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NATIONAL BUREAU OF STANDARDS 
MATERIALS MEASUREMENTS 

Summa r y  

This r epo r t  describes NBS work f o r  NASA i n  support o f  NASA's M ic rograv i t y  

Science and Appl i ca t i ons  Program under NASA Governnent Order H-279548 

(Proper t ies  o f  E lec t ron ic  Mate r ia l s )  cove r i n i  ?he pe r i od  A p r i l  1, 1984 t o  

March 31, 1985. This work was c a r r i e d  ou t  i n  th ree  independent tasks: 

Task 1. Surface Tensions and Thei r  Var ia t ions w i t h  Temperature and 

Impur i t i es  

Task 2. Convection Dur ing Un id i r ec t i ona l  S o l i d i f i c a t i o n  

Task 3. Measurement o f  High Temperature Thermodynamic Propert ies 

The r e s u l t s  f o r  each task are given separately i n  t he  body o f  the  repor t .  

With the  advent o f  the  Space Shu t t le  and the  accompanying a v a i l a b i l i t y  

o f  space f l i g h t  oppor tun i t ies ,  i t  may become feas ib l e  t o  e x p l o i t  the  unique 

mic rograv i t y  environment o f  space f l i g h t  t o  produce improved mate r ia l s  and 

improved measurements o f  important mate r ia l s  proper t ies .  Reduction o f  

convection and enhanced c a p a b i l i t i e s  f o r  conta iner less processing a re  two 

advantages f requent ly  c i t e d  f o r  mate r ia l s  processing i n  space. Both o f  these 

top ics  are under i nves t i ga t i on  i n  the cu r ren t  work. Tasks 1 and 2 have been 

concerned w i t h  determining how the  reduced g r a v i t y  obtained i n  space f l i g h t  

can a f f e c t  convection and s o l i d i f i c a t i o n  processes. Emphasis i n  Task 3 i s  on 

developnent o f  l e v i t a t i o n  and conta iner less processing techniques which can 

be appl i e d  i n  space f l i g h t  t o  js-ovide thermodynamic measurements o f  r eac t i ve  

mater ia ls .  

I n  mate r ia l s  processing on earth,  g r a v i t y  f requen t l y  produces dens i ty -  

d r i ven  convection, thereby causing l i q u i d s  t o  be s t i r r e d  as they s o l i d i f y .  

This s t i r r i n g  d is tu rbs  the quiescent bouqdary l aye r  a t  the sol i d i  f y ing  



i n t e r f a c e  and can be very undesirable i f  near l y  pe r f ec t  c r y s t a l s  are required. 

For example, i t  creates i n t e r f a c e  i n s t a b i l i t i e s ,  introduces segregat ion o f  

1 components, and produces c r y s t a l  defects  i n  the  r e s u l t i n g  so l  i d  mater ia l .  

! These defects  and inhomogeneities, which a re  p a r t i c u l a r l y  troublesome i n  

e l e c t r o n i c  technology and o the r  advanced technica l  appl i ca t i ons ,  m igh t  be 5, 

, 
avoided i n  mate r ia l s  produced under micrograv i  t y  condi t ions.  D i f f e r e n t  3 

aspects o f  these convect ion processes have been o f  concern i n  the  f i r s t  two 

tasks. Surface tens ion grad ients  which may be the main soilrce o f  convect ion 

i n  space f l i g h t  experiments have been t he  measurement focus i n  Task 1; whereas 

i n t e rac t i ons  between so l  i d i f i c a t i o n  processes, convect ion e f f ec t s ,  and 

i n t e r f a c e  s t a b i l i t y ,  as in f iuenced by g r a v i t y  and the  l ack  thereof,  are  under 

i nves t i ga t i on  i n  Task 2. 

I n  Task 1, which has now achieved i t s  major goals, measurements were made 

o f  the surface tens ion o f  l i q u i d  s i l i c o n  and other  mate r ia l s  i n  order  t o  provide 

r e l i a b l e  values f o r  t he  e f fec ts  t h a t  might be produced by Marangoni convection. 

This completes work on t h i s  task. S i l i c o n  i s  one o f  the most important 

mate r ia l s  used i n  e l ec t r on i c  technology. Because o f  the need f o r  a  f u l l y  

defect - f ree s i l i c o n ,  no t  r e a d i l y  obta inable  under earth-bound cond i t i ons  

where g r a v i t y  d r i ven  convect ion can be important,  s i l i c o n  i s  a  major candidate 

mate r ia l  fo r  processing i n  space. I n  planning such space processing, i t  i s  

important t o  know the  dependence o f  surface tens ion on temperature and 

impur i t i es ,  p a r t i c u l a r l y  oxygen. Surface tens ion grad ients  produce Marangoni 

convection and may be the main source o f  f l u i d  f lows which a f f e c t  s o l i d i f i c a t i o n  

processes i n  space. During the cu r ren t  r epo r t i ng  per iod,  f i n a l  sess i l e  drop 

experiments were performed t o  es tab l i sh  the temperature ( Y )  depende~ce o f  the 

surface tens ion ( y )  o f  c lean l i q u i d  s i l i c o n  and o f  clean l i q u i d  ga l l ium,  



a low-melt ing p o i n t  mate r ia l  suggested f o r  use i n  model space f l i g h t  exper i -  

ments, i n  the temperature ranges above t h e i r  me1 t l n g  po in ts .  Re1 i a b l e  values 

o t  d ~ / d T  f o r  these mate r ia l s  were obtained. 

I n  Task 2, convect,ive phenomena which a r i s e  dur ing  d i r e (  ' ional so l  i d f  f i c a -  

t i o n  a re  being inves t iga ted  by both t heo re t i ca l  ca l cu l a t i ons  and experiments. 

D i r e c t  measurements o f  convect ion and associated s o l i d i f i c a t i o n  e f f e c t s  have 

been made dur ing d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  s u c c i n o n i t r i l e  con ta in ing  

small amounts o f  ethaqol; and ca l cu l a t i ons  a re  being made o f  convection, 

i n t e r f a c e  s tab i  1  i t y  and impur i t y  segregat ion t h a t  should be expected dur ing  

d i r e c t i o n a l  s o l i d i f i c a t i o n .  Measurements were made o f  the  e f f e c t  o f  a  second 

f l u i d  phase present as d rop le ts  o r  bubbles near a  s o l i d i f i c a t i o n  in te r face .  

I n  cooperation w i t h  Centre a '  Etudes Nucl ea i r e  de Grenobl e  (CENG) o f  Grenoble, 

France, studies have been begun which could lead t o  exp~ r imen ts  w i t h  the  

HEPHISTO space-f l  i g h t  d i r e c t i o n a l  s o l i d i f i c a t i o n  system. Numerical ca l cu l a t i ons  

were made o f  f l u i d  f lows i n  d i r e c t i o n a l  s o l i d i f i c a t i o n  systems w i t h  r i g i d  

wal ls.  I n  add;*ion, l i n e a r  s t a b i l i t y  ca l cu l a t i ons  have been ca r r i ed  ou t  f o r  

A1-Mg and Pb-EI a l l o y s  of i n t e r e s t  f o r  experiments being c a r r i e d  ou t  by o th2r  

i nves t i ga to r s  and re l a ted  t o  mate r ia l s  processing i n  space. 

I n  Task 3, assistance i s  being provided LO a  j o i n t  p r o j e c t  i n vo l v i ng  

inves t iga to rs  from Rice Un i ve r s i t y  (Professor J. Margrave) and General E l e c t r i c  

Co. (Dr. R. T. F ros t )  i n  which a General E l e c t r i c  electromagnetic l e v i t a t i o n  

device i s  bei ng used t o  develop 1  ev i  t a t i o n l d r o p  ca lo r imet ry  techni  ques having 

space f l  i g h t  appl i ca t ions .  The c r i t i c a l  advantage o f  such conta iner less 

processing experiments i s  the avoidance o f  specimen contami na t ion  t h a t  would 

o:.cur upon contact  o f  a  r eac t i ve  mate r ia l  w i t h  conta iner  wa l l s  dur ing heat ing 

and melt ing. Automated techniques are being developed i n  the  cu r ren t  work both 



t o  provide support t o  the  on-going ground-based experimental e f f o r t  I n  

l e v i t a t i o n  ca lor imetry  and a lso  t o  a c t  as a prototype f o r  f l l g h t  experiments. 

As a major p a r t  of the  current  repor t  an annlysls  I s  given c f  considerations 

needed I n  se lec t ing  space f l i g h t  experiments i n  t h l s  top ic  area. 



Task 1  

Surface Tensions and The i r  Var ia t i ons  w i t h  Temperature and Impuri tip:. 

S. C. Hardy 

SUAMARY -- 
Measurements o f  t h e  sur face tens ion  o f  l i q u i d  s i l i c o n  as a  f u n c t i o n  o f  

hjdrogen pressure were perfomed t o  determine i f  reduc t ions  i n  oxygen a c t i v i t y  

w o f ~ l d  a l t e r  the sur face ension r e s u l t s  found p r e v i o u s l y  i n  measurements done 

i n  p u r i f i e d  argon. The r e s u l t  supports t h e  b e l i e f  t h a t  oxygen p a r t i a l  

pressures were i n s i g n i f i c a n t  i n  ou r  measurements. Thus f o r  c lean s i l i c o a  i t  

i s  concluded t h a t  the  surface tens ion  as a  f u n c t i o n  o f  temperature can be 

represented by 

y = 885 - 3.28(T - 1410) 

whct e  y i s  the  sur fcce tens ion i n  mJ/m2 and T i s  t h e  temperature i n  Ce ls ius  

degrees. 

The sur face tens ion o f  l i q u i d  ga1:ium has been measured us ing  t h e  s e s s i l e  

drop technique i n  an Auger spectrometer. The samples were :leaned by argon 

i o n  s p u t t e r i n g  and were f r e e  o f  i m p u r i t i e s  t o  t h e  s e n s i t i v i t y  o f  Auger 

spectroscopy. The sur face tens ion o f  l i q u i d  g a l l i u m  i s  found t o  decrease 

1  i n e  r l y  w i t h  i ac reas ing  temperature and may be represented as 

y = 708 - .066 ( T  - 29.8) 

where y i s  the  surfhce tens ion  i n  rnJ/m? and T i s  the temperature i n  Ce ls ius  

degrees. 



I n t r o d u c t i o n  

Research a c t i v i t i e s  d u r i n g  t h e  past  year  i nvo lved  s tud ies  of  the surface 

tens lons o f  s J l i c o n  and ga l l ium.  The work w i t h  s i l i c o n  was a  ,ont inuat ion of t h e  

program i n i t i a t e d  l a s t  year; t h e  ga l l i um research had been s t a r t e d  several  years 

ago bu t  had been put  as ide t o  undertake t n e  s i l i c o n  studies.  The f i n a l  s i x  

months o f  fund ing f o r  t h i s  p r o j e c t  was used t o  complete these two i n v e s t i g a t i o n s .  

Surface Tension o f  L i q u i d  S i l  i c o n  

I n  t h e  work descr ibed i n  t h e  l a s t  r e p o r t  we measured t h e  sur face tens ion  

o f  l i q u i d  s i l i c o n  as a  f u n c t i o n  o f  temperature i n  p u r i f i e d  argon atmospheres. 

Our measurements i n d i c a t e d  t h a t  the  sur face t e n t 4 ~ n  o f  c lean  s i l i c o n  as a 

funct ion of  temperature cou ld  be represented by t , ~ e  f o l  1  owl ng expression J 

temperature range from 1410°C t o  1600°C: 

y = 885 - 0.28(T - 141 0) (1 ) 

where y i s  the  sur face tens ion  i f i  m3/m2 and T i s  t h e  temperature i n  Ce ls ius  

degrees. These r e s u l t s  were i n  good agreement i v i t h  a  previous measurement a t  

one temperature i n  pure hydrogen which i s  evideiice t h a t  the oxygen p a r t f a l  

pressures were low i n  our  work. However, o the r  measurements showad t h a t  t h e  

sur face tens ion  was very s e n s i t i v e  t o  low concent ra t ions o f  oxygen. Thus i t  

i s  poss ib le  the  r e s u l t s  g ive9 by equat ion 1  were a f f e c t e d  somewhit by t h e  

res idua l  pressure o f  oxygen. 

The niajor i ns t rumenta t ion  development necessary f o r  q u a n t i t a t i v e  study 

o f  the  v a r i a t i o n  o f  s i l i c o n  surface tens ion  w i t h  oxygen p a r t i a l  pressure was 

n o t  f e a s i b l e  w i t h  the  funding and t ime a v a i l a b l e  i n  t h ' s  year ' s  cont rac t .  We 

attempted, the re fo re ,  t o  reduce oxygen a c t i v i t y  i n  our  sys tc  and thus o b t a i n  

sur face tens ions h igher  than those o f  equat ion 1 by performing measurements 

i n  argon con ta in ing  2% hydrogen. We found no increase i n  the  sur face tens ion  



over  measurements i n  pure argon. T h i s  resue.: suppor ts  our  b e l i e f  t h a t  t h e  

oxygen p a r t i a l  pressures a r e  i n s i g n i f i c a n t  i n  ou r  measurements. High 

concen t ra t i ons  3 i  hydrogen c o u l d  t be used because ,increased heat  losses  

due t o  t h e  l a r g e  thermal  c o n d u c t i v i t y  o f  hydrogen made i t  imposs ib le  t o  reach 

t h e  s i l i c o n  me1 t i n g  temperzture w i t h  t h e  a v a i l a b l e  equipn,ent, A mznusc r ip t  

e n t i t l e d  "The Surface Tension o f  L i q u i d  S i l i c o n "  was prepared and has been 

accepted f o r  pub1 i c a t i o n  i n  t h e  dourna l  o f  C r y s t a l  Growth. 

Surface Tecsion o f  Gal 1  ium 

The major  e f f o r t  t h i s  yea r  has been d i r e c t e d  tcwards comple t ion  nf our  

s t u d i e s  o f  l i q u i d  ga l l ium.  Although t h e  su r face  ter :s ion o f  g a l l i u m  had been 

s t u d i e d  ex tens i ve l y ,  tt?:-re remained s i g n i f i c a n t  u n c e r t a i n t i  as as t o  i t s  

magnitude and temperature dependence. These data  a re  o f  i n t e r e s t  because 

g a l l i u m  has been suggested as a  model f l u i d  f o r  Marangoni f l o w  experiments. 

I n  a d d i t i o n  t h e  su r face  t e n s i o ~  i s  of t e c h n o l o g i c a l  s i g n i f i c a n c e  i n  t h e  

- r o c e s s i  ng o f  compound semi conductors i n v o l v i n g  ga l  1 i urn. 

The s c a t t e r  i n  t h e  g a l l i u m  su r face  t e n s i o n  data  . is w i d e l y  a t t r i b u t e d  t o  

t h e  presence o f  t r a c e  concen t ra t i ons  o f  su r face  a c t i v e  i m p u r i t i e s  i n  t h e  

d i f f e r e n t  measurements. Howeve*, no de te rm ina t i on  o f  t h e  su r face  compos i t ion  

was p o s c i b l e  i n  t h e  e a r l i e r  experiments; t h e  presence o f  i m p u r i t i e s  was 

i n f e r r e d  from t h e  sur face t e n s i o n  values. I n  t h e  p resen t  work we have measured 

t h e  su r face  t e n s i o n  o f  l i q u i d  g a l l i u m  u s i n g  t h e  s e s s i l e  d rop techn ique i n  an 

Auger spectrometer ,  This ins t rument  pe rm i t s  a  d i r e r +  a n a l y s i s  o f  t h e  su r face  

compos i t ion  c o n c u r r e n t l y  w i t h  t h e  sur face t e n s i o n  measurement and thus p rov ides  

t h e  su r face  c h a r a c t e r i z a t i n ?  l a c k i n g  i n  e a r l i e r  work. 

There h ~ v e  been seven( l -7 )  previousl ,  r e p o r t e d  s t u d i e s  o f  t he  su r face  t e n s i o n  

o f  g a l l i u m  over  a  wide temperature range. Three o f  these s t u d i e s  found n e a r l y  



t he  same non-1 l near decrease o f  surface tens ion  w i t h  inc reas ing  tenperature(1#2w3). 

Furthermore, some measurements f n our labora to ry  (unpubl lshed)  us ing  s imi  l a r  

1 techniques are i q  approximate agreement w i t h  these o ther  observatlons of non- 
B 

i 
I 1 inear behavior. These data a re  shown i n  F igure 1 along w i t h  t h ree  l i n e a r  f 

-i 

i 
d e t e r m i n a t i o n ~ ( ~ * ~ . ~ ) .  ( b  f o u r t h  l i n e a r  r e c u l t  i s  significantly lower aad d 

cannot be shown on t i l e  sca le  o f  F igure  l ( 7 )  .) A1 though a non- l i , lear tenperature 

v a r i a t i o n  i s  often associated w i t h  surface a c t i v e  impu r i t i e s ,  t h e  agreement 

of four independent measurements o f  ncn- l inear  behavior suggests some c'her 

fac to r  m y  be causing t he  curvature i n  t h e  temperature va r ia t ion .  I n  add i t i on ,  

m s t  o f  t h e  non- l inear data l i e s  above t h e  l i n e a r  data i n  F igure 1. This 

seems t c  hn i ncons is ten t  w i t h  a model i n  which surfac? a c t i v e  impu r i t i e s  a re  

causing t h e  n o n - l i ~ e a r i t y .  Thus t he  data taker: as a whole sr.- anomalous. 

Experimental 

The Auger spectrometnr used i n  t h i s  work i s  a c o n v e t l t i o n ~ l  s icgle-pass 

c y l i n d r i c a l  m i r r o r  analyzer (CMA) w i t h  a c o a ~ ' ~ l  e l ec t r on  gun. Tke CMA i s  

mounted v e r t i c a l l y  so t h a t  it can be focussed on t he  surface o f  a sess i l e  

drop located beneath it. Auger data a re  acquired i n  an analog mode us ing  

f i r s t  d e r i v a t i v e  spec t ra l  d isp lay.  The e lec t ron  beam can be rastered t o  form 

a video image o f  t he  drop surface. The system i s  evacuated w i t h  so rp t i on  and 

io.; pumps t o  minimize hydrocarbon concentrat ions.  Pressures i n  t h e  low 

t o r r  range are achieved withou+ baking as measured by a nude i o n i z a t i o n  gauge. 

An i o n  gun and gas supply system perni  t sample c lean ing by argon i o n  sput ter ing.  

-- 
Ihe sess i l e  drop i s  contained i n  a shal lcw c y l i n d r i c a l  s i l i c a  cup whizh 

s t a ~ i  l i z e s  t he  drop and imposes a c i r c u l a r  cross-sect ic l ,  on t h e  drop base. 

The r - has an i ns i de  diameter o f  1.27 cm. I t s  t o p  has b ~ e n  beveled t o  form 

a sharp edge a t  the i n s i d e  diameter i n  order t o  reduce per turbat ions o f  the  



drop hase due t o  an iso t rop ic  we t t i ng  o f  t h e  cup top(8).  The cup i s  clamped t o  

a  simple hot  stage mounted on a hor i zon ta l  manipulator. The pneumatic 

v i b r d t i o n  i s o l a t i o n  supports of t h e  s i a i n l e s s  s t ee l  b ~ l l  j a r  are  adjusted t o  

l eve l  t he  cup f o r  t he  surf6ce tens ion measurements. A s t a t i ona ry  W-Rh 

thermocouple i s  inser ted  d i r e c t l y  i n t o  t h e  sess i l e  drop t o  masure  t h e  

temperature and t o  2rovide e l e c t r i c a l  contact  du r ing  Auger analysis.  The 

thermocoup l~  i s  withdrawn from t h e  drop p r i o r  t o  sur face tens ion  masu remn ts  

by t r a n s l a t i n g  t he  hot  stage. f i e  drop i s  v i w e r l  through two opposing 8" 

view pa r t s  and i s  photographed i n  p ro jec ted  l i g h t  us ing  an f l5.6 en la rg ing  

lens w i t h  a  190 mm focal l eng th  i n  conjunct ion w i t h  a  4" x 5" camera body. A 

f i n e  grained f i l m  i s  used which permits analys is  of t h e  negat ives a t  100X. 

The ga l l i um  used i n  these measurement$ i s  a f  99.99999% pu r i t y .  The 

samples are prspared i n  tk,e form o f  c y l i n d r i c a l  slugs hy s o l i d i f i c a t i o n  i n  a  

p l a s t i c  tube under alcohol  con ta in ing  some HC1 t o  d isso lve  surface oxides. 

A f te r  load ing o f  t h e  sample i n t o  t h e  cvp and evacuatian of t h e  system, t h e  

temperature of the  ho t  stage i s  ra ised  s lowly  t o  mainta in  good vacuum condi t ions.  

The ga l l i um mel ts  t o  form a sess i l e  drop and some i n q u r i t i e s  desorb from t h e  

surfat-e as t he  tsmperature i s  increased t o  about 400°C. The drop i s  then 

cooled and examined by r as te r i ng  t h e  e lec t ron  beam over t h e  surface and 

performing an 4uger spect ra l  analysis.  A f te r  i n i s  i ~ i t i a l  heat ing t he  surface 

i s  found t o  be covered by a t h i n  ox id^ layer  w i t h  h igh carbon content. This 

ovor layer  o f  impu r i t i e s  i s  removed from the 1 i q u i d  surface by sputtering w i t h  

argon ions (9 ) .  Several cycles i n  which the  sampl? i s  heated, cooled and 

sput tered are necessary hefore t he  surface i s  clean, Even a f t p r  extensive 

spu t t e r i ng  an occasional small s o l i d  impur i t y  i s l and  w i l l  be seen. A f te r  

c leaning. t h e  temperature i s  adjusted t o  the  des i red value, t he  stage t r ans la ted  



t o  break c o n t a c t  w i t h  t h e  thermocouple, and t h e  drop photographed. 

Resu l ts  and D iscuss ion  

The photographs o f  t h e  s e s s i i e  drops were analyzed on a  measuring rnlcro- 

scope and sur face tens ions  c a l c u l a t e d  u s i n g  t h e  t r a d i t i o n a l   ashf forth-~darns(l0) 

procedure i n  c o n j u n c t i o n  w i t h  moacrn drop shape tab les .  T ~ E  diameter  o f  t h e  

cup prov ided a  conven ient  l e n g t h  s c a l e  and t h e  d e n s i t y  da ta  o f  Koster  e t  a l ( l l )  

were used i n  t h e  ana lys i s .  F igu re  2  shows t h e  su r face  t e n s i o n  computed f o r  

two drops o f  d i f f e r e n t  mass i n  a  number o f  experiments. The drops were 

h?ated, coo led  and s p u t t e r e d  p r i o r  t o  t h e  s u r f z c e  t e n s i o n  measurenents i n  

o rde r  t o  o b t a i n  a c l e a n  sur face.  Except f o r  t h e  few smal l  s o l i d  i m p u r j t y  

i s l a n d s  which p r o b a ~ l y  remained a f t e r  t h i s  procedure, t h e  drop sur faces  were 

f ree  o f  i m p u r i t i e s  t o  t h e  s e n s i t i v i t y  of Auger s p e c t r o ~ c o p y  ( -1%) .  The 

p r e s i u r e  d u r i n g  t h e  sur face t e n s i o n  measurements was l e s r  than 10-7 t o r r  a t  

t h e  h i g h e s t  temp2rature (-500°C) and l e s s  tnan 10-3 t o r r  a t  temperatures 

below 4CC1°C. L inea r  reg ress ion  a n a l y s i s  o f  t h e  ~ a t a  o f  F igu re  2 . y ie lds  t h e  

;ol l ow ing  r e l a t i o n s h i p  f o r  t h e  :urcace t e n s i o n  o f  gal; iuln i n  m ~ / m 2 :  

y = 708 - .O€6 ( T  - 29.8) ( 2 )  

Here T i s  t h e  temperature i n  Ce ls ius  degrees. 

I n  comparison w i t h  t h e  prev ious  measurement: summarized i n  F igure  1  , 

t h i s  r e s u l t  i s  c l o s e s t  t o  t h a t  o f  ~ a t s e n k o ( 6 )  e  a1 w1.d found 

y = 712 - .0€06 ( T  - 29.8) ( 3 1  

us ing  d e n s i t y  data which d i f f e r s  s l i g h t l y  from t h a t  used i n  ou r  c a l c u l a t i o n s .  

An a d j ~ s t m e n t  o f  t h e i r  r e l a t i o n s h i p  t o  t h e  d e n s i t y  da ta  we have chosen y i e l d s  

y = 709 - .066 ( T  - 29.8: ( 4 1  

Thus t h e  su r face  t e v s i o c  a t  t h e  m e l t i n g  p o i n t  and t h e  s lope  they  f i n d  a re  

e s s e n t i - l l y  i d e n t i c a l  t o  o u r  r e s u l t s .  A d e n s i t y  adjustment  c f  t h e  o t h e r  



measurements shown i n  F igure 1 Goes not  s i g n i f i c a n t l y  improve t h e  agreement 

w i t h  our values. 

