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C. I 

NOTICE : The proj ect that i s  the subj ect  of th i s  report 
was approved by the Govern i ng Board of the Nati ona l 
Research  Counc i l ,  whose members are d rawn f rom the 
counc i l s  of the Nati ona l Academy of Sc i ences , the 
Nati ona l Academy of En g i neeri ng , and the Insti tute of 
Med i c i ne .  The members of the commi ttee respons i b l e  for 
the report were chose n  for the i r  spec i a l  competences and 
wi th regard for appropri ate ba l ance . 

Th i s  report has been rev i ewed by a group other than 
the authors accord i ng to procedures approved by a Report 
Rev i ew Commi ttee cons i sti ng of members of the Nat i onal  
Academy of Sc i ences , the Nat iona l Academy of 
Engi neeri ng , and the Insti tute of Med i c i ne .  

The Nat i ona l Research  Counc i l  was establ i shed by the 
Nati ona l Academy of Sc i ences in 1 9 1 6  to assoc i ate the 
broad commun i ty of s c i ence and technol ogy wi th the 
Academy • s  purposes of furtheri ng knowl edge and of 
advi s i ng the federa l  government . The Counc i l  operates 
i n  accordance wi th genera l  pol i c i es determi ned by the 
Academy under the authori ty of i ts congress i ona l charter 
of 1 863 , wh i c h  establ i shes the Academy as  a pri vate , 
nonprof i t ,  se l f -govern i ng membersh i p  corporat i on .  The 
Counc i l  has become the pri nc i pa l  operati ng agency of 
both the Nati ona l Academy of Sc i ences and the Nat ional  
Academy of Eng i neeri ng in  the conduct of thei r servi ces 
to the government , the pub l i c ,  and the s c i ent i f i c  and 
engi neeri ng commun i t ies . It i s  admi n i stered j oi ntl y  by 
both Academi es and the Insti tute of Med i c i ne .  The 
Nat ional  Academy of Engi neeri ng and the Insti tute of 
Med i c i ne were establ i shed i n  1 964 and 1 970 , 
respecti ve l y ,  under the charter of the Nati ona l Academy 
of Sc i ences . 

Th i s  report was supported by the Nat i onal  Aeronauti c s  
and Space Admi n i strati on and the Nati ona l Sc i ence 
Foundat i on under grant No . DMR-81 1 9500 . 

Ava i l ab l e  f rom 
Board on Phys i c s  and Astronomy 
21 01 Const i tuti on Avenue , N . W .  
Wash i nQton , D . C .  2041 8� 

Order 1rom 
National Tethnit�l 
Information Servi�@, 
Springfield, Va. 
22161 
Order No • .fB 4 - AA17 �(o 
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PREFACE 

The Nat i ona l Aeronauti c s  and Space Admi n i strat i on ( NASA) 
has had a strong i nterest i n  carryi ng out 
materi a l s -re l ated researc h  and devel opment i n  space 
s i nc e  the ear ly  1 970s . Exp l oratory experiments i n  
c rysta l growi ng , b i oproces s i ng ,  and conta i nerl ess  
process i ng were conducted as earl y as  1 97 3-1 974 on 
Sky lab mi s s i ons . Much of thi s work was poorl y conce i ved 
and contro l l ed ,  and the resu l ts were of dubi ous 
qua l i ty .  Yet NASA cont i nued to have h i gh hopes for 
space process i ng of exot i c  a l l oys , for manufacturi ng of 
perfect c rysta l s ,  and for puri fyi ng i mportant b i o l og i ca l  
materi a l s ,  a l though i nterest i n  space process i ng was 
l imi ted to those materi a l s  that were of suff i c i ent va l ue 
or i mportance to off set the cost of spacef l i ght and 
extraterrestri a l  proces s i ng .  

I n  the l ate 1 970s , the Nat i ona l Research Counc i l• s  
Commi ttee o n  Sc i enti f i c  and Techno l og i ca l  Aspects of 
Materi a l s  Process i ng i n  Space ( STAMPS ) revi ewed the NASA 
materi a l s  process i ng programs i n  deta i l .  The STAMPS 
report , i ssued i n  1 978 ,  was negat i ve .  It was c ri t i ca l  
o f  the p l ann i ng o f  the experiments performed , and no 
evidence for economi ca l ly j usti f i ab l e  processes for 
produc i ng materi a l s  in  space was found . Nonethe l es s , 
the report conc l uded that there was an opportuni ty for 
meani ngfu l  sc i ence and technol ogy devel oped f rom experi 
ments i n  space •provi ded that prob l ems proposed for 
i nvesti gat i on in space have f rom the outset a sound base 
in terrestri a l  s c i ence or technol ogy , and that the 
proposed experiments address  sc i ent i f i c  or techn i ca l  
prob l ems . •  

After the STAMPS report was i s sued , the NASA program 
was substant i a l l y  mod i f i ed i n  response  to the report • s  

x i  
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recommendati ons . The content of the program was c hanged : 
more sc i ent i f i c  content was i ncorporated , and a substan
t i a l  ground-based prograM was added . The prograM name 
has been c hanged to the NASA Mi c rogravi ty Sc i ence and 
App l i cati ons ( MSA) PrograM . 

Recent l y  the Off i ce of Sc i ence and Technol ogy Pol i cy 
asked the Nat i ona l Researc h  Counc i l• s  Board on Phys i c s  
and Astronomy ( BPA) t o  carry out a n  assessment o f  the 
state of hea l th of the present MSA program . I n  
response , the BPA ,  work i ng wi th i ts Sol i d  State Sc i ences 
Commi ttee ( SSSC ) and the Nat i ona l Materi a l s Advi sory 
Board ( NMAB ) , i n i ti ated a p l an for a workshop that wou l d  
provi de such a n  assessment . Bri an R .  T .  Frost of the 
NMAB and A. 1. Sch i nd l er of the sssc cochai red the 
workshop . The present report summari zes the workshop 
and g i ves assessments and recommendat i ons  made by the 
works hop pane l . 

The Panel  cocha i rmen acknowl edge the he l p  and 
cooperat i on of Dona l d  C .  Shapero , Staff  D i rector of the 
Board on Phys i c s  and Astronomy , and the BPA staff ; 
R i c hard E .  Ha l pern , D i rector of the NASA MSA Program, 
and the NASA program staff ; Don Rea , Ass i stant D i rector 
of the Ca l tech Jet Propu l s i on Laboratory , and Dan 
E l l e.an and h i s  staff  at J PL .  

Bri an Frost 
Cocha i rman 
Workshop on 
M1 c rogravi ty Sc i ence 

and App l i cati ons 
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INTROD UCTION 

A Workshop on Mi c rogravi ty Sc i ence and App l i cati ons , 
sponsored by the Nat i ona l Research Counc i l ' s Sol i d  State 
Sc i ences Commi ttee ( SSSC ) and Nat i ona l Materi a l s  
Advi sory Board ( NMAB ) , was h e l d  at the Jet Propu l s i on 
laboratory , Pasadena , Cal i forn i a  on December  3-4 , 1984 . 
Approx imate l y  7 5  sc i enti sts, represent i ng i ndustry ,  
academi a ,  and government , part i c i pated . The Workshop 
ori g i nated i n  a request f rom the Off i ce of Sc i ence and 
Technol ogy Po l i cy to the sssc to assess  the prospects 
for materi al s  research and i ndustri a l  process i ng in the 
mi c rogravi ty envi ronment . The Workshop had the 
fo l l owi ng goal s: (1) to revi ew the research program of 
the Mi c rograv ity Sc i ence and App l i cati ons ( MSA) Prog ram 
of th e Nat i ona l Aeronaut i c s  and Space Admi n i st rat i on and 
(2) to eva l uate the qual i ty of the prograM . The 
prospec ts for deve l op i ng i ndustri a l  processes i n  the 
Mi c rog ravi ty env i ronment were cons i dered i n  the 
d i scuss i ons  and as  part of the overa l l eva l uat i on .  

The two-day Workshop was structured to prov ide the 
part i c i pa nts wi th an overv i ew of the enti re MSA 
prograM . The prog ram was d i v ided i nto the fol l owi ng s ix 
maj or topi c s, wh i ch pa ral l el s  the organ i zat i on of the 
NASA Mi c rog ravi ty Sc i ence and App l i cati ons prog ram: 

• Meta l s  and Al l oys 
• E l ectron i c  Mate ri a l s  
• Cerami c s  and Gl asses 
• Bi otechnol ogy 
• CoMbust i on Sc i ence 
• Fl u i d  Dynami c s  
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Each topi c was d i scus sed for about 2 hours . Each 
ses s i on began wi th an 1 -hour overvi ew i n  wh i ch the 
genera l  content and primary sc i enti f i c  obj ect i ves of the 
MSA prog ram i n  the a rea of the top i c  to be covered by 
the ses s i on were addressed . The overvi ew a l so addressed 
to a l imi ted extent the appl i cat ions potent i a l  and 
opportun i t ies  for commerc i a l i zat i on . Fol l owi ng the 
ove rv i ew presentat i on an outstand i ng feature of the 
topi c for the ses s i on was presented i n  deta i l and i n  
tech n i ca l  depth . For those sess i ons  for wh i ch theory 
was a c r i t i c a l  e l ement . a presentat i on of th e theory was 
a l so g i ven . Each ses s i on concl uded wi th a di scuss i on 
peri od i n  wh i ch Workshop pa rt i c i pants were i nvi ted to 
d i scuss  c ri t i ca l l y  the materi a l  presented . A comp l ete 
agenda and s ummaries  of the ta l ks g i ven at the workshop 
are reproduced i n  Pa rt I I  of th i s  report . 

The Panel  con s i sted of two experts for each ses s i on .  
one to act a s  ses s i on cha i rman ,  the other  a s  d i scus s i on 
l eader .  Fol l owi ng the Workshop adj ournment .  each pa i r  
of pane l experts was asked to prov ide a conc i se 
assessment of the work presented i n  thei r ses s i on 
add ress i ng the qua l i ty of the prog ram and , as 
appropri ate . the opportun i t ies for commerc i a l i zat i on . 
I n  exami n i ng the qua l i ty of the program . experts were 
asked to assess  how we l l  the top i c  was unde rstood i n  
u n i t  g rav i ty and the necess i ty for conduct i ng pe rt i nent 
research in a Mi c rog ravi ty envi ronment . In  cons i deri ng 
th e opportun i t ies  for commerc i a l i zation the experts were 
asked to cons i der coMpet i ng processes  i n  un it  grav i ty 
and the val ue added to mate ri a l s  by the mi c rog ravi ty 
proces s i ng .  Th ese assessments are g i ven i n  the fol l owi ng 
Sect i ons . 

GENE RAL CONCLUSIONS 

The conc l us i ons  and recommendat i ons  a re gi ven wi th the 
rea l i zati on that they a re made so l e l y  on the bas i s  o f  a 
two-day Workshop .  C l ear ly  not a l l the work bei ng 
carri ed out i n  the Mi c rogravity Sc i ence and Appl i cat i ons. 
(MSA) prograM cou l d  be presented , nor was there time for 
i n -depth quest i on i ng of the speakers duri ng the 
di scuss i on per i od . However. the Pane l assumed that the 
speakers emphas i zed the more iMportant aspects of the 
program and h igh l i ghted the maj or successes . Wi th these 
caveats in mi nd ,  s ome  genera l conc l us i ons can be drawn 
�oncern i ng the program . 
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1 .  There has been a cons i derab l e  restructuri ng of 
the program fol l owi ng the STAMPS report ( Materia l s  
Process i ng i n  Space , Report of the NRC Commi ttee on 
Sc i ent i f i c  and Techno l og i ca l  Aspects of Materi a l s  
Proc es s i ng i n  Space , Nati ona l Academy of Sc i ences , 
Wash i ngton , D . C . , 1 978) . The program has been 
s i gn i f i cant l y  changed by i ncorporati ng more sc i enti f i c  
content and by add i ng a substant i a l  ground-based prograM 
for the base l i ne effort . 

2 .  The qua l i ty of the sc i ence bei ng carri ed out i s  
Mi xed ; s ome  top i ca l  a reas are outstand i ng ,  such a s  that 
of meta l s  and a l l oys and f l u i d  dynami c s , whi l e  some a re 
l es s  deve l oped or a re of dubi ous qua l i ty such as  parts 
of g l asses  and cerami c s  and of combusti on sc i enc e .  

3 .  Long-range opportuni t i es for commerc i a l i zati on 
appear to exi st ,  but care s hou l d  be taken that they a re 
not overso ld  or i nappropri atel y  acce l erated . 

4. In  many cases theoret i c a l  mode l i ng i n  zero g has 
not been done and wou l d  be usefu l  i f  added to the 
program . 

5 .  A c l ea r  necess i ty for research bei ng carri ed out 
i n  the Mi c rograv ity envi ronment is not apparent for 
parts of the program . 

6 .  Opportun i t i es for materi a l s  process i ng i n  space 
shou l d  not be v i ewed as  the on l y  j ust i f i cat i on of the 
program ; in add i t i on to an improved understand i ng of the 
sc i ence , a con s i derabl e return on i nvestment i s  l i ke l y  
to resu l t  f rom iMproved tech no l ogy based o n  resea rc h  and 
deve l opment carri ed out i n  mi c ro g ,  but impl emented i n  
uni t  g .  

1. Impart i a l , i n-depth peer revi ew o f  the program 
and i ts components shou l d  be carri ed out on a peri od i c  
bas i s .  

8 .  The ba l ance of the present program i s  
questi onab l e  and shou l d  be revi ewed now and peri od i ca l l y  
i n  the future by an advi sory commi ttee . 

9 .  The hardwa re for carryi ng out materi a l s  resea rch 
i n  space shou l d  be v i ewed and organ i zed as  a nat i ona l 
user fac i l i ty such as  the Nat i ona l Synch rotron Li ght 
Source at Brookhaven . 
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10 . It i s  d i f f i c u l t  to assess  l ong-term potent i a l  for 
commerc i a l i zati on of the MSA program because 
compreh ens i ve economi c stud i es and cost data were not 
requested and were not ava i l ab l e  at the Workshop .  

1 1 . No attenti on i s  bei ng g i ven to comp l ementary 
h i gh-g research ; at present the research i s  carri ed out 
at on l y  two va l ues --un i t  g and mi c ro g .  H i gher-g 
research shou l d  be added , e . g . , us i ng centri fuges . 

1 2 .  A s ubstant i a l  part ( 26 percent ) of the prog ram 
dea l i ng wi th Centers of Exce l l ence and the Mi c rogravi ty 
Materi a l s  Sc i ence Laboratory was not revi ewed . NASA 
shou l d  treat i ts Centers of Exce l l ence i n  the same way 
that the Nat i ona l Sc i ence Foundat i on treats i ts 
Materi a l s  Research Laboratories  wi th respect to both 
s i te se l ecti on and peri od i c  revi ew .  

13. Cons i derat i on shou l d  be  g i ven to  sponsori ng 
research i n  some new a reas , e . g . , we l d i ng and tri bo l ogy . 

14 . Communi cati on and coord i nati on between vari ous 
sectors of NASA , e . g . , between MSA and advanced 
technol ogy , cou l d  be i mproved i n  the i nterests of 
opt imi z i ng the tota l program . 

PRINC I PAL CONCLUSIONS AND RECOMMEND ATIONS 
OF THE TOPICAL ASSESSMENTS 

The h i gh l i ghts of the Panel  assessments have been 
excerpted for each of the s i x  top i c s  of the Workshop ,  
and here we present the pri nc i pa l  conc l us i ons and 
recommendat i ons . The f u l l assessment i s  provi ded i n  the 
fol l owi ng sect i on .  

report . 

Meta l s  and Al l oys 

• The program has improved s i nce the STAMPS 

• Theory and experimenta l work i n  
sol i d i f i cat i on s c i ence are o f  a h i gh standa rd and sh ou l d  
rece i ve i nc reased support . 

• Impart i a l  s c i enti f i c  rev i ew of c ri t i ca l  
prog ram areas shou l d  b e  carri ed out peri od i ca l l y .  
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• Efforts shoul d  be made to bri dge the gap 
between the NASA sc i ence- and technol ogy-dri ven 
mi c rogravi ty programs . 

• Some important opportuni t i es have been 
mi ssed , e . g . , i n  f ri ct ion and fus i on wel d i ng .  

E l ectroni c  Materi a l s  

• A g reater than unit-g experimenta l capabi l i ty 
shoul d  be added to the program. 

• Further steps need to be taken to ensure 
better coup l i ng between the theoretica l  and experimental 
components of the program. 

• C rysta l -growth stud i es shou l d  emphasi ze 
l a rger c rysta l s ,  novel nuc l eation methods , contai nerl ess  
p rocess i ng ,  and ful l characteri zati on . 

• Mi c rogravity fac i l i ti es shou l d  be treated as 
a nati ona l fac i l i ty wi th i ts own program commi ttee to 
a l l ocate space , establ i sh pri ori t i es , and recommend 
improvements . 

• Addi ti onal materi a l  characteri zat ion and 
property measurements shou l d  be i nc l uded i n  the program . 

Cerami cs  and Glasses 

. • The cost of i n-space process i ng probabl y  
p rec l udes genera l  commerc i a l i zati on for the near 
future . However ,  there are a few products that appear 
to be commerc i a l l y  viabl e at th i s  time ( for examp l e ,  
g l ass  spheres and f i bers ) . 

• Gravi ty effects are probabl y l ess  important 
i n  the process i ng of c rysta l l i ne cerami cs  than for 
g l asses or meta l s  because of the nature of cerami c 
process i ng .  

• The program i s  overl y b iased toward 
conta i nerl ess proces s i ng and g l asses . 

• The cerami cs  and g l ass  program i s  
substanti a l l y  underfunded ; i t  shou l d  be i nc reased to 
above the c ri t i ca l  s i ze .  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

http://www.nap.edu/19214


8 

• The D i s c i p l i ne Work i ng Group shou l d  be 
expanded to i nc l ude i nd i v idua l s  wi th more cerami c 
i ns i ght and shou l d  i nc l ude more than pri nc i pa l  
i nvesti gators . 

• The bas i c  research content of the program i s  
too sma l l  and shou l d  be i nc reased . 

B i otechnol ogy 

• Further stud i es on the effects of a g ravi ta
ti ona l f i e l d  on  processes in  mamma l i an ce l l s  are 
warranted . 

• The zero-gravity prote i n  c rysta l l i zati on 
experiments are of h i gh i nterest ,  and the forthcomi ng 
experiments to test further the advantages of 
mi c rogravi ty on b i omo l ecu l e c rysta l l i zati on are 
appropri ate . 

• The med i a  pronouncements on the commerc i a l  
prospects f o r  f ree-f l ui d  e l ectrophoret i c  separati on 
processes are probab ly  premature . However ,  many of the 
resu l ts are unava i l ab le  because of the c l aimed 
propri etary nature of the work . 

• Work on e l ectrophoret i c  sepa rati ons and 
ce l l u l a r  processes i n  l ow gravi ty shou l d  be caref u l l y  
eva l uated by the two new un i vers i ty bi oprocess i ng 
centers and by the Nat i ona l Insti tutes of Hea l th i n  
order to p l ace  them i n  the context o f  the overa l l 
nati ona l l i fe-sc i ence program. 

• Cost/benef i ts shou l d  be carefu l l y  eva l uated 
a l ong wi th potenti a l  envi ronmenta l and safety prob l ems 
that may occur  i n  space . 

Combusti on Sc i ence 

• Overa l l the program appears to be techni ca l l y  
sound , but the necess i ty of mi c rogravi ty cond i t i ons was 
not fu l l y  demonstrated . 

• Nove l i deas seem to be mi s s i ng ,  and the 
program seems l arge l y  to cons i st  of perturbat i ons of 
exi st i ng i deas and research . 
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• There shou l d  be a coord i nated computati onal 
effort , espec i a l l y  in support of reacti ve f l ui d  
mechan i c s  and i n  zero-g model i ng .  

• I t  i s  recommended that add it i ona l work be 
started i n  the f i e l d  of turbul ence and/or turbu l ent 
combusti on . 

F l u i d  Dynami cs  

• Overa l l ,  thi s program cons i sts of 
h i gh-qua l i ty bas i c  research on f l u i d  phys i c s  and f l ui d  
proces s i ng that tests the fundamenta l l aws of 
condensed-matter phys i c s . 

• Large-sca l e  s c i ent i f i c  computati on i s  hel pi ng 
to resol ve many of the i ssues i n  th i s  f i e l d  of study . 

• The combust ion program shou l d  i nteract more 
c l osel y wi th the f l ui d -dynami c s  program. 

• Experiments shou l d  a l so be conducted at 
h i gh-g va l ues , e . g . , i n  a centri f uge . 

• Addi t i ona l d rop-tower tests shou l d  be carri ed 
out that wou l d  l essen the need for Shutt l e  experiments ; 
i n  some cases computer-aided mathemati cal  ana l ys i s  i s  
preferabl e  to space experiments . 

· 

TOPICAL ASSESSMENTS AND RECOMMENDATIONS 

Meta l s  and Al l oys 

Cons i derabl e progres s  has been made i n  red i recti ng the 
mi c rogravi ty sc i ence programs based on the 
recommendati ons of the 1 978 STAMPS report . Good 
examp l es can be found i n  the programs addres sed at the 
Pl enary ses s i on . However ,  i t  i s  our impress i on ,  based 
on the more comprehens i ve documentati on provi ded i n  the 
Meta l s  and Al l oys Overv i ew ( see Part I I ,  Chapter 2 ) , 
that many of the programs fa l l short of the h i gh 
standa rds  of exce l l ence c l earl y demonstrated i n  the two 
ora l  presentat i ons . 

