) with a uniform

plasma. In addition, no electrical adjustments to the coupling between

the microwave source and the slow-wave applicator are required. These

features greatly increase the potential use of the LMP in an industrial

environment.

This new technology has been used in a number of Canadian laboratories

for the treatment of surfaces (14, 15), lasers (16), and plasma poly-

merization (17, 18, 19). Work has also started at a truly industrial

level, on optical devices, using plasma polymerization coatings (20).

Despite the solution of ma.ior equipment problems related to large

volumes, plasma uniformity and load coupling, the full potential of LMP

technology in heavy-energy-consumption industries will not be realized

for some time yet. The one unsolved technical difficulty is with micro-

wave power sources, which are presently limited to 5 kW.

8.4.2 Surfatron Technology

The Surfatron (21) device uses the propagation properties between an

outer dielectric cylinder and the plasma within the cylinder to generate

ficole Polytechnique de Montreal has trademarked this technology.
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an LTP up to several metres in length. At a frequency of 1 GHz the

diameters of the cylinder and of the plasma are limited to less than

2 cm. With regard to material treatment, no results are available but it

is expected that physical changes in the outer dielectric cylinder (e.g.

by introduction of a sheet of material) would significantly alter the

performance of this device. At the moment this technique is thought to

he best suited for laser and diagnostic applications only.

8.5 APPLICATIONS

For the purpose of this study, LTP applications are divided into three

categories:

a) Energy substitution: in this case the LTP is applied in
industrial processes presently using a non-electrical form
of energy (e.g. flame treatment of plastic surfaces to im-
prove printability).

b) Increased electrical energy consumption: in this case LTPs
are used to improve the quality of a mass-produced item
(e.g. plasma treatment of paper webs to facilitate grafting
(22, 23) or make paper fibres more hydrophilic (24)).

c) High-technology enhancement. In this category the LTP is
used in industries that have a high economic multiplication
factor but low energy consumption (e.g. communications,
semiconductors, etc. (25)).

8.6 ENERGY SUBSTITUTION (CLASS A)

The general technical literature reveals that only a few examples occur

in this category, the most important being the flame treatment of plastic

sheets to improve printability (8). This application is found in Canada,

where printable plastic packaging is closely linked with the paper con-

version industry. Various flame surface-treatment facilities are operat-

ed under licence in Canada (Montedison).
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8.7 ENERGY CONSUMPTION (CLASS B)

This category of LTP applications includes the treatment of mass-produced

materials (e.g. paper, textiles, plastics, steel, etc.). The importance

of this class of applications is estimated from a calculation of the

additional electrical energy requirements for treating paper sheets in

LTP. The results shown helow indicate at least a 25% increase in

electrical energy consumption at the paper mill. The reference paper

mill outputs 500 tonnes of paper per day using five similar paper

machines which produce a uniform paper sheet treated on both surfaces

with LTPs.

LTP REFERENCE MILL

Paper mill capacity

. Number of machines

. Machine speed

. Web width

. Web caliper

. LTP treatment time (24)

. RF or microwave power density

. Plasma thickness on either side
of paper sheet

Total surface area (both sides)
treated per day

. Total RF or microwave power

. Additional electrical power
capacity (60% efficiency)

. Additional electrical energy
consumption per day

. Additional electrical energy
required per unit area

. Surface treatment rate

. Normal electrical energy consumption
per day (Lockwood 1977, p. 191)

. Increased electrical energy

consumption

500 tonnes/day

5

5 m/s

4.6 m

50 -/m2

2 s (at least)

2 W/cm3

0.5 cm

2 x 107 m 2

4.6 MW (at least)

7.6 MW (at least)

182 400 KWh (at least)

40 . %

750 000 k.

«25% (at least;
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LTP surface treatments in other industries (e.g. textiles) would require

typically the same energy requirements per unit surface area as calculat-

ed above. Hence textiles and steel are also potential candidates for

additional energy consumption for LTP applications.

8.7.1 Wettability of Polymer Surfaces

In this application, webs or polymer fibres are treated in an LTP for a

short period of time (seconds). The treated surface adherence to inks,

dyes (26), adhesives, cements, etc. is improved, thereby opening up in-

numerable opportunities in such industrial sectors as packaging, con-

struction (composite materials, etc.), paper and textiles (fibres, yarns,

webs, etc.).

The materials treated are basically polymers, material fibres (wool,

cotton, mohair, etc.), and cellulosic materials (paper, film, etc.).

Canada is an important producer of these primary materials and any full-

scale production using an LTP surface treatment facility would require an

appreciable increase in electrical energy as typified by the reference

calculation.

8.7.2 Grafting

In this application (27,28) polymers are grafted onto a natural fibre.

The fibre surfaces are first treated in the LTP and then exposed to a

monomer gas, which is "plasma-polymerized" by active sites on the treated

surfaces.