The range i n  me l t i ng  pa in t  surface tens ions o f  t h e  var ious measurements, 

exc lud ing the  very I.,& r e s u l t  o f  Konlg and ~ e c k ( ~ ) ,  i s  l e ss  than 2%. This i s  

reasonable agreement f o r  surface tens ion measurements us ing d i f f e ren t  techniqties 

and condi t ions.  Houever, t h e  range i n  temperature c o e f f i c i e n t s  i s  much 

la rger .  t he  r esv l  t o f  ~ a r a s h a e v ( ~ 1  being about 50% h igher  than our determinat ion.  

The me1 t i n j  p o i n t  surface tension. tenperature c o e f f i c i e n t  and cond i t i ons  o f  

the  var ious measurements a re  summarized i n  Table 1. We cannot i d e n t i f y  t h e  

cause of t h e  l a rge  discrepancy i n  temperature c o e f f i c i e n t  found i n  t h e  

measurements. 

As discussed above, t he  non- l inear surface tens ion  data o' ' igure 1 l i e  

above t he  l i n e a r  data a t  h igh  temperatures. We have foucd a s i m i l a r  behavior 

f o r  impu r i t y  covered surfaces i n  our measurements. I n  F igure 3 we show the  

surface tens ion  as a funct ion of temperature f o r  a drop w i t h  a h igh  sdrface 

coverage o f  impu r i t y  i s lands  corr~osed f o r  t h e  nost  p a r t  o f  carbon. The 

p r o f i l e  of the  impur i t y  covered s s s i l e  drop appeared p e r f e c t l y  smooth when 

exami~ed  a t  l O O X  magn i f i ca t ion  which suggests t he  i s !  3nds were t h i n .  A f t e r  

spu t t e r i ng  t o  ob ta in  a c lean surface t he  l i n e a r  data o f  F igure 2 were obtained. 

ThSs behavior i s  ind ica ted  by t he  l i n e  i n  F igure 3. Thus t h e  presence o f  a 

h igh  surface coverage of s o l i d  impu r i t y  i s lands  i s  associated w i t h  6 curved 

surface tension-temperature p i o t  w i t h  t he  i s l a n d  covered surface tens ion 

values exceeding those o f  t he  c lean surface a t  h igh temperatures. This i s  

t h e  general character of t he  nonl inear  data o f  F igure 1. Presumably t he  

surface tensions ca lcu la ted  from a drop w i t h  a h igh dens i t y  of surface is lands 

a re  i n  e r r o r  due t o  d i s t o r t i o n s  o f  the equ i l i b r i um  drop shape. I f  t h i s  !s 



cor rec t ,  It I s  s u r p r i s i n g  t h a t  t h e  measurements shown I n  F igure 1 are i n  good 

agreement. It suggests s i m i l a r  concentrat lons of s o l i d  i s l a n d  Impu r l t i e s  i n  

four independent experiments. 

Another emp i r i ca l  observat ion o f  an impu r i t y  e f f e c t  i s  of i n t e res t .  

Dur ing t h e  course o f  t h i s  work it was necessary t o  open t he  vacuum system fo r  

a minor adjustment o f  a component a f t e r  a ga l l i um  drop had been cleaned by 

hea t ing  and sput ter in?.  Argon was f lushed throvgh t h e  b e l l  j a r  du r ing  t h i s  

procedure. A f t e r  reevacuatiof i  t h e  surface of t h e  drop was found t o  be covered 

by a uniform, t h i n  s o l i d  oxide layer.  The sdrface tens ion  was measured t o  be 

750 r n ~ / l i l ~ ,  which i s  s i g n i f i c a n t l y  higher t h ~ n  t h e  me l t ing  po in t  value f o r  a 

c! ean surface. This observat ion suggests t h a t  previous measurements o f  

anomalously h igh  surface tens ions i n  g a l i i ~ r n ( ~ * j  may be due t o  t he  presence 

o f  t h i n  s o l i d  oxide f i l m s  which d i s t o r t  t h e  e q u i l i b r i u m  shape o f  t he  drop. 

I n  conclusion, we have measured t h e  surface tens ion of  ga l l i um sess i l e  

drops which are c lean t o  t h e  s e n s i t i v i t y  of Auger spectroscopy. The surface 

tens ion  decreases 1 i near ly  w i t h  i n r r e a s i  ng temperature ws t h  slope -.066 m3/m2~. 

This r e s u l t  i s  i n  excel l e n t  agreement w i t h  one previous measurement, but  i s  

s i g n i  '' :ant ly  smal ler  i n  absolute value than some o ther  determinations. High 

TI:, !ace coverages o f  s o l i d  impu r i t i e s  were found t o  generate a non- l inear  

tenperature v a r i a t i o n  o f  surface tensions, ca lcu la ted  from sess i l e  drop p r o f i l e s ,  

presumably due t o  d i s t o r t i o n s  o f  t he  equ i l i b r i um  drop shape. It i s  a l so  

p o s s i b l ~  ;or sess i l e  drops whose surfaces are covered w i t h  s o l i d  layers  t o  

gf ve anomalo~s ly  h igh  ca lcu la ted  surface tensions. 

A manuscript e n t i t l e d  "The Surface Tension of Gal l ium" has heen accepted 

f o r  pub l i ca t i on  i n  t h e  Journal o f  Crysta l  Growth. 



Table 1.  Summary o f  L i n e a r  Surface Tension Resul ts  

Reference ? meP- dy/dT Conditions 
!mJ/m2) (mJ/m2~) 

~ a r a s h a e v ( 4 )  71 8 - . I 01  s t a t i c  
vacuum 

~hokonov (5 )  71 5 - .088 s t a t i c  
vacuum 

~ o n i ~ ( 7 )  680 - .091 hydrogen 

~ a t s e n k o (  6) 709 - .066 dynami c 
vacuum 

This work 7 08 - .066 dynami c 
vacuum 
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Temperature (OC) I 
Figure 1 .  Sumnary of previous measurements of the surface tension of gallium: 
ref. ( 1  ) 0 ; ref. ( 2 )  ; ref. ( 3 )  % ; ref. ( 4 )  --; ref. ( 5 ) -  -; ref. (6)---; 
Hardy (unpubl i s  hed) l . 



Temperature (OC) 
Figure 2.  Surface tension of two gallium drops of different mass cleaned by 
argon ion sputteri ng . 



Temperature (OC) 
Figure 3. Measured surface tension o f  a ga l l ium drop, a l a r g e  f r a c t i o n  o f  whose 
surface i s  covered w i th  s o l i d  impurity islands.  The l i n e  (same as Figure 2 )  shows 
the behavior found when the is lands a r e  removed by sput ter ing.  



Task 2 

Convection d u r i n g  U n l d l r e c t l o n a l  S o l i d l f l c a t l o n  

S. R. C o r l e l l ,  G .  B. McFadden and R. J. Schaefer 

I n t r o d u c t i o n  

The general  aim o f  t h i s  t a s k  i s  t h e  t h e o r e t i c a l  and exper imental  s tudy  

o f  t h e  f l u l d  f l ow ,  s o l u t e  segregat ion,  and i n t e r f a c e  morphology which occu r  

dwr; nq s o l  i d 1  fica:lon. I n  p a r t i c u l a r ,  t h e  r o l e  o f  thermoso lu ta l  convec t i on  

( g r a v i t y  d r i v e n  f low due t o  temperature and s o l u t e  g r a d i e n t s )  d u r i n g  v e r t l c a l  

d i r e c t i o n a l  s o l i d i f l c a t l o n  o f  a  b l n a r y  a l l o y  i s  s t u d i e d  bo th  t h e o r e t i c a l l y  

and exper imenta l l y .  A number o f  a r t i c l e s  d e s c r i b i n g  t h i s  research were 

pub l i shed  d u r i n g  t h e  pas t  yea r  [ I -83.  

A b r i e f  rev iew o f  work on t h i s  t a s k  and r e l a t e d  research was presented 

a t  t h e  Workshop on M i c r o g r a v i t y  Science and A p p l i c a t i o n s ,  which was h e l d  a t  

t h e  J e t  P ropu ls ion  Labora tory ,  Pasadena, i A  on December 3-4, 1  a84; t h i s  rev iew 

I s  reproduced i n  Appendix A. It appears t h a t  c e l l u l a r  growth experiments i n  

the  absence o f  f l u i d  f l o w  would p rov ide  d e f i n i t i v e  da ta  and guldance I n  

advancing c u r r e n t  t heo r ies .  Since t h e  avoidance o f  f l u i d  f l o w  i n  earth-based 

d i  r e c t l o n a l  s o l  i d i  f l c a t l o n  experiments appears ex t remely  d l  f f l c u l  t , we are  

p lann ing  such experlments i n  c o l l a b o r a t i ~ n  w i t h  J. J. Fav ier  and D. Camel o f  

t h e  Centre dlEtudes Nuc lea l res  de Grenoble. I n  o r d e r  t o  understand t h e  

d i f f e r e n c e s  between e a r t h  and space exper i r ien ts ,  mathematical mode l l i ng  o f  

buoyancy d i - iven c o n ~ l e c t i o n  f o r  va r i ous  geonet r ies  and f o r  d i f f e r e n t  g r a v i t a t i o n a l  

l e v e l s  ( i n c l u d i n g  time-dependent a c c e l e r a t i o n s )  w i  11 be cont inued.  

We present  a  d i scuss ion  o f  c u r r e n t  numerical m o d e l l i n g  f i r s t  and then a  

d e s c r i p t i o n  ~f t h e  exper imental  work; each s e c t i o n  can be read independent ly .  

Numerical Resul ts  

Our prev ious  c a l c u l a t i o n s  o f  thermoso lu ta l  convec t i on  d u r i n g  d i r e c t i o n a l  



s o l i d i f i c a t i o n  [6 ]  assumed p e r i o d f c  b w n d a r y  c o n d i t i ~ n s  on t h e  v e r t i c a l  

houndaries. This i s  a reasonable approx imat ion  when t h e  h o r i z o n t a l  wavelength 

i s  smal l  compared t o  t h e  l a t e r a l  dimensions o f  t h e  sample. When t h e  dave length  

i s  comparable t o  t h e  l a t e r a l  dimensions o f  t h e  sample, i t  i s  c l e a r l y  b e t t e r  t o  

use boundary c o n d i t i o n s  app rop r ia te  f o r  r i g i d  w a l l s  and we have m o d i f i e d  t h e  

numerical a l g o r i t h m  accord ing ly .  The p e r i o d i c  boundary c o n d i t i o n s  correspond 

t o  u = av lax  = 8T/ax = ac/ax = 0 on t h e  v e r t i c a l  boundaries; here  u 

and v a r e  t h e  f l o w  v e l o c i t i e s  i n  t h e  x and y d i r e c t i o n s ,  r e s p e c t i v e l y ,  T i s  

t h r  v a r i a t i o n  o f  t he  temperature f rom t h e  temperature i n  t h e  absence of f l ow ,  

and c i s  t h e  s o l u t e  concen t ra t i on  (see re fe rence  6 f o r  a d e t a i l e d  d e s c r i p t i o n  

and n o t z t i o n ) .  At a r i g i d  w a l l  t h e  f l u i d  v e l o c i t y  vanishes so t h a t  u = v = 0, 

and t h e  s o l u t e  f l u x  vanishes so t h a t  x / a x  = 0. The boundary c o n d i t i o n  

on t h e  temperature v a r i a t i o n  depends on t h e  thermal  p r o p e r t i e s  o f  t h e  boundary, 

w i t h  two l i m i t i n g  p o s s i b i l i t i e s  be ing  p e r f e c t l y  conduct ing  ( T  = 0) o r  p e r f e c t l y  

i n s u l a t i n g  (2TIax = 0). Ue have assumed p e r f e c t l y  conduct ing  boundaries, 

d n i c h  i ~ n l i e s  t h a t  t h e  temperature d i s t r i b u t i o n  on t h e  boundary i s  independent 

o f  t ime. The r i g i d  boundary c o n d i t i o n s  a r e  then  u = v = T = ( a c l a x )  = 0. 

We have a l s o  assumed p e r f e c t l y  conduct ing  boundar ies a t  t.he t o p  and bot tom o f  

t h e  sample so t h a t  T = 0 a t  these boundaries. 

Nurrierical c a l c u l a t i o n s  were c a r r i e d  o u t  f o r  t h e  f o l l o w i n g  values o f  t h e  

d imer ls ion le js  v a r i a b l e s :  k s / k ~  = W / K ~  = 1 , ( the rma l  p r o p e r t i e s  o f  c r y s t a l  and 

m e l t  a re  t h e  same), P rand t l  number P r  = 0.01, Schmidt number Sc = 10, d i s t r i b u -  

t i c n  c o e f f i c i e n t  k = 0.3, c r y s t a l  growth v e l o c i t y  U = 0.5, thermal Ray le igh  

number Ra = 1268, and aspect  r a t i o  ( h e i g h t l w i d t h )  = 2. The P r a c d t l  and 

Schmidt numbers a re  t y p i c a l  o f  semiconductor me1 t s .  F igures 1 and 2 shod t h e  

steady s t a t e  stream f u n c t i o n  and concen t ra t i on  f i e l d s  f o r  a s o l u t a l  Ray1 e i g h  

number Rs o f  2000 f o r  two d i f f e r e n t  i n i t i a l  condition;. I n  F igure  1, t h e  



f l o w  i s  downward near bo th  w a l l s  and upward i n  t h e  middle,  g i v i n g  r i s e  t o  a  

c o n c e n t r a t i ~ n  p r o f i l e  which i s  symmetric about t h e  midplane o f  t h e  t o n t a i  ner. 

The ' imensionless s o l u t e  concen t ra t i on  i n  t h e  c r y s t a l  a t  t h e  c rys ta l -me1 t 

i n t e r f a c e  ranges f rom 0.88 a t  t h e  w a l l  t o  1.24 a t  t h e  c e l ~ i s r  w i t h  an average 

va lue  o f  1.06. The d e v i a t i o n  o f  t h e  ave:age va lue  from u -  ;' i s  numer icdl  

i n a c c l ~ r a c y  due t o  t h e  f i n i t e  mesh s i z e  (1  6 i n t e r v a l s  i i j  t 5:izontal 

d i r e c t i o n  and 80 i n t e r v a l s  i n  t h e  v e r t i c a l  d i r e c t i o n ) .  I n  I - i gu re  2, i n  t h e  

v i c i n i t y  o f  t h e  c r y s t a l - m e l t  i n t e r f a c e ,  t h e  f l o w  i s  downward near t h e  l e f t  

boundary and upward near t h e  r i g h t  boundary. The i n t e r f a c e  s o l u t e  concen t ra t i on  

increases from 0.73 a t  t h e  l e f t  boundary t o  1.84 a t  t h e  r i g h t  bounddry. By 

symmetry, t h e r e  i s  a l s o  a  steady s t a t e  s o l u t i o n  i n  which t h e  f l o w  i s  t h e  

reverse  o f  t h a t  o f  F igu re  2, i.e., upward near t h e  l e f t  boundary arid dow~ward 

near t h e  r i g h t  boundary. We d i d  n o t  f i n d  a bteady s t a t e  s o l u t i o n  i n  which 

t h e  f l o w  i s  upward near t h e  w a l l s  3nd downward i n  t h e  midd le ,  

For a  system t h a t  i s  unbounded i n  t h e  l a t e r a l  d i r e c t i o n ,  t h e  c r i t i c a l  

s o l u t a l  Rayle igh nuqber f o r  t h e  onsc t  c f  convect ion  i s  963 f o r  t h e  ~ a i u e s  O F  

t h e  d imensionless parameters p r e v i o u s l y  g i v e n  [6]. The 1  i n e a r  s t a b i l i t y  O F  

t h e  system w i t h  r i g i d  v e r t i c a l  w a l l s  was determined us ing  t h e  n o n l i n e a r  code; 

t h e  onset  of convect ion  occurred a t  a  s o l u t a l  Ray le igh  namber o f  about 400. 

Thus, t h e  system w i t h  r i g i d  w a l l s  i s  l e s s  s t a b l e  than the  l a t e r a l l y  unbounded 

system. Since r i g i d  w a l l s  should i n h i b i t  f l o w ,  t h e  r e s u l t  was i n t r i g u i n g  and 

we have I n v e s t i g a t e d  i t  f u r t h e r .  A l i n e a r  s t a b i l i t y  a n a l y s i s  f o r  t h e  

d i r e c t i o n a l  s o l i d i f i c a t i o n  sys ten~ w i t h  s i d e w a l l s  i s  n o n t r i v i a l  s i nce  i t  can 

n o t  be reduced t o  o r d i n a r y  d i f f e r e n t i a l  equat ions.  Therefore,  we have 

cons idered a  model system w i t h  s imple boundary c o n d i t i o n s  on t h e  h o r i z o n t a l  

boundaries. A manuscr ipt  "Double-Di f f u s i v e  Convection w i t h  Sidewal l  s "  by 

G. B. McFadden, S. R. C o r i e l l ,  and R. F. B o i s v e r t ,  descr ibes  r e s u l t s  ob ta iqed 

2 0 



on tempera tur?  and concen t ra t i on  a r e  n o t  i d e n t i c a l ,  r i g i d  w a l l s  can a c t u a l l y  i 
I 

d e s t a b i l i z e  t h e  system f o r  c e r t a i n  va lues  o f  t h e  govern ing  parameters. An c 

area o f  f u r t h e r  research i s  t h e  &vzlopment o f  a numer ical  a l g o r i t h m  f o r  
f 

s i m i l a r  1  i n e a r  s t a b i l i t y  c a l c u l a t i o n s  f o r  a d i r e c t i o n a l  so l  i d i f i c a t i o n  system. 

A  number o f  l i n e a r  s t a b i l i t y  c a l c u l a t i o n s  f o r  l a t e r a l l y  unbounded 

d i  r e c t i o n a l  s o l  i d i  f i c a t i o n  have heen c a r r i e d  o u t  i n  c o l l  ahorat ;on w i t h  va r i ous  

groups i n t e r e s t e d  i n  ' p a r t i c u l a r  a l l o y s  and growth c o n d i t i o n s .  l n e  c r i t i c a l  

s o l u t e  concen t ra t i on  f o r  t h e  onset  o f  convec t i ve  and morpho log ica l  i n s t a b i  1 i t i e s  

d u r i n g  t h e  d i r e c t i o n a l  s o l  i d i f i c a t i o n  o f  aluminum c o n t a i n i n g  magnesium has 

5een c a l c u l a t e d  f o r  va r i ous  g r a v i t a t i o n a l  a c c e l e r a t i o n s  and temper3ture 

grad ien ts .  Thermophysical p r o p e r t i e s  f o r  t h e  A1 -Mg ~l l o y  were p rov ided  by  

Stephan Rex and Pro fessor  Peter  R. Sahm ( o f  t h e  G i e s s e r e i - T n s t i t u t  de r  RUTH 

Aachen) , who a re  exper imental  l y  i n v e s t i g a t i n g  these a1 loys .  Recent research 

by Carols e t  a1 [9] have s u g g e s t ~ d  t h a t  t h e  ~ n s e t  o f  convec t i ve  i n s t d b i  l i t y  

may be o s c i l l a t o r y  i n  t ime  i n  t h e  l e a d - t i n  system a t  v e r y  l ow  tsmpera ture  

g r a d i e n t s  i n  t h e  l i q u i d .  We have c a r r i e d  o u t  l i n e a r  s t a b i l i t y  c a l c u l a t i o n s  

a t  a  c r y s t a i  growth v e l o c i t y  o f  13 m/s and a  t znpe ra tu re  g r a d i e n t  j n  t h e  

l i q u i d  o f  Q . l  Klcm. The convect ive  i n s t a b i l i t y  i s  o s c i l l a t o r y  i n  t ime  <nd 

the  behav ior  i s  s i m i l a r  t o  t h a t  i n  +he s u c c i n o n i t r i l e - e t h a n o l  system [ 5 ] .  

Under cond,i t i o n s  f o r  which growth v e r t i c a l  l y  upward; i s  c o n v e c t i v e l y  o r  

m o r p ~ o l o g i c a l l y  uns t -h le ,  i t  i s  wor thwh i l e  t o  c rns ;de r  t h e  p o s s i b i l i t y  o f  

growth v e r t i c a l l y  downward. I n  c o l l a b o r a t i o n  w i t h  J. J Fav ie r  o f  t h e  Centre 

d '  Etudes Nucleai  r e s  de Grenohle, a  number o f  1  i f i ea r  s t a b i  1 i t y  c a l c u l a t i o n s  

f o r  t h e  growth v e r t i c a l l y  downward o f  l e a d  c o n t a i n i n g  t i n  have been c a r r i e d  

out ,  The onset  o f  i n s t a b i l i t y  i s  u s u a l l y  o s c i l l a t o r y  i n  t ime. Fu r the r  i i n e a r  



s tab i  l i t y  and nonl inear  ca l cu l a t i ons  w i  11 be perforrled t o  s l uc f  date t he  

advantages and disadvantages o f  downward ~ r o u t h .  

Ex e r i w n t a l  P-,-- 
Convective e f f e c t s  induced by t he  presence of a second f l u i d  phase near 

t he  s o l i d - l i q u i d  i n t e r f a c e  have been t u r t h e r  inves t iga ted  by t he  use of a 

succinc? f i t r i l e  sample conta in ing a d rop le t  o f  mercury. This system was chosen 

on the  bas is  o f  assumeG . e g l i g i b l e  mutual s o l u b i l i t y  and a la rge  d i f ference 

i n  thermal conduct iv i ty .  Because o f  i t s  h igh conduc t i v i t y  r e l a t i v e  t o  

succi n o n i t r i  l e ,  the  surfdce o f  t s e  mercury drop was e f f e c t i v e l y  i s o t h e r m i  

even i n  t he  presence 05 la rge  thermal gradief i ts i n  t he  surrounding s u c c i n o n i t r i l e .  

As a r esu l t ,  t he  isotherms i n  t h e  s u c c i n o n i t r i l e  were severely d i s t o r t e d  3nd 

bouyancy-dri ven c o ~ v e c t i o n  was pr.:sent i n  t he  succi  noni t 1.i l e .  Convecti r e  

flow was seen even when the mercury drop l ay  j u s t  below t h e  s u c c i n o n i t r i l e  

so l  id-1 i q u i d  in ter face,  so t h d t  n9 f l u i d - f l u i d  i n t e r f a c e  was present. 

I r r e p r o d u c i b i l i t y  i n  t he  shape o f  t he  mercury drop made quantita: ive r a t e  

meas:~rements m ~ n i n g l e s s ,  but  t he  f l u i d  f l ow i n  t h i s  case d i d  not  d i f f c r  

not iceably  from t h a t  which was present when the  mercury drop contacted t he  

1 i quid succi noni t r i  l e ,  thus i m ~ l y i  ng t h a t  Marangonl convection was not  p l ay i ng  

an important ro le .  

E a r l i e r  experiments 3n the e f f ec t  o f  a gas bubble a t  t he  s o l i d - l i q u i d  

i n t e r f ace  o f  a succ i non i t r i  1e.-ethanol a1 1 oy had shown t h a t  a g rea t l y  increased 

f l u i d  f low was present i n  the  v i c i n i t y  3f t he  bubble f o l l ow ing  s l i g h t  motions 

o f  the  bubble. The e f f ec t  was . ~ + t r i b u t e d  t o  Marangoni convection induced by 

t r ans ien t  gradients r e s u l t i n g  ;'ram the  bubble motion. The e f fec t  was not  

observed i n  the case o f  the  mercury drop sample, where there should be no thermal 

gradients and no composition gradients (due t o  t he  ahsence of t ne  ethanol ) . 



The experiments thus sugsest t h a t  a  second f l u i d  pllast. can induce 

convection near the  so l  i d -  1 i q u i d  i n t e r f a c e  both by d i s t o r t i o n  of t h e  thermal 

f i e l d  and by t h e  Marangoni e f f e c t .  The f i r s t  mechanism would nf course be 

g r e a t l y  reduced by m i  c rograv i  t y ,  but  t h e  second mechanism would coct inue t o  

operate. The inportance o f  con t ro l  l i n g  t he  f ree volume generated by 

s o l i d i f i c a t i o n  shrinkage dur ing  space f l i g h t  experiments i s  thus emphasized. 

I n  cooperation w i t h  Centre dlEtudes Nucleai r e  de Grenoble (CENG) of 

Grenobl e, France, we a re  s tudy ing methods f o r  demarkation o f  so l  i d -1  i q u i  d  

i n te r f a res  dur ing  d i r e c t i o n a l  s o l i d i f i c a t i o n  o f  metals. Tbese methods would 

be employed dur ing  f l i g h t  experiments on t h e  MEPHISTO apparatus t o  determine 

i n t e r f ace  shapes a t  d i f f e r e n t  terrperature grad ients  a ~ d  growth ve loc i t i e s .  

The shape o f  t he  sol  i d - 1  i q u i d  i n t e r f a c e  dur ing  s o l i d i f i c a t i o n  of 

semi conductor mate r ia l s  can he marked w i t h i n  t he  growing so l  i d  by Pel t i e r  

pu ls ing.  I n  t h i s  method, a  pulse o f  e l e c t r i c  cu r ren t  i s  passed through t h e  

sample, normal t o  t h e  s o l i d - l i q u i d  in te r face ,  w i t h  t he  r e s u l t  t h a t  P e l t i e r  

heat i s  emi t ted o r  absorbed a t  t he  i n t e r f ace ,  depending on t ho  d i r e c t i o n  of 

cu r r sn t  flow. This P e l t i e r  pulse causes a  t r a n s i e n t  change of t he  s o l i d i f i c a t i o n  

ra te ,  which causes a corresponding c3ange i n  t he  composit ion o f  t h e  so l id .  

