
The Reduction of AI203 to Aluminum in a Plasma 
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The reduc t ion  of a luminum oxide to a luminum in radio f requency genera ted  p l a sma s  was 
studied expe r imen ta l ly .  Argon with hydrogen,  carbon dioxide,  and methane were used  as  
p l a sma  gases .  P roduc t  was col lected f rom the r eac to r  wal ls  and /o r  co ld- f inger  co l l ec to r s .  
Gaseous quenching was also inves t iga ted ,  us ing  hydrogen,  methane ,  and ca rbon  dioxide. Con- 
ve r s ions  up to 50 pct were de t e rmined  us ing  wet chemis t ry .  Opt ical  and X - r a y  methods  con- 
f i rmed  the spec ies  p resen t  dur ing  and af ter  reac t ion .  The effects  of par t ic le  s ize ,  flow r a t e s ,  
and power input were de te rmined .  Solut ions of energy ,  m o m e n t u m ,  and m a s s  ba l ances  yield a 
qual i tat ive explanat ion of the p roces s .  Vapor izat ion ra te  con t ro l s .  

T H E  p r i m a r y  aim of this  r e s e a r c h  was to inves t iga te  
the reduct ion of AltOs to a luminum in rad io  f requency 
genera ted ,  induction coupled p lasmas .  It was also in-  
tended to demons t ra t e  that an induct ion-coupled  p l a sma  
r e a c t o r  is  espec ia l ly  sui table  for such ga s - so l i d  r e a c -  
t ions .  The convers ion  of AltOs to a luminum in this 
study was effected in a rgon ,  Ar-H2, Ar -CO,  and Ar-CH4 
p l a smas .  Different  quench techniques and three  r e a c -  
t ion va r i ab l e s  were inves t iga ted .  

Severa l  i nves t iga to r s  1-5 have a t tempted  p l a s m a  r e -  
duct ions  of me ta l l i c  oxides ,  ch lor ides ,  and sul f ides .  
The i r  work d e m o n s t r a t e s  that the reduct ion  of me ta l l i c  
oxides in p la smas  is  feasible .  The extent  of the r educ -  
t ion depends on the oxide par t ic le  s ize ,  the oxide flow 
r a t e ,  and the power input to the p lasma.  It i s  apparent  
that the lack of succe s s  with A1203 was due to the use 
of par t ic le  s izes  and flow r a t e s  that were too great .  

The gaseous a luminum suboxides a re  of i n t e r e s t  
s ince they a re  expected to occur  e i ther  dur ing  the 
d i ssoc ia t ion  of AltOs or by a r ecombina t ion  of a l u m i -  
num and oxygen a toms .  It is  concluded f rom an exam-  
inat ion of the l i t e r a tu r e  6 that A10 and A120 are  the only 
two impor tan t  gaseous  oxides of a luminum.  The f o r m e r  
is  the pr inc ipa l  gaseous suboxide under  neu t r a l  or  oxi- 
dizing condit ions and the l a t t e r  p redomina te s  under  
reduc ing  condi t ions.  The re  has been  no conc lus ive  
evidence that solid suboxides  can exist  at room t e m -  
pe ra tu re  6 but sol id A10 and AlsO have been  ident i f ied 
be tween 1100 ~ and 1600~ 7 However,  this does not 
preclude the poss ib i l i ty  of the format ion  of a sol id 
suboxide from the rap id  quench of the gaseous  oxide. 

THEORETICAL CONSIDERATIONS 

In the nonreducing  e n v i r o n m e n t  of an argon p l a sma ,  
A12Os will vapor ize  to A10 and oxygen. The opt imum 
t empe ra tu r e  for the d i ssoc ia t ion  

A12Os - -  2A10 + O [1] 

is  about 4000~ s-l l  But Fig.  1 ~ shows that A10 is un-  
s table  above 4400~ and s ince t e m p e r a t u r e s  in excess  
of 10,000~ are  p r e sen t  in an argon p l a sma ,  the A10 
will  fur ther  d i s soc ia te :  
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AIO--AI +O [2] 

shortly after its formation. 
When a reducing gas (such as Hz, CO, or CH4) is 

added to the argon plasma, the AltOs dissociation is 
to AI20 and oxygen: 

AI~Ds --A1M9 + 20 [3] 

Again,  f rom Fig.  1, it is  seen that AI~O is uns table  
above 4300~ so it also decomposes :  

AlsO ~ 2A1 + O [4] 

In e i the r  case ,  the re fo re ,  the p l a s m a  core will  conta in  
a luminum and oxygen a toms  ins tead  of A10 or A1K) 
molecu le s .  

