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ABSTRACT

The reduction of aluminum oxide to aluminum in radio frequency
generated, induction-coupled plasmas was experimentally investigated.
The objective was to demonstrate that appreciable conversions of stable
metallic oxides, such as alumina, could be obtained in an induction
plasma reactor.

The reduction was effected by feeding alumina into Ar, Ar-Hp,
Ar-CO and Ar-CH, plasmas. The plasmas were contained in a water-cooled
quartz reactor and flowed downward. The products were collected on the
reactor wall and on water-cooled quench probes placed directly in the
Plasma. The conversion of Alp03 to Al was based on the amount of
aluminum and aluminum oxide actually collected since complete recovery
of the products was not attempted. In argon plasmas, the conversion
was investigated as a function of AlpO3 particle size, A1203 mass
flow rate and power input to the plasma. The effect of quenching the
reaction mixture in a reducing atmosphere was determined by introducing
Hy, CO and CH, into the lower section of the plasma countercurrent to
the plasma flow.

The products were positively identified by x-ray diffraction
and wet chemical techniques. In addition, the gaseous plasma reaction
zones were examined spectroscopically to give some insight as to the
nature of the gas-solid reaction. Finally, mean aluminum and argon
temperatures in the plasma were determined.

In an atmospheric argon plasma flowing at 52 gm/min, the alumina

conversion was enhanced by increasing the percent of vaporization of

ix



the oxide. This was achieved by increasing the power input, and de-
creasing the alumina flow rate and particle size. Conversions of 3-30
percent were obtained with power levels of 5.03, 5.86 and 6.69 kw; oxide
flow rates of 0.03 to 0.6 gm/min; and particle diameters of 26u, 37u
and 45u. The argon temperatures measured at these power levels are
10,900°, 11,100° and 11,200°K respectively. The conversions qualita-
tively agree with the extents of vaporization predicted by computer
solutions of heat, mass and momentum balances for alumina particles.
Spectroscopic identification of Al and AlO in the cooler plasma
regions and only Al in the hot plasma core confirmed:that vaporiza-
tion of Al2O3 to Al in an argon plasma is a two step process: the
oxide dissociates to AlO0 and O and the AlO in turn dissociates
to Al and O .

With CO and CH& in the plasma, the respective conversions
were 46 and 42 percent. The corresponding conversions for pure argon
plasmas at similar operating conditions were 23 and 9 percent. The
use of CO and CH, as quench gases doubled the conversions that
were obtained without them. Hydrogen, in each application, had little
effect. Higher conversions were obtained with the product collected
on the quench probes than with that collected on the reactor wall.

Examination of the reduction product from Ar and Ar-CO
plasmas identified Al, <>(-A1203 and X‘-A1203 . The. product from.an
Ar~CHﬁ plasma also contained AluC3 . No solid aluminum suboxides or
aluminum oxycarbides were found.

The mean aluminum temperatures obtained for various experi-
mental conditions ranged from 2000 to 6000°K. These results were

X



somewhat low and inconsistent, but i1t was possible to ascertain that
the Al temperature increased with increasing power input and de-
creasing A1203 flow rate.

The reduction of stable metallic oxides, such as A1203 , in
induction-coupled plasmas is certainly feasible. By using CO or CH&;
increasing the power input; and decreasing the oxide flow rate and
particle size, conversions of 50 percent or more should be realizable,

depending upon the efficiency of the recovery of the product.
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1. INTRODUCTION

The area of plasma chemistry can best be described by
Searcy's Laws467)

1. At high temperatures, everything reacts with everything.

2. The higher the temperature, the more rapidly everything

reacts.

3. The products may be anything.
It was with this concept in mind that this thesis was undertaken.

When it was decided to investigate the plasma reduction of
a metallic oxide, aluminum oxide was chosen for four reasons. First,
A1203 is extremely difficult to reduce and is on a par with CeOp ,
Ce203, La203, Nd203, Pr203, 50203, Smgo3 and Y203 in this respect,(Al)
to name but a few. So if A1203 can be reduced, then a host of other
oxides can also be reduced, yielding much more lucrative products.

" reduction of alumina it-

Second, since '"the products may be anything,
self may provide one or more products of considerable interest. Third,
A1203 is inexpensive and much more readily available than most of the
other difficult-to-reduce oxides. Fourth, it was felt that the two
known attempts at reducing alumina had not been pursued sufficiently
with the proper variables in mind.

The conversion of A1203 to Al in this study was effected
in radio frequency generated, induction-coupled Ar, Ar-Ho, Ar-CO and
Ar-CH, plasmas. Different quench techniques and three reaction

variables were investigated. The specific experimental program is

outlined in Chapter 4.



2. SURVEY OF PREVIOUS WORK

2.1 Reduction of Metallic Oxides in a Plasma

The literature on plasma reduction of metallic oxides is
quite sparse, although it is known that several groups of researchers
have investigated the area. The reason is that the majority of this
work has been done by private industry.

Grosse, gz_gi.,<h7’85) attempted to reduce 200 mesh (7L
commercial C.P. grade alumina in an arc plasma jet. Using argon
plasmas, they tried A1203 flow rates of 1.5-6.0 gm/min, power inputs
of 8.55-9.6 kw and total gas flow rates of 20.4-27.5 liters/min. The
oxide was fed into the plasma flame (below the arc) with Hy, or CHA
as the carrier gas. Aluminum metal was definitely formed, but the
vields were very poor, ranging from 0.2 to 1.25 percent.

As an extension of the above work, Stokes, gﬁ_@&.,(86> studied
the reductions of WO3, EE203, Ta205, AlQOB, TiO, and 2ZrO, 1n an arc
plasma jet. Using He plasmas of 3k liters/min, they obtained maximum
metal yields of 95 percent for W03 , 100 percent for FegO3 and 25.6
percent for Ta205 o The respective powder flow rates were 1.96, 0.3
and 1.9 gm/min at corresponding power levels of 15.2, 15.5 and 15.75 kw.
The oxides were introduced into the plasma flame with Hp flowing at
13.6 liters/min. Commercial grade oxide powder of unreported size was
used in each of these investigations and the products of the first
two reductions were of submicron size and highly pyrophoric. Conversions
of 2-5 percent were achieved with 325 mesh (ks A1,0, in He plasmas

3

operating at power levels of 11.4-14.9 kw. The powder flow was varied

-2
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over the range 0.48 to 2.5 gm/min. At the lowest flow rate, the
oxide was mixed with carbon and carried into the plasma flame in an
argon stream. With oxide flows of 0.5 gm/min or greater, hydrogen
was the carrier gas. No reductions were obtained with 325 mesh TiO2
at powder flow rates of 0.4-0.6 gm/min or with ZrOp of unreported
size flowing at 0.8 gm/min.

Brown(lg) was able to reduce ZrO, to Zr in Ar-C and
Ar—H2 arc plasmas. He found little advantage in the use of hydrogen
and found no effect due to the method of carbon introduction. There
was no reduction when either 60 mesh (25Q4) or 100 mesh (1504) particles
of zirconia were used, but with 10stzirconia, the zirconium content
was increased from 66.5 percent for the injected material to 70 percent

for the product. This amounts to a conversion of about 21 percent.

2.2 Other Plasma Reductions of Interest

Stokes, et al.,(86) also investigated the carbothermic reduc-

tion of WO, to WoC , WC and W and the reduction of Ta205 to

3
TaC. In each case the oxide was carried in a methane stream of 6.5
liters/min into the "flame" of a helium plasma jet flowing at 34 liters/
min. The WO3 flow rates were in the range 0.51 to L gm/min while

the operating power was varied from 10.0 to 16.3 kw. The percent con-
versions obtained were 9.2 - 34.6 for W,C, 4.1 - 11.0 for WC and
43.2 - 80.8 for W . A conversion to TaC of 9.7 percent was achieved
for Ta205 flowing at 0.5 gm/min at an operating power of 15.75 kw.

- The decomposition of volatile metal halides has been studied

by Biggerstaff, et al.,(6) and by Brown.(lg) The former found that the



e

decompositions of boron trichloride and trifluoride in a plasma jet could
be used to produce boron of very small particle size. The addition of
hydrogen to the plasma did not significantly increase the conversion

to the metal. Brown reduced zirconium tetrachloride in an argon plasma
and tried both a hydrogen dilution quench and a straight thermal quench.
With a reactant containing 38.2 percent Zr, he obtained a product with

a 58.4 percent Zr content. As with Biggerstaff and his associates,

he found little benefit in the use of hydrogen.

The final plasma reduction of interest was performed by Huska
and Clump,(58) who studied the decomposition of MoSp in an induc-
tion-coupled argon plasma. Operating with MoSp flow rates of 0.666,
1.19 and 2.48 gm/hr and several plasma power levels between 1.9 and
5.15 kw, they obtained conversions ranging from 25.7 to 70.2 percent.

The conversion increased with decreasing reactant feed rate and increased

with increasing plasma energy content.

2.3 Suboxide Species of Aluminum

The gaseous oxides of aluminum have been quite extensively
investigated. According to Brewer and Searcy,<ll) there are only two
important gaseous oxides of aluminum. AlpO is the primary gaseous
suboxide when alumina is heated under reducing conditions and ALO is
the principal gaseous product under neutral or oxidizing conditions.

The bulk of the remaining work, which is discussed below, substantiates

their findings.

(24)

De Maria, et al., report that the main reaction upon

heating Al from 2300 to 2600°K is the decomposition to AlLO and O.

204
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Zhadanova and Sokolov(9l) and Allen, et al.,(g) found only AlLO and Al
when aluminum burned in oxygen and air. Thus, only AlO was observed
under the neutral and oxidizing conditions of the investigations.

Porter, et al.,(75> Cochran(l7) and Gastinger(36> each report

formation of AlpO when AlpO3 and AL were heated together. Grossman(u8)

(49)

and Grube, et al., heated Si with Al.0_. to

273
L
form Al50 . Worrell,(9o> Mbtzfeldt(7l) and Ponomarev, et ale,,(7 ) 0

(66)

heated Nb with A1203
b-
tained AlpO by carbothermic reduction of alumina and Mal'tsev formed
Al,0 by carbothermic reduction of sodium and potassium hydroaluminates.
Each of these are examples of reducing conditions and AlpO 1is the
product.

(59)

Some disagreement is offered by Inghram, et al., who found
that Alp0 and Al were the major species obtained by heating A1203
under neutral conditions in a tungsten cell. Further contention is
given by Hasapis, gg_gg.,<5l) who vaporized A1203 by itself in a
tungsten cell and with tungsten powder. For each case, they found AlO
and AlpoO in about equal concentrations. Ackermann and Thorn(l> also
heated alumina in a tungsten cell and found a reaction between the two
at high temperatures. However, they did not establish the nature of
their products, which they thought were Alo0 and W03 .

The literature on the existence of solid suboxides of aluminum
is quite controversial. By means of a high temperature x-ray technique,
Hoch and Johnson(55) found solid Alo0 between 1100 and 1500°C, solid
A10 above 1600° and both from 1500 to 1600°C. They determined that

both are cubic and that upon cooling or rapid quenching both compounds

dissociate to Al and A1203 . Cochran(l7) contends that the lowered



melting points of A1203 mixed with Al indicates subcompound formation
in the condensed phase. His data were too scattered to allow a phase
diagram to be constructed. Khodak and Mal'tsev(6l) heated
Na20°A1203«23i02°nH20 with carbon. Rapid chilling of the reaction
mixture enabled them to confirm the formation of the solids Al,0 and

(&)

Si0 by isolation of AlQO crystals. Beletskii and Rapoport report
the formation of coarse hexagonal crystals, believed to be AlpO, when
they heated Al and A1203 in the presence of 510, and carbon.

(10)

However, Brewer believes that the substance may be a ternary
A1-0-C compound.

Brewer, in this same paper, reports that he, Searcy and
McCullough were unable to find a new solid phase upon room temperature
x-ray examination of fused mixtures of Al and A1203 . Gitleson,
gﬁ_g},,(uo) could detect no indication of a solid suboxide either by
microscopic examination or by x-ray powder patterns of solidified
Al-A1203 melts. In studies of the carbothermic reduction of alumina,
Emlin, gﬁ_gio,(32) Foster,,g§_§£0,<3u) Ginsberg and Sparwald<39) and

Gitleson, et al,,(uo> could find no low melting substances except the

oxycarbides Alo0C and AL)Q,C .

2.4 Heating of Solids in a Plasma

(15)

Chludzinski determined heat transfer coefficients for
axisymmetric stagnation point heat transfer at thermocouple tips in
argon and argon-nitrogen plasmas. With a thermocouple 0.02 inches in

diameter in an argon plasma at about 10,900°K, he obtained a maximum

heat transfer coefficient of 87 BTU/hr-ft2-°F‘ In a 90 percent Ar-10
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percent N, plasma at about 11,400°K, the maximum heat transfer coef-
ficient was 162 BTU/hr—ft2-°F. He compared the convective and radiative
contributions to the heat transfer from the plasma and found the former
to predominate.

Heat flux measurements were made on small argon plasma Jets
by Stokes, gz_gi.,(87) who obtained heat fluxes as high as 4.5 kcal/cm2~
sec for the transient heating of a small copper slug. This corresponds
to a heat transfer coefficient of about 4000 BTU/hr-ft2-°Fo Reed<77)
made heat transfer intensity measurements in argon and argon with oxygen
or helium induction plasmas. For the various plasmas, he obtained peak
intensities of 56 to 145 watts/cm2 for heat transfer from the tail of
the plasma to the surface of a water-cooled plate. The corresponding
range of approximate heat transfer coefficients is 18 to 46 BTU/hr-ft°-°F.

Engelke(33) developed an idealized model for heat transfer to
solid particles in an arc plasma stream. He compared his "integrated
heat transfer to the particle' with observations on the melting of some
carbides and found substantial agreement with his theory. In an argon-
hydrogen plasma at 10,300°K, he noted that 250 mesh (62M) TiC did not
begin to melt whereas the smaller 625 mesh (EQAQ TiC had vaporized
somewhat. In a lower energy argon plasma, even the 625 mesh TiC did
not begin to melt. Titanium carbide melts at 3410°K and boils at

b570°. (56)

Loo and Dimick,(65> MEyer(7O) and Wood and Wise<89) investi-

gated the catalytic activity of some metals and oxides on the recombina-
tion of atoms with atoms and ions with electrons. Loo and Dimick con-

ducted experiments with an argon arc flame and ascertained that metals
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tend to increase the Ar‘-e” recombination rate while oxides tend to
decrease the rate. Meyer found that metallic oxides are slightly
active and metals are extremely active in catalyzing recombination
processes in argon-nitrogen plasmas. Wood and Wise determined that
metals catalyze the recombination of H, N and O atoms.