Both theory and experiments rel ati ng to dendri t i c  
sol i d i f i cati on are e l egant l y  i ntegrated i n  the work 
carri ed out at the Nat i ona l Bureau of Standards , 
Renssel aer Pol ytechni c Insti tute , and the Insti tute for 
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Theoretica l  Phys i c s  i n  Santa Barbara . The theoretica l  
work seems to  be  breaki ng comp l ete l y  new ground i n  
sca l i ng l aws and has generated wi despread i nterest i n  
the s c i enti f i c  communi ty .  Thi s  seems to be open i ng new 
doors to theoretica l  mode l i ng of i nterface mi grati on 
phenomena , wh i ch hol d  promi se for pred i cti ve 
capabi l i ti es . The coup l ed experimenta l work i s  
prov i d i ng def i n i t i ve tests of the theoretica l  
pred i cti ons , and  i t  appears that both theory and 
experiment are evo l v i ng in a synergi sti c manner .  

The experi menta l work i s  part i c u l a rl y  we l l  done i n  
that i t  addresses the  prob l em o f  autonomous process i ng ,  
whi ch mi n imi zes the need for the human e l ement i n  
conduct i ng the experiments . I t  i s  our impress i on that 
the i nstrument des i gn i s  suff i c i ent l y  f l exi b l e  that i t  
can b e  read i l y  adapted to perform add i t i ona l 
experiments , for examp l e ,  i nvesti gati ons on the ef fects 
of trace add i t i ons of sol utes on dend ri te morphol ogy and 
growth rate and pos s i b l y  on the effect of imposed 
thermal pul ses ( for examp l e ,  wi th a l aser) on the 
characteri st i cs of dendri te growth . As emphas i zed 
l ater ,  i t  may a l so f i nd uti l i ty i n  bas i c  stud i es of 
fus i on we l d i ng .  

Another bri ght prospect for coup l i ng theory and 
exper iment is in the area of conta i nerl ess  process i ng .  
A good start has been made i n  def i n i ng the maj or effects 
of undercool i ng of sma l l  part i cu l ates under 
reproducib l e ,  contro l l ed cond i t i ons . Extreme l y  l a rge 
undercool i ngs  have been demonstrated i n  the 
NASA-Marsha l l d rop tube , and the i nf l uence of c ri t i ca l  
envi ronmenta l factors has  been documented . Even more 
d ramati c  has been the enhanced retenti on of metastabl e 
phases i n  d rop-tube tests compared wi th spl at-quench i ng 
tests . Th i s  represents a good examp l e  of the bas i c  
s c i ence work that i s  a necessary prerequi s i te to tak i ng 
the next l og i ca l  step of processi ng i n  mi c rogravi ty 
envi ronments . The mi c rog ravity · envi ronment and hi gh
vacuum cond i t i ons offer the potent i a l  for even more 
effecti ve undercoo l i ng of f ree l y  suspended drop l ets and 
poss i b l y  even bul k samp l es . I n  thi s regard , i t  wou l d  be 
i nterest ing to i nvesti gate the potent i a l  for c reat i ng 
s haped , bul k amorphous sol ids  by undercool i ng of 
ready-g l as s -formi ng a l l oys . 

These two areas of research , name l y  convect i ve 
i nf l uences on sol i d i f i cati on growth processes and 
contai nerl ess  undercoo l i ng phenomena , in our j udgment 
offer the greatest opportun i t i es for generat i ng new 
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s c i ence as  we l l  as  provi d i ng for techno l og i cal  
opportun i t i es . I n  contrast , we see fewer prospects for 
d ramati c  sc i ence breakthroughs in  severa l  of the other 
proj ects now under way . I n  parti c u l a r .  we see no 
obvi ous meri t in the proposed i nvesti gati ons on 
sol i d i f i cati on of compl ex mul ti component a l l oys , for  
examp l e ,  part i c l e-strengthened a l l oys , cast i rons , and 
supera l l oys . Some of these proj ects are i l l ustrati ve of 
the cut-and-try phi l osophy that genera l l y  preva i l ed 
before the i nval uab l e  i nput of the STAMPS commi ttee . 
Si nce we were not fu l l y  apprai sed of the detai l ed 
rati ona l es of these programs . we are not i n  a pos i t i on 
to j udge them . However .  we recommend that an impart i a l  
commi ttee , wh i c h  tru l y  represents the sol i d i f i cati on 
comm un i ty ,  be establ i shed to provide  another 
reassessment of the programs in  quest i on .  

Wi th regard to the potenti a l  payoffs , there i s  no 
doubt that we wi l l  expand the knowl edge base i n  the a rea 
of sol i d i f i cati on s c i ence , and the programs deserve 
conti nued support on that bas i s .  However ,  i t  i s  our 
understandi ng that NASA is i nterested in commerc i a l  
aspects o f  thi s work , and thi s i s  parti cu lar ly  d i f f i c u l t  
t o  eva l uate . Fundamenta l l y  we see two aspects t o  the 
probl em .  F i rst , does it make sense to process  in space 
for potent i a l  ma rket i ng on Earth? We were presented 
wi th cost esti mates of the tota l manufacturi ng costs i n  
space to be a s  h i gh a s  $1 0 , 000 per l b  o f  materi a l  
processed . Al though th i s  i s  an approximate n umber .  i t  
gi ves a feel i ng for the product va l ue that wou l d  be 
needed to j usti fy  space proces s i ng on a commerc i a l  
bas i s . At th i s  ti me ,  on l y  exot i c  semi conductor 
materi a l s  that have recogni zed l imi tati ons in ground
based proces s i ng seem l i ke l y  cand i dates . Second , are 
there any obvi ous i ncenti ves to deve l op processes i n  
anti c i pat i on of eng i neeri ng needs i n  space fabri cat i on , 
for exampl e ,  i n  the construct i on and mai ntenance of a 
s pace stat i on?  A good examp l e  of an opportun i ty a rea 
i s  i n  the j oi n i ng of s i mi l ar  or d i s s i mi l ar  materi a l s .  
I n  a h i gh-vacuum envi ronment . f ri cti on we l d i ng wou l d  be 
a strong cand i date for j o i n i ng ,  yet there appears to be 
noth i ng i n  the research program that addresses cri t i ca l  
sc i ence i s sues concern i ng fri cti on and  wear ,  wh i ch i s  
a l so re l evant to conti nuous and re l i ab l e  operati on of 
machi nery i n  space . Another area of i nterest i s  f us i on 
we l d i ng .  wh i ch i nvol ves compl ex heat and f l u id-f l ow  
i nteract i ons and i nterna l stress  effects . I n  order to 
deve l op a good s c i ence program re l evant to f us i on 
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we l d i ng one cou l d  bui l d  on the exce l l ent start made i n  
so l i d i f i cati on s c i ence stud i es . I n  our v i ew ,  e l egant 
experi ments cou l d  be conducted us i ng the equi pment bei ng 
deve l oped for i n-s i tu observati ons  of dendri ti c g rowth . 
For examp l e ,  a hot wi re or l aser beam cou l d  be used to 
we l d  a surface of succ i noni tri l e  c rysta l s . Th i s  seems 
to be a reasonabl e approach , s i nce  a l l the re l evant 
thermophys i ca l  propert i es a re we l l  known for th i s  mode l  
materi a l . To add a more pract ica l  d imens i on to the 
f us i on we l d i ng stud i es , it woul d  be appropri ate to carry 
out a few experiments on deep-penetrati on- l aser or 
e l ectron-beam we l d i ng of cand i date materi a l s of  
constructi on . It  is  qui te l i ke l y  that these experi ments 
wi l l  uncover new sc i ence opportun i t i es that have not yet 
been recogn i zed . For exampl e ,  does the p l asma cav i ty 
spontaneous l y  col l apse as i t  does under 1 -g cond i 
t i ons? W e  be l i eve that th i s  k i nd of work shou l d  be 
encouraged , whether i t  i s  done under the auspi ces of the 
MSA group or the comp l ementary technol ogy group . I n  
add i t i on to  cons i derati on of  j oi n i ng prob l ems i n  spac e ,  
attempts shou l d  b e  made to i denti fy other 
materi a l s-re l ated needs re l evant to mai ntenance and 
construct i on of space p l atforms and hardware . 

Conc l us i ons 

Bas i c  Sc i ence 

1. A good sta rt has been made in i mp l ementi ng the 
recommendati ons of the STAMPS report . 

2. Theory and experimenta l work i n  sol i d i f i cati on 
sc i ence have set a new standard of exce l l ence i n  the 
f i e l d .  

3. Shortcomi ngs exi st i n  other programs that are 
l ess f i rml y  based on def i n i ng c ri t i ca l s c i ence i ssues or 
uncoveri ng new sc i ence opportun i t i es . 

Opportun i ti es for I ndustri a l i zi ng 

1. Nea r-term payof fs are c l earl y knowl edge-based , 
but the new i ns i ghts gai ned cou l d  concei vabl y l ead to 
ri c h  payof fs i n  the i nd ustri a l  sector wi th i n  a few 
decades . 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


1 3  

2 .  Materi a l s p roces s i ng i n  space wi l l  rema i n  an 
expensi ve propos i ti on for the foreseeabl e  future . 

3 . Good prospects exi st for near-tenm payoffs  by 
concentrati ng on deve l opi ng capabi l i ti es for 
construct i on and ma i ntenance of space p l atfonm s , wi th 
meta l l u rg i ca l  j oi ni ng percei ved as an area of real 
opportuni ty .  

Recommendat i ons 

1 .  The a reas of establ i shed exce l l ence i n  
sol i d i f i cati on sci ence shou l d  be g i ven the h i ghest 
pri ority for fund i ng .  I f  pos s i bl e ,  an effort shou l d  be 
made to augment these acti vi ti es . 

2 .  An impart ia l  comm i ttee of experts i n  the 
sol i d i f i cati on f i e l d  shou l d  be establ i shed to 
re-eval uate the status of other programs currentl y  
funded but that seem t o  fal l short of the h i gh standards  
of  the  work in  sol i d i f i cati on sc i ence . 

3 .  Efforts shou l d  be made to bri dge the gap between 
the sc i ence- and technol ogy-d ri ven mi c rogravi ty 
programs . Areas of prof i tabl e col l aborati on and 
i nteract i on exi st in the area of materia l s  j o i n i ng .  

E l ectron i c  Materi a l s  

C rysta l growth i s  a process  of importance i n  
e l ectroni c s , and opt i ca l , l aser ,  and b i o l og i ca l  s c i ences 
and techno l og i es , as  c rysta l s  of control l ed compos i ti on 
and spec i f i ed propert i es are essent ia l  components i n  
many current and prospecti ve products . The processes 
operat i ve in c rysta l g rowth are at present understood 
onl y  qua l i tat i ve l y .  The subj ect i s  i n  a pract i ca l  sense 
l argel y empi ri cal , for  present knowl edge cannot be used 
quant i tat i ve l y  to deve l op new processes or produce new 
c rysta l s .  I ndustri es requi ri ng c rysta l s  wou l d  benef i t  
f rom a substant ia l  improvement i n  the sc i ent i f i c  
understand i ng o f  c rysta l growth , for both s i ng l e  and 
mu l ti component systems . 

The use of gravi ty as  a variabl e i n  both theory and 
experiment a l l ows a systemati c  study of the bas i c  
mass-transport processes i n  c rysta l growth . D i f fus i ve 
and convecti ve processes are competi ng mechani sms for 
transport to the surface of the growi ng c rysta l . 
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Convect i on i s  more important at h i gher gravi tati ona l 
forces , and d i f fus i on at l ow  g ravi tati onal forces . At 
atmospheri c pressure both processes a re i n  genera l  
operati ve ,  and i t  i s  correspond i ng l y  d i f f i cu l t to 
characteri ze and study the transport processes 
assoc i ated wi th c rysta l growth . 

The l imi t of pure l y  d i ffus i ve transport can be 
atta i ned at very l ow  g .  Theoreti cal  and experimenta l 
study of thi s l imi t i ng case i s  of bas i c  i mportance to 
the understand i ng of c rysta l growth , i nc l ud i ng i nterface 
stabi l i ty ,  dend ri te formati on ,  eutecti c structures , and 
mu l t i component systems i n  genera l . Neverthel ess , for 
maximum sc i enti f i c  understand i ng ,  g shou l d  be used as  an 
( es senti a l l y )  conti nuous vari abl e ,  rather than a 
two-poi nt (0  and 1 -g )  va riabl e .  

The use of zero-g c rysta l -growth processes shou l d  
a l l ow s i gn i f i cant i mprovement i n  c rysta l character
i st i c s . For exampl e ,  wi th conta i nerl ess  proces s i ng i t  
shou l d  a l l ow c rysta l s of much greater s i ze to be 
produced . Th i s  may wel l  offer con s i derabl e 
techno l og i ca l  promi se i n  the l ong term.  

It  i s  genera l l y  bel i eved that the u se  of zero-g 
processes , perhaps wi th conta i nerl ess  process i ng ,  shou l d  
a l l ow c rysta l s o f  much greater perfect i on t o  b e  produced 
than are poss i b l e  at 1 atm . Compos i ti ona l homogenei ty 
shou l d  be atta i ned over much  sma l l er  d i stances , and 
i mperfect i ons s uch  as d i s l ocati ons , stack i ng fau l ts ,  and 
gra i n  boundari es shou l d  be much  l ess  f requent . There 
a re i nd i cati ons i n  the present ( l i mi ted )  resu l ts that 
th i s  may be a genera l pattern . Fu l l compos i t i ona l and 
structura l  characteri zati on shou l d  be carri ed out for 
a l l c rysta l s produced at d i f ferent g ' s ,  as  seems to be 
the program i ntent . These characteri zati ons  shou l d  be 
corre l ated wi th property measurements that bea r on the 
expected end use of c rysta l s .  

It  shou l d  be noted that zero-g growth and 
conta i nerl ess  proces s i ng may a l l ow nove l s c i ent i f i c  
experiments . For examp l e ,  by i ntrod ucti on of nuc l eati on 
centers ( seed s i tes ) i t  shou l d  be pos s i b l e  to undertake 
contro l l ed stud i es of nuc l eati on and c rysta l growth . 
D i f ferent geometri es of seed i ng s i tes woul d  l ead to 
po l yc rysta l l i ne aggregates of c rysta l s of i nd i v i d ua l l y  
contro l l ed ori entat i on .  

F i na l l y ,  f rom a broader perspect i ve ,  we be l i eve that 
the mi c rog rav i ty capabi l i ty shou l d  be cons i dered as  a 
nat iona l resourc e ,  aki n to other nati ona l fac i l i t i es 
s uch  as  the synchrotron and neutron-scatteri ng 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


1 5  

fac i l i ti es . I t  woul d  be useful , i n  the l i ght of th i s  
ana l ogy , to estab l i sh a progra• commi ttee that wou l d  
screen and eva l uate p roposa l s  as  i s  done a t  the nat i onal 
fac i l i t i es . 

Recommendati ons 

1 .  It  i s  recommended that procedures be i nsti tuted 
to ensure c l ose i nteracti on between the theoretica l  and 
experi.enta l components of the program . 

2 .  We recommend that a g reater than 1 -g experimenta l 
capabi l i ty be added to the program, to a l l ow  
con s i derati on o f  g a s  a conti nuous va ri abl e .  Thi s  •i ght 
best be carri ed out at the Mi c rograv ity Laboratory at 
NASA Lewi s .  

3 . It  i s  s uggested that l a rge c rysta l s i ze be made a 
spec i f i c  goal of the progra• . 

4 .  It  i s  recommended that c rysta l -growth stud i es be 
fol l owed by fu l l characteri zat i on and property 
.easure.ents . The l atter shou l d  fac i l i tate transfer of 
s c i ent i f i c  know-how to i ndustry .  

5 .  Nove l nuc l eat i on experiments that exp l o i t  the 
•i c rogravi ty envi ronment and contai nerl ess  processi ng 
capab i l i ti es shou l d  be cons i dered . 

6 .  I t  i s  suggested that a program commi ttee be 
establ i shed for the enti re mi c rogravi ty program . 

Cerami cs  and G lasses 

Of the three attri butes of space ( mi c rog ravi ty ,  l ow 
pressure/h i gh vacuum , and un l imi ted vo l ume) , the area 
most d i f f i c u l t  to achi eve i n  ground-based research i s  
that of mi c rogravi ty ,  a t  l east for extended peri ods  of 
t i.e , i . e • •  i n  excess of a few seconds . Thi s ,  p l us the 
fact that many cerami c s  and g l as s  process i ng operati ons 
are strong l y  dependent on gravi ty ef fects , such as  the 
f i n i ng of g l as s .  casti ng processes , and c rysta l nuc l ea
t i on and g rowth , argue strong l y  for the i nvest igati on of 
phenomena under mi c rogravi ty cond i t i ons to a i d  i n  the 
fundamental understand i ng of these proces ses . I n  the 
case of g l ass  and cerami c s  research , the i nc rease i n  
f unda.enta l understand i ng appears to be the paramount 
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j usti f i cati on for i n-spac e ,  mi c rog ravi ty experiments at 
present and for the foreseeabl e future . The pri ma ry 
obj ecti ve i s  to obta i n  an improved understand i ng of 
gravi ty effects i n  g l ass  and cerami c s  proces s i ng for 
v i rtua l l y  a l l g l as s  and cerami c materi a l s .  The cost of 
i n-space proces s i ng ( $1 0 , 000-$250 , 000/l b-�orkshop 
esti mates ) may prec l ude the poss i bi l i ty of commerc i a l  
i n-space proces s i ng f o r  the immed i ate f uture. 

At present , there i s  an aura of exc i tement about new 
app l i cat i ons  of cerami c s  and g l asses such as  heat eng i ne 
components and f i ber-opti c comm uni cati ons . 
Consequentl y ,  there i s  a g reat dea l  of research re l ated 
to the proces s i ng and propert ies  of materi a l s for these 
app l i cati ons . I n  pa rti cu l ar ,  cerami c powder proces s i ng 
i s  recei v i ng a great dea l  of renewed research effort and 
deve l opment acti v i ty .  Therefore , one must  ask  h ow  can 
mi c rograv ity in space proces s i ng contri bute to improved 
ground-based process i ng of cerami c s  and g l asses ? 
There wi l l  be some d i scus s i on of thi s be l ow under 
Program Content . However ,  the poi nt can be made that 
gravi ty ef fects , i n  genera l , are probab l y  l ess  i mportant 
i n  the process i ng of c rysta l l i ne cerami cs  than e i ther 
g l asses or meta l s s i nce  the newer ,  h i gher-technol ogy 
cerami cs  are produced by a l l sol i d -state processes i n  
wh i c h  gravi ty and convect i ve f l ows p l ay a mi n i ma l  ro l e .  
Neverthe l es s , there are areas i n  wh i ch mi c rogravi ty 
process i ng can be emp l oyed to deve l op better fundamenta l 
understand i ng. 

F i na l l y ,  many of the proj ects i nc l uded under the 
Meta l s  and Al l oys Program a re rea l l y  generi c i n  
c haracter and can be app l i ed to the process i ng of 
cerami c s  and g l a s s  as we l l. Examp l es are the 
theoret i ca l  and experi menta l stud i es on the nuc l eati on 
and i nterface stabi l i ty of growi ng c rysta l s  and Ostwa l d  
ri pen i ng o f  i mmi sc i b l e  meta l l i c  l i qu i d  phases . The on l y  
reason that they are i nc l uded i n  that program rather 
than in the Cerami c s  and Glass Program i s  that the 
prog ram was proposed by meta l l urg i sts ,  who , in genera l , 
a re work i ng wi th meta l l i c systems. However ,  s uch  
generi c stud i es coul d equa l l y  we l l  have been performed 
i n  appropri ate cerami c systems and , therefore , mi ght be 
con s i dered to be re lated to the Cerami c s  and Gl a s s  
Program. 
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Program Content 

The Cerami c s  and G lass  Program actua l l y  conta i ns much  
that i s  not rea l l y  bas i c  research on cerami cs  and 
g l as s . I n  some regards , the program cou l d  have been 
l abe l ed Conta i nerl ess Process i ng ,  s i nce  i t  appears that 
a s ubstant i a l  port i on of the program i s  actua l l y  devoted 
to the eng i nee ri ng deta i l s  of the acousti c l ev i tat i on 
apparatus and techni ques for maki ng spheri ca l  hol l ow  
shel l s .  It  wou l d  seem that the l atter mi ght a l so be 
i nc l uded under F l u i d  Mechan i c s . As a resu l t ,  the 
content of sc i ent i f i c  bas i c  research  devoted to cerami c s  
and g las s  i s  rather mi n imal , perhaps even too smal l  to 
be of cr it i ca l  nuc l eus s i ze .  There s i mp l y  are not 
enough s c i enti sts work i ng i n  the a rea to foster adequate 
commun i cati on wi th each  other to achi eve a f ru i tfu l  
l eve l of  i nterchange. Furthermore , the program, such  as  
it  i s  c urrentl y  consti tuted , i s  heavi l y  b i ased toward 
conta i nerl ess  process i ng and g l as ses. 