Once f ree  a luminum is obta ined,  it mus t  be r e -  
moved f rom the p lasma before  it  can be reoxidized 
in the cooler  ta i l  f lame.  Th i s  is done by condensing 
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Fig. 1--Free energy of formation per atom of oxygen vs tem- 
perature for various compounds. 
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the a luminum onto a wa te r - coo led  sur face :  e i the r  the 
r e ac to r  wall or a probe i n se r t ed  into the p l a s m a  core.  
The concent ra t ion  and t e m p e r a t u r e  g rad ien t s  a re  ve ry  
s teep in this "quench r e g i o n "  between the p l a s m a  
core  and the cool sur face .  A condensable spec ies  en -  
t e r ing  the quench region  is  condensed with ex t r e me  
rapidi ty .  If this ra te  of condensat ion is g rea t e r  than 
the ra te  of oxidation in the quench region,  f ree a l u m i -  
num is  obtained. 

The recovery  of a luminum can be improved  by in-  
c r ea s ing  the rate  of t r a n s p o r t  of a luminum through 
the p l a sma  to the quench region.  The rad ia l  m o l a r  
flux of a luminum in a mix ture  of a luminum and the 
noncondensable  species  in an argon p lasma i s :  

CDAlm 3XA1 [5] 
N A l r  - 1 - XA1 ~r 

The other gases  p r e sen t  in the quench region a re  a s -  
sumed  to form a s tagnant  f i lm in the der iva t ion  of Eq. 
[5]. It is seen that the mo la r  flux of a luminum in-  
c r e a s e s  with both the concen t ra t ion  and t e m p e r a t u r e  
of a luminum (DAlm i n c r e a s e s  with t empera tu re ) .  So, 
the recovery  of a luminum from an A1-O-Ar p l a sma  
can be inc reased  by i n c r e a s i n g  e i ther  the c o n c e n t r a -  
t ion or the t empera tu re  of the a luminum in the p la sma .  

The addition of H2, CH4, or CO to the p l a s m a  is  ex-  
pected to aid the r e c o v e r y  of a luminum.  In the hot 
p l a s m a  core ,  these gases  d issoc ia te  to their  e l emen t s .  
Thus ,  atomic hydrogen or carbon  is p resen t  in the 
p l a sma .  The carbon wil l  condense along with a l u m i -  
num in the quench region .  Oxygen p re fe r s  ca rbon  to 
a l u m i n u m ,  as seen by a compar i son  of the free e n e r -  
gies of format ion of CO, A10, and A120 in Fig.  1. 
T h e r e f o r e ,  carbon should effect ively remove oxygen 
dur ing  the quench; thus d imin i sh ing  the chance that 
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Fig. 2--Plasma reactor. 

the a luminum will oxidize. Hydrogen,  on the other 
hand, has  l e s s  affinity for oxygen than does a luminum 
over fa i r ly  la rge  ranges  in t e m p e r a t u r e .  The re fo re ,  
hydrogen should be of l i t t le benef i t  in r emoving  oxygen 
dur ing the quench.  

The h i s to ry  of a smal l  A1A)3 pa r t i c l e  in an argon 
p la sma  was e s t ima ted  from a compute r  solution of un-  
steady state heat ,  m a s s ,  and m o m e n t u m  balance equa-  
t ions for the par t ic le .  The m o m e n t u m  balance de- 
r ived  for a sma l l  par t ic le  in jec ted  into the p lasma is:  

d2z P____%~ de 2 

= +'~C D - v~) g [6] -d-if ds P s ( ~- t- + 

The energy  ba lance  for a pa r t i c le  as  it  is  being heated 
to i ts  vapor iza t ion  t empera tu re  i s :  

1 dTs 
"6 PsdsCps  --d-i- = h(T - T s) - ~es T ~ [7] 

Vapor izat ion of the solid par t ic le  to A10 and oxygen is  
desc r ibed  by the combined heat  and m a s s  ba lance  
equat ion:  

--~t &HOrPs d(ds)~ - h ( T - T  s ) - a e  sT~ [ 8 ]  

where A/~ r = heat  of reac t ion  for d i s soc ia t ion  to alu-  
' m i n u m  and oxygen (since the A10 in i t i a l ly  formed 
quickly d i s soc i a t e s  to a luminum and oxygen). 