High-speed cinematographic studies of metallic and metallic
oxide powders (including AlgOB ) in an induction-coupled argon plasma

(52)

were carried out by Hedger and Hall. They observed that vaporiza-
tion occurred preferentially from the lower side of the descending
particles and that the vaporization impeded heat transfer to the particles.
It was also noted that the majority of the particles pass straight through

the turbulent plasma, but a small portion is ejected from the plasma

center.



3. DISCUSSION OF PREVIOUS WORK

3.1 Plasma Reduction Reactions

The success obtained with WO3, Fe203, and Ta205 demonstrates
that the wuse of plasmas for reducing metallic oxides is feasible.
However, these oxides normally are not difficult to reduce. The use
of plasmas would be much more justifiable if it would result in signi-
ficant conversions for the less reducible oxides, such as AlpOg , Ti0p
and ZrO, . These three oxides, for which Stokes and his associates
obtained negligible reduction, have generally been considered to be
much too stable to allow significant success. In other words, the
oxides would reform during the quenching of the reaction mixture. So
unless an extremely rapid quench could be attained, most of the metal
would be lost due to this recombination.

The above argument is certainly meritorious, but one of equal
importance is the ease of vaporization of the oxide. If the oxide is
not vaporized and decomposed to its elements, then there is no need to
worry about recombination during the quench. It is significant that
WO3, Fe203 and TapOs are all more easily vaporized than AlgO3, Ti0o or
ZrOE,(al)

Brown's work, which occurred at about the same time as the
experimental portion of this thesis, demonstrates the effect of in-
creasing the extent of vaporization of the oxide. He found no reduction
of the larger 250 and lOQ;L zrO, particles, but got a 21 percent con-
version with leinrconia, which was more vaporized. Thus 1t is reason-

able to expect that Al,0, and Ti0, can also be significantly reduced

3

if small enough particles are used.

_9-
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Two other variables, viz. powder flow rate and power input to
the plasma, were shown to have an effect upon the reduction of metallic
compounds by the work of Huska and Clump. It is also certain that the

use of a reducing gas in the plasma should improve the conversion.

3.2 Aluminum Suboxides

The majority of the studies of gasecus aluminum suboxides agree
that Al20 predominates in a reducing atmosphere and AlO in a neutral
or oxidizing environment. It is further agreed that these are the only
two important gaseous aluminum oxides.

A closer examination of the dissenting reports will show them
to be in accord with the above conclusions. Brewer and Searcy heated
alumina in a tungsten cell for their neutral conditions and found only
AlO. Inghram, Hasapis, et al., and Ackermann and Thorn performed similar
experiments and found Al»O. But Ackermann and Thorn also observed a
reaction between the tungsten cell and the alumina. This gave them
reducing instead of neutral conditions and explains their Al,0 forma-
tion. It appears that Inghram and Hasapis, et al., also had this
tungsten-alumina reaction while Brewer and Searcy, due to somewhat dif-
ferent conditions, had no interaction.

The controversy over the existence of solid aluminum suboxides
can also be resolved to some extent. The two claims that stable solid
suboxides were prepared at room temperature involved the reduction of

Al,05 Dby carbon. In the other four investigations of carbothermic re-

3
duction of alumina, the oxycarbides AlZOC and AlAOhC were the products.

Furthermore, when systems containing Al and AlgOs without carbon were
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examined at room temperature, no low melting compounds were observed.
This suggests that the reported solid aluminum suboxides were actually
oxycarbides.

The formation of solid suboxides at higher temperatures
is very probable. Hoch and Johnson agree with Cochran that subcompounds
exist in Al-AlEO3 systems above 1100°C and no one has disputed their
claims. Nevertheless, some more high temperature studies should be

made before these results can be completely accepted.

3.3 Heating of Solids in a Plasma

The heat transfer studies of Chludzinski, Stokes, et al., and
Reed produced heat transfer coefficients ranging from 18 to 4000 BIU/hr-
ft2—°F. Such a wide range is reasonable since three different systems
were used. The coefficients estimated from Reed's results (18-46 BTU/
hr—ft2—°F) should be at the low end because he investigated the tail
of an induction flame, which is the coolest part. Chludzinski's results
(87-162 BTU/hr~ft2~°F) should be higher than Reed's because he used
thermocouples which were placed in the hot core of the plasma. The
small copper slugs studied by Stokes and his co-workers were also in
contact with the hotter part of the plasma. The coefficient correspond-
ing to their maximum heat flux (4000 BTU@uwf%2—°F) is reasonable for
very small slugs since the coefficient should increase with a decrease
in diameter as Chludzinski found for his thermocouples.

Fngelke's observations of the melting and vaporization of
TiC particles also indicate an increase in heat transfer with a decrease

in particle diameter. However, his claim that 625 mesh TiC did not
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begin to melt in his argon plasma is dubious. If Chludzinski's results
for argon plasmas are applied to Engelke's model, at least partial melting
is predicted. Such partial melting would be difficult to detect by ex-
amination of particles that had passed through the plasma.

It is concluded from the catalysis studies that metallic
oxides decrease the Art-e™ recombination rate and slightly increase
the rate of atom-atom recombinations. Metals have the effect of increas-
ing the rates of both types of recombination. This means that the heat
transfer to oxides and metals, and hence their rate of vaporization, is
affected in the same way. Two other phenomena which influence the
vaporization of solids in a plasma are: 1its preferential occurrence at
the lower side of the particle and the formation of a vapor shield

around the particle. Both diminish the rate of vaporization.



L. SCOPE OF THE PRESENT STUDY

The primary aim of this research was to investigate the
reduction of Alp03 to Al 1in a radio frequency generated, induction-
coupled argon plasma. It was also intended to demonstrate that an
induction-coupled plasma reactor is especially suitable for such gas-
solid reactions. To accomplish these goals, the following program was
completed:

1. Qualitative analysis of the reaction zones with an optical

spectroscope.

2., DPogitive identification of the products.

3. Investigate various quench methods.

L. Determine mean AL and Ar temperatures in the center

of the plasma.

5. Study the effects of particle size, A1203 mass Ilow

rate and power input to the plasma.

6. Use Hy, CO and CH, as reducing agents in argon

plasmas.

‘(. Solve heat, mass and momentum balances for an A1203

particle.

The above program was designed to provide fundamental informa-
tion about plasma reduction of alumina and to define the operating
parameters, The purpose of the qualitative spectroscopic analysis
was to acquire a better understanding of the vaporization of A1203
and quenching of the gaseous mixture. According to the literature,

Al_O. should decompose to AlO and this spectroscopic analysis would

273
~13-
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be a check. The positive identification of the reduction products was
necessary because the previous work on solid suboxides of aluminum
suggested that it might be possible to form these compounds by a rapid
quench of the gaseous suboxides.

The qguench methods used were: straight thermal quench on the
water-cooled reactor wall; thermal quench on a water-cooled probe placed
inside the plasma; counter-current introduction of Hp, CO and CHy
into the bottom of the plasma through the quench probe. A basic inter-
pretation of the quench process was obtained through an understanding
of why the conversion of A1203 varied as it did with changes in the
Al  temperature and concentration in the plasma.

The argon temperatures were used to evaluate the thermal
conductivity, viscosity, density and heat capacity for the argon plasma
and for the boundary layer surrounding a solid particle. These properties
were used in a correlation for the heat transfer coefficient which was
needed in order to solve the heat, mass and momentum balance equations.
Solution of these equations allowed the time-temperature history of the
particle and its extent of vaporization with axial position to be
estimated.

Solids flow rate and power input to the plasma were shown to
be significant variables in Section 3.1. It was also thought that
particle size would be an important variable (this was later substan-
tiated, as discussed in Section 3.1) and so the effect of these three
variables on the conversion of A1203 was investigated. The reducing
gases (Hg, CO0 and CHh) were used in independent studies aimed at in-

creasing the conversions above those attainable in the argon plasma.



5. THEORETICAL CONSIDERATIONS

5.1 Thermodynamics

It was established in Sections 2.3 and 3.2 that AlO and
Al,0 are the only two gaseous oxides of aluminum. Furthermore, when
A1203 is heated, it decomposes to AlO and O wunder neutral or oxi-
dizing conditions and to Al-,0 and O in a reducing atmosphere. So
AlpO3  should vaporize to ALO and O in an argon plasma and to AlpO
and O in an argon plasma containing Hp, CO, or CHy .

(11)

According to Brewer and Searcy, the dissociation:

Alp05 - 2A10 + O (5.1)

occurs at 3800 + 200°K. This is in fair agreement with the findings

(18,19)

of Coheur(eo) and Coheur and Coheur, who observed that the optimum
temperature for formation of Al0 was 4000°C. They found that the mole-
cule is unstable above this temperature and below it the probability

of formation is slight. However, Figure 1, which was prepared from
information presented in the JANAF tables,(27) shows that AlO0 should

be stable down to about 1100°K once it is formed and is unstable above
LL00°K. Since temperatures in excess of this are to be expected in an

argon plasma, the A1O formed from the vaporization of A1203 should

further dissociate:
ALO - AL + 0 (5.2)

shortly after its formation.

-15-
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Once Al,0 1is formed it is stable below 4300°K and unstable
above it, as Figure 1 shows. 8o if Al,0 is formed in Ar-H,, Ar-CO

and Ar—CHA plasmas by:

Alp0y - A1,0 + 0, (5.3)
it should also undergo a decomposition:

AL,0 5 2AL + 0 . (5.4)

In either case, therefore, the plasma should contain Al and O atoms
instead of AlO or Al,0O molecules.

The use of reducing gases in the plasma is expected to aid in
the quench process. This is done by removing oxygen during the quench;
thus diminishing the chance that the gaseous Al will oxidize to AlO
or AlpO . Figure 1 shows that carbon is much better in this respect
than hydrogen as CO 1is considerably more stable than HpO over a wide
temperature range. Oxygen also prefers carbon to aluminum, as seen by
a comparison of the free energies of formation of CO, ALO and AlEO .
Hydrogen, on the other hand, has less affinity for oxygen than does
aluminum over fairly large ranges in temperature. Consequently, hydrogen
should be of little benefit in maintaining Al during the gquench and
carbon should be effective. Although A1203 is more stable than even
CO at low temperatures, quenching occurs rapidly enough that the forma-

tion of alumina should be slight.

5.2 An Interpretation of the Quench Process

The ultrahigh temperatures of a vortex stabilized, induction-

coupled argon plasma extend in the radial direction very nearly to the
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(15)

wall of the cylindrical confining chamber. The boundary layer
between the reactor wall and the point at which the plasma temperature
noticeably begins to decrease i1s the quench region. The concentration
and temperature gradients in this quench boundary layer are extremely
steep and the condensation of a species out of the plasma is a rate
process controlled by these gradients.

Let us consider the case of condensation of gaseous Al
from an argon plasma containing the gaseous species: Al, 0, Ar and

various ions of these atoms. During the quench, the following reactions

should occur:

Al + 0 2 A10 (5.5)

0+020, (5.6)
Al +%02 2 Al0 (5.7)
Alig) = Al (5.8)

as well as the recombinations of ions with electrons. Since recovery
of aluminum is the purpose of the quench, it is desirable to increase
the rate of transport of Al through the boundary layer so that less
of it can be oxidized.

The radial molar flux of Al in a mixture of Al and the

noncondensable gases is:

C Dpyy 2Xp1

NAlI‘ = - : (5‘9)
l—XAl bI‘
where NAlr = radial molar flux of Al ,
Xpp = mole fraction of Al ,

(8)

effective binary diffusivity for Al in the mixture,

I

DAlm
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C = total concentration.

Since only Al condenses, the bulk flow due to the other gases was
neglected in the derivation of Equation (5.9), which is found in
Appendix I.

It is seen from Equation (5.9) that the molar flux of Al
depends on both the concentration and temperature of aluminum (DAlm
is temperature dependent ). If the bulk concentration of Al is in-
creased, Nji, 1s initially greater. But since the quench occurs with
extreme rapidity, the result is that more Al 1is recovered. A similar
argument holds for the temperature effect. The diffusion of Al atoms
through a mixture depends on the temperature of the atoms; DAlm ine-
creases with temperature. Therefore Natp also increases with Al
temperature and again, more aluminum should be recovered. It is con-
cluded that one means of improving the recovery of Al from an Al-O-Ar

plasma is by increasing the concentration and/or the temperature of

the aluminum in the plasma.

5.3 Heat, Mass and Momentum Balances

The history of a small A1203 particle in an argon plasma
is estimated from a solution of steady state heat, mass and momentum
balance equations for the particle. The description is only approxi-
mate because some simplifying assumptions are used in deriving the
equations (see Appendix II). The use of more exact equations is not
Justified since a rough comparison with the experimental results is
sufficient for this work.

The momentum balance derived for a small particle injected

into the plasma is:
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2 2
2, 3. _Jeo_ (dz )
— =17 - G t 8 (5.10)
dt2 h dg /% de iy
where %% = velocity of solid particle,

)@ = density of solid particle,

d, = diameter of solid particle,
4& = density of bulk plasma,

%o = velocity of bulk plasma,

g = gravitational acceleration,

CD = drag coefficient.

The direction of the drag force on the particle depends on the velocity
of the particle relative to the plasma (dz/dt - %o = Vrel)' If the

relative velocity, , 1s positive, the minus sign is used in Equa-

Vyel

tion (5.10) and if w

rel 18 negative, the plus sign is used.

It is assumed that the particle is spherical and remains so
after melting commences. The plasma density is obtained from the ideal
gas law (which is very nearly true at plasma temperatures) and a mean
particle density is used. A constant average plasma velocity and

16)

Christiansen's drag coefficient data are also used. Magnetic drag
. . ... (80)
and slip flow effects are negligible.

The heat balance fof a particle as i1t is being heated to

its vaporization temperature is:

1 B i L
z fs cpS — = h(T-T ) oe, T (5.11)
where Cp = heat capacity of solid particle,
S
TS = temperature of solid,
T = temperature of plasma,
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h = heat transfer coefficient,
0 = Stefan-Boltzmann constant,

eqg = emissivity of solid particle.

The assumption is made that vaporization does not occur until
the particle reaches the temperature for dissociation to AlLO and O .
As a result, no mass 1s lost during this time and a constant particle
diameter can be used. The heat capacity of the solid.varies little
with temperature(27) so an average value is assumed. A constant
emissivity is estimated because sufficient data were not available.
At all times, the temperature throughout the particle is assumed to
be equal to its surface temperature.