Upon suhseq~~ent  metal lographic examination, the zhape o f  t h ?  i n t e r f a c e  a t  t h e  

t ime o f  t he  pulse i s  revealed by t he  cocnpositional t rans ien t .  The P e l t i e r  

e f f e c t  has the  advantage t h a t  heat i s  absorbed o r  emi t ted d i r e c t l y  a t  t h e  

so l  i d -1  i q u i d  in te r face ,  but  unfor tunate ly  Pel t i e r  pulse marking of m e t a l l i c  

s 3 l i d - l i q u i d  i n t e r f aces  i s  d i f f i c u l t  because o f  t he  low P e l t i e r  c o e f f i c i e n t s  

o f  metal so l  i d - ]  i q u i d  interfaces. 

There are. however, o ther  ways i n  which marking t r ans ien t s  can he 

produced, One requirement i s  t h a t  t he  t r ans ien t  be b r i e f  e n o ~ g h  :,tat i t no t  



cause a s i g n i f i c a n t  change i n  t h e  i n t e r f a c e  shape. For t h i s  reason we are 

i n f t l a t i n g  s ser ies  o f  experlments i l l  which t he  i n t e r f a c e  w i l l  be pert i i rbed 

by very shor t  pulses c f  e l e c t r i c  current.  Such pulses can be made very large, 

i n  which case t h?  e f f e c t  o f  Joule heat ing w i l l  be grea te r  than t h a t  o f  P e l i t e r  

heat tng o r  cool ing.  The ef fect iveness cf  t h?  pulses w i l l  be measured as a 

funct ion of several va r iab les  t g  o b t a i ~  t h e  best marking w i t h  the  minimum 

d5 s t u r b a n c ~  of t he  i n t e r f ace .  
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APPENDIX A 

Proceedings o f  Workshop on M l c r o g r a v l t y  Science and Appl !cat ions 
Pasadena, CA; December 3-4, 1984 

Convect ion  and I n t e r f a c e  Stab11 I t y  d u r i n g  Sol i d f  f i c a t i o n  

S. R. C o r i e l l  

h r i n g  a  f i r s t  o r d e r  phase t rans fo rma t ion ,  t h e  mot ion  o f  t h e  i n t e r f a c e  

between t h e  two phases depends on t h e  t r a n s p o r t  o f  heat  and so lu te .  For  

a l l o y  s o l i d i f i c a t i o n  o r  c r y s t a l  growth from t h e  me l t ,  t h e  pa ren t  phase i s  a  

f l u i d  and t h e  t r a i s p o r t  i s  by bo th  d i f f u s i o n  and convect ion.  For  m e t a l l i c  

a1 l o y s ,  thermal d i  f f u s i v i t i e s ,  K ,  a r e  f o u r  o rde rs  o f  magnitude g r e a t e r  t han  

s o l u t e  d i f f u s i v i t i e s ,  D, so t h a t  f l u i d  f l o a  has a  much g r e a t e r  e f f e c t  on 

s o l u t e  d i s t r i b u t i o n  than on t h e  temperature f i e l d .  The s o l u t e  d i s t r i b u t i o n  

a t  t h e  crysta l -me1 t i n t e r f a c e  d i r e c t l y  determines t h e  s o l u t e  d i s t r i b u t i o n  i n  

t h e  s o l i d i f i e d  m a t e r i a l  s i n c e  d i f f u s i o n  r a t e s  i n  t h e  s o l i d  a r e  g e n e r a l l y  

ex t remely  small .  

The general  problem o f  mathematical m o d e l l i n g  o f  f l u i d  f l o w  d u r i n g  

s o l  i d i  f i c a t i o n  i s  cha l  l e n g i n ~  s i n c e  i t  i n v o l v e s  t h e  non-1 i n p a r  Navier-Stokes 

equat ions  and a  Stefan p rob le ,~ ,  i.e., t h e  boundary c o n d i t i o n s  on t h e  temperature, 

concen t ra t i on ,  and f l q i d  f l e w  f i e l d s  a re  s p e c i f i e d  a t  t h e  s o l r d - l i q u i d  

i n t e r f a c e  whose p o s i t i o n  i s  unknown. The temperature,  c o n c e n t r a t ~ o n ,  and 

f l u i d  f l o w  f i e l d :  a re  no t  o n l y  c ~ u p l e d  th rough t h e  convec t i ve  and buoyancy 

terms i n  t h e  f i e l d  equat'ons I tut  a l s o  th rough t h e  boundary c o n d i t i o n s  a t  t h e  

s o l  i d - 1  i q u i d  i n t e r f a c e .  These boundary c o n d i t i o n s  d i r e c t l y  coup1 e  t h e  

temperature acd s o l u t e  f i e l d  s ince  t h e  m e l t i n g  p o i n t  depends on composi t ion,  

and i n d i r e c t l y  coup le  i:ie f l u i d  f l o w  f i e l d  t o  t h e  temperature dnd c o n c e n t r a t i o n  

f i e i d ,  s i nce  t h e  p o s i t i o n  o f  t h e  i n t z r f a c e  i s  determined by these f i e l d s .  

Fu r the r ,  t he  r o l e  p layed by t h e  s o l i d - l i q u i d  su r face  energy r e q u i r e s  c a l c u l a t i o n  

o f  t h e  mean cu rva tu re  o f  t h e  s o l  i d -1  i q u i d  i n t e r f a c e .  For meta ls  and semi- 

conductors,  t h e  P r a n d t l  number (P r  = U/K where v i s  t h e  k inemat ic  v i s c o s i t y )  



i s  o f  t h e  o r d e r  of 10-2 end t h e  Schmidt number (Sc = v/D) id t h e  t h e  o r d e r  

o f  102; these parameters i n d i c a t e  w i d e l y  d i f f e r e n t  l e n g t h  and t i m e  sca les  f o r  

mass, momentum, and energy t r a n s p o r t  and may cause add i  t i o n i i l  numer ical  

problems. 

D i r e c t i o n a l  s o l i d i f i c a t i o n  o f  a  b i n a r y  me1 t t o  fo rm a  s i n g l e  phase s o l i d  

a t  cons tan t  v e l o c i t y  V i s  most amenable t o  t h e o r e t i c a l  a n a l y s i s  and i s  a  good 

approx imat ion  t o  d i r e c t i o n a l  s o l i d i f i c a t i o n  exper iments i n  which t h e r e  i s  

un i f o rm r e l a t i v e  mot ion  o f  t h e  sample and i t s  thermal  environment. Since t h e  

s o l c t e  concen t ra t i on  o f  a  l i q u i d  i s  u s u a l l y  q u i t e  d i f f e r e n t  from t h a t  o f  a  

s o l i d  w i t h  which i t  i s  i n  e q u i l i b r i u m ,  t h e r e  i s  e i t h e r  r e j e c t i o n  o r  p r e f e r e n t i a l  

i n c o r p o r a t i o n  o f  s o l u t e  by t h e  s o l i d  a t  a  moving c r y s t a l - m e l t  i n t e r f a c e .  

Th is  r e s u l t s ,  f o r  a  qu iescent  l i q u i d ,  i n  an exponent ia l  c o n c e n t r a t i o n  g r a d i e n t  

t h a t  extends ahead o f  t h e  i n t e r f a c z  w i t h  a  c h a r a c t e r i s t i c  d i s t a n c e  o f  D/V. 

The temperature g r a d i e n t  i s  a1 so exponent ia l  w i t h  c h a r a c t e r i s t i c  d i s t a n c e  K/V ;  

however, K / V  i s  u s u a l l y  s u f f i c i e n t l y  l a r g e  t h a t  t h e  temperature g r a d i e n t  i s  

e s s e n t i a l l y  cons tant  w i t h i n  each phase. 

I f  t h e  c r y s t a l - m e l t  i n t e r f a c e  i s  9 lana r  and t h e r e  i s  no f l u i d  f l o w  i n  

t he  me l t ,  then a t  s teady s t a t e  t h e  s o l i d i f i e d  m a t e r i a l  w i l l  have a  u n i f o r m  

s o l u t e  d i s t r i b u t i o n .  Even i n  t h e  absence o f  convect ion ,  i t  i s  w e l l  known 

t h a t  f o r  s u f f i c i e n t l y  h i g h  s o l u t e  concen t ra t i ons  t h e  c r y s t a l  -me1 t i n t e r f a c e  

w i l l  be uns tab le  [I], and develop i n t o  a  c e l l u l a r  o r  d e n d r i t i c  i n t e r f a c e  w i t h  

l a t e r a l  s o l u t e  segregat ion  (mic rosegregat ion) .  For smal l  s o l  i d i  f i c a t i o n  

v e l o c i t i e s  ( t y p i c a l l y  1  ess than 10-2 cm/s) , an e x c e l l e n t  approx imat ion  t o  t h e  

s t a b i l  i t y  c r i t e r i o n  i s  t h e  m o d i f i e d  c o n s t i t u t i o n a l  supe rcoo l i ng  c r i t e r i o n ,  

i .e.,  t h e  p lana r  i n t e r f a c e  i s  s t a b l e  if 

G*I(~G~) > 1  



w i t h  

G* = ( k S ~ s  + k L ~ L ) / ( k S  + kL) 

where k~ and k s  a r e  thermal  c o n d u c t i v i t i e s  o f  l i q u i d  an+ s o l i d ,  r e s p e c t i v e l y ,  

GL and Gs a re  unper turbed temperature g r a d i e n t s  a t  t h e  i n t e r f a c e  i n  t h e  l i q u i d  

and s o l i d ,  r e s p e c t i v e l y ,  m i s  t h e  change i n  me1 t i n g  temperature w i t h  s o l u t e  

concen t ra t i on ,  and Gc i s  t h e  unper turbed s o l u t e  g r a d i e n t  a t  t h e  i n t e r f a c e  i n  

t h e  1  i q u i d .  The product  mGc i s  always p o s i t i v e ,  even though s o l u t e s  can 

e i t h e r  r a i s e  o r  l o w e r  t h e  me1 t i n g  temperature. B a s i c a l l y ,  p o s i t i v e  temperature 

g r a d i e n t s  a r e  s t a b i  1 i z i n g  w h i l e  t h e  s o l u t e  g r a d i e n t  i s  des tab i  1  i z i n g .  Another 

s t a b i l i z i n g  i n f l u e n c e ,  n o t  e v i d e n t  i n  t h e  equat ions,  i s  t h e  s o l i d - l i q u i d  
I 
f 

i s u r f a c e  f r e e  energy, y,  which tends t o  minirniz.2 i n t e r f a c i a l  area. A t  smal l  
1 

i v e l o c i t i e s ,  t h e  su r face  energy has a  n e g l i g i b l e  e f f e c t  on t h e  s t a b i l i t y  

i r r  r t e r i o n  b u t  p lays  an i m p o r t a n t  r o l e  i n  de te rm in ing  t h e  wavelength x a t  t h e  
i 
I onset  o f  i n s t a b i l i t y ;  t y p i c a l l y  these wavelengths a r e  i n  t h e  range 1-100 

a and decrease w i t h  i n c r e h s i n g  v e l o c i t y .  
! 

Recent ly ,  t h e r e  has been reneked t h e o r e t i c a l  i n t e r e s t  i n  t h e  nonl  i n e a r  

aspects o f  t h e  morphologies t h a t  occur d u r i n g  d i r e c t i o n a l  s o l i d i f i c a t i o n .  

For  i n t e r f a c e  shapes t h a t  do n o t  d i f f e r  t o o  much f rom p l a n a r i t y ,  t h e  f r e e  

I boundary problem may be handled by means o f  l i n e a r  s t a b i l i t y  a n a l y s i s  [I] and i 
non-1 i n e a r  expansion techniqq!es [2]. High speed computers have made p o s s i b l e  

n u m t ~ i c a l  c a l c u l a t i o n s  o f  nonplanar i n t e r f a c e  morphologies t h a t  d i f f e r  s i g n i f i -  

c a n t l y  f rom p l a n a r i t y  [3-41. Sicce c e l l u '  r spacings are  g e n e r a l l y  o rde rs  

o f  magnitude sma l l e r  than sample dimenc'ons, computat ional  domains w i t h  

p e r i o d i c  boundary c o n d i t i o n s  corresponding t o  wavelengths o f  a n t i c i p a t e d  c e l l  

spacings a r e  used. I n  general ,  i t  i s  p o s s i b l e  t o  f i n d  d f a m i l y  of s teady 

s t a t e  s o l u t i o n s  ( i n t e r f a c e  shapes, temperature and c o n c e n t r a t i o n  f i e 1  ds)  f o r  



a range o f  wavelengths. The fundamental problem o f  wavelength s e l e c t i o n  has 

been l ongs tand ing  and i s  j u s t  beg inn ing  t o  be understood [5]. 

Steady s t a t e  two-dimensional i n t e r f a c e  shapes and i n t e r f a c e  concen t ra t i ons  

a re  shown i n  F igu re  1. The t h r e e  c a l c u i a t i o n s  14)  correspond t o  b u l k  a l l o y  

concen t ra t i ons  t h a t  exceed t h e  c r i t i c a l  c o n c e n t r a t i o n  f o r  i n s t a b i l  i t y  by 0.5,  

4.0, and 13.0 percent .  The c e l l  groove deepens and accompanying s o l u t e  

segregat ior i  i ncresses r a p i d l y  as the  bu l  k  c o n c e n t r a t i o n  i s  ra ised.  Recent 

work by Ungar and Brown [6]  s u c c e s s f u l l y  f o l l o w s  t h e  e v o l u t i o n  of c e l l s  t o  

groove depths o f  up t o  f i f t e e n  t imes t h e i r  wavelength. A n o n l i n e a r  s t a b i l i t y  

a n a l y s i s  o f  three-dimer, ional ~ 2 1 1 s  has r e c e n t l y  been c a r r i e d  o u t  by 

Srirar lganathan e t  a l .  [2] i n  an a t tempt  t o  understand t h e  complex morphologies 

which have been observed exper imenta l l y .  For  example i n  1 ead-ant imony a1 l o y s  171, 

t h e  i n t e r f a c e  morphology a t  t h e  onset  o f  i n s t a b i l i t y  depended on c r y s t a l l o g r a p h i c  

o r i e n t a t i o n ;  nodes ( c i r c u l a r  w e l l s  o f  l i q u i d  p e n e t r a t i n g  i n t o  t h e  c r y s t a l )  

developed when t h e  growth d i r e c t i o n  was near [ l o o ]  o r  [111] w h i l e  e longated 

c e l l s  developed near [110]. A t  h ighe r  degrees o f  i n s t a b i l i t y ,  r e g u i a r  

(hexagonal ) c e l l  s  developed. 

It i s  w e l l  known t h a t  h o r i z o n t a l  temperature and concen t ra t i on  g rad ien ts  

g i ve  r i s e  t o  buoyancy d r i v e n  f l u i d  f l o w  [8]. I n  o r d e r  t 9  min imize  these h o r i z o n t a l  

gradient :  growth should be i n  t he  v e r t i c a l  d i r e c t i o n .  For a norinal ! i q u i d ,  

which expands on heat ing ,  growth v e r t i c a l l y  upwards w i l l  ensure t h a t  i n  t h e  

absence o f  s o l u t e  t h e  1 i q u i d  de:,si ty w i l l  decrease w i t h  he igh t .  However, 

even f o r  t h i s  growth c o n f i g u r a t i o n  s ince  c o n t a i n e r  w a l l s  a r e  n o t  p e r f e c t l y  

a d i a b a t i c ,  t h e  d i  f fe rences i n  thermal c o n d u c t i v i t y  between c r y s t a l  , me1 t , and 

c o n t a i i e r ,  and the  l a t e n t  heat  re leased on f r e e z i n g  w i l l  g i v e  r i s e  t o  h o r i z o n t a l  

temperature g rad ien ts ,  r e s u l t i n g  i n  f l u i d  f low.  The i l a tu re  9 f  t h i s  f l o w  i n  



p r o t o t y p e  c r y s t a l  growth systems i s  beg inn ing  t o  be understood th rough ex tens i ve  

numer ical  model1 i n g  [9]. For v e r t i c a l  growth i n  t h e  absence o f  h o r i z o n t a l  

temperature and c o n c e n t r a t i o n  g rad ien ts ,  a  mo t ion less  s o l u t i o n  w l l  1  formal l y  

s a t i s f y  t h e  f l u i d  f l o w  equat ions;  however, such a  s o l u t i o n  i s  n o t  n e c e s s a r i l y  

s t a b l e  and convec t i ve  i n s t a b i l i t y  may occur. 

When bo th  t h e  temperature an9 s o l u t e  f i e l d s  i n d i v i d u a l l y  cause t h e  d e n s i t y  

t o  decrease w i t h  he igh t ,  t h e r e  i s  no p o s s i b i l i t y  o f  convec t i ve  i n s t a b i l i t y .  

However, even i n  t h i s  case, t h e r e  can be undes i rab le  convec t i ve  e f f e c t s .  

Dur ing  measurements o f  c e l l  spacings i n  A1-6 w t %  Cu a l l o y s ,  McCartney and 

Hunt [ l o ]  observed t h a t  t h e  macroscopic i n t e r f a c e  was h i g h l y  curved. Since 

t h e  c u r v a t u r e  cou ld  be e l i m i n a t e d  by us ing  t h e  t e r n a r y  system A1 -Mg-Si , which 

has a  v e r y  low va l ce  o f  t h e  temperature d e r i v a t i v e  o f  t h e  l i q u i d  d e n s i t y  a long 

t h e  l i q u i d u s  l i n e ,  convect ion  appears impor tan t  i n  t h e  s t a b l y  s t r a t i f i e d  A1-Cu 

system. Presumably, convect ion  due t o  h o r i z o n t a l  temperature g r a d i e n t s  

i n t e r a c t s  w i t h  t h e  s o l u t e  g r a d i e n t  t o  cause a  non-uni form s o l u t e  concen t ra t i on  

a t  t h e  i n t e r f a c e .  

I f  a  s o l u t e  t h a t  i s  r e j e c t e d  a t  t h e  c r y s t a l - m e l t  i n t e r f a c e  decreases t h e  

d e n s i t y  o f  t h e  m e l t  o r  a  s o l u t e  t h a t  i s  p r e f e r e n t i a l l y  i nco rpo ra ted  s t  t h e  

c rys ta l -me1 t i n t e r f a c e  increases t h e  dens1 t y  o f  t h e  me1 t, then t h e  s o l u t e  

f i e l d  i t t  t h e  absence o f  3 temperature g r a d i e n t  w i l l  cause t h e  l i q u i d  d e n s i t y  

t o  i nc rease  w i t h  h e i g h t  d u r i n g  grgwth v e r t i c a l l y  upwards, and t h e r e  i s  t h e  

p o s s i b i l i t y  o f  convec t i ve  i n s t a b i l i t y .  The unperturbed s t a t i c  d e n s i t y  p r o f i l e  

due t o  bo th  temperature and concen t ra t i on  v a r i a t i o n  i s  o f  l i t t l e  u t i l i t y  i n  

p r e d i c t i n g  t h e  onset  o f  convect ion  s ince  one can have a  s t a t i c a l l y  uns tab le  

d e n s i t y  p r o f i l e  w i t h o u t  convect ion  and a  s t a t i c a l l y  s t a b l e  d e n s i t y  p r o f i l e  

w i t h  corivect ion. The l a t t e r  case o f  convect ion ,  even though the  l i q u i d  d e n s i t y  



decreases w i t h  h e i g h t ,  i s  a f e a t u r e  o f  double d i f f u s i v e  convec t i on  and a r i s e s  

due t o  t h e  d i f f e r e n c e  i n  d i f f u s i v i t i e s  o f  t h e  two d i f f u s i n g  species,  v iz . ,  

s o l u t e  and heat  [ll]. The r e s u l t s  o f  l i n e a r  s t a b i l i t y  a n a l y s i s  [ I 2 1  o f  combined 

morpho log ica l  and double d i f f u s i v e  convec t i ve  i n s t a b i l  i t i e s  i s  shown i n  F igure  

2 f o r  t h e  growth v e r t i c a l l y  upvards c f  l e a d  c o n t a i n i n g  t i n  w i t h  a  temperature 

g r a d i e n t  i n  t h e  l i q u i d  o f  200 K/cm f o r  t h r e e  d i f f e r e n t  cons tan t  g r a v i t a t i o n a l  

acce le ra t i ons .  The system i s  uns tab le  f o r  t i n  concen t ra t i ons  c, above t h e  

curves. The upper l i n e  w i t h  nega t i ve  s lope  represents  t h e  onset  o f  morpho log ica l  

i n s t a b i  1  i ty, and i s  e s s e n t i a l l y  independent o f  t h e  g r a v i t a t i o n a l  acce le ra t i on .  

The t h r e e  curves l a b e l l e d  w i t h  values of t h e  g r a v i t d t i o n a l  a c c e l e r a t i o n  

rep resen t  t h e  onset  o f  convec t i ve  i n s t a b i l i t y ,  and a r e  ve ry  s e n s i t i v e  t o  t h e  

g r a v i t a t i o n a l  a c c e l e r a t i o n .  For t i n  concen t ra t i ons  below t h e  dashed-dot 

cu rve  t h e  s t a t i c  1  i q u i d  d e n s i t y  decreases w i t h  he igh t .  Extremely smal l  

amounts o f  s o l u t e  can cause convect ive  i n s t a b i l i t y  i n  experiments on Ear th ,  

e.g., a t  a  growth v e l o c i t y  o f  1  um/s t h e  c r i t i c a l  t i n  concen t ra t i on  i s  

3.2(10-4) w t % .  Addiciou-ral c a l c u l a t i o n s  f o r  a  growth v e l o c i t y  o f  1  Um/s show 

t h a t  a  v e r t i c a l  magnetic f i e l d  o f  i t e s l a  increases the  c r i t i c a l  concen t ra t i on  

by an o r d e r  o f  magnitude. 

The behavior  o f  t h e  convec t i ve  s :ab i l i t y  curves shown i n  F igu re  2 can be 

qua1 i t a t i v e l y  understood by recogn iz ing  t h a t  t h e  r e l e v a n t  1  ength s c a l e  i s  t h e  

d i f f u s i o n  d i s tance  D/V. The thermal Ray le igh  number Ra i s  then p r o p o r t i o n a l  

t o  G ~ ( D / v ) ~  and t h e  s o l u t a l  Ray le igh  number i s  p r o p o r t i o n a l  t o  G, (u /v )~  o r  

e q u i v a l e n t l y  c _ ( D / v ) ~ .  For f i x e d  GL and l a r g e  growth v e l o c i t i e s  t h e  thermal 

Ray le igh  number becomes very  s z a l l  dhd s t a b i l i t y  i s  determined by a  balance 

o f  t h e  d e s t a b i l i z i n g  s o l u t e  f i e l d  and t h e  s t a b i l i z i n g  v iscous fo rces ;  

i ns tab i  1  i t y  occurs when the  s o l u t a l  Ray le igh  number exceeds about t e n  [I 31. 



I 

For smal l  growth v e 1 o c l t i e s  t h e  thermal  Rayle lgk umber I s  l a r g e ,  and s  tad11 I ty  : 
( 

i s  de termin t  1 by a  balance o f  t h e  d e s t a b i l i z i n g  s o l u t e  f i e l d  and t h e  s t a b l l l r i n g  i 
thermal  f f e l d  ; t h e  so lu  t a l  and thermal Ray1 e i g h  numbers a re  rough ly  comparable. 

1 The coup1 i ng between morpho log ica l  and convec t i ve  modes o f  I n s t a b i  1  i t y  
I 

1 i+ r a t h e r  weak except  near t h e  concen t ra t i ons  and v e l o c i t i e s  a t  which t h e  
. I 

m o r p h ~ l o g i c a l  and convect ive  curves c ross  i n  F igu re  2. I n  t h e  v i c i n i t y  of 

t h i s  c r o s s i n g  i n s t a b i l i t i e s  which a re  o s c i l l a t o r y  i n  t ime  may occur. 

I n  o r d e r  t o  determine t h e  e x t e n t  o f  s o l u t e  segregat ion  and t h e  na tu re  o f  

f i o w  f i e l d  caused by double d i f f u s i v e  convect ion  d u r i n g  d i r e c t i o n a l  s o l i d i f i c a -  

t i o n ,  t h e  t ime  dependent non l i nea r  d i f f e r e n t i a l  equat ions f o r  f l u i d  f low,  

concent , -at ion,  and temperature have been so lved n u m e r i c a l l y  i n  two s p a t i a l  

dimensions f o r  small  P rand t l  numbers and l a r g e  Schmidt n ~ m b e r s  [14] .  For 

slow s o l i d i f i c a t i o n  v e l o c i t i e s ,  t h e  thermal f i e l d  has an impor tan t  s t a b i l i z i n g  

i n f l u e ~ i c e :  near t he  onset  o f  i n s t a b i l i t y  t h e  f l o w  i s  con f i ned  t o  t h e  v i c i n i t y  

o f  t h e  c r y s t a l - m e l t  i n t e r f a c e .  Fur ther ,  f o r  s low v e l o c i t i e s ,  as t h e  concen- 

t r a t i o n  increases,  t h e  h o r i z o n t a l  wavelength o f  t h e  f l o w  decreases r a p i d l y - - a  

phenornenon a l s o  i n d i c a t e d  by l i n e a r  s t a b i l i t y  ana l ys i s .  For a  narrow range 

o f  s o l u t a l  Ray le igh  numbers and wavelengths, t h e  f l o w  i s  p e r i o d i c  i n  t ime. 