The reasons for th i s  are not obv i ous . Certa i n l y ,  the 
program does not have a great dea l of vi s i bi l i ty i n  the 
cerami c s  communi ty. As a resu l t ,  the cerami cs  proposal 
pressure may not be suff i c i ent to produce a l arger and 
more d i verse h i gh-qua l i ty program. On the other hand , 
there s imp l y  may not be many areas i n  cerami cs  
process i ng ,  other than those i n  g l asses , for  wh i c h  
gravi ty effects are i mportant o r  i n  wh i ch the absence of 
gravi ty mi ght be used to better understand the 
fundamenta l s  of proces s i ng. That th i s  need not be the 
case can be i l l ustrated by the fol l owi ng examp l e. There 
are many efforts under  way to produce sma l l ,  monod i sperse 
cerami c powders by gas -phase react ions . C l earl y ,  such 
react i ons  are strong l y  convecti on dependent , and the 
f undamenta l mechan i sms of react i on k i net i c s  and part i c l e  
growth cou l d  i dea l l y  b e  stud i ed i n  a mi c rogravi ty 
env i ronment. Another poi nt worth not i ng i s  that the 
D i s c i p l i ne Work i ng Group i n  thi s area seems to have j ust 
begun to focus i ts acti v i ti es whereas those i n  some of 
the other areas appear to be more h i g h l y  foc used. 

I n  s umma ry ,  the fo l l owi ng features of the Cerami c s  
and G lass  Program appear evi dent t o  the rev i ewers : 
( a )  There i s  v i rtua l l y  no bas i c  cerami c s  resea rch i n  the 
program. ( b ) Much  that i s  i nc l uded under the program i s  
rea l l y  not g l as s  and cerami c s  research . ( c )  I t  i s  
b i a sed toward g l as s  and conta i nerl ess  proces s i ng .  
Experiments have not been s o  strong l y  focused on 
mi c rogravi ty-contro l l ed processes  as may be des i rab l e. 
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( d )  The program l acks  v i s i b i l i ty i n  much  of the cerami c 
commun i ty and appears to need stronger d i recti on and 
more focused organ i zat i on . 

Qua l i ty of Sc i ence 

Based on the presentati ons and the i nformat i on prov i ded , 
the qua l i ty of the s c i ence wi th i n  the Cerami c s  and G lass  
Program i s  extreme l y  d iff i cu lt  to j udge . The formal 
presentati ons  add ressed the  techn i ca l  deta i l for  on l y  a 
sma l l port i on of the program , name l y  that re l ated to the 
conta i nerl ess  process i ng of g l asses to study c rysta l l i za
t i on k i net i c s. To these revi ewers , i t  i s  d if f i cu l t  to 
j ustify the mi c rograv ity stud i es to add ress  on l y  
conta i nerl ess-process i ng experiments f o r  nuc l eati on 
stud i es . C l everly  des i gned ground-based experi ments may 
accompl i sh some of the same obj ect i ves . The sol -ge l  
stud i es are exce l l ent , but many researchers are doi ng 
sol -gel  proces s i ng of g lass  and cerami c s , and it i s  not 
c l ear  why th i s  program , wi th i ts very l imi ted budget , 
shou l d  a l so conti nue to study sol -gel  proces s i ng .  The 
bubb l e  and surface-tens i on stud i es are conceptua l l y 
qui te sound but cou l d  not be eva l uated . Perhaps a 
better understand i ng of bubbl es i n  g l as s  wi l l  be one of 
the promi s i ng a reas of research . Certa i n l y  i t  has 
t remendous i mp l i cat i ons for the f i n i ng of earth-processed 
g l asses. 

The ce· rami c s  and g l ass  program needs more fund i ng ,  
v i s i b i l i ty ,  gui dance , breadth and shou l d  not be used as  
an engi neeri ng veh i c l e  for testi ng conta i nerl ess systems . 

Recommendat i ons 

1 .  Separate the rea l cerami c s  and g l as s  research 
f rom generi c i nstrument devel opment. I nteract wi th 
meta l s  and a l l oys ef forts where appropri ate . 

2 .  There need s to be an i nc rease  i n  the fund i ng for 
cerami c s  and g l a s s  research , because the present program 
i s  be l ow the c ri ti cal  s i ze .  Th i s  shou l d  be done on l y  if 
h i gh-qua l i ty research  programs can be i dent if i ed. 

3 .  Expand the ground-based program and obta i n  more 
def i n i t i ve resu l ts pri or to i n-f l i ght experiments to 
prevent percei ved h i gh fai l ure rate. 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


1 9  

4 .  I nc rease the membersh i p  of the D i sc i pl i ne Work i ng 
Group to i nc l ude members wi th more cerami c s  i ns i ght . It  
shou l d  i nc l ude more than the Pri nc i pa l  I nvesti gators . 
Th i s  group shou l d  establ i sh pri ori t i es for the bas i c  
probl ems and concepts t o  be stud i ed .  

5 .  Make the program more v i s i b l e  to the cerami cs  
commun i ty to i nc rease proposa l  pressure and  broaden the 
program . 

6 .  Reduce the tendency to f l y  experiments 
premature l y. 

B i otechnol ogy 

As the NASA manned spacef l i ght program moves i nto the 
era of rout i ne Shutt l e  mi s s i ons  and permanent space 
stat i ons , NASA act i v i t i es in l ife  s c i ences and 
appl i cat i ons  are chang i ng f rom bei ng a lmost tota l l y  
occ up i ed wi th space med i c i ne ( hea l th and safety of man 
i n  space ; accommodat i on to zero g ravi ty and readj ustment 
to uni t  gravi ty)  to havi ng a s ubstant ia l  compl ement of 
experimentat i on on the ce l l u l a r  and phys i o l og i c  bas i s  
for human response to zero grav ity ,  on ce l l u l a r  
i nteract i ons  wi th the gravi tati ona l f i el d , and on 
app l i cat i ons  of mi c rogravi ty i n  b i otechnol ogy . The 
great i nc rease i n  opportun i t i es for experimentat i on 
afforded by the Shutt l e  mi d-deck and Space lab ,  the ad 
hoc nature of a lmost a l l previ ous l ife-sc i ences 
act i v i t i es aboard spacecraf t ,  coup l ed wi th a s ubstant ia l  
improvement i n  experiment p lann i ng and support stud i es 
on the ground , s uggest that l ife-sc i ences research i n  
space i s  rea l l y  j ust beg i nni ng .  

Thi s workshop addres sed the l ife-sc i ences act i v i ti es 
wi th the Mi c rograv ity Sc i ence and Appl i cat i ons  Program 
of NASA . The l ife-sc i ences segment of the program 
conta i ns three components of parti c u l a r  i nterest and 
h i gh l evel of acti v i ty :  ( 1 ) stud i es of ef fects of 
mi c rogravi ty on ce l l u l ar  and phys i o l og i c  processes , ( 2 ) 
i nvest i gat i ons of the uti l i ty of a mi c rogravi ty 
envi ronment to enhance c rysta l l i zati on of b i omo l ecu l es ,  
and ( 3) i nvest igat i ons of the uti l i ty of a mi c rogravi ty 
envi ronment to enhance separati ons of b i omo l ecu l es , 
organel l es ,  and ce l l s .  The number of experi ments 
concerned wi th these top i c s  carri ed out i n  mi c rogravi ty 
has so far  been re l at i ve l y  sma l l. 
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Two sets of experiments carri ed out recentl y  i n  
conj uncti on wi th Shutt l e  f l i ghts have i nd i cated l a rge 
dependences of some i mportant processes i n  c u l tured 
mamma l i an ce l l s  on the gravi tat i on f i e l d ,  wh i c h  may have 
impl i cati ons for space med i c i ne as  we l l  as  for 
understand i ng contro l  mechan i sms in  ce l l u l ar  b i o l ogy . 
I n  one set of apparentl y  wel l -control l ed stud i es , Cogo l i 
and Tschopp observed the v i rtua l d i sappearance i n  the 
mi c rograv ity envi ronment of the we l l -characteri zed i n  
v i tro st imu l at i on of human T l ymphocyte d i vi s i on by 
concanava l i n  A. Add i t i onal  observat i ons i n  ground-based 
work of a monotone i nc rease i n  ConA-stimu l ated 
l ymphocyte acti vati on at g > 1 compared wi th g = 1 
appear to conf i nm the grav i tati ona l -f i e l d  dependence .  
I n  another study , Gri ndel and and Hymer observed the 
v i rtua l shutdown ( <5 percent ) of g rowth hormone 
product i on i n  c u l tured rat p i tu i tary ce l l s  kept near 0 g 
i n  space compared wi th control s at 1 g .  At the same 
t ime , producti on of pro l act i n ,  another hormone , was 
s i mi l a r  for the two treatment groups . It  has a l so been 
c l a imed that Rus s i an workers have observed a 20-fo ld  
i nc rease  i n  i nterferon product i on by  human l eucocytes 
duri ng spacef l i ght . 

These  apparent effects of gravi ty-f i e l d  a l terat i on on 
ce l l u l ar functi on requi re and deserve further study. 
Severa l  features can be asc ri bed to such stud i es at th i s  
t ime .  The mi c rogravi ty port i on of the experiments i s  
re l at i vely s i mpl e ,  has l ow vol ume requi rement , and i s ,  
therefore , not an expens i ve add i t i on to , for  examp l e ,  a 
Shutt l e  mi s s i on. The Cogol i and Tschopp resu l ts 
i nd i cate that i t  may be pos s i b l e  to s c reen for gravi ty 
effects by perfonmi ng g > 1 experiments on the ground. 
F i na l l y ,  at th i s  t ime there are no we l l -founded work i ng 
hypotheses to gui de mechan i st i c  i nqui ri es . However ,  
expanded cata l og i ng and characteri zat i on o f  ce l l u l a r  
processes  as a funct i on o f  the g ravi ty f i e l d  seem 
warranted , wi th spec i a l  attent i on pa i d  to control l i ng 
a l l other cond i t i ons . Bes i des pos s i bi l i ti es for new 
understand i ng of control mechan i sms i n  ce l l u l a r  b i o l ogy , 
such  stud i es may revea l c l ues about some observed human 
responses to reduced gravi ty. The T l ymphocyte 
observat i ons may have i mpl i cat i ons  for immuno l og i c  
stud i es. 

It  has been suggested that , i n  one standard approach  
to  protei n c rysta l l i zat i on , c rysta l growth i s  l i mi ted by 
movement of growi ng c rysta l s  out of the reg i on of 
fastest g rowth because of sed imentat i on or f l otati on. 
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I n  conf i rmati on of th i s  model  experiments on Space lab 1 
demonstrated the producti on of l a rger , more perfect 
c rysta l s  of two prote i ns , l ysozyme and p-gal actos i dase , 
compared wi th c rysta l s  grown at 1 g .  Severa l  groups of 
workers wi l l  be f l yi ng experiments mid-deck on forth
comi ng Shutt l e  mi s s i ons i n  order to test the scope of 
i mp rovement i n  b iomol ec u l e  c rysta l l i zati on i n  mi c ro
g rav i ty .  

The three-d imens i ona l structures of b i omo l ecu l es 
prov i ded by x-ray c rysta l l ographi c  techni ques have been 
semi nal  contri but i ons  to mol ecu lar  b i o l ogy and the 
centra l  questi on of structure-f unct i on rel at i ons h i ps . 
I ndeed , the approach cont i nues to yi e l d  i nformati on of 
f undamental i mportance , for exampl e ,  the recent 
d i scovery of a nove l structura l  fona of DNA by R i c h  and 
co-wo rkers . Wi th modern d iff ractometers and computers , 
x-ray c rysta l l ography has reached the poi nt at wh i ch ,  
g i ven suf f i c i entl y  good c rysta l s  of appropri ate s i ze ,  
qu ite l a rge structures can be sol ved rather qui c k l y .  I n  
recent years , advances i n  mo l ecu lar  understand i ng and i n  
computer-a i ded graph i ca l  techni ques have fac i l i tated the 
des i gn of sma l l  mo l ec u l es for b i nd i ng to spec if i c  s i tes 
on prote i ns and nuc l e i c  ac i d s . Gi ven the structure of 
the appropri ate macromo l ecu l e ,  compounds can be des i gned 
to mimi c ,  for exampl e ,  enzyme substrates or hormones . 
Many pharmaceut i ca l  compani es are taki ng th i s  approach  
to d rug des i gn. 

Si nce the l imi tati on i n  x-ray c rysta l l ograph i c  
structure determ i nat i on i s  often the avai l abi l i ty of 
s u i tab l e  c rysta l s , the zero-gravi ty prote i n  c rysta l l i za
t i on experiments have appa rent l y  evoked exc i tement i n  
both academi c and i ndustri a l  c i rc l es .  The forthcomi ng 
experiments des i gned to test the scope of the advantage 
of a mi c rograv ity envi ronment on b i omo l ecu l e  c rysta l l i za
t i on are ,  therefore , of h i gh i nterest . Shou l d  these 
stud i es demonstrate a genera l  uti l i ty for mi c rogravi ty 
i n  c rysta l l i zati on , i t  i s  not out of the quest i on that 
some sort of mi c rogravi ty c rysta l l i zat i on serv i ce  
venture wou l d  evol ve . At th i s  t ime , however ,  i t  i s  not 
pos s i b l e  to pred i ct the commerc i a l  v i abi l i ty of such an 
enterpri se . It  shou l d  be poi nted out that bi omo l ecu l ar  
c rysta l l i zati ons can be  carri ed out  in  an automated 
fash i on wi th i n  Shutt le  mi d-deck l ockers so that they a re 
re l at i ve l y  i nexpens i ve procedures . 

The enhancement of f ree-f l ui d-based separat i on 
methods for purif i cati on of b i o l og i ca l  materi a l s i n  the 
mi c rogravi ty envi ronment of orb i t i ng spacec raft has been 
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the a rea of b i otechnol ogy that has been most acti ve i n  
the NASA MSA Program . The ma i n  reasons for th i s  a re ( 1 ) 
the percept i on that commerc i a l -sca l e  purif i cati on of the 
products of genet i c eng i neeri ng espec i a l l y  for human 
med i ca l  use , i s  an unsol ved probl em for wh i ch 
mi c rogravi ty enhancement may we l l  be the sol uti on ; and 
( 2 )  the substant i a l  acti v i ty that the McDonne l l -Doug l as 
Astronauti c s  Corporat i on has been carryi ng out i n  
conj unct i on with Shutt l e  mi s s i ons , i n  part v i a  a j oi nt 
endeavor agreement wi th NASA . These acti vi t i es i n  
b i omateri a l  separat i on technol ogy devel opment have 
recei ved a g reat dea l of med i a  coverage rep l ete wi th 
hyperbo l e  of the sort • new med i c i nes produced i n  
space . •  Th i s  k i nd of premature pronouncement has 
prov ided some of the reason that a good dea l of 
controversy surrounds these acti v it i es . 

To ga i n  some perspecti ve ,  f i rst con s i der the 
puri f i cati on of some human po l ypept ide ( prote i n )  hormone 
produced by a bacteri um i nto wh i ch the gene for the 
hormone was i ncorporated by recombi nant DNA techni ques . 
Assumi ng that the bacteri um does not • sec rete • the 
hormone , one ends up hav i ng to separate the des i red 
hormone f rom the other  severa l  thousand prote i ns and 
other  compounds conta i ned i n  the bacteri a .  Bes i des the 
c ha l l enge provided by the neces s i ty for h i gh puri ty for 
products for human i n  v i vo use , other d i f f i c u l t i es a re 
provi ded by the desi red fermentat i on vol ume , typi ca l l y  
1 000 gallons , and the need to achi eve rap id  separat i on 
of des i red prote i n  products f rom enzymes present i n  the 
mi x that can destroy or mod i fy the products . Wh i l e a 
host of separat i on methods  have been worked out over the 
years for both ana l yt i ca l  purposes and for l aboratory
s ca l e  preparati ons of protei ns and other bi o l og i ca l  
macromo l ecu l es , none of them are wi thout prob l ems at 
commerc i a l  scal e-up l eve l s .  Wh i l e  prob l ems of h i gh 
costs are most common , there are a l so many techn i ca l  
probl ems assoc i ated wi th sca l e-up . Consequent l y  there 
i s  at present a g reat dea l of act i v i ty assoc i ated wi th 
i mprovement of commerc i a l -s ca l e  bi ochemi cal  separat i on 
procedures . Substant ia l  progress  has been made i n  
sca l e-up of gel -f i l trati on c hromatography and of h i gh
performance l i qu i d  c hromatography ( HPLC ) , espec i a l l y  
af f i n i ty HPLC . Such  techni ques have made i t  eventua l l y  
pos s i b l e  t o  puri fy eff i c i ent l y  a l l sorts o f  prote i ns and 
protei n  compl exes at the l aboratory sca l e ,  and there i s  
every reason to be l i eve that the same approaches wi l l  
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s ucceed at the commo rc i a l  sca l e  after f u rther devel op
ment . 

Wh i l e  gel  e l ectrophores i s  has no peer wi th respect to 
resol ut i on of b i omo l ecu l es for ana l yt i cal  purposes , 
e l ectrophoreti c  methods  become d if f i c u l t  at the l abora
tory preparat i ve sca l e ,  and no such approach appears to 
be i n  use at the commerc i a l  scal e .  Convect i ve f l ows i n  
f ree-f l ui d  e l ectrophoret i c  procedures become more of a 
nu i sance as the vol ume i s  i nc reased because cool i ng 
becomes l ess  ef f i c i ent . The concentrat i on of materi a l  
t o  b e  separated i s ,  of course , very much  h i gher for 
preparat i ve purposes compared wi th ana l yt i ca l  purposes . 
At such h i gh concentrat i on ,  zone sed i mentat i on of 
materi a l s  i n  reg i ons  of dens i ty i nstabi l i ty i s  a common 
prob l em .  Both convect i ve f l ow  and zone sed imentat i on 
shou l d  be absent i n  a mi c rogravi ty envi ronment ,  and i t  
was hypothes i zed that preparat i ve-sca l e  f ree-f l u i d  
e l ectrophoret i c  techn i ques wou l d  exh i bi t  tremendous l y  
i nc reased effecti veness i n  mi c rogravi ty .  A vari ety of 
experiments carri ed on by d ifferent groups of workers 
and f l own  on Apo l l o-Soyuz ,  Skyl ab , and severa l  Shutt l e  
mi s s i ons  ( STS-4 through STS-8 ) have verif i ed that 
f ree-f l ui d  e l ectrophoret i c  methods can be more effect i ve 
i n  the mi c rog ravi ty envi ronment . I n  one recent experi
ment of the McDonne l l -Doug l as g roup i t  was c l ai med that 
a 7 30-fo ld  i nc rease i n  throughput over that pos s i b l e  at 
un i t  gravi ty was achi eved for the separat i on of 
ova l bumi n and rat serum a l bumi n i n  cont i nuous-f l ow  
e l ectrophores i s ,  a part i c u l arl y conveni ent 
e l ectrophoreti c  method . The enhancement was due to the 
use of a severa l fo ld  l a rger chamber ,  pos s i b l e  because of 
the absence of convec t i on and the use of protei n  
concentrat i ons  about 1 00-fold  h i gher than those norma l l y  
used a t  un i t  gravi ty. I n  co l l aborat i on wi th Ortho 
Pharmaceut i ca l s  (a subs i d i a ry of Johnson & Johnson ) 
the McDonne l l -Doug l as g roup has a l so made at l east one 
tri a l  purif i cat i on of protei n product of phan.a ceut i ca l  
i nterest. Because  of the propri etary nature of the work 
no deta i l s  were made avai l ab l e .  It was reported , 
however ,  that the product had become •contami nated • at 
some poi nt ,  and qua l i ty testi ng was uncerta i n. 

Separat i ons  of s ubpopu l at i ons of ce l l s  i s  of great 
importance for researc h ,  for c l i n i ca l  purposes , and , 
wi th the advent of the newer bi otechno l og i es , a l so  for 
comme rc i a l  purposes. E l ectrophores i s  in  mi c rograv ity 
shou l d  a l l ow separat i ons  based primari l y  on the charge 
propert i es of the ce l l s  wi thout i nterference f rom 
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sed imentat i on . Severa l experiments aboard spacecraft 
have i nd i cated that th i s  conj ecture hol ds  true . 
However ,  there i s  yet no c l ear  demonstrati on that the 
mi c rogravi ty techni ques offer a d i sti nct advantage over 
procedures at un i t  gravi ty .  

Wh i l e  i t  i s  c l ear  that the mi c rogravi ty envi ronment 
can g reat l y  enhance certa i n  prepa rat i ve-sca l e  separati ons 
by e l ectrophoreti c  methods , it i s  not at a l l c l ear  at 
thi s t i me that th i s  approach can compete wi th a l ternati ve 
ground-based techno l og i es . Many i mportant questi ons 
rema i n  wi th respect to the l og i st i c s  and economi c s  of 
routi ne commerc i a l  use of such an approach . At th i s  
t ime i t  i s  certa i n l y  not pos s i b l e  to use the bi otech
nol ogy acti v i t i es at mi c rograv i ty as  a major j usti f i ca
t i on for the  U . S .  space program . The  quest i on now i s ,  
where do we go f rom here? The NASA l i fe-s c i ences 
programs have been c ri t i c i zed i n  the past for a number 
of reasons i nc l ud i ng i nsuff i c i ent revi ew by peers 
outs ide  mi c rogravi ty research . There i s  current l y  a 
Mi c rogravi ty Bi otechnol ogy D i s c i p l i ne Work i ng Group 
wi th i n  the Uni vers i ti es Space Research  Assoc i at i on that 
performs some program assessment . Outs i de revi ewers are 
used both for program eva l uat i on and for revi ew of 
research proposa l s ,  of Pri nc i pa l  I nvesti gators , and of 
techn i ca l  feas i bi l i ty of proj ects . However ,  the 
D i s c i p l i ne Work i ng Group may not be adequate to assess  
the  re l at i onsh i p of  the  program and  of part i c u l ar 
proj ects wi th the who l e  of bi otechnol ogy and bi omed i ca l  
research . The  two uni vers i ty bi oproces s i ng centers 
recent l y  mandated by Congress  ( Un i vers i ty of Ari zona and 
Uni vers i ty C i ty Sc i ence Center ,  Ph i l ade l ph i a )  are 
charged , among other  th i ngs , wi th eva l uat i on of 
mi c rogravi ty bi otechno l ogi es i n  compari son wi th un i t  
gravi ty techno l og i es . Thi s structure shou l d  provi de 
s i gn i f i cant further assurance that the money be i ng spent 
i n  the mi c rogravi ty program i s  not better spent in other 
bi o l og i c a l  and bi omed i ca l  areas . One wonders why NASA 
does not a l so commi s s i on the Nati ona l Insti tutes of 
Hea l th to eva l uate the program and to suggest areas of 
needed research . Thi s wou ld  serve two purposes : the 
mi c rograv ity program wou ld  be understood i n  term s  of the 
overa l l l i fe-s c i ences obj ect i ves , and much apprehens i on 
i n  the academi c l i fe-s c i ences commun i ty about compet i ng 
for federa l  research  funds wi th the re l at i ve l y  expens i ve 
mi c rogravi ty program mi ght be a l l ayed . 