Vaporization of the solid particle to AlO and O 1is

described by the combined heat and mass balance equation:

1m0 p (ds) L b
- ZOH, L P n(T TS) -0 T, (5.12)
where [SH; = heat of reaction for dissociation to Al and O (since
the AlO dinitially formed quickly dissociates to Al and 0). Assump-
tions are that the temperature of the solid remains constant during the
dissociation, which proceeds uniformly. The heat transfer coefficient

(8)

used in Equations (5.11) and (5.12) is:

_ Ckr 0.5 _ 0.3

h = . + 0.6 Rer = Prp (5.13)
S
where kf = thermal conductivity of gas evaluated at an average
temperature in the boundary layer around a particle,
Ref = Reynolds number at average boundary layer temperature,
P.. = Prandtl number at same temperature.
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The relative velocity of the particle is used in evaluating the
Reynolds number.

The two terms on the right hand side of Equation (5.13)
represent the conductive and convective contributions respectively.
Engelke(33) used purely conductive heat transfer in his model while

Chludzinski<l5)

observed that the heat transfer to his thermocouples
was convective. But for a small particle in relative laminar flow in
a plasma, both contributions are important. Thermal radiation effects
from the plasma can be neglected.<15’8o)

The average boundary layer temperature at which the gas

properties are evaluated is that which corresponds to the reference

enthalpy given by:

hoep = 0.5(heghy) + g (5.14)
where hy = gas enthalpy at particle surface temperature,
h,, = gas enthalpy at bulk plasma temperature.

This reference enthalpy method is suggested by Eckert(3o) for the case
of a large temperature difference across the boundary layer. The

argon specific heats and enthalpies used in Equations (5.13) and
28
(5.14) are given by Drellishak, et al.,( ) and the thermal conduc-

(81)

tivities and viscosities are obtained from Sherman and Grey.



6. SPECTROGRAPHIC TEMPERATURE MEASUREMENTS

6.1 Meaning of Temperature and Local Thermal Equilibrium

Consider an isolated gas assembly containing a large number
of identical particles which possess kinetic energy. According to
statistical mechanics, an equilibrium distribution of particle energies
or velocities will be established. Temperature is inherently re-
lated to this distribution. With a Maxwell-Boltzmann distribution
(or M.B. distribution), the temperature can be related to the most
probable velocity of the particles. In particular, the most probable
kinetic energy of a particle in the gas is equal to the product of the
Boltzmann constant and the temperature. By this definition, if a
temperature is assigned to a gas assembly, a M.B. distribution of
energies exists. The converse is also true.

An ionized gas consists of a finite number of different particle
assemblies corresponding to the classes of particles present. Each of
these assemblies could conceivably have a different initial energy
distribution (and hence temperature). The final conditions reached
in an isolated set of such assemblies depends upon the nature of
collisions and energy exchange between particles. If energy is ex-
changed only between similar particles, the attainment of "equilibrium"
would find each assembly with a different temperature. The other pos-
sibility would have all particles exchanging energy. In this case
there is a unique final distribution for all the particles and the
Ssystem has a single temperature. In such a system, the particles

are in thermal equilibrium.

_23_
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These isolated systems are actually nonexistent and energy
exchange with the surroundings must be considered. Normally this
additional exchange results in a directional flow of energy. But if
a section of the assembly contains enough particles for equilibrium
to exist, and the energy being transferred is much smaller than the
total energy in the section, a local M.B. distribution can be obtained.
In other words, collisions between particles not directly associated
with energy transfer to the surroundings will predominate and maintain
the distribution in the section. If the total assembly consists of
such sections having local M.B. distributions and temperatures, it is
in local thermal equilibrium (LTE). In practice, the temperature varia-
tion is considered to be continuous with the temperature at a point
defining the local distribution. According to Chludzinski,<l5) ITE
exists in a radio frequency generated, induction-coupled argon plasma.

6.2 Relationship between Temperature and Atomic
Line Intengity

In a plasma consisting of atoms, lons and electrons, all
particles have translational energy, atoms and ions can possess
electronic excitation energy and ions have ionization energy. Elec-
tronic excitation occurs in an atom when energy gained by collision
causes an orbital electron of the atom to make a transition to an orbit
of higher energy. If this electron in the higher energy state then makes
a spontaneous transition to a lower energy level, a photon of light is
emitted. The energy of this photonAis equal to the difference in the
energies of the upper and lower levels. The rate of these downward
transitions depends upon a constant known as Einstein's probability

of spontaneous transition.
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The frequency of the emitted photons is:
Vnm = (En-Em)/h (6.1)

and the radiation intensity is:

_ 1
Irlm = E?th - Anm Nn (6.2)
where Anm = Einstein's spontaneous transition probability for
transition from n to m,
E,,Ey = energies of upper level n and lower level m

respectively, with respect to ground level,
h = Planck's constant,
1km1= frequency of emitted photon,
Inm = radiant intensity (energy emitted per unit time per
unit area per steradian),
L = path length through source,
N. = number density of atoms with an electron in excited

state n .

According to statistical mechanics, for an equilibrium system

with a M.B. distribution, the concentration of excited atoms in state

n is:
8n 1
N, = Ny -g—o~ 3 exp(-E, /kT) (6.3)
where Np = concentration of atoms in ground state,

81380 statistical weights of atoms in state n and ground

state, respectively,
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Q = electronic partition function,
k = Boltzmann constant,
T = absolute temperature.

Combining Equations (6.2) and (6.3) gives the relationship between

temperature and atomic line intensity:

T, = uLTth o Yoy Aoy i_g é. exp(-E,/KT) (6.4)

6.3 Determination of Argon Temperature

For argon atoms, the statistical weight of the ground

electronic state is 1 and the electronic partition function is essen-

(82)

tially 1. Therefore, Equation (6.4) becomes:

I = L%,n,Lh No Yo Agp 8y exp(-E,/KT) . (6.5)

When LTE exists, the volume emission coefficient, Eﬁ , for an optically

(9)

thin spectral line of argon is:

h Yo
g

& -

No &y App exp(-E,/KT) . (6.6)

It follows from Equation (6.5) and (6.6) that the absolute line in-

tensity averaged along the path length through the source is:
Inm = ekL . (6;7)

The argon temperature can be determined from Equations (6.6) and (6.7)
if the absolute intensity of a spectral line is measured and the trans-
ition probability of the line is known. This is known as the "single-

line" method.
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Since NO is temperature dependent, a graphical procedure
is employed to determine the temperature. Using Drellishak's(28) values
(37)

for N, and Gericke's transition probabilities, the volume emission

0
coefficient is calculated for various temperatures with Equation (6.6).
Then E& is plotted against T for the spectral lines of interest.
By measuring I =~ and determining Eq from Equation (6.7), the

temperature can readily be obtained. Figure 2 is such a plot for the

optically thin 4158.59% and 14259.364 Ary lines.

6.4 Determination of Aluminum Temperature

Although local thermal equilibrium exists throughout an
argon induction plasma, aluminum atoms introduced into the plasma by
vaporization of alumiha are not necessarily at the same temperature as
the argon. Aluminum is formed from AlO dissociation at about 440O0°K
and cannot instantaneously reach the plasma temperature. In addition,
the alumina vaporization occurs continuously along the reactor. So a
steady stream of low temperature aluminum atoms is being introduced
into the plasma at a given point in the reactor. Aluminum is also more
easily ionized than argon, so that Al atoms are less likely to reach
the higher kinetic energy levels. As a result, the average temperature
of the Al atoms is lower than the argon plasma temperature.

The determination of the aluminum temperature is done by the
"multi-line" method. Equation (6.4) is written for an unspecified

line as:

I = K4YgA exp(-E/KT) (6.6)
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where K::MMyMW&ﬁ. (6.7)
Taking logarithms in Equation (6.6) gives:

4n(I/9) gh) - 4nK = - E/KT . (6.8)

1

Since K does not depend on E , a plot of ﬁn(I/zng) versus E for
lines with different upper energy levels yields a straight line of
slope -1/kT .

This relative method for temperature determination is necessary
because of the build-up of aluminum and unvaporized alumina on the
reactor wall during a run. The argon temperature, on the other hand,
could be determined in the absence of alumina. The transition probabil-
ities used in this work are those given by Corliss and Bozman,<21) al-
though their value for the 3082.15X Aly line is contested by Dickerman
and Deuel,<26) This is necessary because Corliss and Bozman's set is
the only complete one available.

In addition to uncertainties in transition probabilities,
Dickerman and Deuel found that self-absorption is invariably present
in spectral lines of Al. Since self-absorption intensifies the line,
and a 20 percent error in the intensity causes a 29 percent error in

(82)

the temperature, this method is not particularly accurate. As
mentioned above, however, it is the only method available. The wave-

lengths, upper energy levels and transition probabilities for the AlI

lines used in this work are presented in Table I.
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TABLE T

UPPER ENERGY LEVELS AND TRANSITION
PROBABILITIES FOR Alg LINES

Wavelength Energy Level §A
2 ev 109/sec

3082.15 L.o21k 2.7

3092.71 4.0217 5.5
394k .03 3.1k27 0.66

3961.53 3.1427 1.3




7. ANALYTICAL METHODS

7.1 Bromate Method for Aluminum Determination

The bromate method is the standard volumetric procedure for
determination of aluminum. The methbd can be accurate to within one percent
for milligram amounts of aluminum. Interference is encountered when
iron or titanium is also present, but these impurities can be removed
prior to the aluminum determination.(62’63>

Using samples containing Al+3 in acid solution, the proce-
dure followed in this work involves five mein steps: (1) precipitation
of aluminum quinolate from a solution of A*3 ana 8-quinolinol;

(2) filtration of the precipitate and its céissolution in acid, forming

8-quinolinol; (3) bromination of the 8-quinolinol with a bromate-bromide

solution; (4) reduction of the excess bromate with iodide, forming iodine;

and (5) determination of the iodine with thiosulfate using a starch

indicator. The precipitation of aluminum gquinolate by 8-quinolinol

is:

a3+ 3 )= e AL )=\ 7| + 3H (7.1)
N

and the reverse reaction is the dissclution of the gquinolate. The

8-quinolinol formed by dissolving the quinolate is then brominated by:

6H' + 5Br™ + Bro; 2 3H0 + 3Brp (7.2)
OH OH
N Br N .
() + e [ ) + emr (7.3)
Br

-31-



_32-

After the bromination reaction has reached completion, the
excess bromine (obtained from the excess bromate by Equation (7.2))

is reduced:
Bro, + 217 2 2Br” + I (7.4)
This iodine is then reduced with thiosulfate by:
Ip + 25,037 2 217 + 8§05 . (7.5)

If a known volume of bromate 1s used, the excess is determined
by the amount of thiosulfate required. Thus the amount of bromate
which reacted with the 8-quinolinol is obtain=d. With 0.1 N BrOé
(0.1/6 molar) it can be seen from Equations (7.1), (7.2) and (7.3)
that 1 ml of 0.1 N BrOé (which reacts with 8-quinolinol) corresponds

to 0.22483 mg aluminum.

7.2 X-Ray Diffraction

Since x-ray diffraction was used for an analysis of the
reactant alumina and for the identification of the reduction products,
its principles are briefly discussed. A thorough treatment is given
in Cullity.(23)

Diffraction occurs when electromagnetic waves encounter a set
of regularly spaced objects and the wavelength of the waves are of the
same order of magnitude as the distance between the scattering objects.
Such i1s the situation when x-rays are directed onto a crystal composed

of regularly spaced atoms. The diffraction of a monochromatic beam of

x—rayé is governed by the Bragg law:
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A =24 sin © (7.6)
where A = wavelength of x-rays,
d = spacing between crystal planes,
20 = angle between diffracted beam and transmitted beam.

By using x-rays of known wavelength and continuously vary-
ing © , it is possible to determine the spacing of the various planes
in the crystal causing diffraction. This is done with an x-ray diffracto-
-meter, which can be set up to record the diffracted lines. If d 1is
Obtained for the three most intense lines of a given substance, then
it can be identified with the help of the ASTM powder data file.<8h)

In this manner, it is possible to determine compounds and uncombined

elements present in the sample and their phases.

7.3 X-Ray Fluorescence

X-ray fluorescence, which was also used in the analysis of
the reactant alumina, differs somewhat from x-ray diffraction. In
fluorescent analysis, the sample is bombarded with x-rays of sufficient
energy that each element of the substance emits a characteristic line
spectrum. This spectrum is analyzed in an x-ray spectrometer by dif-
fracting the radiation with a crystal of known d spacing. If © is
determined, then the wavelengths of the characteristic lines can be
calculated from Equation (7.6) and the elements can be identified, but

the state of their chemical combination is not obtained by this method.
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7.4 Optical Spectroscopy

The radiation emitted by a plasma or any other form of arc
or spark discharge can be analyzed by means of optical spectroscopy.
As with fluorescence, the spectrum emitted by an element or molecule
is characteristic of the emitter. If the radiation from the discharge
is passed through a prism or diffraction grating, the total spectrum is
spread out and can be detected and recorded either photographically or
with phototubes. Then if the spectrum can be separated into the spectra
of the various emitting elements and molecules, these emitters can be

. 0,56,72,78
identified with the help of the proper table of wavelengths.(5 156,72,78,79)



8. EXPERIMENTAL APPARATUS

8.1 General

The experimental system used in this investigation consisted
of a plasma reactor, a radio frequency generator, a powder feed unit,
gas delivery and cooling water systems, a safety interlock system, an
exhaust fan and hood, and an optical spectrograph. This experimental
setup is shown schematically in Figure 3. 1In addition, quench probes,
X-ray sample probes, and equipment for plate development and analysis,

X=ray analysis and wet chemical analysis were used.

8.2 Plasma Reactor

The radio frequency, induction-coupled plasmas were generated
and contained in the reactor diagrammed in Figure 4. This plasma reactor
consisted of a water-cooled quartz tube held in a brass distribution head.
Argon was fed into the reactor through an axial entry port at the top
of the head and through two 1/32 inch diameter tangential ports in the
head. The use of tangential feed imparted a vortex motion to the gas,
centrifuging the hotter atoms to the center and keeping the inside quartz
wall relatively cool. The innermost quartz tube maintained the axial
and tangential flows until just above the induction coil, where the
plasma region began.

Argon was also introduced axially through the powder feed
tube, which was a 12 inch long, 0.125 inch 0.D., 0.09% inch I.D. alumina
tube. The purpose of the first-mentioned axial gas stream was to provide
a sheath for the powder as it entered the plasma with the -carrier gas.