8.7.3 Plastic-Covered Metal Sheets

The metal is bonded to a relatively thick plastic (not a film) to form

various containers, boxes, etc. It is useful in the automotive and air-

craft industries.
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8.7.4 Plasma Polymerization (Organic Thin Films)

An organic vapor Is Introduced Into the plasma carrier gas and is depos-

ited on any substrate placed In the plasma (29 to 33). By this process

metal sheets can be protected from corrosive atmospheres (34) and

polymer-based materials can be highly-cross-linked to the added plasma

polymer for grafting or other purposes. A large number of organic vapors

can thus be "plasma-polymerized".

The best films have been formed using dimethylpolysiloxane including a

large number of other compounds (35 to 38); only a very few monomers such

as chlorotrifluorethylene do not form films. The films are amorphous,

pinhole-free, highly cross-linked and thermally stable; they also have

high melting points and low solubility. Usually the film thickness is

kept to less than 2 u to avoid hrittleness.

Other uses include impermeable coatings on paper for modern packaging

(39) and semipermeable membranes in reverse-osmosis applications (40).

Work on plasma polymerization using LTPs was initiated in 1977 (41)

although continuous interest in this field had been growing ever since

1960 (42). Applications are numerous wherever steel is used, or when

thin delicate metallic coatings need to be protected by a resistant tran-

sparent film, such as in car head-lamps, architectural glass (35),

magnetic tape, etc. (43).

8.7,5 Inorganic Thin Films

In this application thin films of silicon, carbon and silicon nitride are

deposited using an LTP in combination with the appropriate gaseous com-

ponents (36). The case of silicon and silicon nitride films will be

treated later, In the high-technology section below, along with carbon

films. The latter are also of potential interest in this section because

they are very resistant to wear and could be used on textiles to protect

clothing (37).
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8.7.6 Singlet Molecular Oxygen

Singlet molecular oxygen is one of three possible excited states of mole-

cular oxygen (44) and can be used in a number of interesting chemical

synthesis reactions, in particular as a strong leaching agent for lignin

contained in mechanical pulp (45). This natural compound, present in

wood, is responsible for the slow color change (yellow-brown) produced

when some papers are exposed to sunlight and it must therefore be oxidiz-

ed or else removed at some stage in the paper-making process. Singlet

molecular oxygen is a powerful oxidizing agent and is the subject of in-

tensive research (46), but this technology has not yet reached the pro-

duction level. The desired excited oxygen molecule can be produced by

passing ordinary molecular oxygen in an LTP. Production would require a

considerable amount of electrical energy to serve the needs, for in-

stance, of the pulp and paper industry. A number of other potential

applications exist in organic synthesis, biomedecine and synthetic rubber

(46).

8.8 HIGH TECHNOLOGY (CLASS C)

The importance of LTP in microelectronics can be seen from the following

LTP equipment sales and forecasts for the world market (47).

Sputtering Dry Etching Total

(in millions (in millions (in millions

of US$) of US$) of US$)

280 385

244 345.6

446 597.6

586 795.2

716 984.2

850 183.2

1981

1982

1983

1984

1985

1986

105
101.6

151.6

209.2

268.2

333.2
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In this category of LTP applications the equipment performance require-

ments are different from the two previous categories because the rate of

surface treatment is much lower. An immediate consequence is that the

power requirements are now typically in fractions of a kilowatt rather

than in the order of several megawatts.

8.8.1 Semiconductor Fabrication (VLSI)

LTP processes, attractive in this application because they are clean,

fast and dry, are used in photoresist removal and etching of silicon or

gallium arsenide. In addition they can be used to grow dielectric films

used as diffusion masks, passivation and insulation films in very-large-

scale-integrated (VLSI) circuit fabrication.

8.8.1.1 Photoresist Removal (Ashers). Plasma oxidation for photoresist

removal (48) can be done at rates in the order of 2000 A/min in

the presence of oxygen. Exposure to the LTP lasts around 30 s

per »afer (49, 50). The LTPs are generated with RF technology in

most of the equipment available at the present time. One op-

portunity for the LMP technology is in an automated system treat-

ing a large number of wafers simultaneously.

8.8.1.2 Etching. Two modes of hing are commonly used in LTP equipment

operated with RF sources. For reactive ion etching (RIE), the

wafer is placed directly on the electrode capacitively coupled to

the RF source and the specimen is submitted to a bombardment

potential equal to the RF and plasma potential. In the second

method the specimen is placed on the opposite grounded or float-

ing electrode facing the capacitively connected electrode. This

is referred to as the plasma etching mode and the potential of

the bombarding particles is equal to the difference in potential

between the plasma potential and ground (or floating potential).

Little formation is available on etching semiconductors with microwave

plasmas. Specimen etching with LTP has been extensively used in electron

microscopy where very accurate and delicate masking work has been
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successfully performed (51). The achievement of anisotropic etching is

very important in VLSI to prevent undercutting of lithographically

produced patterns on Si wafers, etc. SiF^ is often used as a reagent and

numerous mechanisms have been proposed to describe the complex chemical

reactions involved in the etching of Si by atomic F (52, 53).