The steady s t a t e  stream f u n c t i o n  and s o l u t e  f i e l d  as 3 f u n c t i o n  o f  

p o s i t i o n  f o r  a  sem~conductor  m e l t  (Schmidt number o f  10  and P rand t l  number o f  

0.01) i s  shown i n  F igure  3. The c r y s t a l - m e l t  i n t e r f a c e ,  assumed p lana r  i q  

t he  c a l c u l a t i o n s ,  i s  l o c a t e d  a t  t he  bottom o f  t h e  f i g u r e s ,  and t h e  i n t e r f a c e  

concen t ra t i on  v a r i e s  by about 60 percent  a long the  i n t e r f a c e .  F o ,  t h i s  

c a l c u l a t i o n ,  t he  thermal Rayle igh number i s  l a r g e  and the  s o l u t a l  Ray le igh  

number exceeds the  c r i t i c a l  s o l u t a l  Ray le igh  number f o r  t h e  onset  o f  convect ion  

by o n l y  30 percent  so t h a t  t h e  f l ow  i s  con f i ned  t o  t he  v i c i n i t y  o f  t h e  c r y s t a l -  



me1 t i n t e r f a c e .  The maximum f l o w  y e l v c i  t i e s  a r e  r e l a t i v e l y  sma l l .  t o r  example, 

f o r  a  l e a d - t i n  a l l o y  a t  a  g row th  v e l o c i t y  o f  2.0 f l / s  and a  l i q u i d  t empe ra tu re  

g r a d i e n t  o f  2CO K/cm, t h e  maximum f l o w  v e l o c i t y  was 17.0 *m/s when t h e  b u l k  

c o n c e n t r a t i o n  exceeded t h e  c r i t i c a l  c a n c e n t r a t i o n  f o r  i n s t a b f  1  i t y  by  a  f a c t o r  

o f  4.3. Howevet , t h i s  f l o w  v e l o c i t y  i s  s u f f i c i e n t  t o  cause a  30 p e r c e n t  

v a r i a t i o n  i n  t h e  s o l u t e  c o n c e n t r a t i o n  a t  t h e  c r y s t a l - m e l t  i n t e r f a c e .  

We d i s c u s s  b r i e f l y  a  few e x p e r i m ~ n t s  wh ich  demons t ra te  t h e  e f f e c t s  o f  

c o n v e c t i o n  d u r i n g  d i r e c t i o n a l  s o l i d i f i c a t i o n .  B o e t t i n g e r  e t  a1 [I 5 1  s t u d i e d  

t h e  g row th  o f  l e a d  r i c h  l e a d - t i n  o f f - e u t e c t i c  a l l o y s .  F o r  g row th  v e r t i c a l l y  

upwaras, t h e  s o l u t e  f i e l d  i s  d e s t a b i l i ~ i n g  and s u b s t a n t i d l  v a r i a t i o n  i n  

c o m p ~ s i  t i  on i n  t h e  g row th  d i  r c - t i o n  (mac roseg rega t i on )  was found. A v 2 r t i c a I  

o r  h o r i z o n t a l  magnet i c  f i e l d  o f  0.1 Tes l a  d i d  n o t  reduce  t h e  macrosegrega t ion ,  

b a t  downward . ; o l i d i f i c a t i o n  i n  sma l l  ( 3  mn) d i -  '.. * '. ~ h e s  v i r t u a l l y  e l i m i n a t e d  

t h e  macrosegrega t ion .  Sample and He1 l a w e l  1  [ I  63 have r e c e t ~ t l y  i n v e s t 1  9atr.d 

t h e  mechar'sms o f  channel  s e g r e g a t f n n  d u r i n g  ? l l ~ y  s o l i d i f i c a t i o n  v e r t i c a l l y  

upwards. Channels c o n t a i n i n g  h i g n  s o l u t e  c o n c e n t r a t i o n s  deve lop  f rom p o > i  t i o n s  

oear  a  d e n d r i t i c  g row th  f r o n t  when t h e  s o l u t e  i s  l e s s  dense t h a n  t h e  m e l t ,  

and plumes r i s e  t o  t h e  t o p  o f  t h e  b u l k  l i q u i d .  Recent expe r imen t s  by  Schae fe r  

[I 7 1  on t h e  d i r e c t i o n a l  s o l  ' d i f f  c a t i o n  v e r t i c a l l y  upward o f  s u c c i n o n i  t r i l e  

c o n t a i n i n g  e thdno l  have shown an i n t e r e s t j r l g  i n t e r a c t i o n  between t he rma l  

c o n v e c t i o n  due t o  r a d i a l  t empe ra tu re  g r a d i e n t s  and t h e  s o l u t e  f i e l d .  For  

g row th  c o n d i t i o n s  near  t h e  onse t  o f  m o r p h o l o g i c a l  i n s t a b i l i t y ,  a  macrosco? ic  

p i t  deve lops  i n  an o t h e r w i s e  s l  i g h t l y  cu r ved  c i m y s t a l  -me1 t i n t e r f a c e .  The f l o w  

i s  b a s i c a l l y  down near  t h e  c o n t a i n e r  w a l l s  and upward nea r  t h e  a x i s  o f  t h e  

tube.  The s o l u t e  c o n c e n t r a t i o n  i s  i n c r e a s e d  near  where t h e  f l o w  t u r n s  upward, 

and t h e  macroscop ic  p i t  occurs  i n  t h i s  r eg i on .  Mo rpho log i ca l  i n s  , + l i t y  



then takes p lace i n  t h e  pr c, and t h e  p i t  d isappears l e a v i n g  a  r e g i o n  o f  
? 

c e l l u l a r  growth i n  i t s  place. 

Fxcept f o r  a  very  l i m i t e d  range o f  parameters, t h e  do-ale d i f f u s i v e  and 

morphological  i n s t a o i l  i t i e s  which occur  c u r i n g  d i r e c t i o n a l  s o l i d i f i c a t i o n  r e  

r a t h e r  weak1 j coupled. I n  p a r t i c u l a r ,  t h e  s h o r t  wavelength m o r p h o l o g i c ? ~  

mode i s  e s s e n t i a l l y  una f fec ted  by t b e  p o s s i b i l i t y  o f  convect ion  i n  t h e  

qu iescent  l i q u i d .  Due t o  very  d i f f e r e n t  l e n g t h  s c a l a  f o r  convec t i ve  mct ions  

and f o r  c e l l u l a r  i n t e r f a c e s ,  i t  w i l l  be ex t remely  c h a l l e n g i n g  t o  model t h e  

e f f e c t  o f  c o n ~ e c t i o n  on c e l l u l a r  morphologies. Various simp1 i f i e d  models f a r  

t he  e f f e c t  c f  a  f u ! l y  developed f l o w  on morpt!clogic?l i n s t a b i l i t y  have been 

r e c e n t l y  reviewed 1181. Delves [ I 9 1  has c a l c u l a t e d  t h e  e f f e c t  o f  f o rced  f l o w  

p a r a l l e l  t o  t h e  c r y s t a l  -me1 t i n t e r f a c e  on t h e  onset  o f  morphological  i n s t a b i l i t y .  

The e f f e c t  o f  such a  f l c w  on combined double d i f f u s i v e  and r e r p h o l o g i c a l  

i n s t a b i l i t i e s  has r e c e n t l y  beer t r e a t e d  f o r  Couet te f l o w  [20]. Such a  f l o w  

does no t  a f f e c t  pe r tu rb t i t i ons  w i t h  wave vec to rs  pe rpend icu la r  t a  t h e  f low.  

For p e r t u r b a t i o n s  w i t h  wave vec to rs  p a r a l l e l  t o  t h e  f l ow ,  t h e  onset  o f  

no rpho log i ca l  i n s t a b i l i t y  i s  somewhat suppressed and double d i f f u s i b e  

i ~ s t a b i l  i ty  i s  g r e a t l y  suppressed. When i n s t a b i l i t i e s  occur, t hey  are  

c s c i l  l a t o r y  and correspond t o  t r a v e l  1  i n g  waves. A compl i c a t e d  f l o w  f i e l d  

cou ld  be agproxiin,t~d i n  t h e  v i c i n i t y  o f  t h e  c r y s t a l - m e l t  i n t e r f a c e  by a  

s impie f l o w  such 3s a Couette f low.  Th is  woula s i m p l i f y  t h e  mode l l i ng  o f  t h e  

i n t e r a c t i o n  between f l u i d  f l o w  and t h e  c r y s t a l  -me1 t i n t e r f a c e .  However, 

Gl ick jman and co l leagues 121-231 have r e c e n t l y  d e n m s t r a t e d  a  c o u p l i n s  between 

hydrodynamic and morphological  i n s t a b i l  i r i e s  f o r  which such an approx imat ion  

i s  c l e a r l y  i n c o r r e c t .  

We conclude w i t h  a  b r i e f  a e s c r i p t i o c  o f  t h i s  couplee i n s t a b i l i t v ,  A 



l o n g  v e r t i c a l  c y l i n d r i c a l  sample o f  h igh  p u r i t y  succ inon i  t r i l e  was heated by  

an e l e c t r i c a l  c u r r e n t  passed through a  l o n g  c o a x i a l  hea t ing  w i re ,  so t h a t  a 

v e r t i c a l  me1 t a r~nu lus  formed between t h e  c o a z i a l  h e a t i n g  w i r e  and t h e  sur round ing 

c r y s t a l - m c l t  i t bAer facz .  The o u t e r  r a d i u s  o f  t h e  c r y s t a l  was main ta ined a t  a  

constant  temperati i re below t h e  me1 t i n g  p o i n t  o f  t h e  m a t e r i a l .  

Th is  arrangement permi ts  t h e  temperature t o  decrease ~ o n o t o n i c a l l y  from t h e  

me1 t t o  t h e  s o l  i d  across t h e  c r y s t a l  -me1 t i n t e r f a c e ,  and consequent ly  t h e  

i n t e r f a c e  would be n ~ o r p h o l o g i c a l l y  s t a b l e  i n  t h e  absence o f  f l u i d  flow. 

The thermal g rad ien ts  i n  t h e  m e l t  induce buoyancy tg rces  which cause t h e  

f l u i d  t o  f low upward near the  hea t ing  w i r e  on t h e  a x i s  and downward near the  

c r y s t a l  -me1 t i n t e r f a c e .  When 1  i n e a r  s t a b i l i t y  a n a l y s i s  i s  used t o  c a l c u l a t e  

the c r i t i c a l  Grashof number f o r  i n s t a b i l  i l i e s  o f  t h e  ax i symne t r i c  f low o c c u r r i n g  

between t ~ o  v e r t i c a l  i n f i n 1  t e  r i g i d  coax ia l  c y l  i nde rs  h e l d  a t  d i f f e r e n t  tempera- 

tu res ,  i t  i s  found t h a t  f o r  a  P rand t l  number o f  23 (corresponding t o  succino- 

n i t r i l e ) ,  t he  f l o w  i s  uns tab le  t o  an axisymmetr ic  p e r t u r b a t i o n  above a  Grashof 

number o f  t he  o rde r  o f  2000, and t h e  r e s u l t i n g  wave speed o f  t h i s  p e r t u r b a t i o n  

i s  c ~ m p a r a b l e  t o  t h e  naximum i n  t h e  c h a r a c t e r i s t i c  unperturbed f l o w  v e l o c i t y .  

I n  c o n t r a s t ,  t h e  exper imental  observat ions  w i t h  a  c r y s t a l  -me1 t i n t e r f a c e  

i c d i c a t e  an asymmetric h e l i c a l  i n s t a b i l i t y  a t  a  c r i t i c a l  Grashof cumb1:- o f  

about 150 w i t h  a wave speed two orders  o f  magnitude l e s s  than t h e  unperturbed 

f l o w  v e l o c i t y .  L inear  s t a b i l i t y  ana lys i s  revea ls  t h a t  t h e  i n s t a b i l i t y  i s  due 

t o  a  coup l i ng  between a  bas ic  hydrodynamic i n s t a b i l i t y  i n  t h e  buoyant f l o w  

and the  deformable c r y s t a l  -me1 t i n t e r f a c e .  The crysta l -me1 t i n t e r f a c e  lowers 

the  c r i t i c a l  Grashof ntimber o f  an analogous r i g i d - w a l l e d  system by an o rde r  

o f  magnitude; fur thermore,  the  hydrodynamic mode t h a t  i s  a c t u a l l y  d e s t a b i l i z e d  

by the  i n t e r f a c e  i s  n o t  t h e  l e a s t  stab;e mode i n  t h e  r i g i d - w a l l e d  system. The 



c a l c u l a t l o n ~  show t h a t  t he  I n s t a b l l l t y  may be regarded e i t h e r  as a l a rge  alters- ! 
i 

t l o n  of a basic hydrodynamic l n s t a b l l i t y  by the  c r y s t a l  - n e l t  In ter face,  o r  as 

a s l g n l f i c a n t  m d l f i c a t l o n  of the  morphological s t a b i l i t y  o f  the  I n te r f ace  by 

the  presence o f  t he  buoyant flow. The l n s t a b l l l t ~  I s  s e n s i t i v e  t o  the form 

of the  f low f i e l d ;  e.g., i t  does n o t  occur f o r  Couette o r  Poiseui: ie f lows. 
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Fig. 1 .  Plots of interface shape and distribution of solute in 
the solid for a given wavelength as the bulk concentration is 
increased. The top curve in each plot is the interface shape, the 
bottom curve is the concentration of solute. Two wavelengths 
are shown. 
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Figure  2.  The c r i t i c a l  c o n c e n t r a t i o n  c:* of t i n  i.1 

l e a d  above which i n s t a b i l i t y  occurs  a s  a  
Function of t h e  v e l o c i t y  V of d i r e c t i o n a l  
s o l i d i f i c a t i o n  For a  temperature g r a d i e n t  
" i n  t h e  l i q u i d  of  200 Kfcm. The s o l i d  
4~ 
curves  r e p r e s e n t  g r a v i t a t i o n a l  a  c e l e r a t i o n s  - & 
8, = 930 cmls2.  10' ge ,  and 10 ge. The 
upper l i n e  wi th  nega t ive  s l o p e  r e p r e s e n t s  
t h e  onse t  of morphological  i n s t a b i l i t i e s :  
t h e  nea r ly  p a r a l l e l  dashed-dot l i n e  labeled 
( a p l a r )  = 0  r e p r e s e n t s  the  n e u t r a l  d e n s i t y  
c r i t e r i o n .  The docted ex tens ion  of c l ~ c  
curve  l a b e l e d  g  corresponds  t o  o s c i l  lacory  

e i n s t z b i  l i t i e s .  



,Figure 3. 
rhe steady s t a t e  stream f u n c t i o n  and c o n c e n t r a t i o n  as a  f u n c t i o n  o f  p o s i t i o n  f o r  a  
bu 1 k c o n c e n t r a t i o n  29% above the c r i t i c a l  concen t ra t i on  f o r  the  onset  o; convect ion.  
Parameters used i n  the c a l c u l a t i o n  a r e  t y p i c a l  o f  semiconductor me1 t s .  I n  t he  
c0ncentra:ion p l o t ,  the  increment o f  (dimens i o n l e s s )  concen t ra t  i on  between contours  
i s  0.37. The maximum f l c w  v e l o c i t y  i s  about 5 t imes the  c r y s t a l  growth v e l o c i t y  o f  
t y p i c a l l y  20  m / s .  
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On Docb le -D i f f us i ve  Convection w i t h  S idewa l l s  
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Abst rac t  

The e f f e c t  of r i g i d  v e r t i c a l  boundaries on t h e  onset of convec t i ve  

i n s t a b j l i t y  i s  c a l c u l a t e d  f c r  t h e  s a l t  f i n g e r  regime o f  doubls d i f f u s i v e  

convection. The unperturbed s t a t e  i s  a  q u i e s c i e n t  f l u i d  w i t h  constant  v e r t i c a l  

g rad ien ts  of temperature and so lu te ,  which a r e  s t a b i  1  i z i n g  and d e s t a b i l  i z i n g ,  

r e s p e c t i v e l y .  The h o r i z o n t a l  boundaries arp  taken t o  be c t ress - f ree  and 

p e r f e c t l y  conduct ing.  The 1  a t e r a l  boundaries a re  p e r f e c t l y  i n s u l a t i n g  f o r  

so lu te .  Changing from t h e r m a l l y  i n s u l a t i n g  t o  t h e r m a l l y  conduct ing  s i d e w a l l s  

r e s u l t s  i n  a  s t r o n g  d e s t a b i l i z a t i o n  o f  t h e  f l o w  f o r  l a r g e  thermal Ray le igh 

numbers even i n  t h e  l i m i t  t h a t  t h e  separa t ion  between t h e  s i d e w a l l s  3pproaches 

i n f i n i t y .  Fur ther ,  f o r  t h e r m a l l y  conduct ing  s idewa l l s ,  a  decrease i n  t h e  

separa t fon  of t h e  s idcda l  1  s  may destab i  1  i ze t h e  system. 



I 

1. I n t r oduc t i on  

For a f l u i d  i n  a g rav i t a t i ona l  f i e l d  w i t h  two d i f f u s i n g  corrponents present, 
i 

f o r  example, temperature and solute,  i t  i s  we l l  kr7wn t h a t  convect ive i n s t a -  

b i l i t i e s  may occur even though t ho  f l u i d  dens i ty  i s  s t r i c t l y  decreasing w i t h  

he ight .  2 ' s  i n s t a b i  1 i t y ,  known var ious ly  as thermosolutal  convection, 

thermohal i ne convectinn, o r  doubl e-di f f u s i v e  convection, was f i r s t  descr ibed 

by Stomme1 e t  a1 i n  1956 [I ] and has s ince been reviewed ex tens ive ly  12-41. 

This i n s t a b i l i t y  i s  of p r a c t i c a l  inportance i n  many d ive rse  areas i n v o l v i n g  

convection and heat t r a n s f e r ;  see e.g. [5]. I n  what fo l lows,  t h e  i n s t a b i l i t y  

w i l l  be described i n  terms of the  d i f f u s i o n  of heat and s a l t  i n  a d i f f e r e n t i a l l y  

heated sa l i ne  so lu t ion .  The dens i ty  o f  a f l u i d  parce l  then depends on i t s  

tenperature and s a l i ~ i t y :  hea t ing  the  parce l  makes i t  l i g h t e r  and s a l t i n g  i t  

makes i t  heavier.  O f  pr imary inportance i s  t he  feature t h a t  t he  d i f f us i on  of 

heat occurs m c h  more r a p i d l y  than does t he  d i f f u s i o n  o f  solute.  

Consider a v e r t i c a l  dens i ty  s t r a t i f i c a t i o n  (uni form i n  the  ho r i zon ta l  

d i r e c t i o n s )  w i t h  tenperature and so lu te  p r o f i l e s  t h a t  have oppos i te  e f f ec t s  on 

the  v e r t i c a l  dens i ty  p r o f i  1 e; t h a t  i s ,  when considered separately,  one would 

tend t o  increase, and t h e  other  decrease, t h e  dens i t y  as a f unc t i on  o f  height.  

Two d i s t i n c t  regimes occur, depending on which of t h e  two q u a n t i t i e s  i s  

"unstably s t r a t i f i e d . "  A f l u i d  t h a t  i s  heated and s a l t e d  from above ( so l u te  

f i e l d  unstab1.y s t r a t i f i e d )  i s  i n  the  " f i nger ing"  regime. The convent ional  

h e u r i s t i c  desc r i p t i on  o f  t h e  i n s t a b i l i t y  i s  as fo l l ows  [3]. The upward 

displacement o f  a f l u i d  parcel  ca r r i es  i t  t o  a region nf h o t t e r  and s a l t i e r  

water. The tenperature i n  t he  parcel  i s  r e l a t i v e l y  quick t o  e q u i l i b r a t e  w i t h  

i t s  surroundings, whereas the  so lu te  i s  s i g n i f i c a n t l y  l ess  quick t o  do so. 

The parce l  then f i nds  i t s e l f  a t  about t he  same tenperature,  bu t  w i t h  l ess  



s o l ~ i t e ,  t han  i t s  neighbors,  and so t h e  upward d isplacement i s  r e i n f o r c e d  by 

buoy?. cy. I n  t h e  s i rnplest  m o d ~ l  (21, thta i n s t a b i l i t y  occurs w i t h  a monotonic 

t ime  d e p ~ n d e n c ~  ("exchange o f  r t 6 h i  1  i t y "  ) . 
A f l u i d  heated and s a l t e d  f rom below f a l l s  w i t h i n  t h e  " d i f f u s i v e "  regimp, 

I n  t h i s  case. as descr ibed by S te rn  [6]. when a  f l u i d  pa rce l  i s  d i sp laced  

v e r t i c a l l y ,  t h e  r e l a t i v e  l a g  i n  d i f f u s i o n  r a t e s  nay r e s u l t  i n  an overconpensat ing  

r e s t o r i n g  fo rce  t h a t  causes " o v e r s t a b i l i t y "  t o  develop. l e a d i n g  t o  a  t ime-  

dependent, o s c i l l a t o r y  behav ior .  

The present  paper i s  concerned w i t h  t h e  e f f e c t  o f  s i d e w a l l s  on f low i n  

t h e  f i n g e r i n g  regime i n  t h e  absence o f  a p p l i e d  h o r i z o n t a i  g rad ien ts .  The work 

was mo t i va ted  by numer ical  r e s u l t s  ob ta ined f rom a  s i m u l a t i o n  o f  t he rmoso lu ta l  

convect ion  o c c u r r i n g  d u r i n g  t h e  u n i d i r e c t i o n a l  s o l  i d i  f i  c a t i o n  o f  a b i n a r y  

a l l o y .  I n  t h i s  case, t h e  unpereurbed s o l u t e  f i e l d  i n  t h e  l i q u i d  ahead of t h e  

s o l i d i f y i n g  p l a n a r  i n t e r f a c e  has an exponent ia l  v e r t i c a l  p r o f i l e  due t o  t h e  

r e j e c t i o n  o r  p r e f e r e n t i a l  i n c o r p o r a t i o n  o f  s o l u t e  by t h e  s o l i d  phase. The 

l i n e a r  s t a b i l i t y  o f  t h e  u ~ p e r t u r b e d  problem f o r  a  system t h a t  extends t o  

i n f i n i t y  i n  t h e  h o r i z o n t a l  d i r e c t i o n s  i s  t hen  n o n - t r i v i a l  due t o  t h e  v e r t i c a l  

v a r i a t i o n  o f  t h e  unper turbed s t a t e ,  and r e s u l t s  a r e  ob ta ined  n u m e r i c a l l y  [7]. 

F i n i t e  d i f f e r e n c e  method; were subsequently employed t o  desc r i be  t h e  e v o l u t i o n  

o f  t h e  i n s t a b i l i t i e s  t o  f i n i t e  ampl i tude (87. I n  these c a l c u l a t i o n s  t h e  two- 

d imensional  f l o w  was computed i n  a  h o r i z o n t a l  l y - p e r i o d i c  domain, c o n s i s t e n t  

w i t h  t h e  l i n e a r  s t a b i l i t y  r e s u l t s  f o r  an i n f i n i t e  domain. dhen t h e  l a t e r a l  

boundary c o n d i t i o n s  were a l t e r e d  t o  model t h e  case of a  f i n i t e  c o n t a i n e r  w i t h  

r i g i d ,  p e r f e c t l y  conduct ing  s lacwal  1s t h a t  a re  p e r f e c t l y  i n s u l a t i n g  t o  s o l u t e ,  

t h e  I n s t a b i  l i t y  was observed t o  se t  i n  a t  s i g n i f i c a n t l y  lower  Ray le igh  numbers 

than f o r  t h e  i n f i n i t e  system. Thls r e s u l t  was unexpected: i t  was a n t i c i p a t e d  



t h a t  t h e  a d d i t i o n  o f  s idewa l l s  wodld s t a b i l i z e  t h e  f l ow  as i t  d o ~ s  i n  t h e  

s i m p l ~ r  case o f  a  cirig!e-component system. 