This helped to keep the solids on the centerline of the plasma. The

_35_



-36-

‘wo3sAg TequUaWTISdXY JO WeJISBLJ OIJBWSYDS *§ 2andTg

GOOH M3IIA 1NOd4d

MOLOY
YWSYId NI adsn
"o 10 00 ‘%n (@) ('M'D)
dd1VM
SV9 HONAND NO9dVY ONIT00D
SY a@sn

SY9 ‘
"HO 10 0D &m@@ O 43144V ,
34nss3yd @) v
S¥31aW
(NO9YY) Mo
svo ~ (® JOOH HOLVY¥INID LVLSHIMOJ

43 THAYD ¥ N
No9¥Y  (b) ® e 0
IV IXY0D uwo«u
NO9YY NIVIT O =——]
viinaony. © ! ! ! L
'‘M'D ¥010v34 @) NIVYd Ol
-

'M*'O mmomm@
3d02

P = = =




-37-

CARRIER GAS AND SOLIDS

{
a1

0.125 IN ALUMINA

COAXIAL
ARGON
N
< TANGENTIAL
; ARGON
'\}\ N
VA ¥

19 MM 0.D. QUARTZ -
30 MM 0.D, QUARTZ »
COOLING WATER OUTLET ‘_ﬁg ﬂ J %

38 MM 0.D. PYREX —

(W=

—>

COOLING WATER INLET

Figure 4. Induction-Coupled Plasma Reactor.
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majority of the plasma gas was introduced tangentially and whenever
Hy, CO or CH, was used in the plasma, they were introduced with the

tangential argon.

8.3 Power Supply and Auxiliary Equipment

The radio frequency power for generating and maintaining the
plasma was provided by a 23.5 KVA, 3 megacycle Lepel generator, Model
T-10-3-3MC. By passing the r.f. current through a five turn induction
coil, a 3 mc alternating electromagnetic field was produced and electrode-
less discharge could be obtained. With this generator, a maximum power
input to the plasma of about 10 kw was attainable. The original thyratron
power control for the generator had been eliminated and replaced with
a three phase powerstat on the primary side of the power transformer.

This had been done to reduce the ripple of the r.f. power. The plasma
column was initiated with the high voltage discharge of a tesla coil,
which partially ionized the gas.

Feeding of alumina into the plasma was effected with a
Plasmadyne Oscillating Powder Feed System. In operation, the powder
hopper was vibrated by a variable amplitude oscillator to prevent
packing and the argon carrier gas was passed through the bottom of
the hopper. Powder was entrained in the carrier gas by way of a venturi
pickup. The top of the hopper was sealed off during operation to
prevent loss of gas pressure in the container.

The gases used in the plasma and for quenching were supplied
through calibrated Fischer-Porter Tri-flat rotameters. The gases were

delivered to the rotameters at a pressure of 30 psig and entered the
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reactor at atmospheric pressure. Cooling of the reactor and the quench
probes was effected with tap water, which was supplied at line pressure.
The reactor was protected against insufficient tangential gas and cooling
water flow by safety interlocks, which would shut off the power.

Since Hp, CO and CHy were used in this study, the reactor
was enclosed in a 2 by 4 by 7 foot plywood hood, open on one side. Air
was sucked through the hood at the rate of 1210 cfm by a Buffalo Forge
Company exhaust fan driven by a 5 hp motor. Spark proof construction

was used for the fan shaft and wheel.

8.4 Spectrographic Equipment

A 3.4 meter focal length Ebert Mark IV stigmatic plane grating
spectrograph manufactured by the Jarrell-Ash Company was used to analyze
the radiation from the plasma. The spectrograph was equipped with a
grating ruled with 15,000 lines/in giving a first order linear dispersion
of 5.1 K/mm at the focal plane over a useful range of 2100 to 7500 R.
The entrance slit of the spectrograph could be adjusted in width from
4 to 40O and in height from 1 to 15 mm.

The Jarrell-Ash Number 18-022 scanning and condensing system
could be used to scan and focus selected areas of an extended source
onto the spectrographic slit. Seven front surface mirrors and two
quartz-lithium fluoride acromatic doublet lenses automatically main-
tained focus and alignment with the optical axis of the spectrograph.
A1.72 to 1 image reduction between the plasma and the spectrographic

slit was caused by the lenses.
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Depending upon the application of the spectrograph, the
spectra were either recorded on two 4 by 10 inch Kodak SAL Spectrum
Analysis Plates or by an RCA 1P28 multiplier phototube located at the
center of the focal plane (direct read-out). By placing the two plates
end to end, a total first order range of 2400 R was recorded during a
single exposure. The phototube was operated with a supply voltage of
1000 volts dc obtained from a Furst Electronics (No. 710-PR) dc power
supply with a continuously adjustable voltage output from O to 1500
volts. The current output of the phototube was passed through a variable
precision resistor and the resulting voltage amplified by a variable
range Leeds and Northrup (No. 9835-A) stabilized dc mv amplifier. The
amplifier output (0-10 mv) was recorded with a Leeds and Northrup
Speedomax H strip chart recorder.

Horizontal scanning of the plasma (perpendicular to the axis
of symmetry) was done by turning a screw drive which moved the mirror
assembly. Vertical scans (parallel to the plasma axis) were made by
pivoting a mirror. The spectrum at a given position in the plasma
could be scanned (when direct read-out was used) with a sine bar
wavelength drive (Jarrell—Ash No. 70—005), which rotates the grating
80 that the wavelength seen by the center of the focal plane corresponds
to the wavelength indicated on a counter. Twelve scan rates, ranging

from 1 to 500 K/min were available.

8.5 Quench Probes

The quench probes were used both to augment the recovery of

product by collection on its outer wall and to introduce quench gases
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countercurrent to the plasma flow. To meet this dual need, a water-
cooled probe consisting of three concentric stainless tubes was used

(see Figure 5). Three different probes were used, with outer tube
outside diameters of 0.148 inch, 0.250 inch and 0.375 inch. The two
larger probes had stainless tips heliarced to the tubing and the smallest

probe had a copper tip silver soldered to the probe.

8.6 X-Ray Sample Probe

The x-ray sample probe was designed to collect product samples
suitable for x-ray diffraction analysis. X-ray samples could not be
prepared in the usual way (grinding to -200 mesh and mixing into a
matrix of vaseline) because of the highly pyrophoric nature of some of
the product. The sample probe, shown in Figure 6, was a water-cooled,
0.250 inch 0.D. copper tube. A small cup was made on the end by setting
a thin copper disc inside the tubing and silver soldering it in place.
After collection of a sample, the cup was cut off and a new one made

for the next run.

8.7 Plate Development and Analysis Equipment

The two 4 by 10 inch Spectrum Analysis Plates used for a
given set of runs were developed singly in a temperature controlled
tank. The developer and fixer temperatures were held to within + 0.2°F,
During the developing and fixing, continuous agitation was applied to
the fluid in the trays. The plates were analyzed by scanning the
spectra with a Leeds and Northrup Recording Microphotometer (No. 6700-P-1)
in conjunction with a Leeds and Northrup Speedomas G Logarithmic strip

chart recorder.
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8.8 X-Ray and Wet Chemical Analysis Equipment

The x-ray diffraction analyses were done with a Norelco
Diffractometer (Type 42202) using a copper target. A Norelco Universal
Vacuum X-ray Spectrograph (Type 52530) with a chromium target and either
a LiF or EDDT crystal was used for the fluorescent analyses. The out-
put from the diffractometer and spectrograph was recorded with a
Minneapolis-Honeywell strip chart recorder.

The quinolate precipitations were performed in 50 ml erlenmeyer
flasks and the precipitates were filtered out with a sintered glass
funnel, using vacuum. The solution was cooled to 60°C, prior to the
filtration, in a constant temperature bath. The dissolution of the
precipitate and all subsequent operations occurred in a 250 ml iodine
determination flask. All weighings of less than 200 gm were performed
with a RIGHT-A-WEIGH balance manufactured by William Ainsworth and Sons,
Incorporated. This balance is accurate to + 0.2 mg. Quantities of
over 200 gm were weighed on a Mettler (Tara 0-2000 gm) balance, which

is accurate to + 0.5 gm.



9. EXPERIMENTAL PROCEDURES

9.1 Start-Up and Safety Procedures

After supplying cooling water to the generator and throwing
a line power switch, the oscillator filament was actuated and allowed
to warm up until the plate ready light began to glow. Then the argon
(including carrier gas) and cooling water flows were initiated. Power
was supplied to the plate, the powerstat set on 50 and the grid current
adjusted to 10 percent of the plate current with the grid control. The
powerstat was set on 7O and the high voltage from the tesla coll was
applied to the argon above the induction coil to partially ionize the
gas and create a discharge. If a stable discharge was not obtained,
the powerstat reading was increased and the tesla coll treatment repeated
until the discharge persisted. By slowly increasing the powerstat read-
ing, the plasma was obtained. The plasma intensity was then maximized
by readjusting the grid current to 10 percent of the plate current with
the grid control. The desired operating conditions were set by proper
balancing of the power and grid controls. Oxyacetylene welding goggles
were worn whenever the plasma was viewed directly and warning lights,
which had been installed at the laboratory entrances, were on during all
plasma operations.

When the reducing gases, H,, CO or CHy were used, the
exhaust fan was turned on and the feed line for the gas was flushed
with helium. It was determined (by conversing with The University of
Michigan Environmental Health personnel) that an exhaust rate of 1210

cfm of air was adequate protection against a maximum possible Ho usage

=45~
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of 1 c¢fm. The plasma was initiated and optimized with argon as described
above. If the reducing gas was to be used in the plasma itself, the gas
was slowly bled into the plasma with the tangential argon while the
power and grid controls were constantly adjusted. When the desired
recucing gas flow rate was reached, the power level for the run was set
and the grid current-plate current ratio balanced.

The use of Hp, CO or CH& as a quench gas did not affect
the generator operating conditions since the gas did not pass through
the induction coil. Therefore, much higher flow rates of the reducing
gases were possible. After the argon plasma was started and the operating
conditions were set, the quench probe was positicned in the plasma with
a vertical traversing mechanism to be about 3/& inch below the induc-
tion coil, as shown in Figure 7. This could not be done prior to the
plasma start-up since the induction coil would couple to the probe
instead of the argon and a plasma could not be obtained. When the
probe position was properly set, the quench gas flow was initiated
and brought to the desired level.

The correct aluminum oxide flow rate was attained by adjust-
ment of the position of the venturi tube in the bottom of the hopper
(a constant carrier gas flow rate was used). The powder pick-up arrange-
ment is depicted in Figure 8. The powder flow rate was determined by
weighing samples collected during a known time interval. This was done
before and after each run. The oxide was not introduced into the reactor

until the plasma had been established.
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9.2 gelection of Reactor Design

According to Marynowski,<68) when solids are fed into a
plasma, it is desirable to use an induction coil with a reverse turn
at the bottom in order to achieve axial stability of the plasma.
Supposedly, the introduction of solids shifts the vertical position of
the plasma. This is prevented by the reverse turn, which sets up a
magnetic field in opposition to the plasma flow. This approach was
tried in the initial experiments, but was found to be unsuitable. With
a coil of five turns in one direction and one reverse turn, an arc be-
tween the reverse coil and the cooling water was invariably obtained
during the start-up of the plasma. The result was breakage of the pyrex
cooling water jacket. Since a glass reactor was necessary for the
spectrographic studies, the above coil had to be abandoned. The coil
was replaced by a simple five turn coil and axial stability problems
were not encountered.

In an attempt to collect all of the reduction products, a
brass product collector preceded by a water-cooled quench chamber was
placed directly below the reactor. Although the chambers were supported
from below, they put too much constraint on the quartz reactor. As a
result, the reactor would break during a run. Since the brass chambers
had to be discarded it was decided to forego total collection of the
products. So the conversion was based upon the amount of material
actually collected and quench probes were used to increase the recovery.

The third item of importance was the choice of an alumina
powder feed tube. A water-cooled stainless feed tube, similar to the

quench probes (see Figure 5), was first tried. In order to achieve
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centerline feed of the solids into the plasma, however, the tube tip
had to be placed about a half inch above the induction coil. This
caused arcing from the coil to the tip and water leaks developed. The
alumina tube was then tried and was found to be perfectly suitable.
Even though the plasma region began at the end of the tube, melting

did not occur.

9.3 Qualitative Analysis of Alumina

Since the aluminum oxide used in this investigation was not
chemically pure, an analysis of the material was necessary. The presence
of small impurities would not affect the alumina reduction but could
interfere with the quantitative analysis for aluminum. A probable
analysis of the alumina was supplied by the manufacturer (Carborundum
Corporation) and it was checked by the methods discussed in this section.

X-ray diffraction, x-ray fluorescence, and optical spectro-
scopy were all used for the alumina analysis. A sample of aluminum oxide
in a matrix of vaseline was analyzed with the diffractometer. . The pro-
cedure was to scan the region from 20 = 15° to 80° (see Section 7.2)
and identify the line spectrum as much as possible. Fluorescent analysis
of alumina powder was similarly performed. The powder was placed in
the spectrograph, a vacuum drawn and 20 varied over a range large
enough for identification of the elements present. Both LiF and
EDDT cyrstals were used for the analysis. The x-ray tube power supply
was operated at 35 KV and 15 ma for the diffraction and fluorescence

studies.
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Optical spectroscopy was used in two different experiments.
In the first, alumina was fed into a plasma and various regions of the
spectrum were scanned using direct read-out. Identification of the
spectral lines constituted an analysis of the elements present in the
alumina. For the other analysis, alumina was put in a hollow cup made
in the end of the vertical electrode of a carbon arc lamp (Bausch and
Lamb Optical Company, Automatic Arc Lamp, 5-10 amperes dc). The lamp
was mounted on the optical bench of the spectrograph, an arc was struck
and the spectrum recorded on a palr of SAl plates. Analysis of the

spectrum identified the elements present.

9.4 Analysis of Reaction Zones

The purpose of analyzing various sections of the plasma was
to identify the aluminum containing species present. This was expected
to provide significant information about the nature of the vaporization
and quench processes., The analysis was performed with the optical
spectrograph, using direct read-out, by scanning spectral regions of

interest at various points in the plasma.