8.8.1.3 Deposition of Inorganic Dielectric Films. Silicon nitride and

silicon dioxide are primary materials used as masks for dopant atoms.

These films are formed by RF-generated LTPs using the suitable reactant

gases: SiH(, and NH3 to form Si3Ntt for. example (54-55), or tetra-

ethoxysilane vapors and oxygen to form SiO2 (56).

Microwave-generated LTPs have also been used to grow SiO2 films on Si

using 0 2 as a reactant gas (57). Very high growth rates (7700 A/m) are

observed and the film properties are similar to those of thermally grown

oxides.

Silicon nitride films are known to offer better passivation than silicon

dioxide films (58). Again an opportunity is seen here to develop LMP

microwave equipment for VLSI technology.

8.8.1.4 Deposition of Organic Films. Such films are used in semi-

conductor devices mostly for the purpose of protecting the fabricated

device from contaminants (e.g. moisture). No completely satisfactory

film has been found for this application but fluorinated monomers have so

far been successfully used with MOS transistors (59).

8.8.2 Deposition of Amorphous Films

Amorphous films can be deposited by a number of techniques (thermal

evaporation, sputtering, decomposition of compounds, ion beam, etc.)

including LTP. Each technique is known to affect the physical properties

of the deposited films differently (60).
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Interest in amorphous Si films has increased since it was shown that such

films can be doped (61) and also used in solar cells (62). With regard

to the latter, the possibility of depositing large surface areas at one

time opens new possibilities for substantial reductions in the price of

solar cells. The possibility offered by LMP techniques of coating on

large surfaces efficiently has made these films even more attrative. In

the semiconductor industry the savings offered by dispensing with

single-crystal technology (growth, cutting, polishing, etc.) would be

very significant.

It is also possible to form amorphous carbon films using hydrocarbons

such as butane or methane in the LTP (63, 64). The resulting film, almost

as hard as a diamond, can serve to protect tools against wear and has

also been suggested as a wear-resistant film for clothing.

8.8.3 Plasma Solid Interaction

8.8.3.1 Nitriding. Plasmas have also been applied to modify surface

properties of metals. Nitriding is used to harden gunbarrels, gears,

ball bearings, etc. by using N 2 gas in the discharge (65-67); this

technique could be usefully developed to harden steel surfaces after

machining. Carbiding also serves to harden steel. Plasma carburizing of

steel with methane gas has been successfully used for case hardening to

depths of 1 mm. In this process, the steel surface must be kept at a

high temperature of 1000°C in the plasma. At similar working

temperatures, the rival vacuum carburizing technique takes twice as long

(68, 69).

8.8.3.2 Sputtering. A metal surface in a plasma has a negative potential

with respect to the plasma potential and will therefore be heavily

bombarded by positive ionic species. Under these conditions the surface

layers of the metal are evaporated to deposit on other surfaces and walls

of the container. By this method it is possible to sputter a wide

variety of elements and compounds on substrates. The principal applica-

tions have been in microelectronics for metallizing and also for growing

amorphous Si and GaAs films (70). Sputtering of chrome metal has also
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been used to embellish plastic parts in the automotive industry and to

coat architectural glass with layers of TiO2/Cu/Ti02 (71).

8.9 CONCLUSION

This survey of LTP applications does not pretend to be complete but it is

nevertheless representative of the LTP technology as reported.

For class A applications it is obvious that no significant amount of

energy substitution can be expected because of the very low energy con-

sumption in such processes.

There are no turnkey systems operational in class B applications at pre-

sent and no high-energy-consumption process is likely to find an applica-

tion unless major advances occur in the present state of the art. Par-

ticularly welcome would be inexpensive solid-state power devices at

microwave frequencies to operate with the LMP technology. However it is

improbable that such advances will take place within the next decade.

With regard to class C applications, it is found that LTPs are success-

fully used in high technology such as microelectronics in producing very-

large-scale-integrated (VLSI) circuits, electronic devices, chips, etc.

It is interesting to note that an important LTP equipment manufacturer

(Varian in the U.S.) stopped marketing on-line sputtering equipment for

the automotive industry in 1982. Nevertheless, Varian remains very

active in supplying turnkey semiconductor processing equipment for mask-

ing, etching, metallizing, etc.

No direct significant increase in electrical energy consumption is fore-

seen in the next decade using state-of-the-art equipment and processes

related to LTP technology. On the other hand, the tremendous production

expansion in microelectronics and other high-technology fields offers a

very interesting and mature market for state-of-the-art LTP turnkey

equipment destined for VLSI circuit manufacturers, etc.
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8.10 RECOMMENDATIONS

It is felt that major turnkey equipment development programs need to be

initiated before LTP technology can be introduced into material manufact-

uring industries such as paper, textiles, steel, etc* A possible start-

ing point for such programs in Canada is the LMP technology, which so far

seems the most promising for transferring LTP processes from laboratory

to industry with high rates of surface production (paper, steel, etc.).