Much of the mi c rogravi ty e l ectrophores i s  work i s  
be i ng carri ed out by McDonne l l  Doug l as Astronaut i c s  
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under the aeg i s of a j o i nt endeavor agreement wi th 
NASA . As some poi nt i n  the program there needs to be 
some sort of cost/benef i t  accounti ng both because of the 
i mportance bei ng attached to the e l ectrophores i s  program 
and the c ri t i c i sms that have been voi ced . It has been 
stated by one c ri t i c  that the tota l cost to the u. s. 
taxpayer of a l l the mi c rogravi ty e l ectrophores i s  work 
exceeds by far  the government moni es that supported the 
deve l opment of the art i f i c i a l  heart or  of magnet i c  
resonance i mag i ng .  

Des i gn p l ans are fast bei ng put together  for a 
pen.a nent space stat i on i n  part j ustif i ed by a 
pred i cti on of commerc i a l l y  v i ab l e  mi c rograv ity materi a l s  
process i ng. I t  i s  i mperat i ve at thi s poi nt that NASA 
carefu l l y  eva l uate the envi ronmenta l  needs , outs i de of 
mi c rograv ity ,  for any b i otechnol og i es contempl ated , 
espec i a l l y  as  perta i ns to product contami nat i on ,  
apparatus recyc l i ng ,  worker  safety , and turnaround 
times . These are d if f i c u l t  i s sues on the ground and 
wou l d  appear to be a major cha l l enge for a c l osed system 
500 mi l es f rom the surface of the Earth . 

Combust i on Sc i ence 

The combust i on-s c i ence component of the program i s  
somewhat at a d i sadvantage wi th respect to the other  
f i ve components rev i ewed because there have been , as 
yet , no space experiments dea l i ng wi th combusti on 
research . I n  severa l  of the other areas , notab l y  that 
dea l i ng wi th c rysta l growth , past experiments under 
mi c rogravi ty cond i t i ons have prov i ded new and exc i t i ng 
res u l ts , and current research i s  d i rected appropri ate l y  
a t  understandi ng the new and often unexpected data. I n  
contrast , i n  the combust i on-sc i ence area the  researchers 
can sti l l  on l y  spec u l ate . Furthermore , combust i on 
represents such a broad and comp l ex s ubj ect that the 
l imi ted support current l y  ava i l ab l e  can on l y  serve to 
s cratch the surface of the topi c .  

The rev i ewers noted severa l  centra l  i s sues i n  
combust ion s c i ence that awai t reso l ut i on th rough 
mi c rograv ity combust i on research : 

1 .  Premi xed gaseous f l ame propagat i on and exc i tat i on ;  
2. Premi xed part i c u l ate c l oud-f l ame propagat i on and 

ext i nct ion ;  
3 .  Smol deri ng and tran s i t i on t o  open f l ami ng ; 
4. Combust i on of i nd i vi dual d rops and parti c l es ;  
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5 .  Rad i at i ve i gn i t i on of condensed-phase fuel s ;  
6 .  Large surface combusti on and exti ncti on ; 
1 .  Autoi gni t i on i n  premi xed gaseous med i a .  

Important to each  of these i s sues i s  the ro l e  p l ayed 
by buoyancy . I t  was argued convi nc i ng l y  that natura l  
convect i on ,  ari s i ng f rom the buoyancy of hot combusti on 
products , c l ear ly  p l ays an i mportant ro l e  at g E 1 .  The 
combust i on-s c i ence program proj ects seem to favor an 
approach of s i mp l y  tryi ng a l ot of known combusti on 
experiments i n  the absence of grav i ty .  Th i s  way 
i nd i v i dua l  mechan i sms can be i sol ated and stud i ed i n  
s i mp l e r  geometri es wi th fewer wa l l  ef fects . 

Th i s  approach i s  not unreasonab l e ,  but i t  a l so cou l d  
l ead nowhere . The i mportance of the  l ack  o f  natura l 
convect ion may be overstated . I n  most pract i ca l  
combust i on envi ronments , natura l  convect ion i s  a l ready 
much l es s  i mportant than forced convect i o n ,  dri ven 
e i ther by the expans i on of the hot combusti on products 
or  by a i r c i rc u l at i on . Therefore , i n  some combusti on 
prob l ems natura l  convect ion i s  often neg l ected , and the 
opportun i ty to ca rry out experiments i n  zero g ravi ty 
wou ld  be of l i tt l e  benef i t .  F rom the materi a l  presented 
at the revi ew ses s i on ,  there appears to have been 
re l ati ve l y  l i tt l e  pre-ana l ys i s  of the i nf l uence of l ow 
gravi ty .  

Computat i ona l f l u i d  dynami c s  and reacti ve f l ow 
mode l i ng have advanced to the poi nt where many of the 
techn i ca l  i s sues can and shou l d  be treated computat i on
a l l y .  Most mode l s  can assume g = 0 more eas i l y  and 
accurate l y  than they can g = 1 .  I n  the f i na l  ana l ys i s  
we can on l y  c l a i m  to understand a g i ven phys i ca l  and 
chemi ca l  mechan i sm quant itat i ve l y  after we demonstrate 
that we can compute i ts behav ior ,  so mode l i ng wi l l  be 
needed eventua l l y  i n  any case . We d i d  see a 
cons i derab l e  amount of ana l ys i s  duri ng the f l ame-spread 
techn i ca l  presentat i on ,  us i ng primari l y  asymptot i c  
methods , but n o  computer mode l i ng efforts were 
d i scussed . It was unc l ear whether th i s  was not 
d i scussed because of a l ack  of t ime or i f  s uch  mode l i ng 
i s  not a part of the program . 

F i re and combusti on are mu l t i d i mens i ona l reacti ve 
f l ow prob l ems , a f i e l d  i n  wh i c h computati ona l phys i c s  
techni ques have grown rapi d l y  i n  recent years . The 
presentat i ons at thi s workshop s uggest that it wou l d  be 
adv i sab l e  to enhance the i nteracti on between the combus 
t i on-s c i ence component and the f l u i d-mechan i c s  component 
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of NASA ' s  mi c rogravi ty s c i ence and app l i cati ons  program . 
Perhaps the program of f i ce shou l d  l ook i nto prov i d i ng 
the program part i c i pants access to C l ass  V I  s uperco.
puters . At present , the l ack  of a coord i nated model i ng 
component i s  seen as a s i gn i f i cant l imi tati on and 
weakness of the combust i on-sc i ence component of the 
overa l l mi c rog rav ity program . 

The overa l l program rev i ew i tsel f was qui te genera l , 
rather  vague , and nonspec if i c . The materi a l  that the 
panel  was g i ven to work wi th i n  fonai ng th i s  assessment 
was l imi ted and probabl y does not do j usti ce  to the 
program . Certa i n l y  the records  of the s even Pri nc i pa l  
Investi gators are superi or ,  but a d i scus s i on of the i r 
programs and the rol e  that mi c rogravi ty i s  p l ayi ng i n  
the i r research wou l d  have been most benef i c i a l to our 
revi ew process .  Of the subj ects s ummari zed , a good case 
was not made for the study of cool  f l ames in space , nor 
were good reasons ( i . e . , a pos s i b l e  mechani sm or 
pred i cti ons  bas ed on numeri ca l  mode l i ng )  g i ven for why 
g = 0 l ami nar f l ame propagat i on i s  any d ifferent f rom 
downward f l ame propagati on at g = 1 .  However ,  i t  was 
c l ear  that for nonp l anar geometri es , extended peri ods of 
mi c rogravi ty seem i nd i cated to study s l ow phenomena such 
as  smol deri ng , f l ame propagati on nea r  the f l ammabi l i ty 
l imi ts , and mi n i mum i gn i t i on energ i es . For examp l e ,  
i gn i t i on due to the absorpt i on of rad i at i on appea rs to 
be one a rea where enormous d i fferences can be expected 
owi ng to the l ac k  of buoyant convect i on .  At .cond i t i ons 
of g = 0 wi th stagnant a i r ,  a weak l i ght bu l b  may be 
enough to start a f i re ,  a resu l t  that i s  very d if ferent 
f rom that encountered wi th f ree convect i on .  These and 
other spec i f i c  top i c  areas were presented c l earl y ,  and 
the case for i nvest i gat i ng them i n  mi c rogravi ty 
cond i t i ons  was made we l l .  F rom the t i t l es of the other 
research prog rams not summari zed at the workshop , it was 
assumed that most of them fel l i nto the category of 
try i ng we l l -characteri zed earthbound experiments i n  a 
zero-g envi ronment . The presentati on on f l ame spread i n  
zero g was effect i ve ,  l ead i ng u s  by i mpl i cat i on to 
be l i eve that the techn i ca l  content of the ent i re prog ram 
i s  i n  good shape . 

Howeve r ,  nove l i deas seem to be mi ss i ng ,  and the 
program seems l a rge l y  to cons i st of perturbat i ons  of 
exi sti ng i deas and research . Separat i ng phys i ca l  
mechan i sms and s i mp l i fyi ng comp l ex prob l ems l i ke those 
encountered i n  combusti on i s  a lmost a lways a good i dea , 
and the abi l i ty to e l i mi nate buoyancy ef fects i n  zero g 
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wi l l  prov i de va l uabl e i ns i ghts , but it i s  somewhat 
d i sappoi nt i ng not to see a venturesome component i n  the 
program somewhere . 

F i re safety i n  space was i nd i cated as  one maj or 
app l i cat i on area , and the revi ewers tend to agree wi th 
thi s assessment . F i re i n  space c reates some new 
prob l ems , and ru l es of thumb app l i cabl e at g = 1 may be 
i ncorrect i n  space . However ,  the f i re-safety prob l em i n  
space has s ome  aspects that are s i mi l ar  to those 
encountered in other  l i mi ted l i vi ng space envi ronments 
such as  submari nes . We wou l d  encourage those concerned 
wi th f i re safety i n  mi c rogravi ty envi ronments to become 
fami l i ar wi th current deve l opments i n  these a reas , 
wh i ch ,  at f i rst  g l ance , mi ght appear to be unre l ated to 
space cond i t i ons . 

Si nce turbu l ent combust i on i s  of such  i mportance i n  
both current theoret i ca l  research and pract i ca l  
appl i cat i ons , we suggest that th i s  top i c  be  cons i dered 
for poss i b l e  i nc l us i on i nto the mi c rogravi ty programs . 
Spec i f i ca l l y ,  th i s  wou l d  i nc l ude variabl e-dens i ty 
turbu l ence stud i es , both wi th and wi thout react i ons . 
Turbu l ent f l ows a re d if f i c u l t  to study convi nc i ng l y  wi th 
ex i st i ng f l u i d  mechan i c s  computer mode l s ,  and the 
ef fects of buoyant convect ion comp l i cates earthbound 
experiments , so the potent i a l  benef i ts of turbu l ence 
stud i es in  mi c rogravi ty cond i t i ons  are s ubstant i a l . 
Most i mportant , s i nce turbu l ent combust ion i s  a domi nant 
process  i n  a l l pract i ca l  combusti on systems , the 
eventua l economi c benef i ts of anyth i ng that i s  l earned 
wou l d  be enonmous . Thi s i s ,  however ,  a l ong-range 
goa l . Sti l l ,  we bel i eve that th i s  i s  such an i mportant 
combusti on f i e l d  that it shou l d  be represented i n  the 
mi c rogravi ty research  program . 

The program appears , f rom the l i mi ted materi a l  
presented , t o  stress  bas i c  processes  and fundamental 
knowl edge at the expense of appl i ed or potenti a l l y  
commerc i a l  proj ects . We bel i eve that th i s  emphas i s  on 
fundamenta l s c i ence i s  correct at present i n  the case of 
combusti on s c i ence . Knowl edge ga i ned i n  space i s  l i ke l y  
t o  have a maj or i mpact  o n  processes o n  Earth wi thout the 
h i gh and recurri ng cost of space appl i cation or 
proces s i ng. A f racti on-of -a-percent i mprovement i n  
combusti on ef f i c i ency rea l i zed a s  a res u l t  of 
mi c rogravi ty research wou l d  be worth bi l l i ons  of dol l ars 
each year ,  far more than we can foresee res u l t i ng f rom 
the i mp l ementat i on of some combust ion process  that can 
be carri ed out on l y  under  mi c rogravi ty cond i t i ons . 
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I n  conc l us i on ,  we found i t  d iff i cu l t  to assess  the 
qua l i ty of the program, other than the spec if i c  research  
of the  i nvesti gators who were present at the  workshop . 
We wou l d  encourage the person presenti ng the overa l l 
rev i ew  at f uture workshops to present a more compl ete 
survey of what other researchers are doi ng . Overa l l ,  we 
be l i eve that the program i s  techn i ca l l y  sound and l i ke l y  
t o  provide  usef u l  and i nteresti ng materi a l  on 
combust i on .  However ,  we a l so  bel i eve that the neces s i ty 
of mi c rogravi ty cond i t i ons  was not fu l l y  demonstrated . 
Of course , unti l some actua l experiments are carri ed out 
i n  space under mi c rog ravi ty cond i t i ons , the conservati ve 
approach  bei ng fol l owed i s  probabl y  sati sfactory . We 
be l i eve that the l ack  of a coord i nated computati ona l 
effort ,  espec i a l l y  i n  s upport of the reacti ve 
f l ui d-mechan i c s  parts of the program , i s  a seri ous 
probl em and shou l d  be addressed as soon as poss i bl e .  
Wi th a f i el d  a s  broad a s  combusti on i t  i s  i mpos s i b l e  for 
a sma l l  number of prog rams to cover everythi ng ,  and i t  
wou l d  be i nappropri ate for NASA to attempt to d o  so . 
The range of techn i ca l  areas spanned by the exi sti ng 
i nvesti gators i s  reasonabl e for an effort of th i s  s i ze .  
However ,  because of i ts i mportance i n  both appl i ed and 
theoreti ca l  combusti on ,  we recommend that an acti v i ty i n  
the f i el d  of turbul ence and/or turbu l ent combusti on be 
con s i dered as a worthwh i l e  and appropri ate add i t i on to 
the overa l l effort .  

F l u i d  Dynami c s  

The fol l owi ng conc l us i ons  and impress i ons are based on 
the presentat i ons  by Labus and L i pa i n  the ses s i on on 
f l ui d  dynami c s  or  on rel ated p resentat i ons i n  earl i er 
ses s i ons  and on our own i ndependent knowl edge of vari ous 
researchers engaged i n  the f l u i d-dynami cs  program . 
Overa l l we f i nd that th i s  program cons i sts of h i gh
qua l i ty bas i c  resea rch  i n  aspects of f l ui d  phys i c s  and 
f l ui d  proces s i ng .  Al though nothi ng i n  the program has 
obv i ous commerc i a l  va l ue ,  the researches s upported seem 
l i ke l y  to l ead to better understand i ng of vari ous 
process  mechan i sms in the l i ght of wh i c h  terrestri a l  
processes c a n  b e  improved or deve l oped . 

A major part of the research  acti v i ty i n  the p rogram 
can be characteri zed as the testi ng of the f undamental 
l aws of condensed-matter phys i cs . Examp l es a re attempts 
to determi ne experimenta l l y  c ri t i ca l  exponents of the 
heat capac i ty of hel i um at i ts l ambda poi nt and of the 
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transport coef f i c i ents at an ord i nary c ri t i ca l  poi nt , 
e l l i ps i ometri c stud i es of adsorpt i on and wett i ng 
trans i t i ons , and i nvest i gat i ons  of the phys i ca l  mean i ng 
of the fa i l u re of the c l as s i ca l  l aw of capi l l ary 
hyd rostat i c s  to admi t the exi stence of f ree surfaces 
under certa i n  cond i t i ons . Mi c rogravi ty experiments 
shou l d  p l ay a c ruc i a l  ro l e  i n  these i nvest i gat i ons . 

The res u l ts of the l ambda-poi nt and c ri t i ca l -poi nt 
stud i es wi l l  e i ther i nc rease our conf i dence i n  the 
un i versa l i ty of the sca l i ng l aws , pred i cted by modern 
theory ( the renorma l i zati on group ) or  chal l enge 
theoret i c i ans to deve l op a new mod i f i ed theory of phase 
t rans i t i ons in condensed matte r .  The h i gh-resol ut i on 
thermometer devel oped to study the l ambda trans i t i on i s  
an exper imenta l tour-de-force  and wi l l  most l i ke l y  
prov i de new capab i l i ty i n  studyi ng other s i gn i f i cant 
sc i ent i f i c  prob l ems such as f i n i te system-s i ze sca l i ng 
and , tr i c ri t i ca l -poi nt behav i or i n  mu l t i c omponent 
f l u i d s . Such sp i nof f i s  a favorab l e measure of 
h i gh-qua l i ty s c i ence . The research  on f ree surfaces 
wi l l  p robab l y  l ead to a better understand i ng of the 
l i mi tati ons and neces sary extens i ons of the c l as s i ca l  
l aws o f  capi l l ari ty .  

Process ana l ys i s  i s  the second ma i n  type of research 
act i v i ty supported by the f l u i d -dynami cs  program . Here 
no new l aws of phys i c s  a re l i ke l y  to be i nvoked . What 
i s  enta i l ed ,  rather ,  i s  the i dent i f i cati on of domi nant 
phys i ca l  mec han i sms ,  the c ho i c e  of the appropri ate 
phys i ca l  p ri nc i p l es to use i n  ana l yz i ng a part i c u l a r  
process , and the deve l opment o f  the mathemat i ca l  and 
computat i ona l machi nery needed to understand the bas i c  
phenomena occ u rr i ng i n  the rea l wor l d  o f  two- and 
three-d i mens i ona l geometri es and non l i near processes . 
Examp l es of researc h top i c s  i n  th i s a rea a re 
g rav i tat i ona l l y  d ri ven f l u i d  convec t i on i n  c rysta l 
g rowth phenomena and i nterfac i a l  tens i on -dr i ven f l ows . 
la rge-sca l e  sc i ent i f i c  computat i on can reso l ve many of 
the i s sues posed i n  th i s  a rea . ( Examp l es of 
commerc i a l l y  ava i l ab l e ,  i mp roved c rysta l -growi ng 
f u rnaces des i gned wi th the a i d  of i ns i ghts prov i ded by 
NASA-s upported mode l i ng of so l i d i f i cat i on processes were 
c i ted . )  Howeve r ,  mi c rogravi ty exper iments wi l l  be 
usef u l  to veri fy the res u l ts of the c omp l i cated 
ca l c u l at i ons , to g i ve emp i ri ca l  i n s i ghts i nto rea l 
systems whose geometri es and/or p roc esses cannot yet be 
hand l ed by state-of -the-art supercomputers , and actua l l y  
t o  produce m1 c rogravi tat 1 ona l l y  g rown c rysta l s  shou l d  
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they be des i red . One use that seems promi s i ng ( and of 
poss i b l e  commerc i a l  i nterest )  i s  to produce good 
c rysta l s of l a rge mo l ecu l es , such as prote i n s , for 
ana l yt i ca l  purposes . The  resea rch  on i nterfac i a l  
ten s i on-d ri ven f l ows i s  espec i a l l y  i mportant , s i nce , at 
l ow  gravi ty ,  tens i on becomes a primary mechan i sm of 
f l ui d  concentrati on grad i ents . 

To the extent that we can j udge ( together we are 
fami l i ar  wi th more than ha l f  of the i nvesti gators and 
thei r proj ects l i sted by Labus i n  h i s  overv i ew) the 
Pri nc i pa l  Investi gators i n  the f l u i d -dynami c s  prog ram 
a re f i rst-c l as s  researchers and are carryi ng out h i gh
qua l i ty research  on the  NASA proj ects . Most resea rch  i s  
reasonab l e  i n  the context of the mi c rogravi ty s c i ences , 
a l though , for exampl e ,  the surface-tens i on work i s  
un l i ke l y  to p rof i t  d i rectl y f rom mi c rogravi ty 
capab i l i t i es and such generi ca l l y  l abe l ed proj ects as 
•transport p rocesses research , •  •mass transport 
phenomena , •  and •geophys i cs f l u i d  f l ow• might we l l  l ack  
focus  on the  quest i ons  that mi c rog ravi ty experiments can  
best answer . 