The l i n e a r  s t a b i l i t y  f o r  t h e  di rec; ional  s o l i d i f i c a t i o n  systcm w i t h  

l a ~ e r a l  z i d e w a l l s  i s  i n t r a c t a b l e .  For t h i s  reason an e a s i e r  problem i s  

cons idered here. c o n s i s t i n g  o f  a  two-dimensional rec tangu la r  box w i t h  r i g i d ,  

s o l u t a l  l y  i n s u l a t i n g  l a t e r a l  wa l l s ,  w i t h  constant  v e r t i c a l  g rad ien ts  of 

temperature and so lu te .  Re w i ; l  main ly cons ider  t h e  s idewa l l s  t o  be p e r f e c t l y  

conduct ing  f o r  temperature;  however we w i l l  c o n i r a s t  these r p s u l t s  w i t h  

p rev ious  r e s u l t s  f o r  p e r f e c t l y  i n s u l a t i n g  s idewa l l s ,  and w i l l  g i v e  a  few 

r e s u l t s  f o r  mixed boundary cond i t i ons .  As was observed by Draz in  [9] f o r  

t h e  singlp-component case. i f  t h e  h o r i z o n t a l  boundaries are  taken t o  be 

s t r e s s - f  ree  andTer- fect  l y  conducting, t h e  s o l u t i o n  i s  separable and t h e  

v e r t i c a l  dependence i s  simple. The l i n e a r  s t a b i l i t y  i s  then governed by a  

se t  o f  c o n s t a n t - c o e f f i c i e ~ t  o r d i n a r y  d i f f e r e n t i a l  equat ions i n  t h e  h o r i z o n t a l  

v a r i a b l e .  so t h a t  t h e  e f f e c t  o f  t h e  l a t e r a l  boundary c o n d i t i o n s  on t h e  s t a b i l i t y  - 
of t h e  base s t a t e  can be examined i n  d e t a i l .  We found t h a t  t h e  a d d i t i o n  o f  

t h e  s idewa l l s  t o  t h e  i n f i n i t e  system may r e s u l t  i n  a s i g n i f i c a n t  d e s t a b i l i z a t i o n  

f o r  a  range o f  paramet r ic  valt ies. 

I n  s e c t i o r  2 we desc r ibe  t h e  governing equat ions f o r  t h e  system. I n  

s e c t i o n  3 we desc r ibe  b r i e f l y  a f u i  l y  numerical s o l u t i o n  t o  t h e  o r d i n a r y  

d i f f e r e n t i a l  equations. I n  s e c t i o n  4 we g i v e  an independent check o f  t h e  

n u w r i c a l  r s s u l  t s  ty f i n d i n g  zeroes o f  t h e  c h a r a c t e r i s t i c  determinant ,  which 

i n  t h i s  case m y  be expressed i n  terms o f  closed-form l i nea r l y - i ndependen t  

s o l u t i o n s  t o  t h e  governing equations. Resul ts  a r e  presented i n  s e c t i o n  5. 

w i t h  a  c o n c l u d i n ~  d i scuss ion  i n  sec t i on  6, 



2, The Governing Equat ions  

W P  ccns ide r  a  two-dimensional bnx o f  he iqh t  H and w i d t h  2W, The s i d e w a l l s  , 

o f  t h e  box r r e  taken t o  be r i g f  d ,  p e r f e c t l y  t h e r m a l l y  conduct ing,  and p e r f e c t l y  

i n s u l a t i n g  t o  so lu te .  c a l l o w i n g  D r a z i n  [91, t h e  t o p  and hot tom houndar ies 

a r e  taken t o  be s t r e s s - f r e e  and p e r f e c t l y  c ~ n d u c t i n g  t o  heat and s o l u t e .  The 

f l u i d  occupying t h e  box i s  descr ibed by t h e  Obea-beck-Boussinesq approximat i o n  

t o  t h e  Navier-Stokes equat ions  [3]. The f l u i d  i s  heated and sa:ted from 

above, w i t h  values o i  t h e  t e q e r a t u r e  a r~d  s a l t  c o n c e n t r a ~ i o n  ( T o 1 ,  So1 )  on 

t i l e  b o t t o ~ v  boundary and (To1 + AT, So' + AS) 011 t h e  t o p  boundary w i t h  

AT and AS p o s i t i v e .  The d e n s i t y  o f  t h e  f l u i d  i s  assumed t o  depend 

on t h e  t e m e r a t u r e  T '  and t h e  s a l t  concen t ra t i on  $ '  as 

*./here a and 9 ar?  bo th  taken t o  b ~ !  p o s i t i v e  constants .  The constant  i s  t h e  

d e n s i t y  a t  t e m p e r a t ~ l r e  To1 and s a l i r ~ i t y  So1 .  

I n  t h e  Oberbeck-Boussinesq approx imat ion  t h e  u imensionless govern ing  

equat ions  take  t h e  form 

- D ( v ~ $ ) / D ~  = -v2(v2$) + (Ra/Pr) (aT/ax)  - (RSISC) ( a s l a x )  (1 1 

DT/Dt - V ~ T / P ~  (2 )  

DS/Dt = V*S/SC ( 3 )  

f o r  -L < x  < L, IJ < y  < 1, where 1 = W/H, D/Dt = a / a t  + u a l a x  + va lay ,  

i s  t h e  the rma l 'Ray le igh  number, Rs = g ~ ~ ~ ~ 3 / ~  i s  t h e  s o l u t a l  Ray le igh  number, 

P r  = V/K i s  t h e  P r a n d t l  number, and Sc = v/D i s  t h e  Schmidt number. Here 

u  and v  are  t h e  x  and y componei,ts o f  t h e  f l u i d  v e l o c i t y ,  $ i s  t h e  st ream 

func t i on ,  g  i s  t h e  nlagnitude o f  t h e  g r a v i t a t i o n a l  a c c e l e r a t j o n  (which i s  i n  t h e  

nega t i ve  y  d i r e c t i o n ) ,  v Is t h e  k inemat ic  v i s c o s i t y ,  ~c i s  t h e  thermal  d i f f u s i v i t y ,  



and D i s  t h e  s o l u t e  d i f f u s i v i t y  Our s ign  convent ion  i s  s ~ ~ c h  t h a t  bo th  Ra 

and Rs a re  p m i t . i v e  for.  thr!  case o f  a  f l t r i c i  heated a n d ~ ~ a l t e d  from above. i n  

choosing d i w n s i o n l e s s  u n i t s  we have used a  l e n g t h  s c a l e  H and a  t i m ~  sca le  

HZ/ V. 

The goserning equat ions  admit a  quiescent  base s t a t e  ($J  = 0) w i t h  

l i n e a r  temperatur.3 and s o l u t e  f i e l d s ,  T  = j and S = y .  The boundary c o n d i t i o n s  

c h ~ s e n  t o  desc r i be  t h i s  s t a t e  a re  $J = a2$/ay2 = 0 and T = S  = 1  ' o r  y  = 1 ,  

9 = a2+/ay2 = T = s = o f o r  y  = 0. and JI = a+/ax = as./ax = o and T = y  

f o r  x = -L  and x  = L. 

The equat ions I l r s c r i b i i l g  t h e  l i n e a r  s t a b i l i t y  o f  t h e  base s t a t e  a re  then 

-a(vZT) /a t  = -v2( V ~ G )  + (Ra/Pr) (;/ax) - (RSISC) ( i i / j / ax )  ( 4 )  

ailat 3ly/ax = ~ 2 f / ~ r  ( 5 ', 

a s / a t  - a $ a ~  = V ~ S / S C  ( 6  
# - Z 

w i t h  J, = a2G/ay2 = T = s = o a t  y  = ~ d n d  y  = I, and ? =  av/ax = as lax  = 
- 

d - - 
T = 0  a t  x  = -L and x = L. Here $, S, and T a r e  p e r t u r b a t i o n s  t o  t h e  base s t a t e .  

The boundary c o n d i t i o n s  d t  y  = 0 and y  = 1  a r e  c o n s i s t e n t  w i t h  a y -de~endence 

of t h e  form s in (nay ) .  We #ill c o ~ ~ s i d e r  t h e  case w i t h  t h e  lowest v e r t j c a l  

wavenumber n = 1. Indeed. f o r  t h e  pa r . i cu la r  boundary c o n d i t i o n s  chosen 

here, higher- values o f  n  s imply  correspond t o  severa l  cop ies  of n  = 1  systnms 

stacked v e r t i c a l l y  one upon t h e  o ther ,  so t h a t  knowledge of t h e  n  = 1  syr tem 

f o r  a l l  values o f  t h e  w i d t h  L t h e r e f o r e  i nc ludes  t h e  behav ior  f o r  a l l  n  as 

w e l l .  We a l s o  c o n f i n e  t h e  d i scuss ion  t o  t h e  case of "exchange of s t a b i l i t i e s ; "  

t h a t  i s ,  a t  t h e  onset of i n s t a b i l i t y  we aszyme t h a t  t h e  c o n v e c t i o r  i s  sceady 

and t ime-independent. T h i s  i s  known t o  be t r u e  i n  t h e  s imp le r  cdse o f  a 

l a t e r a l l y  i n f i n i t e  domain, and t h e  assumption was a l s o  tes te l '  numer i ca l l y  i n  

a  number o f  cases f o r  *he system discussed here, w i t h  no observed o s c i l l a t o r y  



behavior. With these assumptions, t h e  governing e q u a t i o ~ s  reduce t o  a se t  of 

o rd ina ry  d i f f e r e n t i a l  ~ q u a t l o n s :  5 

/ 

(02 - $)2$ = Re07 - RSDS ( 7 )  

-0; = (02 - .2)1 (8 
A 

-D$ = ( ~ 2  - X ~ ) S  ( 9 )  
, 

f c r  &x) ,  ~ ( x ) .  and ~ ( x ) .  where caw D = d/dr .  The b o u ~ d a r y  c o n d i t i o n s  a r e  

/. i = D; = ? = DS = 0 3 t  x = -L and x = L. Tne ? r a n d t l  number Pr and t h r  Schmidt 

numDer Sc have been r ~ m v e d  frori, tlle l i n e a r  problem hy r e s c a l i n g  t h e  tenpera tu re  

and s o l u t e  f i e l d .  so t h a t  t h e  per turbad temperature and s o l u t e  f i e l d s  have 
A 

t h e  fot-m i ( x  .y) = P r T ( x ) s i n ( r y )  and ?(x .y) = ~ c $ ( x ) s i  n(.y), respec t i ve l y .  

A 

The per turbed stream f u n c t i o n  has the form G(x,y) = * ( x )s in (ny ) .  Tbere a re  

the re fc re  j u s t  t n r e e  parameter: appear ing i n  t h e  l i n e a r  problem f o r   he onset  

of ste;j:# convection: t h e  dimensionless h a l f  w i d t h  L, t h e  thermal Ray le igh 

r l i f iber  Ra. and t h e  s c l u t a l  Ray1;l i~h number Rs. For g iven values of L and Ra. 

we seek t h ~  c r i t i c a l  s o l u t a l  Rayle igh number RS*, which i s  tb  sma l les t  

value o f  Rs f o r  which t h e  governing equat ions adinit a n o n - t r i v i a l  s o l u t i o n .  

Note t h a t  f o r  t h e  case of a la tera l iy -unbounded system, t h e  equat ions 
A A 

admit p e r i o d i c  s o l u t i o n s  T = S = i c o s ( k x ) ,  $ = (k2 + n2 )s in (kx ) ,  where t h e  

c q l u t a l  Ray le igh number i s  t hen  Rs = R a  + ( k 2  + +2)3/k2. The c r i t i c a l  

s a l u t a l  Ray le igh number then  s a t i s f i e s  R S *  - Ra = 27n4/4 5 657.5, and 

corresponds t o  s c r i t i c a l  iiv2nurnSer k*  = n l f i  

3. A Numerical F.pproach 

The governing equat ions (7 -9 )  ma) be r e w r i t t e n  as a s e t  of e i g h t  r e a l .  

coupled, f i r s t  o rder  l i n e a r  o rd ina ry  d i f f e r e n t i a l  equat ions,  w i t h  t h e  parameter 

Rs considered as o , ,  sigenvalue. As i n  e a r l i e r  t rea tments  o f  e igenva lue problems 



descr ibed by o rd inary  d i  * f e ren t i a l  equations [7]. t h e  ~ u m e r i c a l  so l u t i on  was 

ontained us ing t h e  l i n e a r  boundary value problem software package SIIPORT [10]. 

Fo l lowing a method described by l e r  [l i]. t h e  homogeneous eigenvaiue prohlem 

i s  converted t o  a  nons ingr~ la r  inhomogeneous prchlem by a l t e r i n g  the  form of 

t he  hwndary condi t ions so t h a t  the  s o l u t i o n  s a t i s f i e s .  say. D ~ & L )  = 1  

4 
r a the r  than +(L) = 0. Using SUPORT t o  solve t h i s  problem. t h e  des i red 

s o l u t i o n  i s  ohtained by us ing a nonl inear  roo t  so lve r  t o  vary 9s u n t i l  t h e  
.-- 

s o l u t i o n  s a t i s f i e s  t he  proper boundary cond' t ion +(L) = 0 .  For ~ s t  o i  t h e  

ca l cu l a t i ons  t h e  subrout ine SNSOE [12,13] was used t o  f i n d  so lu t ions  t o  Chis 

equation. The r o n l i n e a r  r oo t  so l ve r  PITCON [14] was a lso  used t o  t r ack  

so l u t i ons  by a  con t inua t ion  m t h o d  t o  ob ta in  RS*  ( L ) ,  t h e  c r i t i c a l  Rayleigh 

numbei as a  funct ion o f  t h e  ha1 t - w i d t h  L, 

4. An Ana l y t i ca l  4pproach 

The set  o f  ord inary  d i f f e r e n t i a l  equatiofis (7-9)  has constant coe f f i c ien ts  

and so admits solution; whose x-dependence i s  o f  t h e  form exp( iax ) ,  where t h e  

A 
wavenmber 3 m y  be rea l  o r  corrplex. With t he  assumption +(x)  = h e x p ( i a x ) ,  
P. .I 

T(x) = To exp( iax) .  3nd S(x) = So exp(iax1, a  so l u t i o , i  i s  obtained provided 

t h a t  a2 i s  a  roo t  of t he  fourth-C?grec polynomial 

(a2 + r Z ) i ( a 2  + ~ 2 ) 3  - a2@] = 0 

where AR = Rs - R3. I n  terms ~f a2, there i s  one r o o t  a2 = -r2 and th ree  o ther  

roo ts  obtained from the  r e l a t i o n  (a2 + d ) 3  - ~ Z L R  = 0, which i s  t h e  same 

r e l a t i o n  t h a t  appears f o r  d sing!e-corrponent system [ 9 ] .  The l a t t e r  roo ts  a2 

are shown i n  Fig.  1  as a  funct ion o f  A. There i s  one roo t  a2 wh'ch i s  

7 
always rea l  and negat ive,  which we w i  11 l abe l  -a3 w i t h  a3 > 0. The remaining 

two roo t s  a2 may be e i t h e r  r ea l  and pos ' t ive  o r  conplex conjugate p a i r s .  

depending on whether & !s greater than o r  less  than 27r4/4. For bR > 27m4/4, 



2 2  4 l abe l  t h e  two roo ts  as al > a2, w i t h  al > 0 and a2 > 0. If & < 27z4/4 

2  2 * t h e  two roo ts  are denoted by a, and a?. where al = u + i v  and a2 = a 1  w i t h  9 O 

and v > 0. The superscr ip t  "*" denotes t he  conplex conjugate. For  tR = 27m4/4, 

2  2  the  two roo t s  al and a2 become equal. and f o r  AR = 0. a1 1  th ree  roots  a:. 

2  2  2  a2. and -a3 hecom? equal t o  -T . For these spec ia l  values of tb? 

t h e  degeneracy o f  the  roo ts  forces one t o  inc lude  secular f o r m .  such as 

x  ~ x p ( i a x ) .  t o  cb ta i n  l i n e a r l y  independent sol*:tions. 

There are the re fo re  e i g h t  l i n e a r l y  independznt so lu t ions  t ha t  viijr genet-al ly 

be obtained from t h e  e i gh t  roo ts  f o r  a. Because of the  symnetry of t h e  

equations and boundary condi t ions t o  r e f l e c t i o ~  about t h e  o r i g i n  x = 0, these 

so lu t ions  may be combined i n t o  e i t h e r  eben o r  odd so lu t ions  about x  = 0 [ 9 ] .  
r .-: 

We denote even s o l u t i o ~ s  as t5ose f o r  which T (x )  and S(x )  a re  even 'unct ions 

A 
of x and t h e  stream funct ion g(x) i s  odd; t h e  reverse i s  t r u e  f o r  thc. odd 

so lu t ions .  Ev?n o r  add e i  genfunctions are then cot istructed by expressing the  

c igeq func t ion  as 6 sum o f  t he  f o u r  even o r  odd l i n e a r l y  independent so lu t ions  

t o  t h e  1 i nea r  ord inary  dc f f e r e n t i a !  e q u ~ t i o n i  us ing  four undeternined coe f f i c ien ts .  
A A A 

Inposing t h e  boundary condi t ions $ = O* = T  = O S  = 0 a t  x  = L r e s u l t s  i n  a 

homgeneous system o f  1  i nea r  equations f o r  t h e  f o u r  unknown c o e f f i  t i en t s .  

For non-zero so lu t ions  the  determinant o f  t he  sys~em m s t  vanish, which i s  

t h e  requ i red  equat ion f o r  t h e  s o l u t a l  Rayleigh rlumber Rs i n  terms o f  L and 

Ra. For t he  evep case, t h i s  determinant takes the  form 

&aT4(mAl + 62A2 + 63A3) (11) 

-Rs(-61 alTlA1 - 6~azT2A2 + 63a3T3A3) = 0 

and f o r  t he  odd case i t  has t he  form 

rRa(-61T1 B1 - 62TzB~ + 63T3B3) 

- R S T ~ ( - B ~ ~ ~ B ~  - s2a2B2 + 63a383) = 0 



where 

Note t h a t  t he  numbers a1 , a2, and a3 a1 1 depend on t h e  d i f ference 

AR = Rs - Ra. For given values o f  Ra and L. s o l u t a l  Rayleigh numbers were 

conputed from these r e l a t i o n s  us ing t he  program ZEROIN by Shanpine and Watts 

[ I S ] .  The r e s u l t i n g  values o f  Rs agreed w i t h  those values obtained from t h e  

numerical s o l u t i o n  of equations (7-9) t o  w i t h i n  t h e  assigned to lerances 

(usua l l y  f i v e  d i g i t s ) .  As discussed below we a l so  examine t h e  asymptotic 

bcthavior f o r  l a rge  widths L >> 1. and AR < 27x414, i n  which case we have 

T1 z i, T2 z -i, and T3 z Tq z 1, and t he  tho  determinants become equal. 

5. Resul ts 

I n  F igures 2 and 3 we g ive  nurg ina l  s t a b i l i t y  r e s u l t s  as a f unc t i on  o f  

t he  w id th  2L f o r  Ra = 0 and ka = 3000, respect ive ly .  The r e s u l t s  are given 

i n  terms o f  AR i n  order t o  f a c i l i t a t e  conparison wi t t .  t h e  lateral ly-unbounded 

case, f o r  which AR* = R S *  - Ra = 27m4/4, independent of the  value of Ra. 

I n  both f i su res  several curves a re  shown, corresponding t o  t he  lowest t w n  

even and odd modes i n  eacn case. The c r i t i c a l  value AR* then corre5- . .. 
t o  the  lowest value o f  AR f o r  esch width. For Ra = 0 (F igure 2). t h e  thermal 



f i e l d  con t r ibu tes  no d r i v i n g  force t o  t h e  f luw and the flow correspords t o  

t h a t  f o r  a  s i ng l e  corngoneat. Thesc curves t h ~ r c f o r e  reproduce r e s u l t s  o f  

D r a z l ~  [9]. Hhll and Walton [16]. awl Daniels [17]. I n  p a r t i c u l a r ,  R S *  

approaches the  asJmptof.ic value o f  27r4/4 as L becomes i n f i n i t e .  That 

i s ,  f o r  t he  s i ng le  conponent case, as t he  d is tance hetween s idewal ls  heconies 

l a r g e r  and la rger .  t,iey h?ve l ess  and l ess  o f  an ~ f f e c t ,  and t he  s t a b i l i t y  of 

t he  systeq i s  approximated more and more c l o s e l y  by t h a t  f o r  tho  l a t e r a l l y  

unbounded case, f o r  which Rs* = 271r4/4. Roughly speaking. the  v a r i a t i o n  

i n  R S *  f o r  f i n i t e  L i s  due t o  t h e  f a c t  t h a t  a  s c t  of r o l l s  w i t h  p re fe r red  

wavelength 2n/k* = 2 - .Ecanno t  exac t l y  f i t  between t h e  wal;s and s t 1  11 

s a t i s f y  t he  prcper boundary c o n d i t i m s ,  so t h a t  a  modulation of t he  wavenumbcr 

over t he  leng th  L i s  required, which a lso  causes an increase i n  RS*. 

For Ra = 3000 (F igure 3) t h e  asymptotic value o f  AR* f o r  l a rge  L i s  

ah0llt 50, which i s  we l l  below t h e  value f o r  a  l a t s r a l l y  unbounded system. As 

w i  11 be discussed shor t l y .  t h i s  destabi  1  i z a t i o n  becomes even more pronounced as 

Ra increases, w i t h  t he  asymptotic values o f  AR* t znd ing  t o  minus i n f i n i t y  as 

Ra + w, Thus fo r  t he  two-comporent system t h e  s idewal ls  do no t  have l ess  

and l ess  of an e f f e c t  as t he  w id th  of t he  system becomes l a r g e r  and la rger .  

It can e a s i l y  be shown t h a t  t h e  des tab l i za t i on  r e l a t i v e  t o  t he  s i n g l e  

conponent case i s  r e l a ted  t o  t h e  f a c t  t h a t  T  and S s a t i s i y  d i f f e r e n t  boundary 

condi t ions.  Indeed, i f  they s a t i s f i e d  t he  same boundary condit i 'ons, then by 
A A 

sub t rac t i t i g  equat ion (9)  from (8) i t  can be seen t h a t  t he  d i f f e rence  S(x)  - T (x )  
A 

s a t i s f i e s  (D2 - n2)(i - T) = G w i t h  homogeneous boundary condi t ions,  and 
A 

so m s t  vanish I d e n t i c a l l y .  E l im ina t i ng  T (x )  f rom Eqs. (7-9) the11 r e s u l t s  i n  

equatitms descr ib ing  a  system w i t h  a  s i n g l e  d e s t a b i l i z i n g  component w i t h  an 

e f f ec t i ve  Rayle!gh number Rs - Ra, f o r  which t h e  asymptotic 1  i m i t  f o r  l a rge  



L i s  27n4/4. F igure 2 can there fo re  be i n t e rp re ted  i n  two ways. It gives 

Rs versus width  (2L) f c r  t he  s i n g l e  component system w i t h  Ra = 0 as shown, 

or ,  equ iva len t l y ,  i t  gives AR versus w id th  f o r  a two-component system w i t h  

matching boundary cond i t i ons  on t h e  s idewal ls  (both pe r f ec t l y  i n s u l a t i n g  i n  

t h i s  case). 

Thus f o r  Ra = 3000, we may consider F igures 2 and 3 t o  represent t h e  

cases o f  thermal ly  i n s u l  a t i n s  and therma l l y  conducting s idewal l  s, respect ive ly .  

We may cont inunusly pass from one case t o  t h *  o ther  by w r i t i n g  t he  thermal 

boundary cond i t i ons  i n  t he  form 
A 

c o s ( ( ) f ( ~ )  + sin(()DT(L) = 0 
A ft 

cos(g)T(-L) - s in(#)DT(-L)  = 0. 

f o r  0 < 4 < 712. The behavior o f  t he  two lowest ( "des tab i l i zed" )  modes i n  

F igure 3 may be observed as t he  boundary cond i t i ons  change. I n  f i gu re  4 we 

show t h e  change i n  AR wi th  4 f o r  a wid th  2L = 4.0 f o r  t h e  t h ree  lowest odd 

modes. A1 1 t h ree  modes show a decrease i n  AI?. as 4 ranges from r/2 

(thermal l y  i n s u l a t i n g )  t o  zero (thermal l y  conducting) and t h e  re1 a t i v e  order  

of the  modes i s  preserved. The lowest mode shows a much l a r g e r  change as 

0 + 0. The lower two modes i n  F igure 4 correspond t o  t h e  two odd mdes 

s h w n  i n  each o f  Figures 2 and 3, We see from Figure 4 t h a t  AR vd- ies  

cont inuously w i t h  4. Only t he  f i r s t  p a i r  o f  even and odd modes i n  F igure 2 

are des tab i l i zed  t o  values AR < 27n4/4 as Ra increases (Figure 3) : t h e  

second p a i r  o f  modes apparent ly ; t i  11  asymptote t o  AR = 27ndj4 as L + -. 
The lowest curve i n  F igure 3 does not descend t o  i t s  asymptotic value 

as L increases, but  shows a minimum value of d* = -420 near 2L = 1.5. For 

widths l a r g e r  than t h i s  value, therefore,  decreasing the  separat ion o f  t h e  

ssdewalls r e s u l t s  i n  a s i g n i f i c a n t  d e r t a b i l i z a t i o n  of the  system. I n  F igure 



5 a d d i t i o n a l  r e s u l t s  a re  g iven f o r  R S *  3s a  func t i on  of  Ra f o r  2L = 0.5, 1.0, 

1.5, and 2.0. T h c s ~  values f o r  2L a re  l e s s  than t h ~  c r i t i c a l  w a v e l ~ n g t h  

2.8 f o r  an unbounded s i n g l e  component system. For Ra = 1  o5 and 2L = 0.5, 

Rs* 2 4.4(104) o r  AR* 1 -5.6(104) i n d i c a t i n g  t h a t  t h e  m a ~ n i t u d e  o f  AR* 

increases w i t h  i n c r e a s i n g  Ra. For  l a r g e  L, t h i s  behavior  can be descr ibed 

a n a l y t i c a l l y  and w i l l  be d iscussed below. Note t h a t  t h s  2L = 1.5 and 2.0 

curves c ross  a t  Ra r 103 so t h a t  t h e r e  i s  a  range o f  Ra values f o r  which t h e  

2L = 1.5 case i s  l e s s  s t a b l e  than t h e  2L = 2.0 case. C l e a r l y  f o r  s u f f i c i e n t l y  

small  L, as i n d i c a t e d  by t h e  2L = 0.5 curve, s i g n i f i c a n t  s t a b i l i z a t i o n  occurs. 
A 

It i s  c l e a r ,  then, t h a t  f o r  T = DS = 0  on t h e  s idewa l l s ,  t h e  c r i t i c a l  

s o l u t a l  Ray le i  gh number does n o t  approach t h a t  f a r  an i n f i n i t e  system w i t h o u t  

s i d e w a l l s  as t h e  system becomes l a r g e r  and l a r g e r .  Examination o f  t h e  e i  gen- 

func t i ons  shows t h a t ,  f o r  l a r g e  thermal  Ray le igh numbers, most of t h e  f l o w  

occurs i n  ? neighborhood o f  t h e  w a l l s ,  c f .  F igu re  6, i n  a  manner suggest ive  

of a  buoyancy l a y e r  near a  heat-d w a l l  [3]. Thus f o r  l a r g e  L t h e  i n t e r i o r  of 

t h e  r e g i o n  i s  re1 a t i  ve l y  f r e e  f rom convect ion,  whereas i n  t h e  s ing1 e-component 

system t i l e  i n t e r i o r  i s  f i l l e d  w i t h  an a r r a y  o f  convect ion  c e l l s  hav ing more 

o r  l e s s  equal s t reng th ,  c f .  F igu re  7. I n  view o f  t h i s ,  an a l t e r n a t i v e  

i n t e r b r e t a t i o n  of t h e  l a r g e  L l i m i t  can be obta ined by f i x i n g  t h e  l e f t  hand 

boundary, f o r  example by s e t t i n g  2 = x + L, 2nd then l o t t i n g  t h e  r i g h t  hand 

boundary recede t o  p o s i t i v e  i n f i n i t y  w h i l e  keeping t h e  l e f t  hand boundary a t  

7 = 0. With t h i s  change o f  va r iab les ,  bo th  t h e  even s o l u t i ~ n s  and t h e  odd 

s o l u t i o n s  tend t o  t h e  same s e t  o f  s o l u t i o n s  as L + m; namely, those f o r  an 

i n f i n i t e  h a l f - i n t e r v a l  w i t h  exponent ia l  decay as ';; + - ( f o r  AR < 27n4/4). 