The heat t r a n s f e r  coefficient  used in Eqs.  [7] and 
[8] i s :  13 

k /  
h = ~ - s  (2 + 0 . 6 R e } ' S p r }  "3) [9 ]  

The re la t ive  veloci ty of the pa r t i c le  is  used  in evalu-  
ating the Reynolds  number .  The two t e r m s  on the 
r ight  hand side of Eq. [9] r e p r e s e n t  the conductive 
and convective cont r ibut ions ,  r e spec t ive ly .  T h e r m a l  
rad ia t ion  effects  f rom the p l a sma  can be neglected.14 
The average boundary  layer  t e m p e r a t u r e  at which the 
gas p rope r t i e s  are  evaluated is that which c o r r e -  
sponds to the r e fe rence  enthalpy given by: 

href  = 0 . 5 ( h ~ -  h s) + hs [10] 

This  r e f e r e nc e  enthalpy method is  suggested by 
Ecker t  15 for the case of a large t e m p e r a t u r e  d i f fer-  
ence a c r o s s  the boundary  l ayer .  

EXPERIMENTAL APPARATUS AND PROCEDURES 

The radio frequency, induction-coupled plasmas were 
generated and contained in the water-cooled quartz re- 
actor diagramed in Fig. 2. The majority of the argon 
was fed tangentially (the outer two arrows on Fig. 2) to 
provide vortex stability. Additional argon was fed 
axially to provide a sheath for the oxide powder as it 
entered the plasma. This helped to keep the powder on 
the centerline of the plasma. The remaining argon was 
used as carrier gas for the solids and was introduced 
axially through an alumina powder feed tube. When- 
ever H2, CO, or CH4 was used in the plasma, it was 
introduced with the tangential argon. 

The radio frequency power for the plasma was pro- 
vided by a 23.5 kva; 3 Mc Lepel generator. By passing 
the radio frequency current through a five turn induc- 
tion coil, a 3 Mc alternating electromagnetic field was 
produced and electrodeless discharge could be obtained. 
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A max imum power input to the p l a sma  of about 10 kw 
was a t ta inable .  The p l a s m a  column was in i t ia ted  with 
the high voltage d i scharge  of a t es la  coil.  A 3.4 m 
focal length Eber t  Mark  IV s t igmat ic  plane gra t ing  
spec t rograph  was used  to analyze the rad ia t ion  f rom 
the p lasma.  

Quench probes  were used both to augment  the r e -  
covery  of product by col lect ion on i ts  outer  wall and to 
in t roduce quench gases  c o u n t e r c u r r e n t  to the p l a sma  
flow. To meet  this dual need,  wa te r -coo led  probes  
cons i s t ing  of three concen t r i c  s t a in l e s s  tubes  were 
used.  

The three va r i ab le s  that were studied in deta i l  were 
the A1203 par t ic le  s ize ,  A1203 m a s s  flow ra te ,  and power 
input to the p lasma.  The f i r s t  two were va r i ed  at a 
cons tant  power input level .  The effect of the las t  was 
de t e rmined  by vary ing  the power input level  for a 
constant  A1203 flow ra te  and par t ic le  size.  

The effects of H2, CO, and CH4 were s tudied in two 
ways.  F i r s t ,  the gas was fed d i rec t ly  into the p l a sma  
along with the argon.  A single  run  was made with each 
of the gases .  Second, the gas  was fed through the 
quench probe c o u n t e r c u r r e n t  to the p la sma .  Fo r  th is  
ca se ,  s eve ra l  H~ flow r a t e s  and one each for CO and 
CH4 were used.  

For  the above e x p e r i m e n t s ,  the convers ion  of A1203 
to a luminum was based  on the amount  of product  col-  
lected on the reac to r  wall ins tead  of the AlzO3 input  
flow ra te .  No at tempt  was made to col lect  al l  the m a -  
t e r i a l  that was fed to the r eac to r .  Wa te r - coo led  quench 
probes  were then used to show that it would be poss i -  
ble  to i nc rease  the r e c o v e r y  without lowering the con-  
ve r s ion .  The probes  were  posi t ioned d i rec t ly  in  the 
p l a sma  so that the tip was about -~ in. below the coi l ,  
see Fig.  2. 