9.5 Identification of Product

The rigorous Group III qualitative chemical analysis given
by McAlpine and Soule(69) was used to examine the product for the
presence of Al, Fe and Cr. "Aluminon-reagent" (0.l percent solution
of ammonium aurin tricarboxylate) was the aluminum detector. Prior to

this determination, the product was placed in half concentrated HCL

to put the metals into solution.
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Tt is conceivable that ALO or Al,0 might also form Al"3
in HCL and give a positive "aluminon" test. Since AlO0 and Alp0O
were not ruled out as possible products, an x-ray diffraction analysis
of the product was also made. Three product samples were obtained with
the x-ray sample probe set directly in the plasma, using the vertical
traversing mechanism (as in Figure 7). The samples were mounted linearly
in a standard x-ray sample holder. The sample holder was rotated to
give a maximum intensity for the - A1203 line at 20 = 37.75°. Then
20 was varied continuously to give a spectrum of diffraction lines.
Seamples collected in Ar-CO and Ar-CH, plasmas were also

examined by diffraction analysis. This was done to see what effect the

addition of carbon to the system had on the nature of the products.

9.6 Determination of Aluminum

The following procedure was followed to determine the amount

of Al in a given product sample:

1. Put the product in half concentrated HCl (to dissolve
the Al) and weigh the total. Use a weighed flask.

2. Allow the undissolved solids to settle and determine the
density of the solution by pipetting off and weighing
three 10 ml portions.

3. Pipette off most of the remaining solution and save.

L. Wash the solids, filter and weigh.

5. Take a known volume of the solution, precipitate the
aluminum quinolate and cool to 60°C. Two samples were

used for each run.
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6. TFilter the quinolate, dissolve in HCl and determine
the Al by the bromate method.
7. Determine the volume of the total solution from steps

1, 2 and k.

The Al density of the sample in step 5, multiplied by the total volume,
was the total amount of Al in the product.

The method used for precipitation of aluminum quinolate(63)
applies to solutions containing not more than 0.5 mg Al/ml. Tartaric
acid equal to about five times the amount of Al present and 4 to 6 gm
ammonium acetate were added to the solution. Bromocresol purple (8-10
drops) was added and the solution neutralized to the purple end point
with half concentrated NH,OH . An excess of 8-quinolinol (1 ml/3 mg Al)
was added, the solution heated in a boiling water bath until a yellow
precipitate was obtained and the mixture cooled to 60°C in a constant
temperature bath.

The 60°C solution was filtered with moderate suction through
a sintered glass funnel and the gquinolate washed with 100 ml of cool
water. The precipitate was dissolved in half concentrated HCL and
dilute HCL was sucked through the frit and added to the volume.

The 8-quinolinol formed by dissolution of the aluminum gquino-
late in HC1 was brominated with the KBrO3-KBr solution. An excess of
about 2-3 ml of the solution was added; the mixture stirred and allowed
to react for 60 seconds. An excess of the 20 percent KI was added and
the iodine titrated with thiosulfate to the starch end point. The starch

was added just before the yellow ilodine color disappeared to prevent
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unfavorable side reactions. This method is discussed in greater detail
by Kolthoff and Belcher,(63)

The effect of Fe and Ti in the product was investigated
by removal of the impurities and determination of the Al . Xolthoff
and Belcher(63) agree with Kodama(62) that Fe and Ti quinolates
precipitate in the presence of sodium malonate in 5 ﬁo 10 percent acetic
acid., Therefore a known volume of solution (see step 3 above) was
neutralized with NH,OH and glacial acetic acid added. Di sodium
malonate (80 times that needed to complex the Al) was added, the solu-
tion diluted to give 5 to 10 percent acetic acid and 8-quinolinol added.
The solution was boiled gently to precipitate the Fe and Ti quino-
lates, cooled to 60°C and filtered.

The filtrate was treated to form aluminum quinoclate by addition
of tartaric acid, ammonium acetate and dropwise addition of NHJOH and
8-quinolinol. The precipitation was done in a boiling water bath. The
amount of aluminum was then determined by the method outlined above. The
Pe-Ti removal procedure was repeated with a pure A3 solution as a

check.

9,7 -Measurement of Argon Temperature

The argon temperature was measured at the power levels studied
in this work, using a clear reactor of known transmittance (see Appendix
IV). The 4158.59 and M259.36 K ArI lines were scanned at 10 E/min
and the outputs of the direct read-out from the optical spectrograph
were integrated to give the absolute line intensities. The argon tem-

perature was then determined as the average of the two values obtained
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from Figure 2. Since radial temperature profiles exist in the plasma,
the argon temperature obtained above represents an average along the

diameter of the plasma.

9.8 Measurement of Aluminum Temperature

Aluminum temperatures were determined by the method discussed
in Section 6.4 for most of the final experimental runs. The temperatures
were measured at a point 1/2 inch below the coil on the centerline of the
plasma and are an average for the plasma along the diameter. The spectra
at this position were recorded on the SAl plates with the use of the
optical spectrograph.

Line profiles were obtained for the 3082.15 K, 3092.71 ﬂ,
3944.03 &, 3961.53 & ALy lines used in this work. The lines were
scanned with the recording microphotometer to give profiles of silver
density of the line recorded on the plate versus wavelength. These
were converted to relative intensity versus wavelength by the calibra-
tion curves (see Appendix III). Integration of these profiles gave the
absolute intensities of the four lines and the temperature followed
from the "multi-line" method. The integration procedure is discussed

in Appendix VI.

9.9 Study of Reaction Variables

The three variables that were studied in detail were the
A1203 particle size, A1203 mass flow rate and power input to the
plasma. This three variable investigation was preceded by an examination
of the effect that build-up of solids on the reactor wall had on conversion
of alumina. The purpose was to see if it would be necessary to limit

the length of the runs.
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The A1203 particle size and flow rate were varied at a
constant power input level (the lowest power level of this work).
Several flow rates were used for the smallest particle size to deter-
mine the shape of the flow rate versus conversion curve. This made
it possible to use only three flow rates for the other two particle
sizes and still cover roughly the same range of conversions. The
effect of power input was determined by a single set of runs. Three
power input levels were used at a constant A1203 flow rate and the
smallest particle size.

The use of diatomic and polyatomic gases, viz. Hp, CO and
CHu , in a plasma requires considerably more power than argon alone.
Since the range of reducing gas flow rates was restricted by the power
capacity of the r.f. generator, it was decided to use a single run for
each of the three gases. An intermediate A1203 flow rate and the
smallest particle size were used for the runs. The argon flow rates

were maintained constant for all of the runs discussed in this section.

9.10 Quench Methods

For the experiments covered in Section 9.9, the conversion
of alumina to Al was based on the amount of product collected instead
of the A1203 input flow rate. Water-cooled quench probes were then
used to show that it would be possible to increase the recovery with-
out lowering the conversion. The significance is that if a reactor
were designed to recover nearly all of the product, the conversions

obtained in this work would be maintained. This could be done, for

example, with a water-cooled metallic reactor followed by a suitable
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collection chamber. The probes were positioned directly in the plasma
so that the tip was about 3/4 in below the coil (see Figure 7). This
was done with a vertical traversing mechanism. Three probe sizes were
tried and a single run was made with each, using the smallest A1203
particle size.

The effect of Hp, CO and CHy, as quench gases was determined
by introducing the gases through the 0.250 in 0.D. quench probe counter-
current to the plasma. The probe tip was an inch below the coil. Several

Hyp flow rates and one each for CO and CH, were used.



10. EXPERIMENTAL RESULTS AND ANALYSIS

10.1 General
The scope of this work was outlined in Chapter 4 and dis-
cussed in greater detail in Chepter 9. The results of the experimental

program are presented and analyzed in this chapter.

10.2 Qualitative Analysis of Alumina

The reactant aluminum oxide was analyzed by several qualita-
tive techniques and the results compared with the probable composition
supplied by the manufacturer (Carborundum Corporation). It was not
possible to obtain a complete analysis by any one of the techniques
employed, but the composite analysis was essentially complete. The
results of the various analyses are presented in Table II and the com-

posite analysis is compared with Carborundum's probable analysis in

Table ITII.
TABLE II
ANALYSES OF REACTANT ALUMINUM OXIDE

1. X-ray 2. X-ray 3. Optical Spectroscopy
Diffraction Fluorescence (a) Plasma (b) Carbon Arc
X-A1504 Ti Al Al

Fe Ti Ti
a few
unidentified Zr Fe Fe
impurities

Ca Si

-58-
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TABLE IIT

COMPARISON OF COMPOSITE ANALYSIS
WITH CARBORUNDUM'S PROBABLE ANALYSIS

Composite Carborundum's
-Analysis Composition
X-Alp05 <><-A1203 97.03 %
Ti Ti0, 2.10
Si Si0o 0.50
Fe Fe203 0.20
Zr Zr0p 0.13
Nago 0.02
Ca MgO+Cal 0.02
100.00 9%

X-ray fluorescent and optical spectroscopic analyses identify
only the elements present in a sample and not the state of their chemi-
cal combination. Diffraction analysis determines the compounds present
but requires at least three diffraction lines for a positive identifica-
tion of a substance. Thus it is not very suitable for impurities present
in small amounts. None of the analyﬁical techniques used are particularly
sensitive to oxygen or small concentrations of Mg or Na . Consequently,
the composite analysis is in substantial agreement with Carborundum's

probable composition and the latter can be accepted as true.
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The presence of TiOp, Fe203, ZrOp and $S10p 1in the reactant
alumina indicated that Ti, Fe, Zr and ©Si would be possible contami-
nants in any reduction product. Therefore, the effect that their presence
would have on a quantitative analysis for Al was determined. The

result of this investigation is given in Section 10.5.

10.3 Analysis of Reaction Zones

The aluminum containing species were identified at various
points in the argon plasma and tail flame by using the direct read-out
of the spectrograph. As is shown in Figure 9, the plasma core consisted
only of atomic and ionic species. This hot core was surrounded by a
thin region containing Al0 and Al . Both AlO0 and Al were also
detected throughout the cooler tail flame of the plasma. Figure 10
shows typical Aly lines in the plasma core and their intensities rela-
tive to nearby Tipp lines. The presence of TiII lines throughout the
spectrum instead of Tip 1s explained by the greater relative intensities
of the Tipy lines. The Fer lines were also much weaker than Tirr
lines although the former were definitely obtained.

The 4850 4, 22:- 22: band system of AlO was observed in
the tail flame and is partially presented in Figure 11. It was impos-
sible to discern if Alp0 was also present anywhere in the plasma
since Alo0 spectra have not been reported in the literature. However,
some negative inference can be drawn from the absence of extraneous
band structure, which could be attributed to Al,0 , throughout the
spectral regions scanned.,

Although AlO was not observed in the hot plasma core, its

presence in the cooler regions of the argon plasma supports the contention
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that AlO predominates over Al,0 1in a neutral or oxidizing atmosphere
(see Section 3.2). Thus it is quite credible that the A1203 dissoc-
iates to AlO and O as it i1s heated in the plasma. The AlO in
turn quickly dissociates to Al and O , which explains the absence

of detectable AlO in the plasma core. The formation of AlO in the
cooler regions also means that any quench process aimed at recovering

Al  from the plasma must either be rapid enough to prevent significant

formation of AlO0 or provide a reducing agent to preferentially react

with the oxygen.

10.4  Identification of Product

The rigorous group III qualitative chemical analysis of product
obtained from the reduction of A1203 in an argon plasma gave positive
tests for Al and Fe . The test for aluminum was quite strong whereas
that for Pe was weak. The presence of Al in the product was con-
firmed by an x-ray diffraction analysis. The only diffraction lines in
addition to the Al 1lines were due to cK—A1203 s X‘—A1203 and the
impurities that were present in the reactant alumina. The Al diffrac-
tion line at 20 = 38.5° and the adjacent CK—A1203 line are presented
in Figure 12. Since these lines overlap somewhat, the missing portions
of each have been sketched.

It is certain from the above results that Al 1is the reduc-
tion product of A1203 instead of a solid aluminum suboxide. This Al
was found to be highly pyrophoric and finely divided. It is also definite
that Fe is.present to interfere with the quantitative analysis for Al .

Since Fego3 is much more easily reduced than TiOp or ZrOo (see
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Section 2.1), and since the amount of Fe 1is much less than the Al ,
it is probable that Ti and Zr are not present to a significant
extent in the product. Zirconium can definitely be neglected because
of the very low concentration of ZrOp, in the original alumina.

Samples obtained from the reduction of Al in Ar-CO

203
and Ar-CH, plasmas were also analyzed to determine the nature of the
products. Both gave positive qualitative tests for aluminum with the
"aluminon-reagent" and both contained a considerable amount of carbon.
Diffraction analysis of the product from the Ar-CO reduction identi-
fied Al,(X-A1203 and X-A1203 . Similar analysis of the product

from the Ar-CH, reduction indicated that AluC3 was present in the

sample. The aluminum oxycarbides, Al,0C and A1),0,C , were not found

in either case nor were solid aluminum suboxides.

10.5 Accuracy of Aluminum Determinations

Extreme accuracy was not attempted for the quantitative deter-
minations of aluminum in the product. The alumina mass flow rate varied
enough during an experimental run, sometimes by as much as + 15 percent,
that it was sufficient to know the Al- content within 5 percent. The
bromate method for determination of Al was checked with measured
volumes of a solution containing a known amount of Al . The solution
was prepared by dissolving 1.012 gm of Al powder in HCl and diluting
to 1 liter. These checks were performed prior to and during the time
that experimental runs were being made.

The aluminum in the known samples was determined within 1.k

to 2.5 percent of the correct amount. The value obtained was always
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less than the correct value. Therefore, the aluminum determined in the
reduction products should have been within 2.5 percent of the amount
actually present, assuming that the contaminants Fe and Ti had no
effect. Since these metallic impurities would show up as Al in the
bromate method, their presence should give a high value for the amount
of aluminum in a sample.

To ascertain the influence of Fe and Ti , a 10 ml sample
of the solution obtained by reacting the product from a run with HCL
was treated to remove Fe and Ti . The remaining solution was found
to contain 2.73 mg Al while 2.62 mg Al were found in 10 ml of solu-
tion from which Fe and Ti had not been removed. This variation of
+ 2 percent from the average was within the desired accuracy limit and
it was decided to forego removal of Fe and Ti in the later work.
Subsequent results obtained with duplicate samples also gave variations
as high as + 2 percent from the average (duplicate samples were used
for the final experimental runs). In view of the above results, it is
felt that the aluminum determinations were easily within the desired

5 percent accuracy limits and in most cases were within 3 percent.

10.6 Effect of Alumina Flow Rate and Particle Size

The alumina mass flow rate and particle size were varied while
holding the power input level and argon flow rates constant. The experi-
mental runs were of a two minute duration. The time limit was dictated
by the effect of the build-up of solids on the reactor wall, which was
determined from the results of runs of different duration, presented in

Table IV. They show that the greater the amount of solids collected on
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the reactor wall, the lower the percent conversion of the alumina.
These results could not be explained by the variation in the alumina
flow rate. So in order to determine the effect of wvarying this flow
rate, the subsequent runs were of a constant time length. Since very
low flow rates were planned, at least two minute runs were necessary

to collect sufficient product for analysis.