These four  s o l u t i o n s  have s p a t i a l  v a r i a t i o n s  g iven by 



F1(;) = exp( i  al;) 

F ~ ( ; )  = exp(- ia2x)  

~ ~ ( 2 )  = exp(-a3z) 

F q ( i )  = exp( -HZ) 

and the  c h a r a c t e r i s t i c  determinant der ived from tho  boundary cond i t i ons  ,t 

.- 
x = 0 i s  then 

nRa{61(-i /a2 - l / a 3 )  + 62(1/a3 - i l a l )  + ~ 3 ( i / a l  + i / 3 2 ) }  (1 3) 

-Rs { - i q a l  ( - i / a 2  - l / a 3 )  + i g2az(l/a3 - i / a l )  + ~ ) 3 a 3 ( i / a l  + i / a 2 ) }  = 0 

which i s  t he  la rge  1 l i m i t  of both equation (1 1 ) and equation i l 2 ) .  For 

l a r g ~  but  f i n i t e  L. therefore,  t h e  exponent ia l  decdy o f  t h e  eigenfunct ions 

w i t h  d is tance from the  wa l l  means t h a t  the re  are b a s i c a l l y  two i s o l a t e d  

regions of flow, each located near one o f  the  wal ls ,  each of which approaches 

the  l i m i t i n g  case o f  f l ow i n  a s e m i - i n f i n i t e  s lab  as t h e  s idewal l  separat ion 

becomes large.  

For L i n f i n i t e  we have a l so  considered t he  asymptotic dependence of t h e  

c r i t i c a l  so l u ta l  Rayleigh number Rs* on Ra f o r  l a rge  Ra. This invo lves 

d e r i v i n g  an expansion o f  the  roo ts  a2 f o r  -AR >> 1, i n s e r t i n g  them i r , t a  tne  

determinant (13), and again expanding f o r  Ra >> 1. The ca l cu l a t i ons  were c a r r i e d  

out us ing t he  symbol manipulat ion software MACSYMA [18], w i t h  t h e  r e s u l t  be ing 

Rs = 2&a3/4{1 + { 3 / J G ) n ~ a - ~ / ~  + (1 5 / 1 6 ) n ~ R a - ~ / ~  + 0 ( ~ a - 3 / 4 ) }  (1 4) 

The dependence on ~ a 1 1 4  i s  a lso  c n a r a c t e r i s t i c  of t he  w id th  o f  the  long narrow 

c e l l s  t h a t  occur i n  t he  f i nge r i ng  regime [3,61. An in termediate  r e s u l t  i s  

3 t h a t  a3  - r I R ~ ~ ~ ~ ,  and t h e  f a c t  t h a t  a3 tends t o  zero as Ra + - causes a 

s lowly  decaying t a i l  o f  t he  disturbance t o  extend t o  t he  i n t e r i o r  o f  ikir 

reg ion f o r  l a rge  Ra. 

For la rge  L, t he  f l ow i s  conf ined t o  t he  neighborhood of t he  wa l l s  as 



t 

i 
i l l u s t r a t e d  i n  F igure 6. Since t he  f low near one wa l l  i s  e s s e n t i a l l y  

L 

,independent o f  the  f l ow near the o ther  wa l l ,  the c r i t i c a l  value of the  s o l u t a l  

Sayleigh number i s  near l y  the same f o r  w e n  and odd modes (see F igure 3) .  The 

l o c a l  f low adjacent t o  2ach wa l l  i s  i n  opposi te d i r e c t i o n s  f o r  t he  odd mode 

(see Eigure 6 )  and i s  i n  the  same d i r e c t i o n  f o r  t he  even mode. As t he  separat ion 

of t he  wa l l s  decreases, the  l oca l i zed  f lows begin t o  i n t e r a c t  and t he  c r i t i c a l  

Rayleigh numbers f o r  t h e  even and odd modes hecow inc reas ing ly  d i f f e r e n t .  

As shown i n  Figures 8 and 3 f o r  2L = 3.0 and 1.5, f o r  t he  odd mode t he  i n t e r a c t i o n  

tends t o  weaken t h e  f low i n  t h e  i n t e r i o r  whereas f o r  t h e  even mode t h e  f low 

i n  t h e  i n t e r i o r  i s  re in forced.  The even mode cons is ts  o f  two convect ion 

c e l l s  separated by a  d i v i d i n g  v e r t i c a l  s t reaml ine midway between t he  wal ls .  

The odd mode undergoes a  t r a n s i t i o n  from a  f low w i t h  e s s e n t i a l l y  two c e l l s  

(F igure  6 )  t o  a  mixed f low w i t h  a  d i v i d i n g  sepa ra t r i x  a t  t h e  center  of t he  

reg ion (F igure 8) t o  a  s i n g l e  u n i c e l l  (F igure 9)  as L decreases. The d i f f e rence  

between t he  c r i t i c a l  s o l u t a l  Rayleigh numbers f o r  t h e  even and odd mode i s  

134 and 1747 f o r  2L = 3.0 and 1.5, respect ive ly .  Thus, f o r  2L = 1.5, t h e  

u n i c e l l  i s  s i g n i f i c a n t l y  less  s tab le  than t he  two c e l l  s t ruc tu re .  

6. Conclusions 

I n  t h e  presence of s idewal ls  t he  c r i t i c a l  s o l u t a l  Rayleigh number RS* 

f o r  convect ive i n s t a b i l i t y  can be s i g n i f i c a n t l y  lower than t h a t  f o r  a  l a t e r a l  l y  

unbounded system. The f low i n  t he  unbounded system cons is ts  of a  pe r i od i c  ar ray 

o f  convect ion c e l l s  o f  equal strength,  whereas t h e  presence o f  s idewa l l s  a l lows 

a  l o c a l i z e d  f low t o  develop near t he  wa l l s  a t  a  s i g n i f i c a n t l y  lower s o l u t a l  

Rayleigh number. Maximum d e s t a b i l i z a t i o ~  occurs f o r  a  f i n i t e  value of L. 

The s t a b i l i t y  o f  t he  f i n i t e  system i s  s e n s i t i v e  t o  t h e  p a r t i c u l a r  form 

o f  t he  boundary cond i t i ons  imposed on the  sidewal ls.  Chancing t h e  thermal 



boundary condi t i ~ n s  from conducting t o  i n s u l a t i n g  s tab i  1  i zes  the system (and 

cons i te rab ly  a l t e r s  the  nature o f  the f l ow i n  the  i n t e r i o r  of the sy5ten a t  

t he  onset o f  i n s t a b i l i t y ) .  This e f f ec t  i s  cons is ten t  w i t h  the statement t h a t  

the  change from Neumann t o  D i r i c h l e t  boundary cond i t i ons  f o r  the  temperature 

f i e l d  has tht. e f f e c t  o f  imposing a  cons t ra i n t  on t h e  temperature f i e l d ,  which 

i s  t he re fo re  less  e f f e c t i v e  i n  s t a b i l i z i n g  the  f l ow  f i e l d .  
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F i  gure Capt ions 

 hi r e a l  and imaginary p a r t s  o f  t h e  r o o t s  a 2  of  t h e  cub ic  equa t ion  
(a2  + n2l3 - ~ * A R  = 0. The dashed curve i n d i c a t e s  t h e  r e a l  
p a r t  o f  two complex conjugate roo ts .  

The values,AR = Rs - Ra f o r  Ra = 0 as a  f u n c t i o n  o f  d imensionless 
w i d t h  f o r  T  = 0: = E on t h e  l a t e r a l  w a l l s .  The AR curves f o r  any 
values o f  Ra w i t h  DT = DS = 0 on t h s  l a t e r a l  w a l l s  a re  i d e n t j c a l  t o  
these curves. 

The values,AR =,Rs - Ra f o r  Ra = 3000 as a f unc t i on  of d imensionless 
w i d t h  f o r  T  = DS = 0 on t h e  l a t e r a l  w a l l s .  

Dependence o f  AR = Rs - Ra on t h e  thermal  boundary c o n d i t i o n s  
f o r  t h e  lowest  t h r e e  odd modes w i t h  Ra = 3000 and L  = 2.0. Here 
t h e  t h  rmal boundary cond i t i ons  on t h e  a t e r a l  ~ a l l s  h  ve t h e  form ? 4 P cos(4)  (L) + s i n ( @ ) ~ ? ( l )  = 0 and cos(?)  ( -L )  - s i n ( 4 ) D  (-Lj = 0. 

The c r i t i c a l  s o l u t a l  Rayleigh nunber R S *  as a  f u n c t i o n  of thermal  
Ray le igh number Ra fc: w id ths  of 0.5, 1.0, 1.5, and 2.0. 

A n 

The v a r i a t i o n  w i t h  x of he e igen func t i ons  j ,  5 ,  and T f o r  Ra = 3000 1 and a  w i d t h  of t e n  w i t h  = DS = 0 on t h e  w a l l s  corresponding t o  a * 
c r i t i c a l  value o f  AR* = Rs Ra = 46.4. A lso  shown i s  a  contour  
p l o t  o f  t h e  stream f u n c t i o n  $(x)sin(.rry) w i t h  contour  spacings 
o f  0.25. 

A A 

The v a r i a t i o n  w i t h  x o f  l h e  e igenfunct ions  j, 5 ,  and T f o r  a  
w i d t h  o f  te;  with^? = DS = 0 on t h e  w a l l s  corresponding t o  a  c r i t i c a l  
value o f  AR = Rs - Ra = 671.3. A l so  shown i s  a  contour  p l o t  o f  
t h e  stream f u n c t i o n  $ (x )s in ( l l y )  w i t h  contour  spacings of  
0.25; s o l i d  and dashed curves i n d i c a t e  p o s i t i v e  and nega t i ve  
values, r e s p e c t i v e l y .  For these boundary c o n d i t i o n s  AR i s  
i ndependent o f  Ra . 
S p a t i a l  v a r i a t  j o n  of t h e  stream f u n c t i o n  f o r  Ra = 3g00 and a  w i d t h  
o f  t k r e e  w i t h  T  = DS = 0 on t h e  w a l l  s. The lowest  even (upper p l c t )  
and odd ( lower  p l o t )  modes a r e  shown corresponding t o  AR = Rs - Ra = 99.3 
and -34.7, r e s p e c t i v e l y  . 
S p a t i a l  v a r i  t i o n  o f  t h e  stream f u n c t i o n  f o r  Ra = 3000 and a  w i d t h  
o f  1.5 w i t h  ! = ~f = 0 on t h e  wa l ls .  The l o w ( : t  even (upper p l o t )  
and odd ( lower  p l o t )  modes are  shown corresponding t o  AR = 1331.1 
and -41 5.7, respect  i ve ly  . 
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Task 3 

Measurement o f  High Temperature Thermodynamic P r o p e r t i e s  

D. U. Bonnel l  

SUMMARY 

Ma jo r  e f f o r t s  i n  t h e  i n t e r a c t i o n  between R ice  U n i v e r s i t y  (RICE), t h e  

General E l e c t r i c  Space F a c i l i t i e s  Labora tory  (GE)  and t h e  Na t i ona l  Bureau o f  

Standards (NBS) th rough t h i s  p r o j e c t  have concent ra ted  i r i  two areas over  t h e  

pas t  year. The f i r s t  area i s  t h e  p r o t o t y p i n g  o f  so f twa re  3n a  ? o r t a b l e  

computer, s u i t a b l e  f o r  t r a n s p o r t i n g  t o  t h e  exper imenta l  s i t e  which would 

p rov ide  bo th  da ta  a c q u i s i t  on and aata  reduc t i on ,  independent o f  t h e  need t o  

r e l y  on e x t e r n a l  computers o r  da ta  t ransmiss ion  t o  a s c e r t a i n  t h e  c u r r e n t  

s t a t e  o f  t h e  experiment. This e f f o r t  i s  in tended t o  p rov ide  suppor t  bo th  t o  

t h e  on-going ground-based exper imental  e f f o r t  i n  l e v i t a t i o n  c a l o r i m e t r y ,  and 

a l s o  t o  a c t  as t h e  p r o t o t y p e  f o r  f l i g h t  experiments. The second e f f o r t  has 

been t h e  e x p l o r a t i o n  3 f  exper imental  f l i g h t  o p p o r t u n i t i e s  i n  t h e  area of h i g h  

temperature p r o p e r t i e s  measurements. D. W. Bonnel l  has been se lec ted  as a  

member o f  t h e  "High Temperature Adv i so ry  Commi t t e e " ,  a  NASA sponsored group, 

which met a t  t h e  J e t  Propu ls ion  Labora to ry  (JPL) i n  February o f  1985 t o  cans ide r  

t h e  general  requirements o f  h igh  tenpe ra tu re  u t i l  i z a t i o n  o f  m i c r o g r a v i  t y ,  and 

t o  p r o v i d e  s c i e n t i f i c  guidance t o  t h e  JPL l e v i t a t i o n  research,  p a r t i c u l a r l y  

use o f  acous t i c  techniques. A v i s i t  t o  RICE i n  March o f  1985 was made t o  

d iscuss  f l i g h t  experiment poss i  b i l  i t i e s ,  t o  d iscuss  c u r r e n t  ground-based 

e f f o r t s  and examine c u r r e n t  exper imental  arrangements, and t o  d iscuss  automat icn 

access. The r e s u l t s  o f  these e f f o r t s  suggest t h a t  t h e r e  i s  p o t e ~ t i a :  f o r  

f l i g h t  exper imental  work, a l though t h e  appl f c a b i l  i t y  o f  acous t i c  p o s i t f ~ n i n g  

i n  s i g n i f i c a n t  h i g h  temperature e f f o r t s  i s  y e t  t o  be es tab l ished.  Si1 i c o n  



metal seems t o  be a good candidate, s ince i t  i s  extremely reac t i ve ,  very 

difficult t o  l e v i t a t e  i n  a one g r a v i t y  environment, and apparent ly possesses 

t h e  h ighest  heat of fusion of any element. A v a r i e t y  o f  experiments, i n c l ud ing  

volume change on me1 t i ng, dens i ty ,  and cool  i n g  curve heat capac i t y  measurements 

appear w i t h i n  the  cu r ren t  o r  pro jected c a p a b i l i t i e s  of hardware being developed 

f o r  f l i g h t  (e.g., t he  GE electromagnetic package). 

In t roduc t ion  

For the  past several years, an experimental i n t e r a c t i o n  among workers a t  

General E l e c t r i c  Space F a c i l i t i e s  Laboratory (GE, R. T. F ros t ) ,  Rice Un ive rs i t y  

( R I C E ,  J. L. Margrave), and t he  Nat iona l  Bureau of Standards (NBS, D. W. 

Bonnel l )  has been ca r r i ed  ou t  w i t h  the  purpose o f  exp lo r ing  the  1 i m i t s  o f  

ground-basec l i g h  temperature l e v i t a t i o n  research. This work developed an 

u l t r a - h i g h  temperature ca lor imeter  system which y i e l ded  the  f i r s t  p rec is ion  

value f o r  the heat of fusion of tungsten [Bonnell ,  19831. The l e v i t a t i o n  

system was no t  r e a l l y  capable of the s tab le  l e v i t a t i o n  o f  l i q u i d  tungsten 

necessary for  ca lo r imet ry  of the l i q u i d ,  bu t  provided a t e s t  bed t o  examine 

techniques needed f o r  h igh temperature ca lor imetry ,  such as automatic m u l t i -  

c o l o r  imaging pyrometry [Bonnell  , 1984 and Bonnell  , 19821, and o ther  aspects 

of h igh  temperature ca lor imetry .  This work has culminated i n  the pub l i ca t i on  

o f  a review chapter on the  s u b j x t ,  L e v i t a t i o n  Calor imetry [Bonnel l ,  e t  a1 

19851. One o f  the aspects o f  ca lo r imet ry  brought out  by the rieed t o  move 

d ispara te  groups and labora to ry  equipment t o  a d i s t a n t  s i t e  i s  the  fac t  t h a t  

ca l o r ime t r i c  s tud ies are genera l ly  del i bcrate,  meticulous research, and the 

apparatus and techniques which have been developed over the years f o r  

determinat ions i n  such an environment are not  necessar i ly  the most e f f e c t i v e  

i n  a remote environment s i t ua t i on .  Since f l i g h t  experiment; w i l l  have 1;eeds 



for  immediate data evaluation and response similar  t o  those of the RICE-GE-  

NBS interact ion,  th i s  seemed an appropriate time to  begin development of a  

prototype data acquisition and analysis system which supports the experimentalist 

i n  data acquisi t ion,  and provide local data evaluation t o  reduce lag in 

identifying experimental problems. I n  the  past, data has simply been collected 

without real -time evaluation, and processed 1 a t e r  by remote transmission and 

batch calculation. With the advent o: zel f-contained portable computers 

supporting high 1 eve1 languages, an evaluation of prototyping languages and 

codes nas been undertaken. 

Because Shuttle-based high temperature microgravi ty  experimental faci l  i  t i e s  

and opportunities will soon be avai lab1 e ,  research with sc ien t i f i c  goals (as 

opposed to  methodology development goals) can now consider the mi crogravi t y  

environment as another viable ineans of pursuing those goals. In high 

temperature research e f f o r t s ,  i t  i s  s t i l l  the case tha t  problems u t i l i z ing  

microgravity must be very careful ly selected,  and tha t  the process of developing 

experiments must s t i l l  recognize the infancy of sc ien t i f i c  experimentation in 

space, and be designed accordingly. In par t icular ,  the experimental aspects 

should include relat ively simple measurements t o  be made in early experiments, 

with only one or two variables to be measured, and have straightforward environ- 

mental conditions to be sat isf ied.  The measurements should have high probability 

of success even with margi nal apparatus performance. A thi  rd cr i te r ion  

should be t h a t  an experimental ser ies  should be designed to  t e s t ,  in eac l ier  

phases, the apparatus perform~nce which will be needed in l a t e r  phases. High 

temperature fl  i g h t  experiments should be selected, keeping i n  m i  ?d these 

requirements and the currefit res t r ic t ions  of upper temperature l imit ;  of 1500 

t o  2000 K, the avai labi l i ty  of perhaps 1% temperature ~ r e c i 5 i o n  a t  best, a  



1 i m i t e d  mul t i sample  c a p a b i l i t y ,  and 1  i m i t e d  o p e r a t o r  i n t e r a c t i o n .  

F l  i g h t  Experimental Oppor tun i t i es  

A1 though one impor tan t  c l a s s  o f  exper iments t h a t  would b e n e f i t  d i r e c t l y  

f rom m i c r o g r a v i  t y  a r e  t h e  de te rm ina t i on  o f  bas i c  thwmodynamic data  such as 

fus ion  heats  and heat  c a p a c i t y l e n t h a l p y  f u n c t i o n s ,  these experiments r e q u i r e  

o v e r a l l  p r e c i s i o n  b e t t e r  t han  1-2 percent  t o  be o f  r e a l  value,  al:d s e n e r a l l y  

r e q u i r e  severa l  parameters o f  t h e  system t o  be measured o r  c o n t r o l l e d .  An 

i d e a l  begi  n i n g  exper iment  would r e q u i r e  o n l y  o p t i c a l  x c e s s  t o  t h e  sample, 

shou ld  al l ;  t h e  sample t o  be reused d u r i n g  t h e  f l i g h t  f o r  mu1 t i p l e  

de terminat ions ,  and shou ld  y i e l d  da ta  f o r  which approx imate ly  c o r r e c t  es t imates  

a l r e a d y  e x i s t .  

O f  i n t r i n s i c  importance, as w e l l  as be ing  impor tan t  parameters i n  ground- 

based h i g h  temperature determinat ions ,  a r e  t h e  d e n s i t y  o f  t h e  l i q u i d ,  and t h e  

volume change on me1 t i ng .  I n  many cases above 1500 K, t h e  d e n s i t i e s  o f  1  i q u i d  

meta ls  a r e  known o n l y  approx imate ly ,  and t h e  general  b e s t  r e p r e s e n t a t i o n  o f  

t h e  temperature dependence i s  a  l i n e a r  f u n c t i o n  [Meta ls  Reference Book, 19761. 

Th is  r e p r e s e n t a t i o ~  i s  h e a v i l y  weighted by h i g h  accuracy low temperature 

measurements (e.g, Hg), and by t h e  a v a i l a b l e  p r e c i s i o n  o f  t h e  h igh  tempet,ture 

data.  I n  m i c r o g r a v i t y ,  su r face  tens ion  x i 1 1  q u i c k l y  f o r c e  a  mol ten  sample 

i n t o  a  s p h e r i c a l  shape, and t h e  r e q u i s i t e  p o s i t i o n i n g  fo rces  shou ld  d i s t o r t  

t h i s  s p h e r i c i t y  o n l y  s l i g h t l y .  Observing a  sample as i t  c o o l s  w i t h  a  

dimensiona i l y - c a l  i bra ted  recosd ing o p t i c a l  system ( e i t h e r  v ideo o r  f i l m  

camera) w i l l  r e a d i l y  a l l o w  de te rm ina t i on  o f  t h e  sample volume from i t s  p r y s i c a l  

dimensions. T h i s  technique has been at tempted i n  ground-based research 

[Bonnel l  and Margrave, 19741 w i t h  mixed success. I n  e a r t h - ~ a s e d  experiments, 

t h e  sample i s  s t r o n g l y  d i s t o r t e d  i n t o  a  "pear"  shape by t h e  combinat ion o f  



g r a v i t y  and t h e  e lec t romagnet ic  suppor t  f i e l d s .  One dimensional imaging, 

w i t h  t h e  assumption t h e  specimen was a f i g u r e  o f  r e v o l u t i o n  about t h e  v e r t i c a l  

a x i s  l i m i t s  accuracy t o  a few percent. As t h e  t o t a l  change i n  d e n s i t y  upon 

m e l t i n g  i s  t y p i c a l l y  o f  t h e  o rde r  o f  1 0  pe rcen t ,  i t  i s  c l e a r  t h a t  l e v i t a t i o n -  

based techniques need improvement. The volume change on m e l t i n g  i s  an 

impor tan t  parameter i t s e l  f, be ing  g e n e r a l l y  l a r g e r  than t h e  volume change 

ove r  t h e  usefu l  l i q u i d u s  temperature range. Measurement o f  t h i s  parameter 

r e q ~ i r e s  o n l y  a j u s t  mol ten sample. Thus, data f o r  t h i s  p r o p e r t y  i s  an 

!xcel  l e n t  m i  n imal  apparatus performance t a r g e t .  

Cur rent  d e n s i t y  wot-k a t  RICE w i l l  use a m i r r o r  arrangement t o  g i v e  3 

or thogona l  views, which should improve volume measurement accuracy t o  t h e  

o rde r  of 1 -2  percent ,  a l though i n  e a r t h  g r a v i t y ,  t h i s  i s  an ambi t ious  e f f o r t .  