It should be acknowledged that, on the basis of past experience, turnkey

systems must be demonstrated to manufacturers before the latter can be

expected to adopt new technology in their production operations.

Yet the cost of developing turnkey systems can be very high: each part-

icular LTP application requires its own equipment development program.

This work must be done in close association with industrial engineers who

are familiar with procedures and processes pertinent to a given product.

Moreover, turnkey systems are available only for reactive ion etching and

photo-resist removal (ashers), etc. None exist for LTP treatment of

large surface areas (paper, steel, etc.) although a turnkey sputtering

system for on-line metallizing of plastic parts in the automotive

industry is available. Since most of the current activity is in the

microelectronics industry, the electrical energy consumption by such

systems is not expected to be significantly increased.

Attention should also be given, albeit on a lower-priority scale, to

develop a turnkey LTP processing equipment for a given material process

(e.g. paper). Such a system could use the present state of the art but

should be considered an experimental system only, unlikely to serve for

production purposes unless an advancement occurs, specifically in the

area of reliable and inexpensive solid-state power sources at 915 MHz.
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9 OTHER APPLICATIONS OF PLASMA TECHNOLOGY

Michel G. Drouet

IREQ

In this section we discuss a few applications not covered elsewhere in

this report but of interest because they either represent a large market

or are already under consideration or even being tested in this country.

9.1 CEMENT PRODUCTION

9.1.1 Conventional Method

Portland cement consists mainly of calcined calcium silicates with small-

er amounts of calcium aluminates and ferrites, gypsum and other sub-

stances. It is usually manufactured in a rotary kiln where the pulver-

ized mixture of the raw material, such as limestone and clay, is burned

at a temperature between 1400 and 1550°C to produce the clinker. A small

amount of gypsum is added to the clinker to regulate the setting time of

the cement. The type of kiln used in the process is a 150-m cylinder

with an inside diameter of up to 4 m, lined with refractory, inclined at

a slight angle and rotated at a slow speed (1 rpm). A burner (powdered

coal, gas or oil) is placed at the lower end and the hot gases move to

the upper end. The power of a single burner may be as high as 60 MW.

The raw material fed at the upper end slowly tumbles down the length of

the tube and drops >ut at the lower end. Typical residence time of the

material in the kiln is three hours and the energy consumption is

2.5 MBtu/ton of clinker produced. Production of up to 3000 tonnes per

day has been achieved in very large kilns. The total installed power in

cement kilns in Canada is estimated at 2000 MW.
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9.1.2 Plasma-Furnace Cement Making

Cements having phase compositions and properties similar to those of

Portland cements have been produced in plasma furnaces with a 40-kW(l)

and 500-kW(2) power input. Both transferred and nontransferred plasma

torches have been used. At this stage of development, the electrical

energy consumption has been found to be one order of magnitude larger

than in the conventional method in the case of Reference 1 and only twice

as large in the case of Reference 2. Further development is obviously

required, in particular with respect to the control of the operation,

which must be improved so as to avoid melting of the product during the

process. However, the plasma furnace already holds promise for the pro-

duction of cement. Firstly, the feed material requires much less grind-

ing; the very high plasma temperatures allow even coarse-grained raw

materials to be rapidly assimilated. Secondly, as the temperature is

higher, the residence time required for the chemical reaction will be

reduced and, as a result, the size of the plasma furnace, and hence its

cost, will be smaller compared to that of a conventional kiln with the

same production capacity(3). For example, it has been estimated that a

1-Mtonne/year kiln costing $125 million could be replaced by a plasma

furnace costing only 40% of that amount.

9.2 PLASMA IGNITION OF COAL BURNERS

Pulverized-coal-fired utility boilers require significant amounts of

auxiliary fuel for burner ignition and flame stabilization. Tradi-

tionally, this requirement has been satisfied through the use of oil- or

gas-fired ignitors. However, the increasing cost and decreasing avail-

ability of these fuels have become major concerns within the utility in-

dustry. Babcock & Wilcox is currently developing an ignition system

which utilizes electricity via a plasma arc torch in lieu of conventional

auxiliary fuels for burner ignition and flame stabilization. A prototype

plasma arc ignitor has been tested in a half-scale, pulverized-coal dual-

register burner over a wide range of operating conditions with a variety

of coals. Full-scale tests with the prototype ignitor have been conduct-
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ed on a 650-MW unit firing an Eastern bituminous coal. Additional full-

scale tests will be conducted to evaluate performance with lower-grade

fuels and to assess system reliability and service life(4).

In the plasma ignitor-burner arrangement, the 125-kW plasma torch with

suitable erosion protection is located in the centre of the pulverized-

coal nozzle. This configuration promotes maximum utilization of the

available ignition energy as the plasma flame is completely enveloped by

the fuel stream leaving the nozzle.