It  appears that for the most part there i s  reasonab l y  
good i nteract i on among the g roups study i ng probl ems wi th 
over lap or  common el ements . An except i on to th i s  may be 
the combust i on groups , wh i ch cou l d  probab l y  prof i t  f rom 
c l oser i nteracti on wi th those studyi ng convecti ve f l u i d  
f l ow  i n  c rysta l l i zat i on and d rop-dynami cs  processes . 

F i na l l y ,  i t  i s  worthwh i l e  to ra i se a few questi ons 
that we feel  shou l d  be cons i dered i n  gui d i ng f uture 
research  i n  the f l u i d s -dynami cs  p rogram . 

Questi ons 

1 .  For wh i c h  g rav i tati ona l l y  re l ated prob l ems wou l d  
i nc reas i ng g ,  wi th the a i d  of centri fuge , prove 
appropri ate i n  ga i n i ng i ns i ght before ,  as a s uppl ement 
to , or  even i n  p l ace  of mi c rogravi ty experiments ? 

2 .  How many of the s i gn i f i cant mi c rogravi ty i s sues 
can be essent i a l l y  resol ved by studyi ng matched dens i ty 
systems or by doi ng d rop-tower experiments ( perhaps i n  
a n  expanded d rop-tower fac i l i ty )  i nstead of on the Space 
Shutt l e ?  

3 .  Where theory i s  we l l  understood , when are space 
experiments to be p referred to appropri ate 
computer-a i ded mathemati ca l  ana l ys i s ?  
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AGENDA 

WORKSHOP ON MICRO&RAVITY SC I ENCE 
AND APPLICATIONS 

December 3-4 ,  1 9B4 

F i rst Day 

SESSION I 
Open i ng Sess i on Brian Frost ,  Cocha i rman 

OBOO Wel come Robert Parks , JPL  D i rector 
OB1 5 Introduct i on and Workshop 

Obj ecti ves Al Sch i nd l er ,  Cocha i rman 
OB30 Genera l  Program Ph i l osophy and Commerc i a l i zati on 

Opportun i t i es Ri chard Ha l pern 
0930 D i scuss i on Arden Bement 
1 000 Break 

SESSION I I  
Meta l s and Al l oys Wi l l i am N i x ,  Cha i rman 

1 01 5  Overv i ew  Robert Naumann 
1 1 1 5  Theory Sam Cori e l l  
1 1 45 Dend ri t i c  Growth Stud i es 

Mart i n  Gl i cksman 
1 21 5  D i scus s i on Bernard Kear 

1 245 LUNCH 

SESSION I I I  
E l ectron i c  Materi a l s  Sess i on Herb Johnson , Cha i rman 

1 345 Overvi ew Roger Crouch 
1 445 F l u i d  F l ow  Model i ng Robert Brown 
1 51 5  C rysta l Growth i n  Space 

Harry Wei demeier  
1 545 D i scuss i on Praveen Chaudhari 
1 61 5  Break 

SESS ION IV  
&lasses and  Cerami c s  

1 630 Overv i ew 

Denn i s  Ready , Cha i rman 

Robert Doremus 
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1 730 Spheri cal  She l l Technol ogy 
Dan E l l eman , Tay l or Wang 

1 BOO D i scus s i on R i chard Bradt 

1 B30 ADJOURN 

Second Day 

SESSION V 
B i otechnol ogy Angel o  Lamola , Cha i rman 

OB30 Overv i ew Denn i s  Morri son 
0930 Separati on of Growth Hormone 

Wes Hymer 
1 000 D i scus s i on Norman Anderson 
1 030 Break 

SESSION VI  
Combust i on Sc i ence 

1 045  
1 1 45 
1 21 5  

Overvi ew and Theory 
F l ame Spread i ng 
D i scuss i on 

1 245 LUNCH 

SESSION V I I  
F l u i d  Dynami c s  

Jay Bori s ,  Cha i rman 

Abe Berland 
R .  Al tenki rsch  
C .  Westbrook 

Mi chael F i sher,  Cha i rman 

1 345 Overv i ew Tom Labus 
1 445 Spec i f i c  Heat of Hel i um ,  Theory 

John Li pa 
1 530 D i scuss i on Ted Dav i s 

OPEN SESSION 

1 600 Panel  D i scuss i on 

1 700 ADJOURN 

CLOSED SESSION 

1 700 Panel  Meet i ng 
1 B30 Work i ng D i nner 
2030 Pane l Meet i ng Adj ourns 

Al Sch i nd l er ,  Bri an Frost 
Panel  Cocha i rmen 
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1 .  &ENERAL PRO&RAM PHI LOSOPHY AND 
COMMERC IALIZATION OPPORTUNITIES 

R i c ha rd E .  Ha l pern 
Mi c rograv i ty Sc i ence and App l i cati ons Di vi s i on 
Nat i ona l Aeronaut i c s  and Space Admi n i strat i on 

Was h i ngton , D . C .  20546 

INTRODUCT ION 

The purpose of th i s  paper i s  to present an overvi ew of 
the c urrent program at the Nat i ona l Aeronaut i c s  and 
Space Admi n i strat i on ( NASA) i n  mi c rog ravi ty sc i ence and 
app l i cati ons . However ,  before present i ng the c urrent 
program, i t  i s  i mportant for the reader to become 
fami l i ar  wi th the background f rom wh i ch the current 
program sprang . 

The Mi c rogravi ty Sc i ence and App l i cati ons D i v i s i on i s  
a n  outgrowth of the former Materi a l s Proces s i ng i n  Space 
( MPS) act i v i ty at NASA . Th i s  acti v i ty began in  the 
earl y 1 970s and mi ght be characteri zed as a haphazard , 
shotgun approach to experimentat i on .  Ear ly  experi ments 
were carri ed out on the Apo l l o  program i n  e l ectro
phores i s ,  c rysta l growth , and  sol i d i f i cati on . These 
acti vi t i es cont i n ued through the Apo l l o-Soyuz e ra .  
Uns ubstant i ated c l a ims , ta l k  of bui l d i ng factor ies  i n  
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spac e .  111k i ng better ba l l  beari ngs . and so on . l ed to a 
Nati ona l Academy of Sc i ences revi ew i n  1 977 . 

Thi s revi ew on the Sc i ent i f i c  and Techno l og i ca l  
Aspects o f  Materi a l s  Process i ng i n  Space ( STAMPS) 
reported in 1 978 that • • • •  to date . the NASA program 
has been weak . •  Sc i ent i f i c  and techno l og i ca l  resu l ts 
[ f rom these mi s s i ons ] were sometimes sha l l ow .  
i ncomp l ete . or i nconc l us i ve . •  Perhaps the  one  except i on 
taken by the Commi ttee was i n  the area of combust ion .  
where the Commi ttee i nd i c ated that a strong program was 
taki ng s hape and that NASA shou l d  s upport th i s  
act i v i ty .  The report a l so emphas i zed that NASA shou l d  
undertake for • approx illite l y  the next f i ve ( 5 )  years • a 
strong program of g round research to better understand 
the parameters of the experiments that wou l d  u l t i111tel y  
go i nto space . 

The resu l t  of th i s  report was that NASA i nst i tuted a 
c hange i n  the management of the Materi a l s  Process i ng i n  
Space Program and encouraged the new management to 
fo l l ow the recommendat i ons of the Commi ttee . A g round 
resea rch  program i nvol v i ng s c i enti sts at un i vers i t i es . 
as  we l l  as  wi th i n  the NASA organ i zat i on . was 
unde rtaken . Experiments i n  mi c rogravi ty began us i ng 
d rop tubes and d rop towers as  we l l  as  a i rp l anes f l yi ng 
Kep l eri an traj ectori es . These  acti v it i es pro� ided f rom 
4 to approx i111te l y  20 sec worth of zero-g t ime and 
enabl ed resea rchers to study sma l l  samp l e  res u l ts wh i l e 
purs u i ng �de l  and parameter acti v i t i es . A program of 
sound i ng-roc ket f l i ghts was a l so i nsti tuted . wh i ch 
provi ded approxi111tel y  5 mi nutes of mi c rogravi ty t ime 
for experiments . In  add i t i on to the sc i ent i f i c  res u l ts 
f rom these ear ly  experiments . eng i neeri ng tests of 
f l i ght hardwa re .  part i c u l a rl y  in the a rea of 
conta i nerl ess  proces s i ng .  were fac i l i tated . It shou l d  
a l so b e  remembered that i n  1 978 . we were bei ng tol d that 
the Space Shutt l e wou l d  be avai l ab l e  for experimenta l 
use  i n  1 980 . ·  Th i s  resu l ted i n  an unfortunate and 
premature des i re to deve l op soph i st i cated and expens i ve 
generi c hardwa re �  Si nce . as  we know.  the Shutt l e  d i d  
not become ava i l ab l e  unti l much  l ater .  yearl y budget 
c uts were i nsti tuted that ate i nto both the hardwa re 
preparat i on and the ground research p rogram. 

The current p rogram i s .  then . the outgrowth of these 
ear l y  years of act i v i ty .  The Shuttl e i s  avai l ab l e  for 
experimenta l use . and i t  is my bel i ef that the 6 yea rs 
between 1 978 and 1 984 have been used prudent l y  i n  
preparati on for the forthcomi ng act i v i ty .  I t  must 
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be noted , however ,  that the Shuttl e i s  not yet tru l y  
operati onal , and the number o f  experiments actua l l y  
f l own to date i s  sma l l .  

Havi ng provided the background , i t  i s  appropri ate to 
l ook at the goa l s  and obj ecti ves of the Mi c rogravi ty 
Sc i ence and App l i cati ons D iv i s i on ' s  program . Simp l y  
stated , the obj ect i ve o f  the program i s  t o  fac i l i tate 
the use of the mi c rogravi ty envi ronment of space i n  
order to better understand bas i c  phenomena o f  phys i c s  
and chemi stry ,  a s  wel l  a s  o f  materi a l s  and materi a l  
p roces s i ng .  It i s  o u r  further obj ecti ve t o  app l y  th i s  
bas i c  researc h  i n  order to deve l op p ractica l  app l i ed 
usage . Thi s  obj ecti ve has three goa l s :  f i rst ,  the goa l  
o f  knowl edge o f  phenomena and h ow  these phenomena d i ffer  
in  the  mi c rogravi ty envi ronment as compared wi th the 
un i t-g ravi ty envi ronment . Second , to produce new and 
novel p roducts , un i que to and requi ri ng zero g .  Thi rd ,  
to provide  experi mental i nformati on to enabl e  changes i n  
p rocesses on Earth and , thus , to provi de more eff i c i ent 
and economi ca l l y  v iab l e app l i cat i ons . 

NASA Headquarters provi des the overa l l d i rect ion and 
gui dance for the Mi c rograv ity Sc i ence and App l i cati ons 
Prog ram . Impl ementati on of the program i s  carri ed out 
by f i ve NASA Centers : the lang l ey Research  Center ,  the 
lewi s Researc h  Center ,  the Jet Propu l s i on laboratory , 
the Johnson Space Center ,  and the Marsha l l Space F l i ght 
Cente r .  Act i v i ti es in both bas i c  and appl i ed research 
a re carri ed out at these l ocat i ons . At the same time , 
research  acti vi t i es that i nvol ve uni vers i ty s c i enti sts , 
as wel l  as i ndustri a l  researchers , a re moni tored through 
these Centers after se l ect i on by peer revi ew  th rough 
NASA Headquarters . 

The D iv i s i on has establ i shed Centers of Exce l l ence  at 
vari ous l ocati on s  throughout the Uni ted States that 
provide  focus for certa i n  types of research . These 
Centers i nc l ude the Materi a l s  Process i ng Center at the 
Massachusetts Insti tute of Technol ogy ( MIT) , a 
theoret i ca l  focus for  the program at the Insti tute of 
Theoreti ca l  Phys i c s  ( ITP)  in Santa Barbara , a p rogram of 
f undamental theory and measurements at the Nati onal  
Bureau of Standards  ( NBS ) , and f i na l l y ,  two new Centers 
i n  b i otechnol ogy , one at the Un i vers i ty of Ari zona and a 
second i n  Phi l ade l ph i a  at the Uni vers i ty C i ty Sc i ence 
Center ,  representi ng a consort i um of 1 2  un i vers i t i es i n  
the Pennsyl van i a  a rea . 

The approach  that the Di vi s i on i s  taki ng starts wi th 
s uggesti ons of new i deas and concepts f rom mul t i p l e 
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sources , i nc l ud i ng our own i n-house NASA research  work , 
uni vers i ty researchers , and i ndustri a l  researchers . On 
approva l of the concept , ground-based acti vi ti es are 
undertaken and f l i ght i nstrumentati on deve l opment begi ns 
on l y  at that time when a researcher be l i eves that 
suf f i c i ent i nformati on i s  avai l ab l e  to j usti fy the 
expend i ture for f l i ght equi pment . Resu l ts f rom f l i ghts 
may ei ther prove or d i sprove certai n theoret ica l  work 
that has been conducted and , of course , may l ead ( and i s  
a l most expected to l ead ) to new experiments . The 
Shutt l e  a l l ows us a conti nui ng program of experiment 
pa rametri c c hanges and ref l i ght of equi pment . Th i s  i s  
the ana l og of the l aboratory acti vi ty of many materi a l  
s c i enti sts o n  Earth . 

One of our current i s sues , however ,  i s  the i nf requent 
opportun i ty to experiment in space wi th Shutt le  
payl oads . More wi l l  be  sa id  about th i s  l ater .  From 
these space and ground research acti v i t i es may come 
areas that are commerc i a l l y  i nteresti ng . I must 
emphas i ze the use of the word •may• because it needs to 
be made expl i c i t l y  c l ear  that NASA is a research  and 
deve l opment agency , and we expect that i ndustri a l  
i nterests wi l l  dec i de f rom the res u l ts o f  o u r  research  
what i s  comme rc i a l l y  v iab l e ,  and not the other way 
around . 

THE GROUND RESEARCH PROGRAM 

Th i s  workshop i s  bei ng he l d  to rev i ew i n  some detai l 
NASA ' s  current s c i enti f i c  base i n  the area of 
f undamenta l phys i c s  and chemi stry i nvesti gati ons as  we l l  
as i n  materi a l s and materi a l s proces s i ng .  Therefore , 
thi s paper wi l l  not dwe l l at great l ength on thi s area ; 
however ,  there a re severa l  poi nts that shou l d  be brought 
out as part of the overvi ew .  The f i rst is that we are 
currentl y  worki ng (as  noted above ) at 5 NASA Centers 
and , i n  add i t i on ,  at more than 50 un i vers i ti es 
th roughout the Un i ted States . Al l the proposa l s  for 
research  are peer revi ewed for sc i enti f i c  s i gn i f i canc e ,  
re l evance t o  the need o f  the mi c rograv ity envi ronment ,  
and the des i re of the i nvesti gator for eventua l 
spacef l i ght . Budgets and eng i neeri ng feas i bi l i ty a re 
a l so exami ned pri or to grant approva l . 

we have estab l i shed s i x  work i ng groups to hel p foc us 
the researc h  acti vi t i es of thi s Di v i s i on .  These s i x  
groups are Meta l s  and Al l oys , G l asses and Cerami c s , 
Bi otechnol ogy , E l ectron i c  Materi a l s ,  Combusti on Sc i ence , 
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and F l u id  Dynami c s  and Transport Phenomena . The purpose 
of these groups i nc l udes , but i s  not l imi ted to , the 
eva l uat ion of the spec i f i c  research areas and 
determi nati on of the rati ona l e  for mi c rogravi ty 
experiments ; the i ncorporati on of fundamental 
experiments i n  both phys i c s  and chemi stry i nto the tota l 
program ; and , the estab l i shment of pri ori ti es for 
fundamenta l i s sues wi th i n  each d i s c i p l i ne .  Membersh i p  
o n  the work i ng groups i nc l udes researchers f rom 
government , f rom uni vers i ti es , and f rom i ndustry . The 
work i ng groups have been del i beratel y kept sma l l i n  
order t o  provi de a n  envi ronment conduc i ve t o  hard 
dec i s i ons and recommendati ons . It i s  my p l an to 
estab l i s h ,  wi th i n  the next year ,  an overs i ght commi ttee 
of sen i or members to hel p gui de the tota l D iv i s i on 
acti v i ty .  

I n  add i t i on to these work i ng groups reporti ng 
d i rect l y  to the Di vi s i on ,  the Di v i s i on recei ves c ri t i ca l  
revi ew f rom a n  i nterna l NASA advi sory board known a s  the 
Space Appl i cati ons  Adv i sory Commi ttee ( SAAC ) , wh i c h  has 
establ i shed a Mi c rogravi ty Sc i ence and Appl i cati ons 
Subcommi ttee headed by Robert Sekerka of the 
Carnegi e-Mel l on Uni vers i ty .  

The Space Sc i ence Board of the Nat i ona l Research  
Counc i l  i s  c urrentl y  revi ewi ng a request f rom the 
Admi ni strator of NASA to estab l i sh a subcommi ttee of 
that Board a l so to prov ide overs i ght . 

F i na l l y ,  i n  the area of ground research , i� shou l d  be 
noted that we have ava i l ab l e and are currentl y  usi ng 
drop-tube fac i l i t i es and drop-tower fac i l i ti es at the 
Jet Propu l s i on Laboratory . Add i t i ona l l y ,  we are 
provi d i ng l ow-gravi ty experimenta l time aboard the 
KC-1 35 ai rp l ane , as  we l l  as a Learj et ,  wh i c h  i s  
avai l ab l e  a t  the Lewi s Research  Center .  

THE FLIGHT PROGRAM 

Havi ng once sati sfactori l y  compl eted a ground research  
program , an  experimenter proposes an experi ment for 
spacef l i ght . A wi de vari ety of i nstrumentat i on ,  l a rge l y  
based o n  sound i ng-rocket techno l ogy , i s  currentl y 
avai l ab l e  for use by the researchers . These i nstruments 
i nc l ude genera l -purpose furnaces , acoust i c  l ev i tators , 
d i recti ona l sol i d i f i cati on furnaces , and el ectrophores i s  
equi pment , both for conti nuous f l ow and i soe l ectri c 
focus i ng .  Add i ti ona l l y ,  an experi menter may propose the 
bui l d i ng of uni que i nstruments i n  order to provi de the 
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experi menta l data· des i red . Th i s  l atter s i tuati on i s  
l a rge l y  true i n  the areas of combusti on s c i ence and 
fundamenta l experimentati on i n  phys i c s  and chemi stry ,  as 
other papers i n  th i s  vol ume wi l l  desc ri be . We a l so have 
under cons i derati on a second-generati on set of equ i pment 
that has been proposed for deve l opment through the 
normal proposa l route . 

The current f l i ght program i s  based on the use of the 
Space Transportati on System ( Shuttl e ) . The Shutt l e  
provi des the capab i l i ty o f  performi ng experiments i n  an 
envi ronment of approximate l y  l o-4 g for peri ods up to 
1 0  days . Wi th i n  the Shuttl e ,  severa l  d i f ferent 
l ocati ons , each wi th a d i f ferent capabi l i ty for 
experi mentati on ,  exi st .  One of these l ocati ons i s  
ca l l ed the Mi ddeck Locker Fac i l i ty .  Experiments of 
approxi mate l y  10 X 1 7  X 20 i n3 and we i gh i ng up to 
60 l b  can be accommodated . Add i t i ona l l y ,  l arger 
mu l t i p l es can be accommodated through the use of adapter 
p l ates . The Mi ddeck Fac i l i ty i s  characteri zed by easy 
i nsta l l at i on of the equi pment,  access to the equi pment 
up to a day before l aunch , and a very s i mp l e  i nterface .  
Conversel y ,  however ,  the Mi ddeck has avai l ab l e  on l y  
about 300 W o f  powe r ,  and cool i ng i s  e i ther by the cab i n 
a i r or by spec i a l  coo l i ng apparatus wi th i n  the equi pment . 

Larger equ i pment can be ca rri ed i n  the Shutt l e  
Orb i ter Bay ; here severa l  opt ions a re avai l ab l e .  The 
f i rst and s i mp l est i s  the use of a Materi a l s  Experiment 
Assemb l y  ( MEA) , wh i c h  i s  a se l f -conta i ned hous i ng 
capab l e of carryi ng th ree expe riments 1 7  i n .  i n  
d i amete r ,  36 i n .  i n  l ength , and we i gh i ng a maximum of 
200 l b  eac h . The MEA provi des 32 kWh of energy through 
the use of batteri es and can rej ect up to 1 000 W of 
heat . The MEA was successfu l l y f l own as pa rt of the 
STS-7 payl oad i n  the s ummer of 1 983 and wi l l  be f l own 
agai n as  soon as  poss i b l e .  

A more advanced carri er ,  known a s  the Materi a l s  
Sc i ence Laboratory , i s  c urrent ly  be i ng bui l t  and i s  
expected to be f l own i n  1 985 . Th i s  carri er wi l l  provi de 
1 03 kWh of energy by p l ugg i ng i nto the Orb i ter power 
d i rect l y .  I t  wi l l  have acti ve cool i ng ava i l a b l e  to i t ,  
i ts own recordi ng system , a s  we l l a s  prov i d i ng a 
standard i nterface for experiments . It  wi l l  be capab l e 
of carryi ng a tota l payl oad we i ght of some 3000 l b ,  
wh i ch may be d i vi ded i nto th ree i nstruments or any 
combi nati on thereof . A second vers i on of th i s  carri er 
i s  c urrentl y  bei ng p l anned to a l l ow more f requent f l i ght 
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opportuni ti es starti ng i n  1 987 and through the advent of 
the Space Stati on .  