To improve on t h i s  e r r o r  l e v e l  i n  a m ic rog rav i  t y  experiment should be m c ! ~  

eas ie r .  A 1% e r r o r  l e v e l  f o r  a : cm d iameter  sample corresponds t o  3 a x i s  

r a d i i  measurements p r e c i s e  t o  0.02 mm f o r  a sphere, As l o n g  as t h e  sample 

s p h e r i c i t y  e r r o r  i s  o f  t h i s  o rde r ,  amounting :.o about  0.08 e c c e n t r i c i t y ,  

c o r r e c t i o n s  t o  t h e  sphe r i ca l  measurements should c o n t r i b u t e  w i t h  l e s s  than 1 

percent  u n c e r t a i n t y .  I n  e a r t h  g r a v i t y ,  e c c e n t r i c i t i e s  o f  t h e  o r d e r  of 0.85 

( 2  t o  1 axes r a t i o )  a r e  cc?mmc , r e q u i r i n g  l a r g e  n o n - s p h e r i c i t y  c o r r e c t i o n s .  

I n  t he  m ic rog rav i  t y  environment, one would expect  excel  l e n t  s p h e r i c i t y  f o r  a 

suspended 1 i q i l i d ,  so t h a t  t he  1 irni t i n g  parameters a r e  o p t i c a l  r e s o l u t i o n  and 

sample v i b r a t i o n s ,  bo th  harmonic and r o t a t i o n a l .  There are  s t i l l  problems 

w i t h  t h e  sample moving r a p i d l y  under t h e  i r , f luence o f  t h e  e lec t romagnet ic  

f i e l d  ( v i b r a t i n g ,  sp inn ing ,  s t i r r i n g  o f  t h e  me1 t, e tc . )  which can 1 i m i t  t o t a l  

p r e c i s i o n .  I n  t h e  m i c r o g r a v i ~ y  environment, t he  f i e l d  can be reduced t,o a 

l e v e l  j u s t  s u f f i c i e n t  f u r  p o s i t i o n i n g  a f t e r  t h ~  sample r e a ~ h e s  h igh  temperature. 



Spinning, which would produce c e n t r i f u g a l  d i s t o r t i o n s ,  can be c o n t r o l  l e d  by 

i n t r o d u c i ~ q  a  d e l i b e r a t e  r e p t i c a l  asymmetry i n  t h e  l e v i t a t i o n  c o i l .  

T h i s  e x p e r i ~ ~ n t  g i ves  d i r e c t l y  t h e  temperature dependence o f  d e n s i t y  f o r  

v e r y  l i t t l e  add i t i onc !  e f f o r t  over  t h a t  necessary t o  s imp ly  t e s t  l e v i t a t i o n  

and temperature measurement c a p a b i l i t y .  I t  i s  n o t  h i g h l y  dependent on accura te  

p o s i t i o n i n g  o f  t h e  specimen, and shows a  c l e ~ r  advantage f o r  m i c r o g r a v i t y  

measurements. Assuming a  c a l i b r a t e d  pyromet r ic  o r  even a  mouerate ly  bandwidth 

l i m i t e d  rad iance de tec to r ,  t h e  shape o f  t h e  l i g h t  ou tpu t  da ta  d u r i n g  c o o l i n g  

w i l l  y ie;d the  f u n c t i o n a l  dependence o f  t h e  h i g h  temperature 1  i q u i d  d e n s i t y  

w i t h  temperature. 

Cool i n g  Curve Cp Measurements 

The nex t  s tage i n  such an exper imental  s e r i e s  would be t o  i n c l u d e  a  

r e ' l a t i v e l y  h igh  speed 1  o r  2 c o l o r  imaging pyrometer system w i t h  0.5 1 o r  

b e t t e r  accuracy, and t o  mon i to r  t h e  r a t e  o f  heat  i o s s  d u r i n g  c o o l i n g  t o  o b t a i n  

heat  c a p a c i t y  (Cp), Weingarten, e t  a1 [1977]. A1 t h o ~ g h  a  much more demandin? 

exper iment  i n  terms o f  system c m t r o l ,  t h i s  technique represents  t h e  nex t  phase 

o f  e f f e c t i v e l y  u t i l  i z i n g  t h e  m ic rog rav i  t y  environment. When t h e  comple t ion  

o f  a  s e r i e s  u i  d e n s i t y  and coo l  i ng-funct ior ;  heat  c a p a c i t y  experiments have 

e l i m i n a t e d  exper imental  problems assoc ia ted  w i t h  f l i g h t  m ic roo rav i  t y  h e a t i n g  

aod pos i  tio:.ir1g, temperature measurement, and specimen changing, i t  w i l l  be 

a p p r o p r i a t e  t o  cons ider  h igh  p r e c i s i o n  c a l o r i m e t r i c  s tud ies ,  perhaps u t i l i z i n g  

a  "gu lp"  c a l o r i m e t e r  system s i m i l a r  t o  t h a t  p ro to t yped  by GE and r e c e n t l y  

t e s t e d  [ F r o s t  and Stockoff,  1983; Bonnel I , 19831. 

L e v i t a t i o n  Systems - 
The recen t  meeting o f  t h e  High Temperature Advisory Committee a t  JPL 

provide4 a  rev iew o f  acous t i c  pos i  t i o n l n g  technology [Doremus , 19853. These 



systems a re  q u i t e  a t t r a c t i v e  f o r  man ipu la t i ng  non-conductors , e.g. , ceramic 

and g lass  m a t e r i a l s .  However, i n  t h e  ceramics area,  m a t e r i a l s  a re  g e n e r a l i y  

l e s r  r e a c t i v e  and more t r a c t a b l e  f o r  earth-bound measureme,it up t o  temperatures 

we:i above 1800 K. This was p o i n t e d  o u t  +.o t h e  JPL s t a f f  by t h e  committee, 

w i t h  t h e  recommendation t h a t  JPL p l a n  soon t o  at-empt des ign  and development 

e f f o r t s  f o r  a  h i g h  temperature acous t i c  p o s i t i o n i n g  system t o  opera te  dbove 

2300 K, p robab ly  based on t h e  single-mode a c o u s t i c  l e v i t a t o r  descr ibed by 

Barmatz [ I 9851  u s i n g  a  c o m ~ a c t  YAG l a s e r  t o  heat  samples o f  l e s s  than 1  mm 

diameter. It was t h e  committee's o p i n i o n  t h a t  avo id ing  t h e  problem o f  h e a t i n g  

an e n t i r e  l e v i t a t o r  t o  temperatures above 2300 K would e l i m i n a t e  a  v a r i e t y  o f  

s e r i o u s  problems i n  the  implementat ion, i n c l u d i n g  heat  r e j e c t i o n ,  t q t a l  power 

requ i red ,  e a r l y  apparatus f a i l u r e ,  h u t  w a l l  outgas contamir12;;i~n o f  t h e  

sample, etc. The apparatus f a i l u r e  problem, p a r t i c u l a r l y  a t  launch,  and t h e  

1  i ke l  ihood t h a t  a  ho t  c o n t a i n e r ' s  w a l l s  cou ld  cause more contaminat ion  than 

l e v i t a t i o n  would e l i m i n a t e  a re  powerfu l  arguments i n  f avo r  o f  a  l o r a l i z e d  

h e a t i n g  arrangement. There a re  major  problems assoc ia ted  w i t h  s t a b l e  l e v i t a t i m  

i n  t h e  presence o f  l a r g e  gas temperature g r a d i e n t s  which need t o  be i n v e s t i g a t e d  

bnd overcome, and t h e  acous t i c  p o s i t i o n i n g  e f t e c t  may cause undesi rablr 

c i r c u l a t i o n  near t h e  sample, b u t  such problems seec t o  be developnlent p r o ~ l e m s ,  

amenable t o  eng ineer ing  s o l u t i o n s .  The advantages o f  us ing  acous t i c  p o s i t i o n i n g  

extends research o p p o r t u n i t i e s  t o  ceramics, g lasses,  mol ten  z -  2 ; ,  and o t h e r  

r e f r a c t o r y  non-conductors. 

Altl!ough acous t i c  p o s i t i o n i n g  obv ious l y  has s i g n i f i c a f i t  1m;~ ' i ca t ions  f o r  

t h e  f u t u r e  o f  h i g h  temoerature spzce exper r~r r?n ta t ion ,  i t  a p r a r s  t h a t  c u r r e n t  

p l a o n i o g  should cons'; !r e l e c t r o r a g n e t i c  l e v i t a t i o n  t h e  most probdhle near 

term h igh  temperature technique a v a i l a b l e ,  t h ~ s  1  i m i  t i n g  o p p o r t u n i t i e s  t o  



conductors. Frost  [I 9851 o f  G E  i n d i c a t e s  t h a t  an electromagnetic l e v i  t a t o r  

system w i t h  c p t i ~ a l  image recording and pyrometry, based i n  p a r t  on t h e  SPAR 

l e v i t a t i o n  ryitem used fcr beryl l i u a  i n  t h e  l a t e  1970's [Vouch, e t  a l ,  19781 

wil l  b- a v a i l a b l e  i n  t h e  near f u t u r e  w i t h  c a p a b i l i t y  o f  temperatures t o  t h e  

order  of 2000 K. 

Sample Lhoice 

W i t h  t h i s  temperature c 3 p a b i l i t y ,  i t  is prac t i ca l  t o  c ~ n s i d e r  systems 

w i t b  me1 t i n g  po i - t r  above 1500 K. Electromagnetically l e v i t a t z b l e  eiements 

which have melt!. ;. , i n t s  between 1jOO Y and 2330 K and a r e  d i f f i c u l t  t o  

l e v i t a t e  in a one g rav i ty  f + c l d  include ma.?gan, s e  (T,, = 1514 K!, s i l i c o n  

(16,3 i j ,  3nd thoriun, (1964 K). 'Ither elements ir! t n i s  melting point  ranqe, 

which have been s tudied by l e v i t a t i o n ,  include Be (;351 K )  , Co (1 768 Y' Fe 

(1 8139 1:) , Gd (1585 K) t o  Yb (1 740 Kj r a r e  e a r t h s ,  N i  ( 1  726 K) , Pd (1825 K) , 

3s (1812 K), T i  (1943 K), V (1713 K), and Y (1768 K). See Bonncll, e t  a1 

[I9851 f a r  a recent rev'ew of the  s t a t u s  of a o s t  of these  l a t t e r  elements. 

I t  i s  i n t e r e s t i n g  t o  note t h a t  1 iquid data  f o r  t h e  gadolinium t o  ytterbium 

nigher melting r a r e  ea r ths  have not been mentioned a i d e l y  i n  t h e  l i t e r a t u r e  

[bt i t  s ee  Pankratz e t  a1, 1962, 1963; and R n ~ i e ,  e t  a1, 19791, zqd thus what 

problems r i g h t  occur with t h e i r  7 e v i t a t i l n  a r e  uncertain.  However, cerium 

rKlr.,tz and Baut i s t a ,  19763, praseodymium [S t re tz  and Baut i s t a ,  19763, and 

?oJymiun [S t re tz  ar,d Ssut is t ; ,  19751, havc been s tudied b j  l e v i t d t i c n ,  thus 

t h e  ground-based problems shcula be ead i ly  solvable.  

Scanaic:., ;c~uld be simi!ar t o  ti taniux and presents  s i ~ n i  f i c a n t  prokl ems 

i n  atmosphere control  due t a  i t s  ready tendency t o  form the  oxide. Lack of 

ceas rementc e re  probably due t o  t h e  e,.+nse o f  t + e  metal a n d  the  f a c t  t h a t  

mcit curl 2 n t  uses a r e  of t ,tr oxide. I t s  Tuture potent ia l  a s  a Irery l i g h t  me:-1 



k i t h  a  h igher  m e l t i n g  p o i n t  than a l u a i n i u n  cou ld  p u t  i t  i n t o  t h e  same c l a s s  

as t i t a n i u m  as an a l l o y i n g  mate r ia l .  Since no obvious b a r r i e r  t o  ground-based 

s t u a i e s  seems t o  e x i s t ,  t h i s  m a t e r i d l  should be at tempted on t h e  ground f i r s t .  

O f  t h e  elements 1 i s t e d  above as d i f f i c u l t  o r  w i t h o u t  r e p o r t s  o f  successful  

l e v i t a t i o n ,  thor ium's m e l t i n o  p o i n t  i s  a t  the upper end o f  the  range ava i l ab le ,  

which requ i res  complete f u ~ l c t i o n i n g  o f  t h e  apparatus t o  i n s u r e  o b t a i n i n g  

l i a u i d  data. It i s  a l s o  somewhat rad ioac t i ve ,  i nc reas ing  t h e  on-board r i s k  

s l i g h t l y  i? case o f  a  ca tas t roph ic  system f a i l u r e .  Since 'horium should be 

l e v i t a t a b l e  on e a r t h  w i t h  precaut ions,  i t  too should be a t t e q t e d  i n  a  ground 

env i  rcnment f i r s t .  

Manganese i s  a  s t r a t e g i c  ma te r ia l ,  considered t o  be t h e  s i n g l e  most 

impor tant  a d d i t i v e  i n  the  steelmaking process, where about 90% o f  t h e  t o t a l  

manganese consumed i n  t h e  U.S. i s  used [ C r i t i c a l  H a t e r i a l s  Requ i rewn ts  o f  

t h e  U.S. S tee l  Indust ry ,  19831. The pure metal i s  prepared by e l e ~ ~ r d d e p o s i t i o n ,  

and i c  ob ta inab le  i n  o n l y  t b i n  ( >  0.2 cm) p l a t e l e t s ,  which cannot be conso l idated 

even by a rc  mel t ing .  The m a t e r i a l  i s  extremely b r i t t l e  and has n o t  been 

l r i t a t e d  e lec t romagne t i ca l l y  due t o  i t s  u n a v a i l a b i l i t y  i n  reasonab:? bu lk  

C a r m  A1 though some o l d e r  thermochemical data b.ave been repo ted [if. Metals 

Handbook, 1476], t h i s  element would appear t o  be a  good candidate f o r  ? 

m i c r o g r a v i t y  i n v e s t i g a t i o n .  

S i l  ice,; i s  a  semiconductor, and does n o t  achieve metal 1  i c  c o n d u c t i v i t i e s  

s u t f i c i r n t  t o  l e v i t a t e  u n t i l  heated near i t s  m e l t i n g  temperature. Ths obvious 

importance o f  ',;.is element t o  t h e  semiconductor i n d u s t r y ,  i t s  extreme 

r e a c + i v i t y ,  which would ,nake con ta ine r less  s tud ies  very ad~antagegus,  and the  

es t imates t h a t  i t  has the l a r g e s t  heat 9f  fus ion (ca - 60 kJ/mci) o f  any element 

make i t  +he most a t t r a c t i v e  candidate f o r  i n i t i a l  h i  ;h temperature m ic roq rav i  t y  



experiments. I t s  me l t i ng  p o i ~ t  i s  comparable t o  t h a t  o f  Be, which has a l ready 

been j e v i t a t e d  by che GE SPAR l e v G t a t o r  [Wouch, e t  a l ,  19781. which makes a 

successful f i r  ,t f l  i g h t  exper lment 1 i kely. hi s s i v i  datd  a re  ava i l ab l e  t o  

above the  me1 t i . l g  po in t ,  so temperature measurement should no t  present abn~rma l  

problems. Combining f l  i g h t  fxperiments w i t h  ground-based s tud ies  o f  t he  

volume change on me l t i ng  and l i q u i d  dens i t y  o f  s i l i c o n  and/or bery l ium appears 

t o  be an a t t r a c t i v e  i n i t i a l  e f f o r t .  The r e s u l t s  of the  GE-RICE-NBS i n t e r a c t i o n  

i n  t he  recent  past make i t  c l e a r  t h a t  a s u c c e s f u l  f l i g h t  experimental program 

w i l l  need the  support of a s t rong  ground-based p a r a l l e l  e f f o r t  t o  a t t r a c t  and 

support personnel, and t o  provide the  c o n t i n u i t y  o f  e f f o r t  necessary t o  

conserve exper t ise dur ing  the f l o x  o f  students t y p i c a l  o f  academic research. 

Studies o f  a1 loys,  p a r t i c u l a r l y  o f  extreme r e f r a c t o r y  systems i n  

composit isi i  regions where the  l i qu i duz  i s  w i t h i n  the c a p a b i l i t i e s  o f  the 

fl i g h t  apparatus, are a1 so a t t r a c t i v e  candidates when mu1 t i p l e  sample hand1 i n g  

c a p a b i l i t y  has been demonstrated. Since a number o f  specinlens o f  vary ing 

composit ion would be necessary t o  es tab l i sh  trends, these e f f o r t s  should 

f o l l o w  t t d  i n i  tSa l  demonstration types o f  experiments. Deta i led i n f o r m ~ i i o n  

on dens i t y  and Cp va r i a t i ons  should be q u i t e  in te res t ing .  Our a n a l j s i s  

[Bonnell ,  e t  a l ,  19851 o f  the cerium-ccpper a l l o y  system data o f  Dokko and 

Bau t i s ta  [19b0] po in ts  ou t  the f a i l u r e  o f  the simple mole f r a c t i o n  e s t i n a t  ions 

genera l l y  used f o r  a l loys.  

D u r i v  the  Harch 1985 discussions a t  R I C E ,  the p o s s i b i l i t y  of processing 

specimens as p a r t  o f  the  experimental progrz71 was discussed. Gas/condi.nsed 

phase react ions are genera l ly  s t ra igh t fo rward  t o  accompl f s'l i n  " e conta i  ne r l  ess 

environment, w i t h  the general l i m i t a t i o n  t h a t  the product remain a l i q u i d  ( o r  

near the l i qu i dus )  and be a gooa conductor dur ing the processing. The l i q u ~ d  



l i m i t a t i o n  i s  due t o  t he  typica1;y s t rong decrease i n  gas d i f f u s i v i t y  i n  

s o l i d s  much below t h e i r  me l t i sg  po in t ,  which h a l t s  the r eac t i on  upon 

s o l i d i f i c a t i o n .  The usual method o f  us ing powdered s o l i d  t o  increase sur face 

area ana minimize d i f f u s i o n  distances requ i res  a  container,  as t o  the ex ten t  

t h e  powder couples w i t h  the RF f i e l d  o f  the  l ev1  t a t i o n  c o i l ,  each i nd i v i dud l  

p a r t i c l e  w i l l  be e l e c t r o s t a t i c a l l y  r epe l l ed  from i t s  neighbors, w i  t h  the 

r e s u l t  t h a t  any sample no t  s t rong ly  compacted w i l l  be dispersed by t he  RF 

f i e l d .  

Gas-1 i q b i d  h igh temperature reac t i cns  have s i g n i f i c a n t  advantages i n  t he  

electromagnetic con ta iner les \  environment when compared t o  react ions i n  a  

conta in ter .  E i e c t r r  i agne t i c  s t i r r i n g  prov idss a  much more rap id  mix ing 

process near the  surface than simple d i f f u s i o n ,  and t he  e l l t i r e  surface o f  t he  

sample i s  i i va i l ab l e  t a  the  reac tan t  w i thou t  s t i r r e r  o r  wa l l  reac t ions  t o  

consider. The i ~ t r c d u c e d  gas can be metered i n t o  the  ~ e a c t i o n  envi tonmen: 

w i t hou t  unwanted react ions throuah ccol  39221 es , a1 1 owing accurate laass 

balance determinations, and con t ro l  i e d  r eac t i on  ra tes,  i n  con t ras t  t o  sealed 

tube type syntheses. I n  addi t ion,  reac t ion  proddcts can bc e i t h e r  v o l a t i l e  

o r  non-vo la t i l e ,  o r  both, an3 can be separated dur ing  the  reac t i on  process. 

Graups of substances t o  p r q a r e  and make dens i t y  or Cp measurements 

s i m i l a r  t o  those described abovc for  the m e t a l l i c  elements inc lude the oxides, 

n i t r i d e s ,  and phosphides o f  conducting elements. I n  these systems, the  step- 

wise add i t i on  o f  a  reactant  gas (e.g., oxygen) t o  the atmosphere surrounding 

a l e v i t a t e d  l i q u i d  a l lows the  d i r e c t  reac t ion  product t o  bt 'orn,pC. Previrjus 

work [Margrave, e r  a1 , 1971, Bonriell, e t  d l ,  19691 pores that react ions are 

genera l l y  simple, tending t o  y i e l d  the s tab le  product o f  lowest ux i da t i an  

s t a t e  due t o  the e f f e c t i v e  excess o f  metal a t  the r r 3c t i on  in te r face .  A t  



h igher  temperatures, carbides a re  a lso  q u i t e  i n t e res t i ng ,  bu t  t h e i r  exceot ional  l y  

h igh me l t i ng  pc i n t s  and the  f a c t  t h a t  many metal c3rbides are good e l e c t r i c a l  

cond~rctors  makes these syntheses b e t t e r  candidates f o r  a p a r a l l e l  ground- 

based program. O f  t he  metal s which can be m,!l ted i n  expected f l i g h t  apparatus, 

t h e  f o l l ow ing  compounds should be r e a d i l y  synthesized, w i t h  volume change 

measurements used t o  t rack  extent  of react ion,  and perhaps cool i ng-curve 

thenla1 measurements possible. Bo r i c  ox ide (B203) i s  a 9ozr;i b l e  f i r s t  

mater ia l .  I t s  1 iqu idus p roper t ies  a re  reasonably we1 1 known [JANAF, 1971 ; 

Robie, e t  a l ,  19791, and i t  has the useful p roper ty  t h a t  the l i q u i d  oxide i s  

consider-ably lower me l t i ns  (723 K) than the metal (2017 K). O f  the metals 

suggested as po ten t i a l s  f o r  .?ar ly f l  i g h t  experiments, the manganese-oxygen 

system i s  very i n t e res t i ng .  Theie a re  a number o f  manganese oxides, ranging 

from HnO (Tm 2058 K) t o  Mn304 (1863 K - t h i s  t r a n s i t i o n  i s  dependent on oxygen 

pressure, being from 1873 K a t  1 atm P(02), t o  1828 K a t  0.1 atm P(02) - see 

Driessens [ I9671 and the commentary i n  Phase Diagrams f o r  Ceramists [1975, 

f i g .  41571). The tendency o f  l e v i t a t i o n  s y n t n ~ s i s  t o  lead t o  the lower oxide 

should a l low a na tu ra l  progression i n  t h i s  system. The p h ~ s e  diagram o f  the 

manganese-oxygen system i s  s i m i l a r  t o  t h a t  o f  the Fe-0 system i n  conp lcx i t y ,  

and appears t o  need r o r e  work t o  permit  d i sp lay ing  the d e t a i l  known i n  tbc  re-9 

system. Manganese oxides a lso e x h i b i t  compound non-stoicometry around the 

MnO composit ion which conta iner less preparat ion could invest igate .  F ~ r a l l e l  

e~pe r imen ts  on the b e t t e r  kncwn Fe-b ,;stem (from the Wustite Fe0.9470 (Tm = 

1652 K) t o  Fez03 (1895 K)) might z l so  be i r  order,  e i t h e r  as preparat ion f o r  

s tud ies c f  the Mn-0 system, o r  as fo l lowup i n  the event c m t a i n e r l e s s  processing 

o f  oxides proves excep t iona l l y  f r u i t f u l  . 
Other oxides which i o u l d  be considzred inc lude s i l i c c  -:,, = 1996 !:) and 



oxSdes of vanadium, which has s t a b l e  s o l i d s  o f  composi t ions V O  (T,, = 2350 K), 

V2O3 (2240 K), V305 (2100 K), VOp (1818 K), V205 (943 K) and Y203. The Y-0 

system i s  p a r t i c u l a r l y  d t t r a c t i v e  i f  the a v a i l a b l e  temperature range becomes 

higher,  because o f  the  i n t e r e s t  i n  ox ide f i l m  c o r r o s i o n  p r o t e c t i o n  by y t t r i u m  

i n  superal  loys .  Also, i n  general,  t h e  sesquioxides o f  the  lanthan ides e x h i b i t  

s o l i d  polymorphism. If these oxides can he prepared, and s o l i d i f i e d  i n  t h e  

h i g h  temperature polymorph, due t o  l a c k  o f  ex te rna l  nuc lea t ion  s i t e s ,  new 

i n s i g h t  i n t o  h igh  temperature behavior  cou ld  r e s u l t .  

Toropov, e t  a1 [ I9721 note  t h a t  t h e  f i r s t  t h r e e  i o n i z a t i o n  p o t e n t i a l s  o f  

Sc, Y. and La a r e  low so t h a t  they can g i v e  up two e l e c t r o n s  f o r  the  format ion 

o f  oxygen bonds, w h i l e  the t h i r d  e l e c t r o n  i s  a c o n d u c t i v i t y  band e lec t ron.  

Thus ScO and Y O  may e x h i b i t  m e t a l l i c  c o n d u c t i v i t y ,  p a r t i c u i a r l y  a t  e levated 

temperatures. This poss i  b i l  i t y  c e r t a i n l y  makes these oxides excel  l e n t  ground 

base t e s t  case p o s s i b i l i t i e s ,  and should be excel  l e n t  choices f o r  determin ing 

the l i m i t s  o f  e lectromagnet ic p o s i t i o n i n g  o i  compounds. This i n f o r m a t i o n  

w i l l  be necessary t o  determine i f  a l t e r n a t e  hea t ing  w i l l  be requ i red  du r ing  

syntheses. 