TABLE TV

EFFECT OF SOLIDS BUILD-UP

Run ‘Alumina Total Percent
Length Flow Rate Solids Conversion
(min) (gm/min) Collected

(gm)

0.5 0.72 0.25 2.6

1.0 0.39 0.39 2.5

2.0 0.60 0.84 1.9

4.0 0.70 1.95 1.8

Three particle sizes: 500 mesh (26M), 400 mesh (374) and

320 mesh (45M); and alumina flow rates ranging from 0.03 to 0.60 gm/min
were used in the study. The power input to the plasma was 5.03 kw and
the axial (solids carrier gas), coaxial and tangential argon flow rates
were 2.5, 3.7, and 45.4 gm/min respectively. The variation of percent
conversion with alumina flow rate for the three particle sizes is shown
in Figure 13. A single run was also made with 60 mesh (25guj alumina
flowing at'O.l9 gm/min. There was no aluminum in the product nor was

there any spectroscopic evidence of gaseous Al in the plasma. The
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conversion of alumina for this study was based upon the amount of
aluminum and alumina collected on the reactor wall.

As expected, the 500 mesh oxide gave a higher conversion than
the 400 mesh alumina throughout the entire range of flow rates that
were used. This is logical because a smaller 500 me sh particle vaporizes
more completely than a 400 mesh particle under the same conditions.

The increase in conversion with a decrease in solids flow rate,
exhibited by both 500 and 400 mesh alumina, is also reasonable. The
lower the alumina mass flow rate, the fewer particles are present in any
section of the plasma at a given time. This means that energy is trans-
ferred from the plasma to each particle more efficiently as there is
less interference due to nearby particles. As the oxide flow rate in-
creases, the hindrance to the heat transfer becomes greater and the
particles are less thoroughly vaporized. When the flow rate of solids
is sufficiently great a larger load is presented to the generator and
the plasma begins to be affected. Eventually, the plasma is extinguished
unless the power input is increased.

The anomalous behavior of the largest particles (320 mesh)
can be explained. Taken by themselves, the results for 320 mesh oxide
are reasonable as the increase in conversion with decrease in oxide
flow rate is exhibited. In addition, the high flow rate result agrees
well with the conversions obtained for 325 mesh alumina by Stokes,
gz_gk.,(86) as is shown in Figure 13. ©Since Stokes and his associates
did not correlate conversion with alumina flow rate, the point in Figure
13 attributed to them is their highest conversion (5 percent) at their

lowest oxide flow rate (0.5 gm/min). Since a helium plasma was used,



-71-

which requires considerably more power than argon for comparable

plasma temperatures and heat transfer, their 11.6 kw power input is

not significant. This was confirmed experimentally. A helium-argon
plasma (0.33 gm/min He and 51.6 gm/min Ar) required 5.33 kw for
stability while a pure argon plasma flowing at 51.6 gm/min was stabilized
with 5.03 kw. But the use of helium and the higher power input did not
improve the conversion of alumina. The addition of H, to the plasma
flame (as the oxide carrier gas) by Stokes and his co-workers is similar
to the quench studies of this work because the Hp did not pass through
the arc. It is shown in Section 10.9 that this also does not greatly
increase the conversion.

The intersection of the conversion versus flow rate curve for
320 mesh with the curves for 400 and 500 mesh alumina at higher flow
rates is explained by the relative extent of hindrance to the heat
transfer. As the particle diameter increases, the number of particles
at a given mass flow rate decreases. So there are fewer 320 mesh parti-
cles in a given volume of plasma at any time and the heat transfer from
the plasma is more efficient. As the alumina flow rate decreases, this
effect is less noticeable and the curves intersect.

At very low oxide flow rates, single particle flow is approached
and an increase in conversion with decrease in diameter is clearly ex-
hibited. The conversions obtained at low flow rates agree qualitatively
with the extents of vaporization predicted by the computer solutions to
the heat, mass and momentum balances. The comparison of the computer

and experimental results is given in Section 10.11,
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10.7 Effect of Power Input

The effect of the power input to the plasma was determined
by varying the power at a constant alumina flow rate of 0.23 gm/mins
Power inputs of 5.03, 5.86 and 6.69 kw and 500 mesh alumina were used.
The argon flow rates were the same as in Section 10.6.

The variation of converéion with power input is given in
Figure 14. The increase in conversion with an increase in power input
was due to two phenomena. First, the argon temperature and the energy
content of the plasma were greater. As a result, the particle was more
completely vaporized and the concentration of aluminum in the plasma
was greater, Second, the aluminum temperature was higher so that the
aluminum had a greater diffusivity. (The temperature results are given
in Section 10.10) It was shown in Section 5.2 that both effects increase
the molar flux of Al to the quench surface. Consequently, the rise in
the conversion at the higher power levels was expected. As in Section
1006, the conversion of alumina was based upon the amount of aluminum

and alumina collected on the reactor wall.

10.8 Effect of Reducing Gases in the Plasma

Single runs were made with each of the reducing gases (HEF CO
and CHh) added to argon plasmas. The same argon flow rates as in
Sections 10.6 and 10.7 and 500 mesh alumina were used in the study.

The results are presented in Table V along with the results for argon
plasmas at comparable alumina flow rates and power levels. Only the

aluminum and alumina that collected on the reactor was considered.
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TABLE V

EFFECT OF Hp, CO AND CH,

Gas Gas Alumina Power Percent
Flow Flow Rate Input Conversion
(gmol/min) (gm/min) (kw) of Alumina
Ho 0.045 0.17 5.53 22
co 0,016 0.15 5.63 L6
Ar - 0.16 5.58 23
CHy, 0.025 0.17 5.03 Lo
Ar --- 0.17 5.03 9

It was predicted in the discussion in Section 5.1 that

hydrogen would not greatly increase the conversion of alumina and

that carbon would be of considerable benefit.

the results obtained with Hp, CO and CH, .

This is confirmed by

Hydrogen had no notice-

able effect while carbon monoxide nearly doubled the conversion ob-

tained with argon alone.

version was more than quadrupled.

At a lower power level with methane the con-

It appears that methane is more effective than carbon monoxide.
When CO 1is dissociated, oxygen is added tc the system. So some of
the beneficial effect due to the carbon is negated by the additional oxygen.
Since carbon condenses easily from the gas phase it is more likely to be
in the quench region than oxygen. As a result, the conversion of the
alumina is-increased despite the extra oxygen. Methane, however, pro-

vides carbon without the introduction of oxygen. Furthermore, the study
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of CO and CHy as quench gases indicated that methane dissociated

more easily than carbon monoxide.

10.9 Quench Methods

The alumina conversions reported in Sections 10.6 through
10.8 were based upon the amount of aluminum and alumina collected on
the reactor wall, as it was not attempted to recover all the product
from the plasma. Water-cooled gquench probes and different quench gases
were then used in separate experiments to show that the recovery of pro-
duct could be augmented while maintaining or improving the conversions
obtained in the previous studies under the same operating conditions.
Argon plasmas, with the same flow rate as in Sections 10.6 through 10.8,
a power input of 5.03 kw and 500 mesh alumina were used for the quench
studies.

The conversions based upon the material collected on water-
cooled quench probes are compared with the conversions obtained with
the product collected on the reactor wall in Table VI. It is clear that
the quench probes can be used not only to recover additional product
but also to increase the conversion. The results obtained with the two
larger quench probes can be explained by the discussion in Section 5.2.
The probes were placed directly in the plasma, where the aluminum con-
centration and temperature are the highest. Therefore, the molar flux
of Al +to the quench probe surface is greater than the flux to the
reactor wall. In addition, the distance through which the Al must
diffuse to be quenched is‘less for a probe in the plasma. The result is
that greater conversions are obtained with the product collected on the

quench probes.
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The result for the smallest probe do not contradict the above
argument. With the 0,148 in 0.D. probe, the alumina flow rate was suf-
ficlently great that the vaporization of the oxide was fairly incomplete.
Therefore, the probe was in contact with a much larger number of molten
alumina particles than the other probes. These molten particles collect
on the probe and build up a layer of solids that inhibits the quenching
of aluminum (see Section 10.6). The reactor wall, however, was not in
as intimate a contact with the unvaporized alumina as the probe was and

so the conversions in the two cases were about the same.

TABLE VI

CONVERSIONS OBTAINED WITH QUENCH PROBES

Quench 500 Mesh Percent Conversion
Probe Alumina Flow

0.D. (gm/min) Reactor Quench
(in) Wall Probe
0.148 0.47 3.1 2.9
0.250 0.22 7.1 20
0.375 0.21 7.7 16

The quench gases (Hg, CO, and CHL) were introduced into the
lower section of the plasma core countercurrent to the plasma flow. The
purpose was to see what effect these gases would have upon the conversion
of the product collected on the reactor wall. The material obtained on
the probes, through which the gases were fed, was not analyzed.

The results obtained with four different hydrogen flow rates

are presented in Table VII. These conversions are compared with those
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for zero hydrogen flow in Figure 15. The amount of hydrogen used was
not important and the use of any hydrogen as a quench increased the

conversion only slightly.

TABLE VIT

EFFECT OF HYDROGEN-QUENCH FLOW RATE

Hydrogen 500 Mesh Percent
Flow Rate Alumina Conversion
(gmol/min) (gm/min) of Alumina
0.13 0.58 3.0
0.21 0.17 10
0.39 0.27 6.7
0.58 0.17 10

The conversions achieved with CO and CHﬂ as quench gases
are compared in Table VIIT. In both cases, carbon was deposited on the
reactor wall, but considerably more was obtained with methane. However,
both CO and CH& produced about the same percentage improvement in

the conversion.

TABLE VITI

EFFECT OF CO AND CHy, AS QUENCH GASES

Quench Quench 500 Mesh Percent
gas Gas Flow Alumina Conversion
(gmol/min) Flow of Alumina
(gm/min)
Co 0.10 0.15 26
0.0 0.15 10
CH), 0.12 0.16 19

0.0 0.16 9.4
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Figure 15. Comparison of Conversions Obtained With and Without the Use

of Hydrogen as a Quench Gas.
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The effect of any quench gas is to lower the temperature of
the aluminum (see Section 10.10). But the diminished aluminum diffu-
sivity is counteracted by the presence of a reducing atmosphere to react
with some of the oxygen. This decreases the formation of AlLO and AlpO
during the quench and more Al 1s recovered. It was shown in Section
5.1 that carbon has a much greater affinity for oxygen than hydrogen
does. So the more effective quenching by CO and CHy, in comparison

with Hp 1is reasonable.

10.10 Argon and Aluminum Temperatures

Argon temperatures were determined at the three power levels
of Section 10.7. The temperatures, presented in Table IX, are averages
of the values obtained using the 4158.59 and 4259.36 & Ary lines. The
enthalpies of atmospheric argon plasmas at these temperatures are also
given. It is seen that while the argon temperatures increased only 3

percent, the enthalpy became 10 percent greater.

TABLE IX

ARGON TEMPERATURE AND ENTHALPY

Power Argon Plasma

Input Temperature Enthalpy(28>
(kw) (°K) (cal/gm)
5.03 10,900 1900
5.86 11,100 2030

6.69 11,200 2100




-80-

Aluminum temperatures, which were obtained for most of the
experimental runs of this work, are given in Table X. The temperatures
are generally low and inconsistent. For example, the aluminum tempera-
ture should increase as the alumina flow rate decreases. The results
for 500 mesh alumina do not exhibit this behavior throughout the range
of flow rates studied. The temperatures obtained for the 400 and 320
mesh oxide, however, are consistent. The poor quality of the aluminum
temperatures is due to the nature of the silver images obtained on‘the
spectrographic plates. In most cases, the images of the 394L.03 and
3961.53 X AlI lines were so dense‘that complete line profiles were
not obtained. $So in order to determine the intensity of the lines, the
missing portions had to be estimated (see Appendix VI). The inaccuracies
inherent in the "multi-line" method (Section 6.4) also add to the devia-
tions. Figure 16 shows a typical plot of ﬂn(I/VgA) versus E for
determination of the aluminum temperatures.

Despite the poor results, it is possible to derive some
gualitative information from the aluminum temperatures. The use of a
quench gas lowers the temperature of the aluminum as does the use of
He or Hp in the plasma. Higher aluminum temperatures are obtained at
greater power input levels and lower alumina flow rates. Any other

conclusions would be conjecture.

10.11 Solution of Heat, Mass and Momentum Balances

The computer solutions of heat, mass and momentum balance
equations for aluminum oxide particles in an argon plasma are compared

with the experimental results at low flow rates. The equations were
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TABLE X

ALUMINUM TEMPERATURES

Alumina Aluminum
Flow Rate Temperature Remarks”
(gm/min) (°K)
0.58 2000 Ho quench, 0.13
gmol /min
0.27 3000 Hp quench, 0.27
gmol /min
0.17 2800 Ho quench, 0.58
gmol /min
0.15 3200 CO quench, 0.10
gmol /min
0.15 2600 He in plasma,
5.33 kw
0.17 3200 Ho in plasma,
5.53 kw
0.h49 3000
0.37 4400
0.23 4100
0.23 5200 5.86 kw
0.23 5200 6.69 kw
0.21 3500
0.16 5900 5.58 kw, complete
profiles used
0.06 3900
0.33 4200 L00 mesh
0.31 5100 320 mesh, complete
profiles used
0.05 6100 320 mesh, complete

profiles used

*Unless otherwise stated, 500 mesh alumina and 5.03

kw were used; and the 3944.03 and 3961.53 & Alg
line profiles had to be completed.
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solved for various particle sizes and for 500 mesh alumina at higher
power levels. The comparison is made with the results from low solids
flow rates because at higher flow rates, the particles begin to inter-
fere with heat transfer to each other. The assumption that the particle
surfaces were uniformly accessible for heat and mass transfer was used

in the derivation of the equations.