Another  opti on ava i l ab l e  to experimenters i s  th rough 
the use of the Spacel ab equi pment , ei ther wi thi n the 
modul e or on pa l l ets that requi re automati c equi pment . 
Spacel ab-1 , wh i c h  f l ew i n  November 1 983 , carri ed a 
vari ety of materi a l s process i ng experi mentati on provided 
by the European Space Agency . Space l ab-3 f l ew i n  Apri l 
1 985 , and carri ed a number of U . S .  i nstruments that 
a l l owed researc h  i n  the area of vapor c rysta l growth , 
sol uta l c rysta l  growth , and drop dynami c s . These 
i nstruments are c haracteri zed by l a rge s i ze and 
re l ati vel y  h i gh cost . At present , no further pi eces of 
equ i pment of thi s type have been proposed or are bei ng 
p l anned . 

What i s  i n  the p l ann i ng stage , however ,  i s  a seri es 
of Space l ab f l i ghts named the I nternat i onal Mi c rogravi ty 
laboratory . The concept of th i s  seri es  i s  to uti l i ze 
i nstrumentat i on that i s  avai l ab l e ,  not on l y  i n  the 
Uni ted States but i n  Europe and Japan as wel l .  Because 
money has been a constra i nt of the program ( and i t  i s  
anti c i pated that th i s  wi l l  cont i nue ) , the concept of the 
i nternat i ona l use of exi sti ng equi pment has generated a 
great dea l  of enthus i asm .  The f i rst I nternat i onal 
Mi c rogravi ty laboratory i s  expected to be f l own in 1 987 , 
wi th f l i ghts thereafter on approximatel y one-year 
i nterva l s .  

NASA has estab l i shed an ambi t i ous f l i ght program, 
whi c h ,  i f  vi gorous l y  pursued , i s  expected to ·l ead to the 
d i scovery of new and exc i ti ng resu l ts . However , we are 
see i ng a conti nuat i on of Shutt l e  operat i ona l probl ems 
that cause postponement of experi mental f l i ghts . Th i s  
has resu l ted i n  a de lay of data becomi ng avai l ab l e  to 
our researchers and i s  add i ng a f i nanc i a l  burden to an 
a l ready constra i ned budget . Whi l e  every ef fort i s  bei ng 
made to remedy th i s  s i tuati on ,  l ack  of f l i ght data poses 
a seri ous threat to the program . 

THE APPLICATIONS PROGRAM 

Whi l e  th i s  workshop i s  devoted pri mari l y  to a revi ew of 
the sc i ence base of the Mi c rogravi ty Program, it must be 
noted that the app l i cati ons part i s  an i ntegra l  area of 
acti v ity .  App l i cati ons i n  spac e ,  otherwi se known as  the 
Commerc i a l  Use of Space ,  has been c i ted by Pres i dent 
Reagan as  an area of great i nterest to the Uni ted 
States . As a resu l t ,  the NASA Admi n i strator recent l y  
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establ i shed a staff  of f i ce reporti ng di rect l y  to h im  to 
hand l e  a l l commerc i a l  acti vi ti es and , primari l y ,  to act 
as NASA • s  i nterface wi th the i ndustri a l  communi ty .  One 
important commerc i a l  area i s  expected to be that of 
materi a l s and materi a l s  proces s i ng .  

There are three types of arrangements that NASA has 
current l y  undertaken i n  cooperati on wi th an i ndustri a l  
partner .  These are the Joi nt Endeavor Agreement ( JEA) , 
the Techn ica l  Exchange Agreement ( TEA) , and the 
I ndustri a l  Guest Investi gator ( IGI ) . 

JEA i nvol ve l ow-gravi ty experiments wi th spec i f i c  
c ommerc i a l  goa l s ,  us i ng equ i pment bui l t  and funded by 
the commerc i a l  partner . NASA typi ca l l y  provi des 
l aunches i nto space and may use the commerc i a l  equi pment 
for i ts own resea rch . The commerc i a l  data may rema i n  
propri etary . I n  any event , there i s  no exchange of 
fund i ng , wi th the partners each payi ng the i r own share 
of the proj ect . 

TEAs a l l ow commerc i a l  i nvesti gators to work wi th NASA 
i nvesti gators i n  focused areas of app l i ed researc h ,  wi th 
essenti a l l y  no add i t i ona l i nvestment on the part of the 
commerc i a l  pa rtner .  Thi s research usua l l y  occurs before 
a space experiment has been determi ned necessary .  Under 
th i s  type of arrangement , the commerc i a l  partner may use 
NASA ground-based fac i l i t i es ( d rop tubes , drop towers , 
ai rc raft , and l aboratori es )  to support the dec i s i on 
whether to proceed wi th the next step . Aga i n  as  i n  the 
J EA ,  each. partner pays h i s own cost . 

IGI  pursue top i c s  of mutua l i nterests wi th NASA 
resea rchers at NASA fac i l i t i es , wi th thei r sal ari es and 
expenses pa i d  for by thei r commerc i a l  sponsors . 

At present , wi th i n  the area of Mi c rogravi ty Sc i ence 
and App l i cat i ons , we are work i ng on three JEAs : ( 1 ) 
wi th Mc Donne l l  Doug l as i n  the area of conti nuous -f l ow 
e l ectrophores i s ,  ( 2 )  wi th Mi c rogravi ty Resea rc h  
As soc i ates i n  the product i on o f  ga l l i um a rsen i de 
c rysta l s  us i ng e l ectroep i taxi a l  growth , and ( 3 )  wi th the 
3M Corporat i on i n  the area of d i f f us i ve c rysta l growth . 

Pos s i b l y  because of the l a rge i nvestment i n  equi pment 
requi red for the JEA ,  we have seen , over the past yea r ,  
on l y  a s i ng l e  new JEA negot i ated . A t  the same t ime , we 
have , or are current l y  negot i at i ng , 1 7  TEAs , a f i vefol d  
growth over the past yea r .  The conc l us i on that ma y  be 
drawn f rom th i s  growth i s  one of cauti ous i nterest on 
the part of the i ndustri a l  communi ty .  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a
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At present , we have no arrangements for IGi s ,  but we 
are negot fat f ng wf th two l a rge pharmaceutical  compani es 
for such a program f n  the area of protei n c rysta l 
growth . 

THE FUTURE PROGRAM 

Duri ng the summer of 1 984 , the Presi dent announced hf s 
dec f s f on to embark on the devel opment of a Space 
Stat t on . The future of the Mf c rogravf ty Sc i ence and 
App l i cati ons Df vf s f on f s  i nextri cab l y  t f ed to th f s  
deve l opment . One e l ement o f  that Space Stat t on wi l l  be a 
M1 c rograv1 ty Laboratory that i s  expected to provi de 
experi menta l equi pment for both s c i enti f i c  and app l i ed 
researc h . We are current l y  i nvol ved i n  the Space 
Stat i on Phase B stud i es ,  whi c h  wi l l  deter.i ne the 
requi rements of such a l aboratory for mi c rogravi ty 
researc h  i n  the 1 990s and beyond . I n i t i a l  study 
acti vi t i es have i nd i cated a need for spec i f i c  generi c 
type act f vi t f es as  we l l  as i nd i vi dua l  researc h  work . 
Tota l power expected to be ava i l abl e i s  on the order of 
60 kW . G l eve l s are expected at l o-5 or better .  Long 
durat i ons of extreme l ow gravity for the growth of 
u l trapure c rysta l s wf l l  become a rea l i ty .  I t  i s  our 
p l an to f l y  thi rd -generati on equ i pment on the Space 
Stat t on i nc l ud i ng equi pment for d i agnost i c s . However ,  
unt i l the resu l ts of  our  current f l i ght program become 
ava i lab l e ,  thf s des i gn wi l l  be deferred . Devel opment of 
the Space Statt on i s  expected to beg f n  i n  1 987 ,  wf th the 
1 n1 t 1 a l  operati ng capabi l i ty f n  1 992/1 993 . 

I n  preparati on for a Mf c rogravf ty Laboratory as part 
of the Space Stat i on ,  we have estab l i s hed at the Lewf s 
Researc h  Center a Materi a l s  Sc i ence Laboratory , wh f ch we 
expect to deve l op f nto a ground-based prototype . Th i s  
l aboratory , wh f c h  f s  expected to beg f n  operat i ons  f n  
1 985 , wi l l  conta i n  dup l i cates of our current f l i ght 
equ i pment as we l l  as  d i agnost i c  equ i pment . F l i ght 
equi pment wf l l  be upgraded to meet the requi rements of 
the researchers us f ng the fac f l f ty .  Th f s  fac i l i ty wf l l  
be open , at no charge , to i nterested NASA i nvest i gators , 
as  we l l  as  to the unf vers f ty and i ndustri a l  communi t i es . 
As the des i gn of the Space Stat i on progresses , thf s 
l aboratory wf l l  evol ve f nto a ground-based test bed that 
wf l l  enab l e  us to c heck des i gn as  wel l  as enhance the 
Space Stati on l aboratory i tse l f .  It  wf l l  provi de a 
prev i ew for those propos i ng i nvest igat i ons  as to 
capabf l f ty and poss f bf l f t i es aboard the Space Statt on . 
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SUMMARY 

In summary , the Materi a l s  Proces s i ng i n  Space Program, 
wh i c h  began i n  the 1 970s , has been reorgani zed i nto the 
Mi c rogravi ty Sc i ence and App l i cat i ons  Program . Th i s  
program i s  predi cated on a strong sc i ent i f i c ,  ground
based , research acti v i ty evo l v i ng i nto a focused f l i ght 
program that wi l l  return data of a fundamenta l and 
app l i ed nature . The NASA Center i nvol vement i s  strong 
and commi tted . F i na l l y ,  a program of Shuttl e f l i ghts i s  
p l anned , but the u l timate vehi c l e  for mi c rogravi ty 
experi mentati on i n  a l ow-g envi ronment wf l l  be the Space 
Stati on . 
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2 . OVERVIEW :  METALS AND ALLOYS 

Robert Naumann 
Department of Chemi stry 

Pri nceton Uni vers i ty 
Pri nceton , New Jersey 08544 

INTRODUCTION 

The research sponsored by the Mi c rogravi ty Sc i ence and 
Appl i cati ons Program i n  Meta l s  and Al l oys may be d i vi ded 
i nto ei ght categori es : coarseni ng and stabi l i ty of 
two-phase mi xtures , sol i d i f i cat i on of supercool ed me l ts ,  
a l l oy segregat i on ,  sca l i ng l aws , thermophys i ca l  
propert i es , meta l s  depos i t i on f rom sol ut i ons , convecti ve 
i nteracti ons , and technol ogi ca l  appl i cat i ons . These 
categori es were suggested by the Meta l s  and Al l oys 
Di s c i p l i ne Work i ng Group headed by Marty Gl i cksman . 
Thi s worki ng group ' s  f unction i s  to hel p NASA promote 
the use of mi c rogravi ty research to enhance fundamental 
understand i ng of the process i ng and properti es of meta l s  
and a l l oys , to communi cate to NASA and the research 
commun i ty the importance of mi c rogravi ty research i n  
meta l s  and a l l oys , and to i dent i f y  and hel p to establ i sh 
a sound ground-based sc i ence program that wi l l  stimu l ate 
appropri ate i nnovati ve f l i ght experiments . Th i s  work i ng 
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group i s  i n  the process of i dent i fyi ng key i s sues i n  the 
above categori es and eva l uati ng the exi sti ng research 
programs to deter.i ne how wel l  these i s sues are bei ng 
addres sed . Thi s process wi l l  resu lt  i n  recommendati ons 
to the Di rector of the Mi c rogravi ty Sc i ence and 
Appl i cati on program i n  terms of pri ori t i es and researc h  
areas that shou l d  b e  strengthened . Because of th i s  
ongoi ng act i v i ty ,  th i s  synops i s  wi l l  fo l l ow  the format 
devel oped by the worki ng group . It  wi l l  not be poss i b l e  
to d i scuss  each acti vi ty ,  so  on l y  the most s i gn i f i cant 
resu lts i n  each category wi l l  be menti oned . 

COARSENING AND STABILITY IN TWO-PHASE MI XTURES 

Severa l  ea rl y f l i ght experiments attempted to form f i ne 
d i spers i ons  f rom monotect i c systems and found that 
a l most comp l ete phase separat i on occurred even i n  the 
absence of buoyancy-d ri ven sed imentat i on and 
convecti on .  From the theory of c ri t i ca l -poi nt wett i ng 
deve l oped by Cahn , we now understand the i nstab i l i ty 
observed i n  these earl y experiments . Potard ( CENG , 
France )  demonstrated that thi s mass i ve phase separati on 
cou l d  be avoi ded by c hoos i ng a c ruc i b l e  materia l  that 
was preferent i a l l y  wet by the maj ori ty phase . However ,  
dropl et mi grati on in  a thermal gradi ent f rom 
thermocapi l l ary f l ows and pos s i b l y  other ef fects sti l l  
caused cQnsi derab l e  agg l omerat i on ,  and uni form, f i ne 
d i spers i ons cannot be formed unti l these ef fects a re 
understood and control l ed .  

Gel l es on STS-7 attempted to measure the amount of 
thermal mi grati on by hol d i ng a two-l i qui d-phase Al -90 
wt .  percent In mi xture i n  a thermal gradi ent . Contra ry 
to expectat i ons , the Al -ri c h  mi nori ty phase drop l ets 
mi g rated to the co l d end , wh i c h  i mp l i es that e ither the 
i nterfac i a l  energy i nc reases wi th temperature or that 
there are some sol uta l or other ef fects that are l a rger 
than the thermocap i l l ary effect . 

CONTAINERLESS STUDIES OF NUCLEATION AND UNDERCOOLING 

A number of undercool i ng experi ments have been conducted 
us i ng the 1 00-m evac uated drop tube at the Marsha l l 
Space F l i ght Center .  Nb a l l oys have been undercool ed i n  
excess  of 0 . 23 TM , and metastabl e phases such a s  the 
A-1 5 superconducti ng phase have been obta i ned in bu l k  
sampl es . However ,  the reca l escence heati ng causes 
trans i t i ons back to equi l i bri um phases unl ess the 
samp l es are rapi d l y  quenched . 
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Col l i ngs ( Batte l l e-Col umbus ) rapi d l y  sol id i f i ed a 
seri es of austen i t i c , fcc-structured , nonmagneti c 
stai n l ess  steel sampl es both by the hamner and anvi l 
method and by impac t i ng a quench p l ate after f ree fa l l 
i n  the drop tube . The rapi d  sol i d i f i cati on traps some 
of the metastabl e bee -structured , de l ta-ferri te magneti c 
phase . However , Col l i ngs found that the drop-tube 
sampl es of Ni troni c  40 , wh i c h  undercool ed before 
quenchi ng ,  contai ned 86 percent of the del ta-ferri te 
phase , whereas the hamner and anvi l sampl es contai ned 
on l y  40 perc ent . Thi s i ndi cates that metastabl e  phase 
formati on can be promoted by deep undercool i ng before 
quench i ng .  

Progress  i s  bei ng made i n  deve l opi ng techni ques to 
e l imi nate heterogeneous nuc l eati on s i tes f rom me l ts . 
Spaepen ( Harvard ) has found , for exampl e ,  that a mol ten 
oxi de f l ux ,  8a203 , is more effecti ve than vacuum 
me l ti ng i n  the preparati on of bu l k  meta l l i c  g l ass  f rom 
Pd4oNi 20P20 · 

A mi c rogravi ty experiment i s  bei ng prepared by 
Gl i cksman ( RPI ) to test h i s theory of dend ri te growth at 
l ow  undercoo l i ngs . At smal l deg rees of undercoo l i ng , 
c onvecti on p l ays a s i gn i f i cant rol e  i n  dend ri te growth , 
and an unamb i guous test of the theory i s  d i f f i c u l t  i n  
uni t  gravi ty .  

Johnston ( MSFC ) has compared dendri te growth i n  
mi c rogravi ty wi th that i n  un i t  gravi ty for both 
transparent model systems ( NH40H + H20)  and i n  
.eta l s .  She has found that the secondary a na  spac i ng 
tends to be l a rger i n  mi c rogravi ty .  The reason for th i s  
i s  not yet understood . 

An Au-Ge samp l e  sol i d i f i ed on Skylab  was reported to 
have a superconduct i ng trans i t i on at 1 . 5 K ,  whereas the 
ground control  samp l e  exh i b i ted no superconducti v i ty .  
Chu ( U .  Houston ) recentl y remeasured the Skyl ab samp l e  
and found n o  superconduc t i vi ty .  However ,  he found that 
spl at-quenched Au-Ge had two superconduct1 ng tran s i t i ons 
at 1 . 6 K and at 2 . 4 K .  These superconduct 1 ng phases are 
.etastab l e ,  and the 2 . 4 K phase exi sts on l y  for a few 
hours at 300 K .  However ,  the 1 . 6 K phase pers i sts for 
severa l  weeks .  Add i t i ona l experiments are in  progress 
us i ng the MSFC drop tube and drop tower to obta i n  more 
i nformati on on th i s  pecu l i a r  set of res u l ts . 

ALLOY SEGREGATION 

Larson ( Grumman Aerospace )  obta i ned an unusua l l y  h i gh 
magnet i c coerc i vi ty on h i s Mn8 i -8i samp l e  that was 
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d i recti ona l l y  sol i d i f i ed on the Apol l o-Soyuz f l i ght . 
Th i s  h i gh magnet i c  coerc i vi ty was l ater found to be the 
resu l t  of a much f i ner eutecti c rod structure obtai ned 
on the f l i ght sampl e as compared wi th the ground control  
sampl e .  Subsequent experi ments on  sound i ng rockets have 
conf i rmed th i s  resu l t ,  wh i c h  i s  contrad i ctory to the 
Jackson and Hunt theory of eutecti c sol i d i f i cati on . 

Frazi er ( MSFC ) has devel oped vari ous transparent 
organ i c  systems that are ana l ogs  of monotect i c  meta l l i c 
syste.s . One such system, suc c i noni tri l e/H20 ,  can be 
made i sopyc n i c  at sel ected temperatures by add i ng 
amounts of D20 .  Us i ng such systems , phase separati on 
can be observed d i rectl y  and the vari ous .echani sms 
stud i ed .  One i nterest i ng resu l t  found by Kauk l er ( UAH ) 
was that the i nterface of thi s system, when sol i d i f i ed 
on a thermal grad i ent stage of a mi c roscope , resemb l es a 
batch of growi ng mush rooms . The sta l k s  do not fol l ow  
the heat f l ow  but tend to twi st about . They are capped 
by a bubb l e  of l i qu i d ,  wh i ch occas i ona l l y  pops off and 
moves rapi d l y  away ,  dri ven by Marangoni convecti on . The 
exact nature of th i s  behavi or i s  sti l l  bei ng ana l yzed , 
but i t  i s  suspected that thi s i s  the resu l t of the fact 
that the sol i d • s  c ri t i ca l  wett i ng te.perature is be l ow  
the monotecti c temperature . Th i s  wou l d  prevent the 
format i on of a stab l e  trij unct ion between the two l i qu id  
phases and the monotect i c  sol i d . 

SCALING LAWS 

I n  add i t i on to the prev i ous l y  desc ri bed work of 
Gl i cksman , who i s  attempt i ng to veri fy sca l i ng l aws for 
dendri ti c growth , and by Larson , who d i scovered a 
departure f rom the wel l -known �v2 • constant l aw of 
Jackson and Hunt , an effort i s  bei ng made by Langer and 
others at the Inst i tute for Theoret ica l  Phys i c s  ( ITP) , 
Santa Barbara , to appl y vari ous pattern formati on 
theori es to the dendri te-formati on prob l em .  Th i s  
i nsti tute i s  fosteri ng i nteract i ons  between theoreti ca l  
phys i c i sts and materi a l  s c i ent i sts i n  order t o  i denti fy 
probl ems of common i nterest in wh i c h  some of the 
powerfu l  theoret ica l  approaches devel oped for other 
branches of phys i c s  may be app l i ed to prob l ems i n  
materi a l s  sc i ence . Progress  i s  a l so bei ng made i n  
advanc i ng the Ostwa l d  ri pen i ng theory to account for 
f i n i te vol ume f racti ons of second-phase materi a l  and to 
coup l e  th i s  wi th nuc l eat i on theory to desc ri be the 
prec i p i tat i ng phase format i on and structure 1n a l l oys . 
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Interact i ons between the Nati ona l Bureau of Standards 
( NBS) and vi s i ti ng sc i enti sts at ITP have a l so resu l ted 
i n  the i dent i f i cat i on of a uni que structure i n  rap i d l y  
quenched Al -1 4  percent Mn . Thi s  materi a l  has l ong-range 
d i rected bonds wi th i cosahedra l  symmetry ,  whi ch does not 
a l l ow  the formati on of a regul a r  structure but i nstead 
fonas a quasi -peri od i c  structure that i s  nei ther 
amorphous nor c rysta l l i ne .  

THERMOPHYSICAL PROPERTIES 

The Mi c rogravi ty Sc i ence and App l i cati ons Program has 
prompted many ef forts to measure then.ophys i ca l  
propert i es . These efforts are moti vated by the 
opportuni ty to make uni que h i gh-temperature measurements 
us i ng the conta i nerl ess methods pos s i b l e  i n  a 
mi c rograv ity envi ronment and by the need for such 
measurements to support the devel opment of other 
experiments to be done in mi c rogravi ty .  