The plasma ignitor configuration is similar to that of the plasma arc

heater discussed earlier in section 1.2.1 in that the arc is struck be-

tween two tubular electrodes mounted coaxially, and the torch gas is in-

jected tangentially in the gap between the two electrodes; however, the

gas injection is sufficient for the control of the arc and no magnetic

coils are required in this case.

Plasma ignition tests have been conducted at several locations in the

U.S. while some are now in progress at the Lakeview generating station in

Ontario. Ontario Hydro is assessing the suitability of plasma ignition

in the case of twice daily ignition to meet the two demand peaks oc-

curring every 24 hours. The Canadian tests are being conducted using

Virginia and Western Canada coals.

The tests conducted so far in the U.S. indicate that the operating and

maintenance cost of the plasma ignitor is approximately 28% of the con-

ventional oil lighter.

9.3 PLASMA PRODUCTION OF INSULATION

Rockwool insulation is presently manufactured in a cupola whose operation

is similar, in many ways, to that of a blast furnace. The raw material,

usually blast furnace slag, and the coke are introduced at the top of the

cupola, while combustion air is injected through tuyeres at the bottom.

The heat released from the burning coke provides the energy for melting
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the slag. The molten materials is then poured onto spinning wheels pro-

ducing the fibres to be processed into insulating products or sold as

loose-fill insulation.

At Ontario Hydro's R&D centre, studies have been conducted on the possi-

bilities offered by plasma technology for improving the efficiency of the

cupola operation(5). Two main options have been considered:

a) operating the cupola with superhot combustion air in a way
very similar to that discussed earlier in section 2.4.2.2
dealing with the application of plasma torches to blast fur-
naces. To superheat the blast air a plasma heater would be
installed on the tuyere. A decrease in coke consumption
should result.

b) replacing the cupola by a plasma furnace. The use of either
a three-electrode AC extended-arc furnace, such as that
developed at the University of Toronto, or a plasma furnace
equipped with plasma heaters is being considered.

The second option is preferred because it offers advantages such as im-

proved efficiency, no coke requirements and better quality of product

through a better control of the process; however, it is a new concept

requiring major R&D and more capital expenditure by the industry than the

simple retrofit considered in option a).

9.4 GAS-TEMPERATURE BENEFICIATION

To use of plasma torches in blast furnaces to raise the temperature of

the blast from 1100°C to 2100°C was discussed earlier (section 2.4.2.2).

The plasma here supplies a portion of the heat required, which otherwise

would have to be produced inside the furnace by burning some of the

coke. This is a good example of partial substitution of fuel by elec-

tricity.

Electric arcs can also be used for beneficiation of the temperature of a

flame. The temperature of an oil or gas flame, for example, is normally

limited to approximately 2000°C, but can be raised to a much higher tem-

156



perature, say 4000°C, hy burning an electric arc in the flame. Higher

flame temperatures could be of benefit to increase the kinetics of a

reaction or to shift the thermodynamic equilibrium so that greater quan-

tities of a desired product are obtained from the quenched reaction mixt-

ure.

It should be noted, however, that the value of the specific heat of all

gases increases drastically with temperature. For instance, a fourfold

increase in the temperature of gaseous oxygen or hydrogen from 1 000 ij to

A000°C requires approximately twenty times the energy required to raise

it to 1000°C. This suggests that the idea of heating these gases up to

4000°C in two steps - to 1000°C in an oil-fired preheater, followed by

plasma heating to 4000°C - may not be economical. Since less than 52 of

the total energy required is provided by the fuel, any saving resulting

from a possible reduction in the cost of the fuel compared with elec-

tricity would be offset by the higher capital cost and extra maintenance

cost represented by the preheater. It would therefore seem more prac-

tical, from the point of view of cost, to use a plasma system for the

entire gas-heating process.

157



REFERENCES

1. Glasser, F.P. "Cement and Concrete Research," 5_, 55-61, 1975.

2. Camacho, S.L. Private Communication, 1984.

3. Wilson, E. "Electric Cement Production," U.S. Patent No. 4213791.

4. Cioffi, P.L. et al. "Plasma Arc Ignition of Pulverized Coal," Annual
Winter Meeting of ASME, Fuels Division, November 15-20, and
Symposium on Industrial Opportunities for Plasma Technology,
Toronto, October 21, 1982.

5. Strack, T. "Plasma Heating for Production of Insulation," Symposium
on Industrial Opportunities for Plasma Technology, Toronto,
October 21, 1982.

158



10 ELECTRICITY SUBSTITUTION POTENTIAL IN CANADA

fcy

Jean-Guy Allard

Hydro-Quebec

and

Michel G. Drouet

IREQ

This section of the report presents the results of an analysis of the

energy consumption in Canada's industrial sector with a view to identi-

fying the most energy-intensive industries and processes. The consump-

tion data used for this analysis was taken from Statistics Canada catalo-

gue 57-708, "Consumption of Purchased Fuel and Electricity", for 1980

while the figures for the fuel consumption by application come either

from the literature or from consultations with specialists in the field.