The computer solutions estimate the amount of alumina that
will vaporize. This is reported as percent vaporized, which is 100 times
the volume vaporized divided by the initial volume for a spherical
particle. The conversions predicted for 320, 400 and 500 mesh alumina
at a flow rate of 0.06 gm/min (taken from Figure 13) are compared with
the percents vaporized, determined for the same plasma conditions, in
Figure 17. Since the two curves have the same shape, it appears that a
constant fraction of the vaporized aluminum is recovered. It can be
concluded that the conversion of alumina increases as more is vaporized.
Since this is true for an argon plasma with collection of aluminum on
the reactor wall, it has been proven that the recombination of aluminum
and oxygen during the quench is less important than the extent of
vaporization of the alumina. Apparently, the condensation of aluminum
occurs more rapidly than the diffusion of oxygen in the same direction
so that once the Al 1is cooled sufficiently, it leaves the oxygen behind.
The percents of conversion and vaporization are also presented
in Table XI for the three particle sizes. The table includes the results
obtained with 60 mesh (25Q/0 alumina and those obtained by Gross, gz_gi.,(u7)
with 200 mesh (YM/Q alumina. This comparison further demonstrates the

increase in the percent vaporization achieved with a decrease in particle
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diameter. It explains the poor results obtained by Grosse and his
associates; they simply did not produce enough gaseous Al . The effect
of the particle diameter also indicates that much higher conversions
than those obtained in this work are possible with smaller particles.
For example, the computer solution for §/L aluminum oxide predicts com-

plete vaporization.

TABLE XI

PERCENTS CONVERSION AND VAPORIZATION
FOR VARIOUS PARTICLE SIZES

Particle Percent Percent
Size Conversion Vaporization
(Mesh) 9“)
500 26 31 54,6
400 37 1k 27.7
320 45 9.0 17.6
200 Th o.2_1.25(u7) 1.86
60 250 0.0 0.0
TABLE XIT

PERCENTS CONVERSION AND VAPORIZATION
AT VARIOUS ARGON TEMPERATURES

Argon Percent Percent
Temperature Conversion Vaporization
(°x)
10,900 7.1 5k .6
11,100 1h 59.7

11,200 16 62.1
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The percent vaporization for 500 mesh alumina with the three
power levels of Section 10.7 is compared with the experimental conversion
in Table XII. (The argon temperature instead of the power input is
given.) The increased vaporization due to the higher plasma temperatures
and energy contents does not alone explain the size of the conversion
increments. Because the aluminum temperatures are also higher in the
greater energy plasmas (see Section lO.lO), the combination of the two
effects can account for the increases in the conversion, as explained
in Section 10.7.

Residence times calculated for the different particles are
given in Table XIII. These times are less than those reported by
Grosse, et al.,(u7) as they did not consider vaporization, which decreases
the residence time. Since the smaller particles spend less time in the
pPlasma and yet are more completely vaporized, the particle diameter is

a more important variable than the residence time.

TABLE XITT

RESIDENCE TIMES FOR ALUMINA PARTICLES

Particle Residence
Size Time
(Mesh) (Millisecond)
500 2.19
400 2.57
320 2.88
200 3.9k

60 9.1k
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Previous inveétigations of heat transfer to solids in plasmas

2—°F

produced heat transfer coefficients of 87-162 and 4000 BTU/hr-ft
for heat transfer to thermocouple tips (0.02 in 0.D.) and small copper
slugs respectively (see Sections 2.4 and 3.3). The heat transfer coef-
ficients for this study were calculated with Equation (5.13). The plasma
properties used in this correlation were those corresponding to the
reference temperature (see Section 5.3), which increased as the solid
surface temperature rose. So the heat transfer coefficient continuously
increased until the vaporization temperature was reached. At this point
the reference temperature remained constant, but the particle diameter
began to shrink and the heat transfer coefficient continued to rise.

So in order to compare the calculated coefficients with those given
above, the values obtained with the particle at its vaporization tempera-
ture, but before vaporization has commenced, are assumed to be repre-

sentative. These coefficients are presented in Table XIV for several

particle diameters.

TABLE XTIV

CALCULATED HEAT TRANSFER COEFFICIENTS
FOR SMALL ALUMINA PARTICLES

Particle Heat Transfer

Diameter Coefficient

(mesh) 9u) (BTU/hr-ft"-°F)
2500 5 23,300
500 26 M,h80
i¥ele} 37 3,150
320 L5 2,590
200 s 1,570

60 250 370
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The coefficients calculated for the 320, 400 and 500 mesh
particles are on a par with those reported for the small copper slugs.
The value obtained for 60 mesh (0.0l inch) agrees well with the 87-162
BTU/hr-ft2-°F range for the 0.02 inch 0.D. thermocouple tips. It is
concluded that the heat transfer coefficients used in this study are
reasonable. Since the calculated particle residence times are also

quite acceptable, the predicted vaporizations should be fairly accurate.



11. SUMMARY AND CONCLUSIONS

The reduction of aluminum oxide to aluminum in an atmospheric,
induction-coupled argon plasma flowing at 52 gm/min was studied experi-
mentally. The conversion of the alumina was based upon the amount of
A1203 and Al collected on the reactor wall. The variation of conver-
sion with alumina particle size, alumina mass flow rate and the power
input to the plasma was determined. Particle sizes of 500 mesh (26M4),
400 mesh (33“) and 320 mesh (hgﬁd; flow rates of 0.03 to 0.6 gm/min;
and power inputs of 5.03, 5.86 and 6.69 kw were used. These power levels
correspond to argon temperatures of 10,900°, 11,100° and 11,200°K respec-
tively. With argon plasmas, the conversions (ranging from 3 to 30 percent)
were generally found to increase with decreasing alumina flow rate and
particle size and with increasing power input. The improvements in the
conversion were due to increases in the percent of the oxide wvaporized.
The results agree qualitatively with the amount of alumina vaporization
predicted by computer solutions to heat, mass and momentum balances
for the oxide. The conversions obtained can be explained on the basgis
of a diffusion controlled quench of aluminum atoms.

The use of water-cooled probes placed directly in the plasma

allowed the recovery of additional aluminum at higher conversions.
This indicates that with a reactor designed to collect a maximum amount
of product, the conversions obtained in this work will be maintained or
even improved. It was also possible to enhance the conversion by using
CO and éHh in the plasma with the argon and as quench gases intro-

duced into the lower section of the plasma core countercurrent to the
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plasma flow. Doubling and quadrupling of the‘conversion was obtained
in this way. The use of Hp in each application was of little benefit.
The relative effect of C and Hp as oxygen scavengers explains the
results.

Wet chemical and x-ray diffraction analyses of the reduction
product from Ar and Ar-CO plasmas identified Al,tx-A1203 and
X‘—Algo3 . Similar analyses of product from an Ar-CHy plasma indi-
cated that Al and AluC3 were present in addition to the oxides. No
solid aluminum suboxides or aluminum oxycarbides were found.

It was determined that AlgO3 vaporizes in an argon plasma
to Al0 and O . The AlO0 in turn quickly dissociates to Al and
O . Recombination of Al and O during the quench was not as important
a consideration as the percent of the A1203 vaporized.

Mean aluminum temperatures ranging from 2000 to 6000°K were
determined for various operating conditions. The results were generally
low and inconsistent. However, it was ascertained that the Al tempera-
ture generally increased with increasing power input and decreasing
alumina flow rate.

The reduction of aluminum oxide with appreciable conversion
has been demonstrated to be quite feasible in an induction-coupled
plasma reactor. It should be possible, on the basis of the results
of this study, to achieve equal success in the reduction of other

metallic oxides that are as stable as alumina.



APPENDIX I
DERIVATION OF MOLAR FLUX OF AL
IN QUENCH ZONE
When steep concentration and temperature gradients are

involved, the radial diffusion of component i in a mixture is given

(8,35)

by:
Nip = - CDim(Ei— + 2L 2—’2) + X3 iN-r (1.1)
or T dr J=1 J
where N;, = radial molar flux of 1 ,
X; = mole fraction of i ,
D;p = effective binary diffusivity for diffusion of 1 in

a mixture,

kp = thermal diffusion ratio (Dp/Dy,), where Dp is the
thermal diffusivity,

C = total concentration,

T = absolute temperature.

The three terms on the right represent the ordinary diffusion, thermal
diffusion and bulk flow contributions respectively.
For low concentrations of species ,i (as is encountered for

Al in this work), kp 1is given by:

kp = bXy (1-2)

(35)

where the constant b does not exceed 0.2 through 0.3. The value
of kp 1is also far less for gas palrs with close molecular weights.

So despite the steep temperature gradients, thermal diffusion can be
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neglected. Deleting the thermal diffusion term and rearranging Equation
(I.1) gives:

CD, X X, =n

o Tim i i 22::
N‘ = = + N- . Ic
1ir 1-X. br l-Xi ST Jr ( 3)

i
3#i
Consider the condensation of component 1 from a mixture when

the other gases are noncondensable. Since these other gases do not con-

dense, the term in Equation (I.3) due to their bulk flow is neglected:

C D, X
N_ - - ._._lm .)i__]; (Ic)‘")
1r l—Xi bI‘

This is the equation used in Section 5.2 to describe the condensation

of Al from an argon plasma.



DERIVATION OF HEAT, MASS AND MOMENTUM BALANCE EQUATIONS

APPENDIX IT

FOR AN ALUMINA PARTICLE

The heat, mass and momentum balance equations, which were

solved to give an approximate description of an alumina particle as

it passed through an argon plasma, are derived in this section.

The

validity of the assumptions used in these derivations is discussed in

Section 5.3.

The velocity and axial position of the particle at a given

time are governed by the momentum balance

where M

O_,"-l:l =
A 1l

=
Q.
1l

M

]

Q,

Q

2

t

Z

no

=(th+Fg—Fb)gc

mass of a solid particle,
gravitational force on the particle,
= buoyancy force due to the gas,

drag force exerted on the particle.

Assuming a spherical particle, Equation (II.1) becomes:

o0

1 o 2 dz

t 5 Cp L dg oo (EE - ¥,
T 43 J

+ z dg /g g(1l —‘72) .

Since << 1, this simplifies to:
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where — = velocity of solid particle,
/% = density of solid particle,
dg = diameter of solid particle,

= density of bulk plasma,

Ve = velocity of bulk plasma,

g = gravitational acceleration,

C, = drag coefficient.

Thus the twe forces acting on the particle are gravity and drag. Magnetic
drag and slip flow effects were negligible.

As a particle is heated in a plasma, energy 1s transferred to
the particle primarily by conduction and convection and is lost from the
particle to the surréundings by radiation. In this simplified model,
the particles are at a uniform temperature (thermal conduction in the
particle was not considered) and vaporization does not commence until
the vaporization temperature is reached. The steady state heat balance

for particles being heated to the vaporization temperature is:

[N ﬂs‘%'dg cpS(Ts-Tref):IZ - [N/DS T a3 CPS(TS-Tref):,ZJr Az

- h(%)(T-T'S) AAz -o‘es(-%) Ti Atz =0, (II.4)
where CPS = heat capacity of solid,
TS = temperature of solid,
T = temperature of plasma,
2z = axial distance along the reactor,
h = conductive and convective heat transfer coefficient,

g = Stefan-Boltzmann constant,
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eq = emissivity of solid,

N = flow rate of particles (particles per unit time),

A = plasma cross-sectional area,

S/V = particle surface area per unit volume of plasma,
T,er = reference temperature for particle enthalpy.

In the limit, Equation (II.4) becomes:

- EdZ—[N A 16! a3 CpS(TS—Tref):] + h(%)(T—TS)A

- o'es(%)Tg A=0. (11.5)

The quantity §/V is given by

N1rds
A v,

(11.6)

<l

where v = velocity of solid, (dz/dt).
Combining Equations (II.5) and (II.6) and using the assumptions of

constant particle flow rate and diameter as well as average heat capacity

and density for the solid yields:

b

aT h(T-T.,) Ge. T

1 S S S ”8
- + - = . .
3 /% ds Cps dz Vg Vg 0 (11.7)
And since vy = dz/db:
aT

1 s L
z P dg Cp, 3¢ = B(T-Tg) - Teg Ty - (I1.8)

This equation gives the time-temperature history of the particle as it
is heated to its vaporization temperature.
When the alumina particle reaches the vaporization temperature

(where it essentially dissociates to Al  and O), its heat balance is:



S S 4 0
hV(T—TS)A— Teg v Tg A= AH, g A, (11.9)
where ZSH; = heat of reaction for dissociation to Al and O,
rq = rate of dissociation.

It is assumed that the vaporization of the particle proceeds uniformly
80 that the particle remains spherical. The loss of mass by dissociation

is described by:

a3 - 43 =
[N PS ‘ ds]z ,:N £ z dS]2+ Az rqg A (I1.10)
In the limit, this becomes:

T 2 d(ds) _
-N ﬁs 5 dg rrale ry A (II.11)

It follows from Equations (II.6), (II.9) and (II.11) that:

d(dg)
- -% Am, f dts = h(T-Tg) - Teg Tt . (11.12)

This equation, along with Equation (II.3), gives the extent of vaporiza-

tion of the particle at a given axial poéition in the plasma.



APPENDIX III

CALTBRATION OF §SAl1 PLATES

IIT.1 Background

When a spectrographic plate is exposed to the radiation from
a plasma, a silver image is deposited on the plate for each spectral line.
The intensity of a given line can be determined from the density of its
image. Since the amount of silver deposited is a non-linear function of
both line intensity and wavelength, a plate (or emulsion) calibration
is necessary before the intensity of a line can be determined. The
transmittance or reflectance of light due to the optical components
of the scanning sysfem and the spectrograph diffraction grating are
also functions of wavelength. This effect can be included in the cali-

bration.

TII.2 Calibration Procedure

The combined calibration was done with the use of a tungsten
ribbon filament lamp, which was a source with a spectral intensity
that was known as a function of wavelength. Ideally, the lamp should
be positioned so that its rays would follow the same optical path as
radiation from the plasma and so that the spectrograph slit would
subtend the same solid angle of radiation from either source. That
is, the lamp should be mounted at the reactor site. For the wave-
lengths used in this study, however, the tungsten continuum intensity
was too weak to give silver images dense enough for the calibration to
cover spectral lines of normal intensity. Therefore, it was necessary

to mount the tungsten lamp directly on the optical bench (past all of

_97_



_98_

the mirrors and oné lens). Then the effect of the rest of the optical
path (from the reactor site to the point on the optical bench) was deter-
mined with the direct read-out system, which could be used to greatly
amplify the signals obtained at the reactor site. This was done by
comparing the signals obtained at the two places.

A General Electric Company, 6 volt, 108 watt lamp was used.
Power was supplied to the lamp by a 120 volt constant voltage transformer
(Variac) hooked up to a 117 to 6 volt step down transformer. The appar-
ent temperature‘of the tungsten ribbon was measured with a Leeds and
Northrup disappéaring filament optical pyrometer (Cat. No. 8622) which
had been calibrated by the National Bureau of Standards. The true
temperature wasbobtained from the apparent temperature by taking into

(25)

account the emissivity of the tungsten ribbon, the transmittance

22
of the pyrex lamp envelope,( ) an estimated reflectance and the N.B.S.

pyrometer correction tables.<73) The temperature was uniform over the
central part of the ribbon and this section was much larger than the
area focused upon the spectrograph slit. The corrected temperature and
the emissivity of the tungsten ribbon were then used in Planck's radia-
tion law to calculate the intensity of the radiation emitted at a given
wavelength.