Margrave ( Ri ce )  and Bonne l l  ( NBS) have devel oped 
e l ectromagneti c  l ev i tati on methods coupl ed wi th 
e l ectron-beam heati ng and drop ca l ori metry to obta i n  
heats o f  fus i on , heat capac i t i es , and entha l py functi ons 
for vari ous ref ractory materi a l s .  They have reported 
the f i rst d i rect  measurements of l i quid  W and have found 
that heat capac i t i es for l i qui d Ag and 6a exceed the 3R 
equ i part i t i on va l ue and are constant over a wide range 
of temperatures . Why th i s  i s  the case i s  not yet 
understood . Tri nh ( J PL) has deve l oped contai nerl ess 
techni ques for obta i n i ng vi scos i ty and surface tens i on 
of mol ten materi a l s .  Th i s  wou l d  be espec i a l l y  i mportant 
for h igh ly  corros i ve me l ts whose surfaces wou l d  be 
c ontami nated by contact wi th c ruc i b l e  wa l l s .  

Cerza i rl i yan ( NBS) us i ng a l i quid  bri dge technique , 
obta i ned dynami c measurements of se l ected then.ophys i ca l  
propert i es o f  mo l ten meta l s .  Rods of the materi a l  of 
i nterest are me l ted by the passage of a heavy d i rect 
c urrent duri ng the l ow-g parabol a  of a KC-1 35 f l i ght . 
Thermophys i ca l  propert i es , such  as heat of fus i on ,  heat 
capac i ty ,  and e l ectri ca l  res i st i v i ty ,  are obtai ned as a 
f uncti on of temperature . I n  the f i rst test the l i quid  
zone co l l apsed at a superheat of 50  K .  Whether th i s  
co l l apse was the resu l t  o f  a g spi ke o r  a hyd rodynami c 
i nstabi l i ty i s  not c l ear .  Add i t i ona l tests are p l anned 
wi th the obj ecti ve of extend i ng the superheat to 200 K 
wh i c h  can be atta i ned duri ng a l ow-g parabo la  on the 
KC-1 35 . 
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Hardy ( NBS) has measured the surface tens i on of pure 
mol ten s i l i con wi th suf f i c i ent prec i s i on over a wi de 
temperature range to obtai n ,  for the f i rst t ime , an 
accurate determi nat i on of the variati on of surface 
ten s i on wi th temperature . Th i s  property i s  an essenti a l  
parameter for the pred i ct ion o f  Marangon i convect ion i n  
f l oat-zone proces ses . Stroud ( Oh i o  State ) has deve l oped 
techni ques for comput i ng thermophys i ca l  properties , 
i nc l ud i ng surface tens i on ,  f rom f i rst pri nc i p l es by 
combi n i ng the stati sti ca l -mechan i ca l  theory of the 
l i quid  state wi th an e l ectron i c  pseudo-potentia l  theory 
of e l ectrons i n  meta l s . The theory can be extended to 
i nc l ude i mpuri ty ef fects on surface tens i on and to 
obta i n  sol i d -me l t  i nterfac i a l  energ i es . Th i s  l atter 
property i s  d i f f i c u l t  to measure experimenta l l y  and i s  
c ruc ia l  i n  estimati ng maximum undercoo l i ng and for 
testi ng the vari ous homogeneous nuc l eat i on theori es . 

Vari ous techn i ques have been deve l oped for measuri ng 
d i f f us i on coef f i c i ents and thermal d i f f us i v i t ies  for 
a l l oy systems to be used in  f uture mi c rogravi ty 
experi ments . These propert i es are needed to des i gn 
vari ous d i recti ona l sol i d i f i cati on and c rysta l -growth 
experi ments . A l aser pu l se method has been used to 
measure the d i f f us i v i ty of HgxCd l -xTe in the me l t  
over a va ri ety o f  x va l ues . Th i s  measurement i s  
d i f f i c u l t  because the vapor pres sure a t  the me l t i ng 
poi nt i s  on the order of 1 00 atm . An order-of -magni tude 
i nc rease 

·
i n  d i f f u s i v ity was found to occur  as  the 

materi a l  me l ts .  Th i s  i nc rease can seri ous l y  a l ter the 
heat f l ow and warp the sol i d i f i cati on i nterface as  the 
heat carri ed by the me l t  must be transferred to the 
ampou l e  wa l l .  

DEPOSIT ION OF METALS FROM IONIC  SOLUT IONS 

Th i s  appears to be a promi s i ng a rea for mi c rogravi ty 
research  s i nce  thermo-sol uta l convecti on i s  v i rtua l l y  
a lways i nvo l ved i n  s uch  processes . Currentl y ,  the on l y  
acti ve program i n  th i s  a rea sponsored by the 
Mi c rogravi ty Prog ram i s  the work of Sadoway ( MIT ) . 
Sadoway i s  us i ng l aser sch l i eren opt i ca l  techn i ques to 
corre l ate f l ow patterns wi th ce l l e l ectri cal  performance 
and p lat i ng morphol ogy . Transport-l i mi ted depos i t i on 
can be achi eved us i ng f l at e l ectrodes arranged so that 
the sol uta l grad i ent stabi l i zes the convecti ve f l ow .  
Such a conf i gurati on genera l l y  produces a rough 
dendri t i c  s urface s i nce  meta l i ons  attach at the 
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f i rst avai l ab l e s i te ,  usua l l y  the h i ghest poi nt . Thi s  
i s  ana l ogous to dendri t i c  growth i n  undercool ed me l ts . 
Lami nar f l ows a l ong the surface tend to produce 
dendri tes that g row i n  the d i rect ion of the f l ow .  
Turbu l ent f l ows tend to produce powdery depos i ts wi th 
entra i ned e l ectrol yte . 

CONVECTIVE INTERACTIONS 

Brown ( MIT)  has ana l yzed the ef fects of convecti ve f l ows 
p roduced by rad i a l  thermal grad i ents i n  Bri dgman-type 
di rect i ona l sol i d i f i cati on of bi nary a l l oy systems . 
Even wi th a sol uta l l y  stab l e  l ayer formed by the 
rej ecti on of a denser component at the i nterface ,  he 
shows that s i gn i f i cant rad i a l  segregat i on wi l l  resu l t  
un l ess  the therma l Rayl e i gh number  i s  be l ow 1 02 .  Thi s  
means that such segregat i on i s  v i rtua l l y  impos s i b l e  to 
avo id  i n  Earth • s  grav ity .  

Cori e l l and co�orkers ( NBS) have stud i ed the nature 
of such f l ows and thei r i nteract i ons  wi th the 
sol i d i f i cati on i nterface .  They have shown that strong 
coup l i ng can occur  between such f l ows and the i nterface 
shape . l i near stabi l i ty ana l ys i s  for f l ows para l l el to 
an i nterface has pred i cted i nstabi l i t i es that agree wi th 
experimenta l resu l ts of Gl i cksman ( RPI ) , who f i rst 
observed these coup l ed modes i n  a vert i ca l  co l umn of 
mol ten suc c i non i tri l e  s urrounded by a sol i d  annu l us of 
the sol i d . 

Pi ri c h  ( Grumman Aerospace)  has shown that the res u l t  
o f  Larson • s  space experiment wi th MnBi /Bi eutecti c can 
be essentia l l y  dup l i cated by app l yi ng a strong magnet i c  
f i e l d . Th i s  tends to  conf i rm  that l ower convec t i on i s  
i ndeed respons i b l e  for the f i ner rod formati on observed 
by Larson . What rema i ns as a puzzl e ,  however ,  i s  that 
experiments wi th convecti on agree wi th the Jackson and 
Hunt theory , wh i ch i s  based on d i f f u s i on as the on l y  
transport mechan i sm ,  whereas experiments wi th l owe r  
convect i on ( magnet i ca l l y  damp l ed or i n  reduced gravi ty) 
devi ate f rom the theory . 

TECHNOLOGICAL APPLICATIONS 

Curreri ( MSFC ) has d i recti ona l l y  sol i d i f i ed vari ous cast 
i ron compos i t i ons  duri ng the mu l t i p l e  l ow-gravi ty 
parabo las  f l own by the KC-1 35 . The l ow-gravi ty time 
a vai lab le  a l l ows the  sol i d i f i cati on of on l y  1 -2 mm of 
materi a l  in  l ow  g fol l owed by severa l  mi l l imeters 
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so l i d i f i ed i n  2 g .  Th i s  i s  coordi nated wi th Deere and 
Company • s  researc h  program to study the i nf l uence of 
convect ion and other process i ng parameters on the 
graph i te morpho l ogy that determi nes the i ron • s  
structura l  propert i es and mach i nabi l i ty .  These 
experi ments are bei ng done as part of a Techn i cal  
Exchange Agreement between Deere and NASA , and a JEA i s  
be i ng deve l oped to extend th i s  research to Shuttl e 
experiments . 

Deere i s  a l so work i ng wi th the NBS to obta i n  accurate 
therma l  propert ie s  on va ri ous types of mol ten cast i ron 
to use wi th thei r thermal mode l i ng ef fort .  Wi th new 
soph i st i cated computer techni ques , heat f l ow and 
sol i d i f i cati on may be computed for compl i cated casti ngs , 
wh i ch are i mportant for the pred i ct i on of thei r phys i ca l  
properties . The needed thermophys i ca l  data ma y  requ i re 
l ow-grav i ty experiments to e l i mi nate convecti ve effects . 

Johnston ( MSFC ) and Curreri have a l so i nvest i gated 
the sol i d i f i cati on of MAR-M 246 i n  the d i recti ona l 
sol i d i f i cati on f urnace f l own on the KC-1 35 . Th i s  
comp l ex a l l oy has a large number of components wi th a 
wi de vari ety of dens i t i es . Mac rosegregati on i s  
s i gn i f i cant duri ng sol i d i f i cat i on i n  Earth • s  gravi ty .  
They are f i nd i ng i nteresti ng c hanges i n  mi c rostructure 
i n  the port i on sol i d i f i ed i n  l ow g s uch  as  vari ati ons i n  
dendri te a rm  spac i ng and i n  the amount and morpho l ogy of 
the carbi.de  format i on .  A Shutt le  experi ment 1 s  bei ng 
deve l oped to extend the ava i l ab l e l ow-gravi ty t i me  so 
that enough samp l e  can be produced to determi ne i f  these 
are tran s i ent or  steady-state effects and to obta i n  
suff i c i ent samp l e  for eva l uat i on o f  mechan i ca l  
propert i es . 

He l l awe l l ( Mi ch i gan Tec h )  has carri ed out experi ments 
to i nvesti gate the ori g i ns of the l ong vert i ca l  co l umns 
of sol ute-ri ch  me l t  that ari se i n  cast i ngs i n  order to 
determi ne what control s the i r spac i ng and d i ameters wi th 
the hope of deve l op i ng better control  strateg i es for 
i nh i b i t i ng th i s  ef fect . Us i ng transpa rent ana l og 
systems ( NH4C l  + H20)  and meta l l i c a l l oy systems 
( Pb-Sn ) , He l l awe l l  has found that the channel s do not 
ori g i nate from the dendri ti c growth f ront as mi ght be 
suspected , but i n stead appea r to res u l t  from 
l i qu i d-phase perturbat i ons  ahead of the growth f ront . 
Format i on of such  c hanne l s  can be i nh i b i ted by s l ow 
rotat i on about an i nc l i ned axi s .  The i nh i b i t i ng 
mechani sm i s  sti l l  bei ng ana l yzed . 
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3 .  METALS AND ALLOYS - THEORY 

S .  R .  Corri e l l 
Nat i onal  Bureau of Standards 
Ga i thersburg , Maryl and 20899 

Duri ng the f i rst-order phase transformat i on ,  the moti on 
of the i nterface between the two phases depends on the 
transport of heat and sol ute . For a l l oy sol i d i f i cat i on 
or  c rysta l g rowth f rom the mel t ,  the parent phase i s  a 
f l u i d  and the transport i s  by both d i f f us i on and 
c onvecti on .  For meta l l i c a l l oys , thermal d i f f us i vi t 1 es ,  
K ,  are four orders of magni tude greater than sol ute 
d i f fus i v i t 1 es , D ,  so that f l u i d  f l ow  has a much  greater 
ef fect on so l ute d i stri but i on than on the temperature 
f i e l d . The sol ute d i stri but i on at the c rysta l -me l t  
i nterface d i rect l y  detenmi nes the sol ute d i stri but i on i n  
the sol i d i f i ed materi a l  s i nce  d i f f us i on rates i n  the 
sol i d  are genera l l y  extreme l y  sma l l . 

The genera l  probl em of mathemat i cal  mode l i ng of  f l u i d  
f l ow  duri ng sol i d i f i cati on i s  c ha l l eng i ng s i nce  i t  
i nvol ves the non l i near Navi er-Stokes equat i ons and 
Stefan prob l em ,  i . e . , the boundary cond i t i ons  on the 
temperature , concentrat i on ,  and f l ui d  f l ow  f i e l d s  are 
spec i f i ed at the sol i d -l i qu i d  i nterface whose pos i t i on 
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i s  unknown . The temperature , concentrat i on ,  and f l ui d  
f l ow f i e l d s  are not on l y  coup l ed through the convecti ve 
and buoyancy terms i n  the f i e l d  equat i ons  but a l so 
th rough the boundary cond i t i ons  at the sol i d- l i qu i d  
i nterfac e .  These boundary cond i t i ons  d i rect l y  coup l e  
the temperature and sol ute f i e l d , s i nce  the me l t i ng 
poi nt depends on compos i t i on ,  and i nd i rect l y  coup l e  the 
f l u i d  f l ow f i e l d  to the temperature and concentrati on 
f i e l d ,  s i nce  the pos i t i on of the i nterface i s  determi ned 
by these f i e l d s . Further,  the rol e  p l ayed by the 
sol i d-l i qu i d  surface energy requi res ca l c u l at i on of the 
mean c urvature of the sol i d-l i qu i d  i nterface .  For 
meta l s  and semi conductors , the Prandt l number 
( Pr = v/K where v i s  the  k i nemati c v i scos i ty )  is  of 
the order of l o-2 and the Schmi dt number  ( Sc • v/D ) i s  
of the order of 1 02 ; these pa rameters i nd i cate wi de l y 
d i fferent l ength and t ime sca l es for mass , momentum ,  and 
energy transport and may cause add i t i ona l numeri cal  
prob l ems . 

Di recti ona l sol i d i f i cati on of a b i nary me l t  to form a 
s i ng l e -phase sol i d  at constant ve l oc i ty V i s  most 
amenab l e  to theoret i ca l  ana l ys i s  and i s  a good 
approx i mat i on to d i recti ona l sol i d i f i cati on experiments 
i n  wh i c h  there i s  uni form re l ati ve moti on of the samp l e  
and i ts therma l envi ronment . S i nce the sol ute 
concentrat i on of l i qu i d  i s  usua l l y  qui te d i f ferent f rom 
that of a so l i d  wi th wh i ch i t  i s  i n  equ i l i bri um , there 
i s  e i ther rej ect i on or preferent i a l  i ncorporat i on of 
sol ute by the sol i d  at a movi ng c rysta l -me l t  i nterface . 
Th i s  res u l ts , for a qui escent l i qui d ,  i n  an exponenti a l  
concentrati on grad i ent that extends ahead o f  the 
i nterface wi th a characteri sti c d i stance of D/V . The 
temperature g rad i ent i s  a l so exponent i a l  wi th 
characteri sti c d i stance K/V ; howeve r ,  K/V i s  u sua l l y  
suf f i c i ent l y  l arge that the temperature grad i ent i s  
essent i a l l y  constant wi th i n  each  phase . 

I f  the c rysta l -me l t  i nterface i s  p l anar and there i s  
no f l ui d  f l ow i n  the me l t ,  then at steady state the 
sol i d i f i ed materi a l  wi l l  have a un i form sol ute 
d i stri but i on .  Even i n  the absence of  convect i on , i t  i s  
wel l known that for suf f i c i ent l y  h i gh sol ute 
concentrat i ons  the c rysta l -me l t  i nterface wi l l  be 
unstabl el and deve l op i nto a ce l l u l a r  or dend ri t i c  
i nterface wi th l atera l  so l ute seg regati on 
(mi c rosegregat i on ) . For sma l l  sol i d i f i cati on ve l oc i t i es 
( typ i ca l l y  l ess  than l o-2 cm/s ) ,  an exc e l l ent 
approxi mat i on to the stab i l i ty c r i teri on i s  the mod i f i ed 
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consti tuti onal s upercool i ng cr iteri on , i . e . , the p lanar 
i nterface is stab l e i f  

6*/(mGc ) > 1 

wi th 

6* = ( ks6s + kL6L ) / ( ks + kL ) •  

where kl and ks are thermal conducti v i t ies of l iqui d 
and sol i d , respecti vel y ,  6L and 6s a re unperturbed 
temperature grad i ents at the i nterface i n  the l iqui d and 
sol i d , respecti ve l y ,  m 1 s  the c hange i n  me l t i ng 
temperature wi th sol ute concentrat i on ,  and 6c i s  the 
unperturbed sol ute g rad i ent at the i nterfac e  in the 
l iqui d . The product mGc i s  a lways pos i ti ve ,  even 
though so l utes can e i ther ra i se or l ower the me l ti ng 
temperature . Bas i ca l l y ,  pos i t i ve temperature g rad i ents 
a re stabi l i z i ng wh i l e  the sol ute grad i ent i s  
destabi l i z i ng .  Another stabi l i z i ng i nf l uence , not 
evident in the equat i ons , i s  the sol i d-l i qu i d  surface 
f ree energy , wh i ch tends to mi n imi ze i nterfac i a l  area . 
At sma l l vel oc i ti es ,  the surface energy has a neg l i g i bl e  
effect  on the stabi l i ty cr i teri on but pl ays an i mportant 
rol e  i n  deterMi n i ng the wavel ength � at the onset of 
i nstabi l i ty ; typi ca l l y  these wavel engths are in the 
range 1 -1 00 � and dec rease wi th i nc reas i ng ve l oc i ty .  

Recentl y ,  there has been renewed theoret i ca l  i nterest 
i n  the non l i near aspects of the morpho l og i es that occur  
duri ng d i recti ona l so l i d i f i cati on . For i nterface shapes 
that do not d i f fer  too much  f rom pl anari ty , the f ree 
boundary prob l e. may be hand l ed by means of l i near 
s tabi l i ty ana l ys i sl and non l i near expans i on 
techniques . 2 H i gh-speed computers have made pos s i b l e  
numeri ca l ca l c u l at i ons  o f  nonp l anar i nterfac e  
morpho l og i es that d i f fer  s i gn i f i cant l y  f rom 
p l anari ty . 3 , 4  Si nce ce l l u lar  spac i ng are genera l l y  
orders o f  magnitude sma l l er  than samp l e  d i men s i ons , 
computati onal  doma i ns wi th peri od i c  boundary cond i t i ons  
correspond i ng to  wave l engths of anti c i pated ce l l 
spac i ngs are used . I n  genera l , i t  i s  pos s i b l e  to f i nd a 
fami l y  of steady-state sol uti ons  ( i nterface shapes , 
temperature , and concentrat i on f i e l d s )  for a range of 
wave l engths . The fundamenta l prob l em of wavel ength 
se l ecti on has been l ong-stand i ng and i s  j ust  beg i nn i ng 
to be understood . s 
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Steady-state two-d imens i ona l i nterface shapes and 
i nterface concentrati ons are shown i n  F i gure 3 . 1 . The 
three ca l cu l at i ons4 correspond to bu l k  a l l oy 
concentrat i ons that exceed the c ri ti ca l  concentrati on 
for i nstabi l i ty by 0 . 5 ,  4 . 0 ,  and 1 3 . 0  percent . The ce l l 
groove deepens , and accompanyi ng sol ute segregat i on 
i nc reases rap i d l y  as the bu l k  concentrat i on i s  ra i sed .  
Recent work by Ungar and Brown& successfu l l y  fol l ows 
the evo l uti on of ce l l s  to groove depths of up to 1 5  
t imes thei r wave l ength . A non l i near stabi l i ty ana l ys i s  
o f  three-d i mensi ona l ce l l s  has recentl y  been carri ed out 
by Sri ranganathan et a 1 . 2 i n  an attempt to understand 
the c omp l ex morphol og i es that have been observed 
experi menta l l y .  For examp l e ,  i n  l ead -antimony a l l oys7 
the i nterface morpho l ogy at the onset of i nstabi l i ty 
depended on c rysta l l ograph i c  ori entat i on ;  nodes 
( c i rc u l ar  wel l s  of l i qui d penetrat i ng i nto the c rysta l ) 
deve l oped when the growth d i recti on was nea r [ 1 00 ]  or 
[ 1 1 1 ] , wh i l e e l ongated ce l l s  devel oped near [ 1 1 0 ] . At 
h i gher degrees of i nstab i l i ty ,  regu l ar  ( hexagona l )  ce l l s  
devel oped . 

I t  i s  we l l  known that hori zonta l temperature and 
concentrat i on grad i ents g i ve ri se to buoyancy-dri ven 
f l u i d  f l ow . B In  order to mi n imi ze these hori zonta l 
grad i ents growth shou l d  be i n  the vert i c a l  d i recti on . 
For a normal l i qui d ,  wh i c h  expands on heat i ng , growth 
verti ca l l y  upward wi l l  ensure that i n  the absence of 
sol ute the l i qu i d  dens i ty wi l l  dec rease wi th hei ght . 
However ,  even for th i s  growth conf igurat i on ,  s i nce  
conta i ner wa l l s  are not perfect ly  ad i abat i c , the 
d i f ferences in thermal conduct i vi ty between c rysta l , 
me l t ,  and conta i ner and the l atent heat re l eased on 
f reez i ng wi l l  g i ve ri se to hori zonta l temperature 
grad i ents , resu l t i ng i n  f l ui d  f l ow .  The nature of th i s  
f l ow i n  prototype c rysta l -growth systems i s  beg i nn i ng to 
be understood through extens i ve numerica l  mode l i ng . 9 
For vert i c a l  growth i n  the absence of hori zonta l 
temperature and concentrat i on grad i ents , a moti on l ess  
sol uti on wi l l  forma l l y  sati s fy the f l u i d-f l ow equat i ons ; 
however ,  such a sol uti on i s  not necessari l y  stabl e and 
convecti ve i nstabi l i ty may occur .  