The table at the end of the section presents the results of this anal-

ysis. The figures are only approximate, of course, in view of the meth-

odology used, while in some cases, particularly for the pulp and paper

industry, smelting and refining, they do not represent all the energy

consumed because they do not account for privately generated energy or

unconventional sources. Furthermore it will be noted that :

a) The grand total of the energy consumed (1 489 564 TJ) is
larger than the sum of the energies consumed by the indus-
trial sectors tabulated. The reason for this is that some
sectors have been left out (farming, construction and some
primary industries) ;

b) The sum of the "energy uses" (electricity 309 037 TJ and
combustibles 851 794 TJ) is smaller than the grand total of
the energy consumed (1 489 564 TJ). This results from the
fact that detailed or complete information on the process
used is not available for several of the industrial sectors.
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The main conclusion to be drawn from the table is that the activities

with the heaviest energy consumption are the paper-making, metal extrac-

tion and primary conversion, and industrial chemicals industries, which

together use almost 60% of the energy consumed by Canadian industry -

more, if the energy not accounted for here is included. A number of

other industries, namely textiles, wood, metal products, motor vehicle

manufacturars, cement factories and non-metal mines, also use significant

quantities of energy.

So far, electricity has shown no sign of being competitive with other

fuels. In 1980, some 702 of purchased electricity was employed for

motive power and it represented only 10% of the other uses, mainly in the

areas of drying, electrolysis and melting.

The industrial processes that consume the largest quantities of fuel are

drying, melting, space heating, separation, concentration and other heat

treatments. In fact 80% of the fuel consumption is concentrated in these

processes, especially in drying, which alone accounts for approximately

one-third of the entire fuel consumption by Canadian industry.

On the basis of the state-of the art review of the plasma technology pre-

sented in the other sections of this report, it is possible to give a

rough estimate of the potential for electricity subsitution. The pro-

cesses that represent a large-scale market for the possible introduction

of plasma technology are:

- Drying in such sectors as paper and allied industries,
cement and lime manufacturers, metal and non-metal mines

- Melting in the primary-metal industries

In fact, these markets, with 450 000 TJ per year, represent more than

one-third of the total energy consumption in Canadian industries. On a

basis of 5000 hours' operation per year, this corresponds to 25 000 MW of

installed power.
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Although this is a very large market for the penetration of electricity

surpluses, it is important to realize that, in these applications, plasma

technology will not sell itself and preferential electricity rates and

conversion subsidies are therefore required to make plasma technology

competitive with conventional heating techniques.

Furthermore, penetration of this market will not be achieved overnight;

even if the technico-economic studies were favorable, it would not be

realistic, at this stage, to envisage annual conversion of more than 1%

of that market, i.e. 250 MW/year.* This is because of the limited avail-

ability for plasma systems at the present time. Conversion will also

take time, with delays of two to three years expected for construction

and installation.

1 To put the above value of 250 MW/year into perspective, let us com-
pare it with typical values of power consumed in different applica-
tions: rotary dryer - 10 MW; plasma arc super-heating of blast fur-
nace wind - 100 mW; cement kiln - 60 MW; pelletizing plant - 100 MW.
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11 SURVEY ON RATES AND CONVERSION SUBSIDIES

fcy

Lesley Kelley-Regnier

Hydro-Que"bec

In spring 1983 questionnaires were sent to Canadian electrical

utilities and government departments to enquire about preferential rates

and/or subsidies to encourage the use of electricity in new industrial

processes. (A copy of the questionnaires may be found at the end of this

section).

According to the replies received, none of the utilities plan to

introduce either preferential rates or subsidies although New Brunswick

Power, because of temporary energy surpluses, has incentive rates

currently under review, for limited periods of say five years.

Alberta Power Limited mentions that it has negotiable rates for

large customers (unlike other utilities) and admits that regulations or

other obstacles hamper the implementation of preferential rates in that

province (a reason also cited by B.C. Hydro, and Power Authority,

Northern Canada Power Commission and Maritime Electric Co. Ltd.).

The main competitor, when specified, is always natural gas except in

the case of New Brunswick Power which, quotes oil.

In the replies from governments, the Ontario Ministry of Energy

mentions that that province is -jointly funding a plasma arc technology

demonstration project with private industry. Ontario Hydro is

participating in this project which has two aims: 1) economic and

commercial verification and 2) facility design and experimental work on

some metallurgical processes.
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On the whole, the replies were negative and it is obvious that both

utilities and governments in Canada are not aware of the potential of

plasma applications in this country's industry.