Thz major r e s u l t  o f  these experiments, however, would oe t h e  ac tua l  

processed specimens, i n c l u d i n g  the  p robab i l  i ty o f  l a r g e  c r y s t a l l i n e  specimens, 

f o r  chemical c h a r a c t e r i z a t i o n  and m i c r o s t r u c t u r a l  c o ~ p a r i s o n  o f  the c 0 n t a i n e r . r : ~  

preyarea m a t e r i a l  w i t h  conventiona? mate r ia l s .  This p ioneer ing work should 

p rov ide  impor tant  s c i e n t i f i c  guidance f o r  the use o f  the micrograv i  t y  

con ta ine r less  environment as a t o o l  i n  the  s y n t i ~ e t i c  chemist 's  drzenai f o r  

t a i l o r i n g  mate r ia l s .  

L i q u i d  Tungsten - 
P r e ~ i c u s  work on t h i s  p r o j e c t  y i e l d e d  the  f i r s t  l e v i t d t i o n  measurement 



o f  t h e  heat o f  f u s i o n  o f  tungsten [ c f .  Bonnell ,  1983, Bonnel l ,  1984). The 

value, 53.0 + 2.3 kJ/mol, was obta ined by a n a l y s i s  of  f r a c t i o n  mel ted versus 

heat  con ten t  data from drop c a l o r i m e t r y  o f  t h e  specimens. Continued e f f o r t s  

t o  o b t a i n  dp data on t h e  l e v i t a t e d  l i q u i d  has proved f r u i t l e s s ,  as t h e  

a v a i l a b l e  generator  power a t  GE was apparent ly  i n s u f f i c i e n t  t o  prov ide s t a b l e  

1  i q u i d  l e v i t a t i o n .  Recently, German workers [Arpaci  and Frohberg, 19841, 

u t i l i z e d  a  50 kW, 900 kHz i n d u c t i o n  heater  t o  o b t a i n  entha lpy  increment data  

f o r  tungsten l i q u i d  and s o l i d .  Although those authors  u n f o r t u n a t e l y  g i v e  no 

d e t a i l s  o f  t h e  c o i l  design, the  use ~f h igher  power so lved the  d i f f i c u l t i e s  

i n  l e v i t a t i n g  mol ten tungsten, as +hey repor ted  20 measurements o f  the  1  i q u i d  

ove r  t h e  temperature span from 3699 K t o  4017 K, w i t h  ;In average d e v i a t i o n  o f  

0.42 %, which i s  i n d i c a t i v e  o f  e x c e l l e n t  h i g h  temperature measuremeots. Arpaci 

and Frohberg obtained the heat o f  f u s i o n  d i r e c t l y  froin t h e  d i f f e r e n c e  o f  t h e i r  

s o l i d  data as 50.3 + 0.4 kJ/mol a t  3683 6. They apparent ly  d i d  n o t  d i r e c t l y  

determine the m e l t i n g  temperature, b u t  used t h e  comnonly referenced 1 i t t r ra t .ure  

va lue  3683 K t o  <jetermine emiss i v i  t i e s  and es tab l  i s n  t h e i r  temperature scale. 

Th is  va lue and o the r  1  ~ t e r a t u r e  on the m e l t i n g  temperature o f  tungsten hove 

been reviewed by Ceza i r i i yan  [ I9721 and a  recommended value o f  3595 K was 

se lec ted  i n  l i g h t  o f  improvements i n  measurement methodology. Using ch is  

temperature (3695 K) ,  t he  Arpaci and Frohberg 119843 heat o f  fus ion ,  tiHm, 

changes i n s i g n i f i c a n t l y  ( t o  50.4 + Q.4 kJ/mol) ,  r e l a t i v e  t o  the so l  i d  value 

from t h e i r  f i t t e d  equat ion o f  118.7 ( +  0.3) ~ J / m o l  a t  3695 K .  Our analysi:  

o f  our  heat o f  f d s i o n  determinat ions gave t h e  value, 119.5 + 2  kJ, f o r  the  

s o l i d  independently, which i s  a l s o  i r l  near l y  exact  agreement w i t h  JANAF [1971]. 

Arpaci and F r ~ h b e r g  considered the 1  i t e r a t u r e  o f  s o l  i d  tungsten c a r e f u l l y ,  

ar,d noted p o s i t i v e  dev ia t ions i n  t h e  recent  l i t e r a t u r e  o f  over 4%. Corpar ing 



s o l  i c r  en tha lpy  va lues  shows o u r  d e r i v e d  s o l i d  va lue  t o  be w i t h i n  0.64, o f  t h e  

Arpaci and Frohberg value, and we1 1  w i t h i n  t h e  combined e r r o r  1  i m i  t s .  Because 

o u r  va lue  o f  t h e  heat  o f  f u s i o n  i s  independent o f  l i t e r a t u r e  s o l i d  data, and 

references a  s o l i d  va lue  i n  good asreement w i t h  t h e  Arpaci and Frohberg va lue ,  

t h e  two s t u d i e s  can be d i r e c t l y  compared, and t h e  agreemelit i s  q u i t e  good, 

c o n s i d e r i n g  t h a t  i n  bo th  cases, d i f f e r e n c e s  i n  r a t h e r  l a r g e  numbers a r e  i nvo l ved .  

Arpac i  and Frohberg do n o t  s t a t e  where t h e y  d e r i v e  t h e i r  e r r o r  es t ima te  f o r  

hHm, b u t  apparent ly ,  u s i n g  t h e  d i f f e r e n c e  f i t  H(r,,T) = H(?.,Tm) + C? x  (T - Tm) 

t h e y  have accspted t h e  e r r o r  i n  t h e  i n t e r c e p t  te rm as t h e  e r r o r  i~ AH,. 

R e f i t t i n g  t h e  data  o f  t h e i r  Table 2 i n d i c a t e s  a  s tandard  e r r o r  f o r  t h e  f i t  o f  

888 3, i n  l i n e  w i t h  what would be expected f rom an average d e v i a t i o n  o f  0.42% 

f a r  ca 170 kJ/mol. Combined w i t h  t h e  298 J  e r r o r  es t ima te  f rom t h e  s o l i d  

d d t a  j i v e s  an e r r o r  es t ima te  f o r  A 4, o f  a t  l e a s t  600 ~ / m o l .  The b e t t e r  

e r r o r  es t ima te  s;iould be t o  use t h e  l a r g e r  u r x e r t a i n t y .  A l t e r n a t i v e l y ,  

con~b in ing  t h e  u n c e r t a i n t y  o f  t h e  s o l i d  w i t h  t h e  i n t e r c e p t  e r r o r  suggests an 

u n c e r t a i n t y  cT 670 Jlnlol. It i s  suggested t h a t  t h e  u n c e r t a i n t y  i s  b e t t e r  

represented by a  value o f  a t  l e a s t  + 0.8 kJ /~no l .  The agreement between t h e  

c a ! o r i m e t r i c  heats o f  fus ion  [Prpac i  and Frohberg, 1985; Bonnel l ,  19841 i s  

w i t h i n  1.5% o f  " o t a l  heat ,  which i s  exce l  e n t  agreement f o r  d i f f e r e n c e  

measbrements. 

Although a  4H, o f  51 kJ i s  h i g h e r  t han  t h e  Tamman r u l e  [ I95 33 e s t i m a t e  by 

n e a r l y  70  percent ,  t h i s  va lue  i s  i n  accord w i t h  p e r i o d i c  c o r r e l a t i o n  es t imates  

which i n d i c a t e  t h a t  t h e  en t ropy  o f  me1 t i n q .  tISm, sholrld bz somellrhat h i g h e r  

t han  t h e  f u s i q n  ent ropy  f o r  molybdenum (1 2.9 J/mol . K ) .  Our work [Bonne l l  , 

1983, 19841 g i v e s  bSm = 14.3 + 0.6 J/mol.K, i n  reasonable agreement w i t h  t h e  

va lue  o f  Arpaci and Frohberg 119841, c o r r e c t e d  t o  a  3695 Y. m e l t i n g  p o i n t ,  o f  



13.6 + 0.2 J1mol.r;. Us ing an er ror -we ighted average of  t h e  two values f o r  

ASm g ives  a best  va lue o f  13.8 + 0.3 Jim01 .K. The en t ropy  of  fus ion d f  

tungsten i s  t hus  7% l a r g e r  thar, volybdenum. 

Wi th  two independent c a l o r i m e t r i c  s t u d i e s  i n  good agreement, i t  appears 

t h a t  t h e  me1 t i n g  thermodynamic p r o p e r t i e s  o f  tungsteo a r e  now reasonably we1 1 

knokn. The coincidence o f  t h e  hedts o f  f u s i o n  a l s o  i n d i c a t e  t h a t  t h e  emiss i v i t . .  

values used by Arpaci and Frohberg, and t h e i r  de r i ved  heat  c a p a c i t y  o f  t h e  

1 i q u i d  a r e  re1 i abl  e. 

Pro to type Data A c q u i s i t i o n  and Ana lys is  

The advent o f  " p e r ~ o n a l "  c nputers w i t h  t h e  c a p a b i l i t y  o f  suppor t i ng  

h igh  l e v e l  languages. and w i t h  a r e l a t i v e  ease o f  be ing t ranspor ted  suggested 

t h a t  i t  was an approp r ia te  t ime t o  cons ider  a computer-based a c q u i s i t i o n  

system which cou ld  be brought  t o  the  exper imental  s i t e  a long w i t h  the  r e s t  o f  

t h e  apparatus. Previous exper imental  t i f o r t s  had developed a data1 oyg i  ng 

system, which cou ld  be used v i a  a telephone 1 i n k  t o  t h e  NBS computer system 

t o  reduce c a l o r i m e t r i c  data. The r c l a t i v e l y  slow speed and u n r e l i a b i l i t y  o f  

t ransmiss ion fo r  t h i s  work has been a general problem area. The l a r g e  c a l o r i m e t e r  

used i n  t h i s  work requ i res  about 1 hour t o  reach steady s t a t e  a f t e r  an impulse 

change. I n  o rde r  t o  p rov ide  f o r  more than one run  i n  i~ day, i t  was necessary 

t o  w a i t  ~ n t i l  t he  end o f  t h e  day t o  proces: data, so t h e  sscond and succeeding 

run  o f  t h e  day cou ld  n o t  be planned on the  bas is  o f  t he  prev ious runs. With 

a l a r g e  numher o f  aborted drops, i t  would be d e s i r a b l e  t o  be ab le  t o  analyze 

the  d r i f t  r a t e  o f  t he  c a l o r i m e t e r  i 3  an ongoing fash ion  t o  determine when t h e  

c a l o r i m t ? t e r  was ready. 

The data reduc t i on  orogram, CAL3R, i s  w r i t t e o  f n  FORTRAN, and du r ing  

t h i s  e f f o r t ,  was converted t o  ANSI FORTRAN 77 runn ing on t h e  NBS mainframe 



S p e w  1  lOC/82. Among o t h e r  changes, t h i s  i n v o l v e d  rep1 a c i  ng t h e  c h a r a c t e r  

m a n i p u l a t i o n  performed f o r  r e p o r t  gene ra t i on  o r i g i n a l l y  implemented i n  i n t e g e r  

d a t a  t ypes  w i t h  t r u e  c h a r a c t e r  da ta  types, adding new code t o  p e r m i t  CALOR t o  

recogn ize  and process a  v a r i e t y  o f  i n p u t  s t ream formats,  and o t h e r  minor  code 

cleanups. The program i s ,  however, by na ture ,  a  ba tch  program, and r e q u i r e s  

m u l t i p l e  runs t o  determine such data  c h a r a c t e r i s t i c s  as t h e  end o f  t h e  main 

p e r i o d  and whether a  p o r t i o n  o f  a d r i f t  p e r i o d  i s  l i n e a r ,  even though t h e  da ta  

st ream c o l l  ec ted  may e x h i b i t  c u r v a t ~ r e .  Once these c h a r a c t e r i s t i c s  a r e  determined, 

i t s  r e p o r t i n g  f a c i l  i t i e s  a re  exce l l en t .  A  r e a l - t i m e  c o n t r o l  and r e p o r t  program 

a c t u a l l y  has d i f f e r e n t  goa ls  than the  f i n a l  da ta  red t i c t i on  program, and a  

reasonable way t o  approach t h e  problem was t o  develop two codes, one f o r  t h e  

run - t ime  a c q u i s i t i o n  and m o n i t o r i n g  process, and one f o r  f i n a l  da ta  reduc t i on ,  

b o t h  t o  r u n  f rom f i l e s  c rea ted  on t h e  p o r t a b l e  computer system, 

For t h i s  purpose, NBS has procured a  t r a n s p o r t a b l e  computer system, 

compatable w i t h  t h e  I B W  Personal Computer t ype  o f  syste~n. The Corona* PCC-2 

p o r t a b l e  was chosen because o f  i t s  a b i l i t y  t o  be maximal ly  con f i gu red  ( 2  5- 

114" f l o p ~ y  d i s k  d r i v e s ,  512 kBytes memory, 9 i n .  i n t e r n a l  mon i to r  w i t h  u l t r a -  

h i g h  r e s o l u t i o n  t e x t  d i s p l a y ,  s e r i a l  and p a r a l l e l  p o r t s ,  f u l l  s i z e ,  enhanced 

f u n c t i o n  keyboard, e tc . )  and l eave  expansion s l o t  space f o r  a  f u l l  s i z e  modem 

card, a  da ta  a c q u i s i t i o n  card,  and a  b a t t e r y  backed-up c l o c k  card.  A1 though 

o t h e r  vendors ( w i t h  r e s t r i c t e d  choices o f  add- ins)  can now meet many o f  these 

requirements,  t h a t  was n o t  t h e  case when t h e  computer was procured, The 

advantage o f  IBM PC ~ o r ~ r p a t a b i l i t y  i s  t h e  l a r g e  number o f  languages, e.g., 

FORTRAN 77, BASIC, PASCAL, APL, C. FORTH, e tc . ,  c i va i l ab le  i n  implementat icns 

* Ment ion  o f  p roducts  by brand name i s  t o  p rov ide  i d e n t i f i c a t i o n  o f  a  
commercia l ly  ob ta ined  o r  eva lua ted i tem, and ,s n o t  t o  be construed as 
Government endorsement o r  c e r t i f i c a t i o n  o r  s u i t a b i l i t y  f o r  o t h e r  a p p l i c a t i o n s .  
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l i k e l y  t o  be p o r t a b l e  across a  v a r i e t y  o f  d i f f e r e n t  machine con f i gu ra t i ons .  

The a v a i l a b i l f t y  o f  FORTRAN 77 f o r  t h e  c o m p i l a t i o n  o f  CALOR has proved t o  

be more p rob lemat i ca l  t han  expected. U n t i l  r e c e n t l y ,  no f u l l  language FORTRAN 

77 comp i l e r  was a v a i l a b l e  f o r  t h e  IBM PC. runn ing  under MS-DOS, t h e  overwhelmingly 

accepted o p e r a t i n g  system. O f  t h e  subset  compi le rs ,  M ic roso f t  FORTRAN hds 

rece i ved  t h e  b e s t  rev iews,  p a r t i c u l a r l y  f o r  bo th  code qua1 i t y  and freedom f rom 

bugs. However, t h e  implementat ion tes ted ,  v e r s i o n  3.20, evidenced a  number 

o f  m iss ing  fea tu res  and imp lenen ta t i on  bugs which r e q u i r e d  major  r e v i s i o n  o f  

p o r t i o n s  o f  t h e  c h a r a c t e r  man ipu la t i on  code. As examples, o n l y  one l e n g t h  

charac*,er v a r i a b l e  can be typed i n  a  statement;  a t tempts  t o  ose *n des ignators  

. r e s u l t e d  i n  undef ined ob jec ts ;  c h a r a c t e r  conca tena t i on  i s  n o t  supported, nor  

a r e  s u b s t r i n g  ope ra t i ons ;  cha rac te r  type v a r i a b l e s  cannot  be i n te rm ixed  w i t h  

numeric types i n  COEMON. Cons ider ing  t h e  amount o f  debugging necessary t o  

overcome these problems, and t h e  f a c t  t h a t  t h e  r e s u l t i n g  code would be somewhat 

s p e c i f i c  t o  t h e  compi le r ,  i t  was decided t o  de lay  t h i s  implementat ion u n t i l  

cne o f  t h e  new . - ~ 1 1  languages compi le rs  was re leased.  Two compi le rs  a r e  under 

cons ide ra t i on :  D i g i t a l  ~ e s f i a r c h *  (DR) FORTRAN 77 and t h e  ~ ~ b v ~ y a n - ~ c ~ a r l a n d *  

Profes- , ional  FORTRAN. The DR FORTRAN, a1 though a  f u l l  1 anguage compi 1  e r ,  was 

reviewed by NBS [Kahaner., 19851 f o r  use and found t o  have so many bugs t h a t  

i t s  use was n o t  recommended. Some p r e l i m i n a r y  t e s t i n g  lras been undertaken on 

t h e  P ro fess iona l  FORT?AN compi le r  by t h e  NBS S c i e n t i f i c  Computing D i v i s i o n  

w i t h  h i g h l y  p o s i t i v e  r e s u l t s .  They cou ld  f i n d  110 s i g n i f i c a n t  problems and so 

f a r  have found i t  t o  be a  complete f u l l  language implemef i tat ior  The processor 

f u l l y  supports c u r r e n t  l e v e l s  o f  MS-DGS ( i . e . ,  ve rs ions  2.1 and 3.0) and csn 

access f i l e s  a t  any t r e e  depth. However, d e l i v e r y  of t h e  processor f rom I B M  

has been slow, and a  copy f o r  t h i s  p r o j e c t  was rece ivea too  l a t e  t o  complete 

t h e  p o r t  o f  CALOI? t o  t h e  PC i n  t h i s  r e p o r t i n g  per iod .  
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For t h e  data  c o n t r o l  p o r t i o n  o f  t h e  p r o j e c t ,  a  number o f  f a c t o r s  were 

considered.  Pr imary was t h e  s e l e c t i o n  o f  a  language which was i n t e r a c t i v e  

and p o r t a b l e ,  handled s e r i a l  110 we l l ,  and p rov ided  a power fu l  and f l e x i b l e  

development environment , s i n c e  t h e  a c t u a l  a1 g o r i  thms t o  p rov ide  r e a l  - t ime 

suppor t  t o  t h e  e x p e r i m e n t a l i s t  must be developed piecemeal, w i t h  cons ide rab le  

t e s t i  nq a g a i n s t  recorded as we1 1  as a c t u a l  da tasets .  The languages cons idered 

as m e e t i q  t h e  i n t e r a c t i v e  requirement and t h e  wide use necessary t o  assure 

p o r t a b i  i i t y  were BASIC, APL, and FORTH. FORTH s t f l :  l a c k s  a  standard method 

f o r  hand l i ng  f l o a t i n g  p o i n t  and would r e q u i r e  extended programming e x p e r t i s e  

f o r  i t s  users  u n t i l  t h e  c o n t r o l  system was s t a b l e .  It was f e l t  a f t e r  

examinat ion  o f  t h e  FORTH ianguage t h a t  i t  was t h e  most powerfu l  and f l e x i b l e  

f o r  co t , t r o l  codes, b u t  t h a t  a l g o r i t h m  development would be q u i t e  d i f f i c u l t  

and p r o t r a c t e d  f o r  t h i s  p r o j e c t .  

BASIC was re jec ted ,  as t h e  de fac to  s tandard  M i c r o s o f t  BASIC makes modular 

development ex t remely  d i f f i c u l t .  I t s  l a c k  o f  l o c a l  parameters, t h e  l a c k  o f  

suppor t  f o r  passed parameters t o  subrout ines ,  i t s  l a c k  o f  suppor t  f o r  t h e  

808/ math co-processor,  and i t s  r e s t r i c t i o n  t o  t h e  small  ( <  64 kByte)  memory 

model a l l  m i t i g a t e  a g a i n s t  t h e  language. I n  i t s  f a v o r  i s  t h e  f a c t  t h a t  much 

microcomputer assembly language suppor t  code f o r  data a q . i i s i t i on  devices i s  

compatable w i t h  t h e  BASIC CALL statement. Also, w i t h  r e s t r i c t i o n s ,  i n t e r p r e t e r  

BASIC code can be compiled w i t h  t h e  BASIC comp i l e r  f o r  major  execu t i on  improve- 

ments, b u t  w i t h  t h e  disadvantages o f  compi la t ion .  However t h e  compi le r ,  

and the  i n t e r p r e t e r  u n t i l  ve ry  r e c e n t l y ,  have been unable t o  u t i l i z e  t h e  11s- 

DOS 2.C l e v e l  t r e e  s t r u c t u r e d  f i l e  system, thus f u r t h e r  1  i m i  t i n g  the  capa- 

b i l i t i e s  o f  BASIC. Although i t  i s  p e r f e c t l v  p o s s i b l e  t o  w r i t e  ex t re ine ly  

s o p h i s t i c a t e d  systems i n  BASIC, mai nLenance o f  t he  code g e n e r a l l y  r c q u i  r e s  the  



a u t h o r ' s  support .  It appears t h a t  so much code i s  w r i t t e n  i n  BASIC because 

o f  i t s  s i m p l i c i t y ,  i t s  s i m i l a r i t y  t o  FORTRAN syntax,  t h e  advantages o f  

i n t e r p r e t e r  debugging, t h e  u n i v e r s a l  a v a i l a b i l i t y  o f  s i m i l a r  ve rs ions  o f  t h e  

language on microcomputers, and u n t i l  very  r e c e n t l y  t h e  l a c k  o f  a l t e r n a t e  

1  anguages. 

The advent  o f  low c o s t  semiconductor memory and microprocessors which 

can address l a r g e  ex ten ts  o f  memory (ecq. ,  512 kByte o r  more), has made t h e  

a v a i l a b i l i t y  o f  another i n t e r a c t i v e  language r o s s i  b le.  A1 though APL r e q u i r e s  

cons ide rab le  memory f o r  t h e  processor a lone  (-192 kB) and t h e  man ipu la t i ons  

o f  APL can be memory i n t e n s i v e ,  t h e  p a r a l l s l  n a t u r e  o f  t h e  languaze pe rm i t s  

execu t i on  speeds o f t e n  approachi nq t h a t  o f  compi 1  ed ; anguage when hamidl i ng 

q u a n t i t i e s  o f  data. For  example, w i t h  an 8057 coprocessor,  APL sums vec to rs  

o f  1000 double p r e c i s i o n  values i n  -190 ms. Least square f i t  o f  a  1  i t  - r  

model t o  60 d a t a  p o i n t s  r e q u i r e s  <2 s. TLe sum i n  GW BASIC r e q u i r e s  over  8 

seconds, and i s  i n  e r r o r  i n  t he  10  decimc? p lace  due t o  improper canvers ion  

o f  decimal numbers t o  double prec is ion .  Calc.  i m e t r i c  da ta  r e d u c t i o n  r e q u i r e s  

l i n e a r  es t ima t i on ,  numeric i n t e g r a t i o n ,  and runn ing  d i f f e r e n c e s  c a l c u l a t i o n s ,  

a l l  o f  which r e q ~ i r e  double p r e c i s i o n  a r i t h n i e t i c  and f z s t  execut ion.  These 

computat ions a re  s i inple code i n  APL i n  c o n t r d s t  t o  BASIC. 

A lgor i thms i n  APL a r e  g e n e r a l l y  t o t a l l y  p o r t a b l e  where fi ~e 1 /0  i s  n o t  

invo lved.  The m o d u l a r i t y  o f  t he  language oermi ts  t h a t  n o n - p o r t a b i l i t y  t o  be 

l ~ c a l  i z e d  e a s i l y .  S c i e n t i f i c  Time Shar ing  c o r p o r a t i o n *  ( STSC) , one o f  t h e  

major  sources o f  mainframe APL, has made a  s t r o n g  e n t r y  i n t o  t h e  microcomputer 

market  by r e l e a s i n g  a  complete imp1 amentat ion 2 f  t h e i r  mainframe processor, 

APLfPLUS, f o r  IBM and compatabl e PC's. The supported s l iv i rcnment i s  super ior .  

t o  mainframe usage, and i s  comparable i n  f i e x i b i l i t y  t o  t h o  ues t  FCRTH 



en1 i ronments. The m a j o r i t y  o f  a l g ~ r i t h m  development r e q u i r e d  i s  q u i t e  s u i t e d  

t o  t h e  v e c t o r  c a p a b i l i t i e s  o f  A P L ,  p a r t i c u l a r l y  t h e  l e a c t  square f i t t i n g  of 

t h e  i 3 i t i a l  and f i n a l  p e r i o d  processes, and t h e  i n t e g r a t i o n  o f  t h e  main p e r i o d  

data. Al though l e s s  acceoted than  B A S I C ,  t h e  c l e ~ r  s u p e r i o r < t j  o f  A P L  over  

B A S I C  makes i t  t h e  p r e f e r r e d  cho ice  f o r  t h e  i n t e r a c t i v e  ca1or i i r ;e t r i c  system 

p r o t o t y p i  ng. 

S p e c i f i c  i n t e r a c t i v e  code development w i l l  be begun 2s soon as t h e  

p o r t i v g  o f  t h e  data r e d u c t i o n  code, CALOR, i s  compi,te. 
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