The actual calibration was done by exposing the plate to the
tungsten continuum for several time intervals and to radiation from a
plasma containing aluminum. The latter was done so that the wavelength
at a poinp on the tungsten continuum exposure could be determined. It

was assumed that all exposures having the same intensity-time product,

or relative exposure (RE), would produce equal silver densities. This
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is known as intensity-time reciprocity and holds for SAlL plates when
exposure times of 5 to 300 sec are used.(29>

Second order radiation dispersed by the diffraction grating
did not interferein the 3000-4000 R region that was studied since the
tungsten ribbon had negligible radiation below 3000 &. In fact, the
tungsten radiation was weak enough at 3082.15 R and 3092.71 R that
complete calibration curves could not be obtained even with the lamp
mounted on the optical bench. So the calibration was repeated at
these two wavelengths using the continuous spectrum of a hydrogen lamp
from a Beckman DU spectrophotometer. The hydrogen lamp was also mounted
on the optical bench. Since the hydrogen continuum intensity was not
known, the calibration curves were matched with those obtained from the
tungsten lamp, as suggested by Quarderer,(7 to give complete calibra-
tion curves.

The calibration curves are plots of relative exposure versus
silver density (SD), which is the negative of the common logarithm of
the fractional light transmittance through the deposit. The silver
densities were measured with a recording microphotometer. The emulsion
calibration curves, known as Hurter-Driffield characteristic curves,

are given in Figure 18 for the lines used for the aluminum temperature

determinations.

ITIT.3 Determination of Absolute Line Intensity

As discussed above, the SAl plates were calibrated with the
tungsten lamp mounted on the optical bench. Then the additional trans-
mittance due to the optical system between that point on the bench and

the reactor site was determined using direct read-out. The signal
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received by the spectrograph with the lamp on the optical bench is:
Isl = LT (III.1)

and the signal from the reactor site is:

Iep = LT T2 (111.2)
where I, = intensity of tungsten ribbon,
Ia‘= transmittance of optical system from point on bench to
the plate (or phototube),
1:2 = transmittance of optical system from reactor site to

point on beach.

It follows that Tpo is given by:

T = Isp/Igy (III.3)

The transmittance Z:l was included in the relative exposures

used for the calibration curves (Figure 18), so that
RE = RE,/T; (IIT.4)

where RE = relative exposure used in calibration,
RE = relative exposure due to tungsten lamp on optical bench.
When the plate is exposed to plasma radiation, the relative exposure

due to a spectral line is:

RE, = Ip, T1To ETT,T, (II1.5)
where IZ = relative intensity of spectral line at a given wavelength,
ET = exposure time,
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7:5 = transmittance of solids that have collected on the
reactor wall,
er = transmittance of eclear reactor, i.e. quartz tube, cooling

water and pyrex jacket.
If Figure 18 is entered with SD at a point on the spectral line image,

It follows that the relative intensity of the spectral line is given by:

Ign = REAL T Ty ET - (III.7)

This intensity is a function of the wavelength near the spectral line

and the absolute intensgity of the line is:

[~

I=f Ig, dA. (III.8)

In practice, the integration need not be carried out to infinity as it
can be terminated quite near the line center. The integration is dis-
cussed in detail in Appendix VI. The transmittances st and Y:r are

functions of wavelength and are discussed in. Appendix IV.



APPENDIX IV

DETERMINATION OF TRANSMITTANCES
OF SOLIDS AND REACTOR

The transmittances Tfs and‘?ﬁr , as defined in Appendix III,

were determined with the use of the direct read-out system of the

spectrograph.

With the tungsten lamp mounted on the optical bench,

the signals received by the spectrograph with and without the reactor

in front of the lamp were compared. This was done with a clear reactor

and with various amounts of solids build-up. Since the tungsten radia-

tion passes through the entire reactor and the plasma through only half,

this procedure gives 7:2 and T:i .

As in Appendix III (for the transmittance of the optical

system) we have:

and

where 755 =

§

T =

’Ui = Ig, /14 (IV.1)
’Ci = I, /1 (1v.2)

transmittance of solids on reactor wall (in addition to
that due to the reactor),

transmittance due to.clear reactor,

signal received through clear reactor,

signal received through reactor with solids build-up.

The absolute value of T:r is easy to determine, but it is impossible

to know what Q:S is at a given time during an experimental run because

the solids are

continuously bullding up on the reactor wall.

...]_03._
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Fortunately, for the aluminum lines used in this work, the
ratios TSO‘E)/,CSO\l) s ’st(}B)/’CS()\l) and 'CSO\,M)/ S(}\l) were found
to be independent of solids build-up. The symbol ’CS()\i) refers to
the value of ’Cs at the wavelength >‘i . This result can be used to
advantage since the "multi-line'" method, used for determining aluminum
temperatures, needs only the relative values of the absolute intensities
for the lines. That is, the ratios I()g)/lo\l), I(>\3)/I()\l), I()\u)/
I(y) and 1 can be used just as well as IO ) Ihn), I(>\3) and
IO\M) for the determination. This follows from the fact that T is

related to £n(If)ghA) (See Section 6.4). Therefore, relative values

of ’CS and 'Cr were used for the aluminum temperature calculations.



APPENDIX V

CALIBRATION OF DIRECT READ-OUT SYSTEM

In order to determine absolute line intensities from the
direct read-out of the spectrograph, the photomultiplier tube and
optical system had to be calibrated. As for the plate calibration,
ab volt, 108 watt tungsten filament lamp served as a standard source
whose radiant intensity could be calculated. This lamp was mounted at
the site of the plasma reactor so that its rays followed the same path
as those from the plasma and so that the spectrographic slit subtended
the same solid angle of radiation from either source. Then the current
output of the photomultiplier tube, at the wavelengths of interest,
was compared with the radiant intensity of the tungsten filament. The
ratio of the intensity to the current is the spectral response function,
S(A) , of the multiplier phototube, the electronic circuit and the
optical system. ~The spectral response was a function only of wavelength
in this study since the optical system was left unchanged. Calculation
of the radiant intensity of the tungsten filament is discussed in

Appendix III.Z2.
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- APPENDIX VI
CALCULATION OF THE ABSOLUTE INTENSITY

OF A SPECTRAL LINE

VI.1l General
The absolute intensity of a spectral line, I , is the integral
of the relatiVe intensity, I, , over thé wavelength interval that con-
tains the line. That is,
)o+ [:\>‘B

r- [ T, dn, (v1.1)
N Dg |

il

where Do the wavelength at the center of the spectral line,
A)g = the interval to either side of the line center that
contains the particular half of the line profile, i.e.

half the width of the base of the profile,

H

Iy relative intensity of the line above the continuum intensity.
The integration should ideally be carried out to infinity but in practi-

cality it is terminated when the relative intensity of the line is in-

distinguishable from the continuum intensity.

VI.2 Integration of a Spectral Line on a Photographic Plate

When the silver image, which a spectral line caused to be
deposited on a spectrographic plate, was scanned with a recording micro-
photometer a record of silver density versus wavelength was obtained.
This was converted to relative intensity above the continuum versus
wavelength by referring to the plate calibration curves. Integration

of this profile gave the absolute intensity of the spectral line.
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Two different situations were encountered in this work. In
the first case, a complete profile of relative intensity versus wave-
length was obtained. This occurred for all the 3082.15 and 3092.71 R
Al lines and the less intense 3944 .03 and 3961.53 & Al; lines.
These curves were divided into several intervals of equal wavelength
and the integration over each segment performed by applying Simpson's
Rule. The conversion from silver dénsity to relative intensity and
the subsequent integrations were done numerically by an IBM 7090 com-
buter,

In the second situation, an incomplete line profile was ob-
tained. This occurred when the spectral line was so intense that the
silver density could not be determined near the line center. Such was
the case for most of the 3944.03 and 3961.53 it AlI profiles obtained,
despite the use of exposure times of 3 to>5 seconds. When shorter ex-
posures were made, the 3082.15 and 3092.71 R Aly lines were not recorded
on the plates.

Since isolated lines of heavier elements have approximate

(57)

profiles of the Lorentzian shape out into the far wings, it was
possible to complete the missing portion of the line profile. The in-

tensities of a known portion of the curve were fitted to a Lorentzian

distribution:
21-1
Tan) = [1+ @oysny )] (v1.2)
where AN = the distance from line center,
A %) /2 = the (half) half-width of the line,

by the method of least squares. Parameters for the curve fitting were
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the intensity of the line at the center of the profile, the continuum
intensity and the (half) half-width. The data from the wings of the
known curve were not used. A typical result of this analysis is given

in Figure 19 for a 3944.03 Aly 1line.

VI.3 Integration of Photomultiplier Tube Output

The éurrent output of the photomultiplier tube was passed
acrbss a known precision resistor. The resulting voltage was amplified
and integrated over the wavelength interval containing the spectral line
of interest. The integration was performed directly by an operational
amplifier. This integral was then convefted to the absolute intensity
of the spectral liﬁe by multiplyiﬁg by the spectral response of the

direct read-out system at the wavelength of the line.
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Figure 19. Completion of the Missing Portion of the Intensity Profile of
a 3944.03 A AlT Line by a Least Squares Fit to a Lorentzian
Profile.



APPENDIX VII

SOLUTIONS USED IN VOLUMETRIC DETERMINATION OF ALUMINUM

VII.1 General

The solutions used in the volumetric analysis for aluminum
are divided into two groups: those required for the precipitation and
dissolution of aluminum quinolate; and those used to determine the
resultant 8-quinolinol° The solutions were prepared by dissolving a
known weight of substance in a known volume of liquid, unless otherwise
stated. All weighings of less than 200 gm (including container) were
done on a RIGHT-A-WEIGH balance which is accurate to + 0.2 mg. Those
of over 200 gm were done on a Mettler (Tara 0-2000 gm) balance accurate

to + 0.5 gm.

VII.2 Formation and Dissolution of Aluminum Quinolate

1. 8-Quinolinol (8-hydroxyquinoline; oxine): A 5 wt percent
solution of 8-quinolinol in 2M acetic.acid. The exact
concentration is not important.

2. Tartaric Acid: 10 mg acid/ml solution.

3. Ammonium Acetate: 0.4 gm/ml solution.

L. Bromocresol Purple: 0.04 percent in ethanol.

VII.3 Determination of 8-Quinolinol

l. Bromate-Bromide Solution: 0.1000 N KBrO3 + 100 gm KBr/
liter solution. Special care was taken in the preparation
of this solution because the KBrO3 was used as a primary

standard. The KBrOB(M.W. = 167.01) used was 100 percent
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pure, so 0.1 N KBrO; is 16.701/6 or 2.7835 gm/1. The
bromate was weighed in a crucible, dried at 180°C and

(63)

1-1/2 hours, cooled and reweighed. The amount of

KBrO; used for a liter of the solution was 2.7840 gn.

The exact KBr concentration is unimportant.

Potassium Todide: 20 wt percent KI in water.

Thiosulfate: 0.1 N Na28203 solution. Special care was
also taken in the preparation of this solution. The thio-
sulfate was dissolved in freshly boiled (to remove COQ)
distilled water and 0.1 gm NagCO3/liter was added as preserva-
tive.(63) Reagent grade (99.5 percent) NapSp03°5Hp0  was
used and the normality determined with the primary standard,
KBrO3 . The thiosulfate normality was checked periodically.
Starch Solution: 0.2 percent solution. After suspending

4 gm powdered starch in 600 ml distilled water, 20 percent
KOH was added until a thick, almost clear solution was
obtained. This was allowed to stand one hour for a complete
reaction and then was neutralized to the litmus end point.

Glacial acetic acid (2 ml) was added as a preservative

and the solution was diluted to 2 liters.
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NOMENCLATURE

2
area - cm

Einstein transition probability for spontaneous transition
from level n to level m - sec”

total concentration = gmol/cm3
drag coefficient

heat capacity - cal/gm-°K
diameter - cm,

spacing between crystal planes

effective binary diffusivity for diffusion of i 1in a
mixture - cm?/sec

Thermal diffusivity - cme/sec
emissivity

Energy -~ erg

exposure time - sec

buoyant force - dyne

drag force - dyne

gravitational force - dyne
gravitation acceleration - cm/sec2
statistical weight

heat transfer coefficient - cal/sec-cm2—°C
Planck's constant - erg-sec

specific enthalpy - cal/gm

"specific enthalpy at reference temperature in film around

a solid particle - cal/gm
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NOMENCLATURE (Continued)

Symbol

AE°, heat of reaction - cal/gm

I absolute intensity of radiation - erg/cmg—sec—ster

I signal received by spectrograph

k Boltzmann constant - erg/°K

k thermal conductivity - cal/sec-cm-"°C

K thermal diffusion ratio

L path length or source thickness - cm

M mass - gm

N flow rate of particles - particles/sec

N number density - em™3

N . radial molar flux of i - gmol/cm2—sec

P, Prandtl number

Q electronic partition function

r radial position - cm

ry rate of dissociation - gm/cm3-sec

Re Reynolds number

RE relative exposure - erg/cmB-ster

S surface area - cm2

S(N) spectral response of photomultiplier and optical system -
erg/cm -sec-amp-ster

t time particle has been in plasma - sec

T absolute temperature - °K

v velocity - cm/sec

Vyel velocity of solid particle relative to the plasma - cm/sec
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NOMENCLATURE (Continued)

Symbol

v volume - cmd

X mole fraction of i

z axial position in plasma - cm

E& volume emission coefficient of spectral line - erg/cm3~sec—ster

20 angle between diffracted x-ray beam and transmitted beam -
degrees

A wavelength - cm, )

Xo wavelength at center of spectral line - cm, )

AN distance from line center - cm, )

Ag (half) base-width of spectral line - cm, &

oY) (half) half-width of spectral line - cm, &

Y frequency of emittéd photon - sec™1

P density - gm/cmd

a Stefan-Boltzmann constant - c:atl/sec—crr12-°.'t{1L
T transmittance

Subscripts

f film or boundary layer around a solid particle in plasma
L spectral line
m upper energy state

n lowef energy state
T clear reactor

8 solid particle
Y tungsten filament

0 ground level
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NOMENCLATURE (Continued)

site of calibration on optical bench

site of plasma reactor

bulk plasma
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