QUESTIONNAIRE TO ELECTRICAL UTILITIES

Name of company:
Name of representative:
Title:

1 RATES

1.1 Do you plan to introduce preferential rates to encourage the use of
electricity in new industrial processes?

I—lyes I—Ino

1.2 If yes, what are these rates?

1.3 Your main competitor in this field?

•—'natural gas

Don

1—'other (specify)

1.4 What is your reason for establishing such rates:

I—'temporary energy surpluses '—'guaranteed

I—'desire to promote new technologies I—linterruptible

'—'need to balance loads (seasonal time rates)
Details: from to

(day, month) (day, month)

1.5 If no, do you have negotiable rates for large customers?

I—lyes I—>no

1.6 Do rate regulations or other obstacles hamper the implementation of
preferential rates in the area under your jurisdiction?

I—lyes '—Ino
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QUESTIONNAIRE TO ELECTRICAL UTILITIES (con.)

CONVERSION SUBSIDIES

2.1 Do you offer subsidies to industry to encourage conversion to new
electricity-based processes?

I—lyes <—'no

2.2 If yes, please give details of the contributions offered together
with the terms and conditions.

Name of programs Key elements

>—I Please check if you would like a copy of the report compiling the
results of this survey.
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QUESTIONNAIRE TO GOVERNMENTS

1.1 Do you offer subsidies to industry to encourage conversion to new
electricity-based processes?

I—lyes I—'no

1.2 If yes, are these for

'—'total conversion

I—Ipilot projects

2.2 Please give detailes of the contributions offered together with the
terms and conditions.

Name of programs Key elements

'—I Please check if you would like a copy of the report compiling the
results of this survey.
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12 RECOMCENDATIONS

Michel 6. Drouet

IKEQ

From the conclusions of the various studies contained in this report and,

also, on the basis of discussions with Canadians already engaged in

plasma technology activities, it is recommended that CEA support selected

ROD (Research, Development, Demonstration) projects in industrial plasmas

and promote the penetration of this technology in Canadian industry.

12.1 WHY?

. Plasma technology will open up large markets for present elec-

tricity surpluses.

. Nbn-renewable fuels would be replaced by electricity.

. The introduction of new processes will give rise to new indus-

tries.

. Canada can remain competitive with other exporters of raw

materials through lower processing costs.

. New processes will add value to raw materials as well as creating

extra wealth and new jobs.

. Canada's lower electricity costs will put the country to advan-

tage on a world level.
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12.2 HOW?

12.2.1 Government's Role

Canada urgently needs a comprehensive long-term energy policy which would

foster the penetration of electricity in industry. It is curious, for

example, that the government appears to be favoring the use of coal,

which is imported tax-free, whereas indigenous fuels are heavily taxed.

12.2.2 Utilities' Role

Once the government has developed such guidelines, the utilities should

in turn develop long-term rate policies in terms of providing substitu-

tion incentives or conversion grants for industry. Time-of-use rates

should be implemented to reflect presently existing variations in the

cost of producing electricity at different times of the day, month and

season; this should lead to optimum utilization of available facilities.

12.2.3 Climate of Confidence

Economic incentives alone will not suffice, however. Industry still

needs to be convinced of the possibilities of this technology and its

reliability In an industrial context. One means of building up con-

fidence would be to build a demonstration facility able to handle indus-

trial plasma torches operating at full capacity. Another would be for

utilities to conduct pilot studies of various processes in close collabo-

ration with industry; co-funding of such projects would ensure the active

participation and motivation of all parties.

12.3 WHEN?

For various reasons, it is recommended that Canada become involved in the

development and industrial implementation of plasma technology as soon as

possible:

. Electricity surpluses exist now and can be put to
advantage.
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The low cost and ready availability of electricity in
this country could enable Canada to become a world
leader in industrial plasma applications. Already
some nations, such as South Africa, have recognized
the opportunities of plasmas and are beginning to
implement this technology.

Enhancing the value of some of this country's raw
materials using plasma-based processes could result in
new, improved and more-competitive products. This
could lead to new markets and ensure that Canada
remains competitive in the export field.

New technical expertise and manufacturing capabilities
would be developed both for internal and external
markets.

12.4 WHERE?

If only because of the urgency for larger-scale involvement, it is recom-

mended that existing manpower and facilities (see Table 1) be used for

the required RDD work. The establishment of a national centre covering

all facets of plasma technology - particularly "a government or uni-

versity type institute dissociated from the needs of industry", as one

contributor expressed it - is not recommended. For the time being, at

least, the problems and opportunities related to industrial applications

of plasma technology may vary from one part of the country to another and

can probably be best addressed by means of local ROD activities.