The amount  of a luminum in the product was d e t e r -  
mined  by a wet chemica l  p rocedure .  After  d i s so lv ing  
the a luminum in HC1, it was prec ip i ta ted  as a l u m i n u m  
quinolate  by using an excess  of 8-quinol inol .  The p r e -  
c ipi ta te  was r ed i s so lved  in half concent ra ted  HC1, r e -  
f o rming  8-quinol inol .  Th i s  was b romina t ed  with a 
KBrO3-KBr solut ion,  l i be r a t i ng  Br2, and then an ex-  
ce s s  of KI was added. The r e su l t ing  iodine was t i t r a t ed  
with thiosulfate to the s ta rch  end point. This  method is 
d i scussed  in grea te r  deta i l  by Kolthoff and Be lcher .  t6 

Argon and a luminum t e m p e r a t u r e s  were d e t e r m i n e d  
spectr0g_~phical ly .  Ce r t a in  species  of these a re  e l ec -  
t r on i ca l l y  excited in the p l a sma ,  thus emi t t ing  r ad i a -  
tion. The in tensi ty  of this  rad ia t ion  depends on both 
the t empera tu re  of the emi t to r  and the wavelength of 
the radia t ion .  Only ce r t a i n  wavelengths occur  for a 
given e lement ,  and these a re  c h a r a c t e r i s t i c  of the e le -  
ment .  By measu r ing  the absolute  in tens i ty  at a given 
wavelength with an optical  spec t rograph ,  the t e m p e r a -  
tu re  is  obtained.  It i s  thus poss ib le  to obtain a t e m -  
p e r a t u r e  for each spec ies  in the p lasma.  

EXPERIMENTAL RESULTS AND ANALYSIS 

Aluminum-con ta in ing  spec ies  were ident i f ied at 
va r ious  points  in the argon p la sma  and tai l  f lame by 
use of the spect rograph.  The p la sma  core cons i s t ed  
only of a tomic  and ionic spec ies .  This  hot core was 
su r rounded  by a thin reg ion  containing A10 and a l u m i -  
num.  Both A10 and a l u m i n u m  were also detected 
throughout the cooler  ta i l  f lame of the p lasma.  

A r igorous  group III qual i ta t ive  chemica l  ana lys i s  
of product  obtained f rom the reduc t ion  of A1203 in an 
argon p l a s m a  gave a posit ive tes t  for a luminum.  The 
p resence  of a luminum in the product  was conf i rmed 
by an X - r a y  diffract ion ana lys i s .  The only diffract ion 
l ines  in addit ion to the a luminum l ines  were due to 
a-AlzO3, T-A1203, and the i m p u r i t i e s  that  were presen t  
in the r eac t an t  a lumina .  Thus ,  it is c e r t a i n  that a lumi-  
num is the reduct ion product  of A1203 ins tead  of a 
sol id a l u m i n u m  suboxide. Th i s  a l u m i n u m  was found to 
be finely divided and highly pyrophor ic .  

P roduc t s  f rom the reduct ion of AlzO3 in Ar-CO and 
Ar-CH4 p l a s m a s  were also analyzed to de te rmine  the 
na ture  of the products .  Both gave posi t ive qual i tat ive 
tes t s  for a luminum and both conta ined  a cons iderab le  
amount  of carbon.  Diffract ion ana lys i s  of the product 
f rom the At -CO reduct ion ident i f ied a l umi num,  
ot-AlzO3, and ~-A1203. The Ar-CH4 reduc t ion  product 
also conta ined  A14C3. The a luminum oxycarb ides ,  
AlzOC and A1404C, were not found in e i ther  case nor 
were sol id  a luminum suboxides.  

The va r i a t ion  of percent  conve r s ion  with a lumina  flow 
ra te  for the pa r t i c le  s i zes  used  is  shown in Fig.  3. A 
single run  was also made with 60 mesh  (250 p) a lumina  
flowing at 0.19 g per  min.  In this  case ,  there was no 
a luminum in the product  nor was there  any spec t ro -  
scopic evidence of gaseous a l u m i n u m  in the p lasma.  
The 500 mesh  oxide gave a higher  convers ion  than the 
400 mesh  a lumina  throughout the en t i r e  range of flow 
r a t e s  that were used. This  is  probably  because  the 
s m a l l e r  500 mesh  par t ic le  vapor i zes  more  complete ly  
than the 400 mesh  oxide under  the same  condi t ions.  
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Fig. 3- -Var ia t ion of the conversion of  AI203 in an argon 
plasma with the A1203 flow rate and particle size. 
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The inc rease  in conver s ion  with a dec rease  of sol ids  
flow ra te ,  obtained for a l l  three  par t ic le  s i zes ,  i s  a lso 
reasonab le .  At lower a lumina  mass  flow r a t e s ,  fewer 
pa r t i c l e s  are p re sen t  in any sect ion of the p l a s m a  at 
a given t ime.  This  m e a n s  that energy is  t r a n s f e r r e d  
f rom the p lasma to each par t ic le  more  eff ic ient ly  and 
m o r e  of the par t ic le  is  vapor ized .  

Converse ly ,  as the a lumina  mass  flow ra te  i n c r e a s e s ,  
the eff iciency of the ene rgy  t r a n s f e r  to a given par t ic le  
d e c r e a s e s .  So a s m a l l e r  percentage  of the a lumina  is 
vapor ized  and the conve r s ion  drops.  The l a r g e r  the 
pa r t i c l e ,  however ,  the l e s s  not iceable is this  effect.  
Th i s  is because  the n u m b e r  densi ty of oxide pa r t i c l e s  
in  the p lasma d e c r e a s e s  as the par t ic le  d i ame te r  in -  
c r e a s e s .  Eventual ly ,  this  can resu l t  in higher  conve r -  
s ions  for l a rger  p a r t i c l e s  than for s m a l l e r  pa r t i c l e s  
at high flow ra tes .  Th i s  is in fact exhibi ted by the be -  
havior  of the 320 mesh  oxide. 

At very  low flow r a t e s ,  s ingle  par t ic le  flow is  ap- 
proached.  In this  case ,  the eff iciency of the energy  
t r a n s f e r  is  no longer impor tan t .  Ins tead,  the t rue  di-  
a m e t e r  effect is  observed .  That  is ,  conve r s ions  ob- 
ta ined  at very  low flow r a t e s  agree qual i ta t ive ly  with 
the extents  of vapor iza t ion  predic ted  by the computer  
solut ions  of the heat ,  m a s s ,  and momen tum ba l ances .  

The var ia t ion  of conve r s ion  with power input is  given 
in Fig.  4. As the power level  i nc r ea se ,  the A1203 pa r t i -  
c les  a re  more  comple te ly  vapor ized  and the c o n c e n t r a -  
tion of a luminum in the p l a sma  is  g rea te r .  In addit ion,  
the a luminum t e m p e r a t u r e  is  higher so that the a l u m i -  
num has a grea te r  diffusivi ty.  Both effects  can in-  
c r ea se  the mola r  flux of a luminum to the quench r e -  
gion,  and hence,  i n c r e a s e  the r ecovery .  

The use of He in the p l a s m a  caused only a sl ight  in-  

c r ea se  in the percen t  convers ion  of AlzO3. But with 
CO, the conve r s ion  was twice that obtained with argon 
alone. And with CH4, the conve r s ion  was quadrupled.  
These  r e s u l t s  conf i rm the e a r l i e r  d i scuss ion  concern -  
ing the effect  of carbon  vs  hydrogen.  Carbon is  s imply 
much more  effective than hydrogen.  

In the above expe r imen t s ,  there  was no at tempt  to 
col lect  al l  the m a t e r i a l  fed to the p la sma .  In some 
r u n s ,  wa te r - coo led  probes  were  i n s e r t e d  into the 
p l a sma  and addi t ional  product  was recovered .  The 
conve r s ions  based  upon the m a t e r i a l  col lected on these 
probes  were  actual ly  g rea te r  than those for the product  
on the r e a c t o r  wall.  So the quench probes  can be used  
not only to r ecove r  addit ional  m a t e r i a l  but to i nc r ea se  
the conver s ion  as well. The p robes  a re  i n se r t ed  di-  
rec t ly  into the p lasma core ,  where  the a luminum con-  
cen t ra t ion  is  the highest .  T h e r e f o r e ,  more  a luminum 
is avai lable  to condense on the p robes  than on the wall .  