12.5 WHAT?

The activities recommended below have been selected in terms of the size

of the markets for electricity, industry's needs, conversion feasibility,

national reserves of mineral ore and the possibility of enhancing its

value, and, finally, current activity in RDD centres in Canada. These

activities are grouped below into two main areas: plasma torches and

plasma furnaces. Funding should be made available to some of them.
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12.5.1 Plasma Torches

a) Initiation of pilot studies on the use of plasma torches in the

following areas:

. Superheating of blast furnace wind

. Pelletizing furnaces

. Rockwool furnaces

b) Implementation of validation test facilities for plasma torches of

up to 10 MW and development of standards for torches and their

auxiliary systems.

c) Development of a steam plasma torch for drying applications (which

account for roughly one third of Canada's total energy consumption

in the industrial sector).

d) Support for the establishment of a Canadian plasma system manufac-

turing plant and for ROD in power supply and auxiliaries as well as

in electrode erosion, surface chemistry, scaling laws, etc.

12.5.2 Plasma Furnaces

Support for the following on-going or new projects is recommended:

. Pilot study of dust treatment (University of Toronto design)

Pilot study of the treatment of fines (Noranda reactor)

. Feasibility study of the direct reduction of iron ore using
plasma-reformed fossil fuels.

. Pilot study of the clinkerization of cement in a plasma fur-
nace

. Further investigations of urban, industrial and hazardous
waste disposal using plasma heat

. Development of a large-scale microwave plasma (LMP) system

Finally, general support is recommended for plasma spraying and welding.
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Table 1 n» Acrnnnis IN rutsm TBOtoxBr w »wm

location

oner
(Ottawa)

Ecole
Folytechniqiie
(Montreal)

1RH)
(Varennes)

Queen's
University
(Klngiton)

Ontario tydro
KD

(Toronto)

fcyal Military
Coil-Re (Klnfpton)

University of
Toronto

University of
Quebec

(ChlcoutM)

Sherbrodke
University

tfcdll
University
(fbntreal)

nesorptlon Canada
(Ottawa)

1983
Budget for
Bpilnwnt

$100 000

$15 000

$100 001)

$250 000

$200 000

$30 000

$19 000

$20 000

$100 000

$20 000

$15 000

fersonnet

1.5 full-tire
personnel

I professor
1 assistant
1 technician
2 stufents

1.5 full-tine
personnel
3 stufents

3 professors
5 students

6 full-tlw
personnel

2 full-ttae
personnel

2 professors
2 students

1 professor
2 assistants
1 technician

4 professors
3 assistants
1 technician
5 ttutents

2 professors
5 students

2 futl-tlne
personnel

Pro.lects

Extractive metal lurjy

olyaerlzation using microwave plasm
elatine adhesion

Uiln-f l ln deposition

lasna reforming with Sldhec/Dosco (feasibility stujy)
xtracttve metallurw In Kjranda reactor

Electro*- erosion - Vbter vapor plaana

IVdrocradtlng of tar sand (Alberta Aostra)

-MW reactor feasibility study for baftwuse dust treabient
bller Ignition with 150-kH plasma torch

PoMder Injection, erosion, diagnostics and transients

Construction of pyrolysls unit to destroy hazardous waste ($750 000
contract with few York State)

Technical contrlhitlon to the feasibility study for bn£iouse diist
recovery (with Ontario IVdro, Dontnton Brt<1f!P ami Ontario
GmeniKnt)

^tractive mtalluny
'rupane cracklne in plasm + UV radiation

Dlaftnastlcs In hollar cathode

Torch design and developient of transferred arc reactor

Dlaj«M<ttcs, mdeline
Spray coating, pwlflcatton, solar-(?rade s i It cone

feat gasification; hiftt-tenperature Rae/solld separation
Extractive aetallurfy uslnR transferred-arc reactor
ferny-oil ureradlnK

Hieray recovery from Mamas

Special Bgulpnent

100-W AC reactor (University of Toronto teslgn)

larBe-volume ndcrovave plasm reactor (Bx8xlO0 cn>3)

100-kW DC reactoKNbranda type)

2-kW, CW, nlcroaave source, 2.4 Ofe
10-W, CW, sweep oectllator

80-kW Acurex torch + supply 300-ktf AC supply
Pla.<ma optical monitoring system

250-kW tordi, 500-kW supply

100-kW AC reactor (University of Toronto design
(3 graphite electrodes, arjsoii)

RF tordi, 20 kW, 5 Hte
Differential furnaces (2500 K)
Plaana reactor for cracking, 20 kW

RF torch, 25 kW, 3 HHB
Vacuum spraying chanter
laser anemoneter, spectrocrapii, chromtoKraph

W torch, 30 W», • Mfe
DC pawer supply, 40 and 70 kW
User anemneter, transferred and nontransferred

tordies

DC power supply, 150 kW
Ibrches. trantrerred or not
fyrolyslg heattnf; nystem

Contact

J.M. Skeaff
(613) 995-4226

KJG. Boslslo

M.G. Orouet
(514) 652-8308

J.K. Han
(613) 547-6978

C. Sinpson
(416) 231-4111

(IiG35 »£f395
C.R. AlcoA

(416) 978-6808

P. Meubus
(418) 545-5232

(819) 56W317

CM. Carter
(613) 526-1400