The p robes  were also used for feeding H2, CO, and 
CH4 into the lower sect ion of the p l a sma  core coun te r -  
c u r r e n t  to the p l a sma  flow. Once again ,  hydrogen was 
of l i t t le  benef i t ,  as is  seen in Fig .  5, but  both CO and 
CH4 doubled the convers ions  obta ined with only argon.  
This  fu r the r  i l l u s t r a t e s  that ca rbon  helps to prevent  
oxidation of a luminum dur ing  the quench.  

Argon t e m p e r a t u r e s ,  d e t e r m i n e d  at the power 
levels  in Fig .  4, were 10,900 ~ 11,100 ~ and l l ,200~ 
The co r r e spond ing  p lasma enthalpy range is 1900 to 
2100 cal  per  g.17 So a modes t  3 pct i nc r ea se  in t e m -  
pe ra tu re  r e s u l t s  in a 10 pct r i s e  in the enthalpy.  The 
m e a s u r e d  a luminum t e m p e r a t u r e s  were somewhat  
lower than ant ic ipated.  But in genera l ,  higher t e m p e r -  
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Fig.  5 - - C o m p a r i s o n  of c o n v e r s i o n s  ob ta ined  wi th  and  wi thou t  
the use of hydrogen as a quench gas. 
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a t u r e s  were obtained at g r ea t e r  power input l eve ls  and 
lower a lumina  flow r a t e s .  

Computer  solut ions  of heat ,  m a s s ,  and m o m e n t u m  
ba l ances  for a luminum oxide pa r t i c l e s  in an a rgon  
p l a sma  es t ima te  the amount  of a lumina  that will va-  
por ize .  This  is  r epor ted  as  pe rcen t  vapor ized ,  which 
is  100 t imes  the volume vapor ized  divided by the in i -  
t ia l  volume for a sphe r i ca l  pa r t i c le .  The conve r s i ons  
for 320, 400, and 500 mesh  a lumina  at a flow ra te  of 
0.06 g per  min ,  taken f rom Fig.  3, are  compared  with 
the pe rcen t s  vapor ized ,  d e t e r m i n e d  for the same  
p l a s m a  condi t ions ,  in Fig.  6. Since the cu rves  have 
the same shape, it appea r s  that the conver s ion  depends 
d i rec t ly  on the extent to which the a lumina  is  vapor ized.  
This  explains  the poor r e s u l t s  obtained by e a r l i e r  in -  
vest igators :~ '2  they s imply  did not produce enough 
gaseous  a luminum with the flow ra tes  and par t i c le  
s i ze s  they used.  

SUMMARY AND CONCLUSIONS 

The reduct ion of a l u m i n u m  oxide to a luminum in an 
a tmosphe r i c ,  induc t ion-coupled  argon p la sma  was 
s tudied exper imen ta l ly .  The convers ion  of the a l umi na  
was based  upon the amount  of A1203 and a l u m i n u m  col-  
lec ted  on the r eac to r  wall.  The va r i a t ion  of conve r s ion  
with a lumina  par t ic le  s ize ,  a lumina  m a s s  flow ra te  
and the power input to the p l a sma  was de t e rmined .  
P a r t i c l e  s i ze s  of 500 mesh  (26 ~), 400 mesh  (37 ~), 
and 320 mesh  (45 p); flow r a t e s  of 0.03 to 0.6 g per  
min ;  and power inputs of 5.03, 5.86, and 6.69 kw were 
used.  These  power leve ls  co r r e spond  to argon t e m -  
p e r a t u r e s  of 10,900 ~ 11,100 ~ and l l ,200~ r e s p e c -  
tiv.ely. With argon p l a s m a s ,  the convers ions  (ranging 
f rom 3 to 30 pct) were gene ra l ly  found to i n c r e a s e  
with dec reas ing  a lumina  flow ra te  and par t i c le  s ize 
and with i nc r ea s ing  power input.  The i m p r o v e m e n t s  
in the convers ion  were due to i n c r e a s e s  in the amount  
of the oxide vapor ized .  The r e s u l t s  agree qual i ta t ive ly  
with the amount  of a l umina  vapor iza t ion  pred ic ted  by 
compute r  solut ions  to heat ,  m a s s ,  and m o m e n t u m  b a l -  
ances  for the oxide. The conve r s ions  obtained can be 
expla ined on the b a s i s  of a diffusion cont ro l led  quench 
of a luminum atoms.  

The use of wa te r -coo led  probes  placed d i rec t ly  in 
the p l a sma  allowed the r e c o v e r y  of addi t ional  a l u m i -  
num at h igher  conver s ions .  Th i s  indica tes  that with 
a r eac to r  designed to col lec t  a max imum amount  of 
product ,  the convers ions  obtained in this work wil l  be 
ma in t a ined  or even improved .  It was a lso  poss ib le  to 
enhance the convers ion  by us ing  CO and CH4 in the 
p l a s m a  with the argon and as  quench gases  in t roduced  
into the lower sect ion of the p l a sma  core c o u n t e r c u r -  
r e n t  to the p lasma flow. Doubling and quadrup l ing  of 
the convers ion  was obta ined in this  way. The use of H2 
in  each applicat ion was of l i t t le  benefi t .  The re la t ive  
effect  of carbon and He as  oxygen scavenger s  expla ins  
the r e su l t s .  

Wet chemical  and X - r a y  dif f ract ion ana ly se s  of the 
reduc t ion  product f rom argon and Ar -CO p l a s m a s  iden-  
t i f ied a luminum,  a-A1203, and ~-A1203. S imi l a r  ana ly -  
s e s  of product f rom an Ar-CH4 p lasma indicated that 
a l uminum and A14C3 were p re sen t  in addition to the ox- 
ides .  No sol id a luminum suboxides or a luminum oxy- 
ca rb ide s  were found. 
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0 = PERCENT 
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Fig. 6--Comparison of the percents of conversion and va- 
porization obtained with 26, 37, and 45 p A1203 particles. 

The reduct ion  of a luminum oxide with appreciable  
conver s ion  has been demons t r a t ed  to be quite feas ib le  
in an induc t ion-coupled  p l a sma  r e a c t o r .  It should be 
poss ib le ,  on the ba s i s  of the r e s u l t s  of this s tudy,  to 
achieve equal  succes s  in the reduc t ion  of other  meta l l i c  
oxides that a re  as stable as a lumina .  
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NOMENCLATURE 

Symbols 

area--sq cm 

total concentration--gmol per cu cm 

drag coefficient 

heat  capac i ty - -ca l  per  g-~ 

d i ame te r  --cm 

effective b ina ry  diffusivi ty for diffusion of i 
in a m i x t u r e - - s q  cm per  sec 

e m i s s i v i t y  

grav i ta t ion  a c c e l e r a t i o n - - c m  per  sq sec 

heat  t r ans f e r  coef f ic ien t - -ca l  per  s e c - s q  cm-~ 

specif ic  en tha lpy- -ca l  per g 
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h r e  f s p e c i f i c  e n t h a l p y  a t  r e f e r e n c e  t e m p e r a t u r e  i n  
f i l m  a r o u n d  a s o l i d  p a r t i c l e - - c a l  p e r  g 

~x/~ r h e a t  of  r e a c t i o n - - c a l  p e r  g 

k t h e r m a l  c o n d u c t i v i t y - c a l  p e r  s e c - c m - ~  

N i t  r a d i a l  m o l a r  f l u x  o f  i - - g m o l  p e r  s q  c m - s e c  

P r  P r a n d t l  n u m b e r  

r r a d i a l  p o s i t i o n - - - c m  

R e  R e y n o l d s  n u m b e r  

t t i m e  p a r t i c l e  h a s  b e e n  i n  p l a s m a - - s e c  

T a b s o l u t e  t e m p e r a t u r e - - ~  

v v e l o c i t y - c m  p e r  s e c  

Vre l  

X i  

z 

P 

(7 

/ 

$ 

oO 

v e l o c i t y  of  s o l i d  p a r t i c l e  r e l a t i v e  to  t h e  
p l a s m a - - c m  p e r  s e a  

m o l e  f r a c t i o n  o f  i 

a x i a l  p o s i t i o n  in  p l a s m a - - - c m  

d e n s i t y - - - g  p e r  cu  c m  

S t e f a n = B o l t z m a n n  c o n s t a n t - - c a l  p e r  s e c - s q  
c m - ~  4 

S u b s c r i p t s  

f i l m  o r  b o u n d a r y  l a y e r  a r o u n d  a s o l i d  p a r t i c l e  
i n  p l a s m a  

s o l i d  p a r t i c l e  

b u l k  p l a s m a  
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