When both the  temperature and sol ute f i e l d s  
i nd i v i d ua l l y  cause the  dens i ty to  dec rease wi th he i ght , 
there i s  no poss i bi l i ty of convecti ve i nstabi l i ty .  
However ;  even i n  th i s  case , there can be undes i rabl e 
convect i ve effects . Duri ng measurements of ce l l 
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spac i ngs  i n  Al -6 wt .  percent Cu a l l oys , McCartney and 
Huntl O observed that the mac roscop i c i nterface was 
h i g h l y  c urved . Si nce the c urvature cou l d  be e l i mi nated 
by us i ng the ternary system A l -Mg-Si , wh i ch has a very 
l ow va l ue of the temperature deri vati ve of the l i qu i d  
dens i ty a l ong the l i qu i dus l i ne ,  convecti on appears 
i mportant i n  the stab l y  strat i f i ed Al -Cu system . 
Presumabl y ,  convecti on due to hori zonta l temperature 
g rad i ents i nteracts wi th the sol ute grad i ent to cause a 
nonun i forM sol ute concentrati on at the i nterface . 

I f  a sol ute that i s  rej ected at the c rysta l -me l t  
i nterface dec reases the dens i ty o f  the me l t  o r  a sol ute 
that i s  preferenti a l l y  i ncorporated at the c rysta l -me l t  
i nterface i nc reases the dens i ty o f  the me l t ,  then the 
sol ute f i e l d  i n  the absence of a temperature grad i ent 
wi l l  cause the l i qu i d  dens i ty to i nc rease wi th he i ght 
duri ng growth verti ca l l y  upward , and there i s  the 
poss i bi l i ty of c onvect i ve i nstabi l i ty .  The unperturbed 
stat i c  dens i ty prof i l e  due to both temperature and 
c oncentrati on vari ati on i s  of l i tt l e  uti l i ty i n  
predi cti ng the onset o f  convect ion s i nce  one can have a 
stat i ca l l y  unstab l e  dens i ty prof i l e  wi thout convecti on 
and a stati ca l l y  stab l e  dens i ty prof i l e  wi th 
c onvect i on .  The l atter case of convect ion ,  even though 
the l i qu i d  dens i ty dec reases wi th he i ght , i s  a feature 
of doub l e  d i ffus i ve convect ion and ari ses owi ng to the 
d i f ference  in d i f f us i v i ti es of the two d i ffus i ng 
spec i es ,  v i z . , so l ute and heat . l l  The resu l ts of 
l i near stab i l i ty ana l ys i s1 2 of comb i ned morpho l og i ca l  
and doub l e  d i ffus i ve convecti ve i nstabi l i t i es are shown 
i n  F i gure 3 . 2  for the growth vert i ca l l y  upward of l ead 
conta i n i ng t i n  wi th a temperature g rad i ent i n  the l i qu i d  
o f  200 K/cm f o r  three d i f ferent constant grav itati ona l 
accel erat i ons . The system i s  unstab l e  for t i n  
concentrat i ons c. above the curves . The upper l i ne 
wi th negat i ve s l ope represents the onset of 
morpho l og i ca l  i nstabi l i ty and i s  essent ia l l y  i ndependent 
of the gravi tati ona l accel erat i on .  The three c urves 
l abe l ed wi th va l ues of the gravi tati ona l accel erati on 
represent the onset of convecti ve i nstabi l i ty and are 
very sens i t i ve to the g ravi tati ona l accel erat i on .  For 
t i n  concentrati ons bel ow the dashed-dot curve the stati c  
l i qu id  dens i ty dec reases wi th he i ght . Extreme l y  sma l l  
amounts of so l ute can cause convecti ve i nstabi l i ty i n  
experiments on  Earth , e . g . , at  a growth vel oc i ty of 
1 pm/s the c r i t i c a l  ti n concentrat i on i s  3 . 2xl o-4 wt .  
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percent . Add i t i ona l ca l c u l at i ons  for a growth ve l oc i ty 
of 1 pm/s show that a vert i ca l  magnet i c f i e l d  of 1 tes l a  
i nc reases the c ri t i ca l  concentrat i on by a n  order of 
magni tude . 

The behavi or of the convecti ve stabi l i ty c u rves shown 
i n  F i gure 3 . 2  can be qua l i tat i ve l y  understood by 
recogn i zi ng that the re l evant l ength sca l e  i s  the 
d i f fus i on d i stance  D/V . The thermal Ray l e i gh number Ra 
i s  then proporti ona l to 6L( D/V ) 4 and the sol uta l 
Ray l e i gh number i s  proport i ona l to 6c ( D/V) 4 or , 
equ i va l entl y ,  c.( D/v ) 3 . For f i xed GL and l a rge 
growth ve l oc i t i es the therma l  Rayl e i gh number becomes 
very sma l l  and stab i l i ty i s  determi ned by a ba l ance of 
the destabi l i zi ng sol ute f i e l d  and the stabi l i zi ng 
v i scous forces ; i nstab i l i ty occurs when the sol uta l 
Rayl e i gh number  exceeds about 1 0 . 1 3  For smal l growth 
ve l oc i t i es the thermal Rayl ei gh n umber i s  l arge , and 
stabi l i ty i s  determi ned by a ba l ance of the 
destabi l i z i ng sol ute f i e l d  and the stabi l i z i ng thermal 
f i e l d ; the  sol uta l and thermal Ray l e i gh numbers are 
rough l y  compa rabl e .  

The coup l i ng between morphol og i ca l  and convecti ve 
modes of i nstabi l i ty i s  rather weak except near the 
concentrat i ons  and ve l oc i t i es at wh i c h  the morpho l og i ca l  
and convect i ve c u rves c ross i n  F i gure 3 . 2 .  I n  the 
v i c i n i ty of th i s  c ros s i ng ,  i nstabi l i t i es that are 
osc i l l atory i n  t i me may occ ur .  

In  order to  determi ne the  extent of sol ute 
segregat i on and the nature of the f l ow f i e l d  caused by 
doub l e  d i f f us i ve convect ion d uri ng d i rect i ona l 
sol i d i f i cati on , the t ime-dependent non l i near 
d i f ferenti a l  equati ons for f l u i d  f l ow ,  concentrat i on ,  
and temperature have been sol ved numeri cal l y  i n  two 
spat i a l  d i mensi ons for sma l l Prandt l  numbers and l a rge 
Schmi dt numbers . 1 4  For s l ow sol i d i f i cat ion 
ve l oc i ti es , the thermal f i e l d  has an i mportant 
stabi l i z i ng i nf l uenc e :  near the onset of i nstabi l i ty 
the f l ow  1 s  confi ned to the v i c i n i ty of the c rysta l -me l t  
i nterface . Further ,  for s l ow ve l oc i t i es , a s  the 
concentrat i on i nc reases , the hori zonta l wavel ength of 
the f l ow dec reases rap i d l y--a phenomenon a l so i nd i cated 
by l i near stabi l i ty ana l ys i s .  For a narrow range of 
sol uta l Ray l e i gh numbers and wave l engths , the f l ow  i s  
peri od i c  i n  t ime . 

The steady-state stream f unct i on and sol ute f i e l d  as 
a funct i on of pos i t i on for a semi conductor me l t  ( Sc hmi dt 
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nUMber of 1 0  and Prandtl number of 0 . 01 )  i s  shown i n  
F i gure 3 . 3 .  The c rysta l -me l t  i nterface , assumed p l anar 
i n  the ca l cu l at i ons , i s  l ocated at the bottom of the 
f i gures , and the i nterface concentrati on vari es about 60 
percent a l ong the i nterface . For th i s  ca l c u l ati on ,  the 
thenmal Rayl e i gh number i s  l arge and the sol uta l 
Rayl e i gh number exceeds the c ri t i ca l  so l uta l Ray l e i gh 
number for the onset of convect ion by on l y  30 perc ent so 
that the f l ow  i s  conf i ned to the v i c i n i ty of the 
c rysta l -me l t  i nterfac e . The maximum f l ow  ve l oc i t i es are 
rel at i ve l y  sma l l . For examp l e ,  for a l ead -t i n  a l l oy at 
a g rowth vel oc i ty of 2 . 0  pm/s and a l i qu i d  temperature 
g radi ent of 200 K/cm , the maximum f l ow  ve l oc i ty was 
1 7 . 0 pm/s when the bu l k  concentrat i on exceeded the 
c ri t i ca l  concentrati on for i nstab i l i ty by a factor of 
4 . 3 .  However ,  th i s  f l ow  ve l oc i ty i s  suff i c i ent to cause 
a 30 percent variati on in the sol ute concentrati on at 
the c rysta l -me l t  i nterface . 

We d i scuss  bri ef l y  a few experiments that demonstrate 
the ef fects of convec t i on duri ng d i rect i ona l 
sol i d i f i cati on . Boetti nger et a 1 . 1 5  stud i ed the 
g rowth of l ead-ri ch  l ead-ti n off -eutecti c a l l oys . For 
g rowth vert i ca l l y  upward , the sol ute f i e l d  i s  
destabi l i z i ng and s ubstant i a l  vari at i on i n  compos i t i on 
i n  the growth d i recti on ( mac rosegregat i on )  was found . A 
vert i ca l  or hori zonta l magnet i c  f i e l d  of 0 . 1  Te l sa d i d  
not reduce the macrosegregat i on ,  but downwa rd 
so l i d i f i cati on i n  smal l ( 3  mm) d i ameter tubes v i rtua l l y  
e l i mi nated the mac rosegregati on .  Samp l e  and 
He l l awe 1 1 l 6  have rec entl y  i nvesti gated the mechan i sms 
of channel segregat i on duri ng a l l oy so l i d i f i cati on 
vert i ca l l y  upward . Channe l s  conta i n i ng h i gh sol ute 
concentrati ons deve l op f rom pos i t i ons near  a dend ri t i c  
growth f ront when the sol ute i s  l es s  dense than the 
me l t ,  and p l umes ri se to the top of the bu l k  l i qu i d .  
Recent experiments by Schaeferl 7  on the d i rect i ona l 
sol i d i f i cati on vert i ca l l y  upward of s uc c i non i tri l e  
c onta i n i ng ethano l have shown an i nteresti ng i nteract i on 
between thermal convect i on d ue to rad i a l  temperature 
gradi ents and the sol ute f i e l d . For g rowth cond i t i ons 
near the onset of morpho l og i ca l  i nstabi l i ty ,  a 
macroscop i c  p i t  devel ops i n  an otherwi se s l i ghtl y  curved 
c rysta l -me l t  i nterface . The f l ow  i s  bas i ca l l y  down near 
the contai ner wa l l s  and  upward near the  axi s of  the 
tube . The sol ute concentrati on i s  i nc reased near where 
the f l ow  turns upward , and the macroscopi c p i t  occurs i n  
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thi s reg i on .  Morpho l og i cal  i nstabi l i ty then takes p lace  
in  the  pi t ,  and  the  p i t d i sappears l eav i ng a regi on of  
ce l l u l a r  growth in  i ts p l ace . 

Except for a very l i mi ted range of parameters , the 
doub l e  d i ffus i ve and morpho l og i ca l  i nstabi l i ti es that 
occur  duri ng d i recti ona l sol i d i f i cati on are rather 
weak l y  coupl ed . In  pa rt i c u l a r ,  the short�avel ength 
morphol og i cal  mode i s  essenti a l l y  unaf fected by the 
poss i bi l i ty of convect ion i n  the qui escent l i qu i d . 
OWi ng to very d i f ferent l ength sca l es for convecti ve 
moti ons and for ce l l u l a r  i nterfaces , i t  wi l l  be 
extreme l y  cha l l engi ng to model  the effect of convec t i on 
on ce l l u l ar  morphol og i es .  Vari ous s i mp l i f i ed model s for 
the effect of a fu l l y  deve l oped f l ow on morpho l og i ca l  
i nstabi l i ty have been rev i ewed recent l y . l B  Del ves 1 9  
has ca l cu l ated the effect of forced f l ow pa ra l l e l  to the 
c rysta l -me l t  i nterface .on the onset of morpho l og i cal  
i nstabi l i ty .  The  effect  of such a f l ow on  combi ned 
doub l e  d i ffus i ve and morpho l og i ca l  i nstabi l i t i es has 
recent l y  been treated for Couette f l ow . 20 Such a f l ow 
does not affect perturbat i ons wi th wave vectors 
perpend i cu l ar  to the f l ow .  For perturbat ions wi th wave 
vectors para l l e l  to the f l ow,  the onset of morphol og i ca l  
i nstabi l i ty i s  somewhat suppressed and doub l e  d i ffus i ve 
i nstab i l i ty i s  great l y  s uppressed . When i nstab i l i t i es 
occur ,  they are osc i l l atory and correspond to trave l i ng 
waves . A comp l i cated f l ow f i e l d  cou l d  be approx i mated 
i n  the v i c i n i ty of the c rysta l -me l t  i nterface by a 
s i mpl e f l ow such as  a Couette f l ow .  Th i s  wou l d  s i mpl i fy 
the model i ng of the i nteracti on between f l u i d  f l ow and 
the c rysta l -me l t  i nterface .  However ,  Gl i c ksman and 
col l eagues21 -23 have recent l y  demonstrated coupl i ng 
between hyd rodynami c and morpho l og i ca l  i nstabi l i t i es for 
wh i ch such approxi mati on i s  c l earl y i ncorrect .  

We conc l ude wi th a bri ef desc ri pt i on o f  th i s  coup l ed 
i nstab i l i ty .  A l ong vert i ca l  cyl i ndr i ca l  samp l e  of 
h i gh-puri ty suc c i non i tri l e  was heated by an  e l ectri ca l  
c urrent passed through a l ong coax i a l  heati ng wi re ,  so  
that a vert i ca l  melt  annu l us formed between the coaxi a l  
heati ng wi re and the s urround i ng c rysta l -me l t  
i nterface . The outer rad i us of the c rysta l was 
ma i nta i ned at a constant temperature be l ow the me l t i ng 
poi nt of the materi a l . Thi s  arrangement permi ts the 
temperature to dec rease monoton i ca l l y  f rom the me l t  to 
the sol i d  ac ross the c rysta l -me l t  i nterface , and 
consequent l y  the i nterface wou l d  be morpho l og i ca l l y  
stab l e  i n  the absence o f  f l u i d  f l ow .  
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The thenmal grad i ents i n  the me l t  i nduce buoyancy 
forces that cause the f l u i d  to f l ow upward near the 
heati ng wi re on the axi s and downwa rd near the c rysta l 
me l t  i nterface . When l i near stabi l i ty ana l ys i s  i s  used 
to ca l cu l ate the c ri t i ca l  Grashof number for 
i nstabi l i t i es of the ax i symmetri c f l ow occurri ng between 
two vert i cal  i nf i n i te ri g i d  coaxi a l  cyl i nders he l d  at 
d i fferent temperatures , i t  is found that for a Prandtl 
number of 23 ( correspond i ng to suc c i non i tri l e ) , the f l ow 
i s  unstab l e  to an ax i symmetri c perturbati on above a 
Grashof number of the order of 2000 , and the resu l t i ng 
wave speed of th i s perturbat i on i s  comparab le  wi th the 
maximum i n  the characteri st i c  unperturbed f l ow ve l oc i ty .  

In  contrast , the experimenta l observat i ons wi th a 
c rysta l -me l t  i nterface i nd i cate an asymmetri c hel i ca l  
i nstabi l i ty at a c ri ti ca l  Grashof number o f  about 1 50 
wi th a wave speed 2 orders of magni tude l ess  than the 
unperturbed f l ow ve l oc i ty .  L i near stab i l i ty ana l ys i s  
revea l s  that the i nstabi l i ty i s  due to a coupl i ng 
between a bas i c  hydrodynami c i nstab i l i ty i n  the buoyant 
f l ow and the deformab l e  c rysta l -me l t  i nterface .  The 
c rysta l -me l t  i nterface l owers the c ri t i ca l  Grashof 
number of an ana l ogous ri g i d�a l l ed system by an order 
of magni tude ; furthermore , the hyd rodynami c mode that i s  
actua l l y  destabi l i zed by the i nterface i s  not the 
l east-stabl e  mode i n  the ri g i d�a l l ed system .  The 
ca l cu l ati ons show that the i nstabi l i ty may be regarded 
e i ther as a l a rge a l terati on of a bas i c  hyd rodynami c 
i nstabi l i ty by the c rysta l -me l t  i nterface or as a 
s i gn i f i cant mod i f i cati on of the morpho l og i ca l  stabi l i ty 
of the i nterface by the presence of the buoyant f l ow .  
The i nstabi l i ty i s  sens i t i ve to the form o f  the f l ow 
f i e l d , e . g . , i t  does not occur for Couette or Poi seui l l e 
f l ows . 
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F IGURE 3 . 1 . Pl ots o f  i nterface  s hape and d i stri buti on 
of sol ute i n  the sol i d  for a g i ven wave l ength as the 
bu l k  concentrat i on i s  i nc reased . The top curve i n  each 
p l ot i s  the i nterface shape , the bottom curve i s  the 
concentrat i on of sol ute .  Two wave l engths are shown . 
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FIGURE 3 . 2 .  The c ri t i ca l  concentrat i on c.** of ti n 
i n  l ead above whi ch i nstabi l i ty occurs as a f uncti on of 
the ve l oc i ty V of d i rec t i ona l sol i d i f i cati on for a 
temperature grad i ent 6L i n  the l i qu i d  of 200 K/cm . 
The sol i d  curves represent gravi tati ona l accel erat i ons 
ge = 980 cmts2 , 1 0-4 ge • and l o-6 ge . The upper 
1 1 ne wi th negat i ve s l ope represents the onset of 
morpho l og i ca l  i nstabi l i t i es ;  the nearl y para l l e l  
dashed-dot l i ne l abe l ed ( ap/az) = 0 represents the 
neutra l  dens i ty c ri teri on . The dotted extens i on of the 
curve l abe l ed ge corresponds to osc i l l atory 
i nstabi l i t i es . 
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F IGURE 3 . 3 .  The steady-state stream f unct i on and 
concentrat i on as a f uncti on of pos i t i on for a bu l k  
concentrat i on 29 percent above the c ri t i ca l  
concentrat i on f o r  the onset of convect i on .  Pa rameters 
used i n  the ca l cu l at i on are typ i ca l  of semi conductor 
me l ts .  In  the concentrat i on p l ot ,  the i nc rement of 
( d i mens i on l es s )  concentrat i on between contours i s  0 . 37 .  
The maximum f l ow ve l oc i ty i s  about 5 t imes the c rysta l 
growth ve l oc i ty of typ i ca l l y  20 pm/s . 
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4 .  INFLUENCE OF MELT CONVECTION ON SOLID-LIQUID  
INTERFACE UNDER TERRESTRIAL AND MICROGRAVITY CONDITIONS 

M .  E .  GLICKSMAN 
Materi a l s  Eng i neeri ng Department 
Rensse l aer Pol ytechn i c Insti tute 

Troy , New York 1 21 81 

ABSTRACT 

The sol i d i f i cat i on of meta l s  as we l l  as other more 
genera l  c rysta l growth processes resu l ts i n  the 
fonmat i on of chemi ca l and thenma l  i nhomogenei t i es wi th i n  
the me l t .  In  the presence o f  gravi ty such 
i nhomogenei t i es l ead to dens i ty grad i ents , wh i ch i n  turn 
are respons i b l e  for convect i on .  When the c rysta l growth 
morphol ogy i s  dendri t i c , as i s  often the case i n  
casti ng , then the convecti on patterns become three 
d imens i ona l and comp l ex .  The underl yi ng k i net i c  and 
morphol og i ca l  behavi or of dendriti c c rysta l s  i s  known to 
be governed by heat conducti on and sol ute 
d i ffus i on--both spati a l l y  i sotropi c transport 
processes . Convecti ve transport normal l y  l eads to 
ani sotropi c red i stri buti ons whi ch change the fundamenta l 
c rysta l growth behavi or .  Under mi c rogravi ty cond i t i ons 
the convecti on wi l l  be reduced , permi tt i ng pure l y  
d i ffus i ve transport t o  domi nate the sol i d i f i cat i on . 
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When convecti on-f ree transport occurs , then the k i net i c s  
and so-ca l l ed morpho l og i ca l  • s ca l i ng l aws • s imp l i fy ,  
thus a l l owi ng a quant i tati ve check on the i nterfac i a l  
responses such as  s i debranch devel opment , t i p stabi l i ty ,  
and mi c rosegregat i on .  The ava i l abi l i ty o f  re l at i ve l y  
l ong-durati on mi c rog�av ity now makes feas i b l e  achi evi ng 
d i ffus i on-l i mi ted dend ri t i c  growth , even at sma l l  
thermodynami c dri v i ng forces . F i na l l y ,  i t  shou l d  be 
noted that at sma l l  dri v i ng forces , the dendri t i c  growth 
occurs at re l at i ve l y  l a rge s i ze-sca l es ,  a l l owi ng far 
greater ease of mi c rostructura l  observati on than can be 
achi eved under terrestri a l  cond i t i ons . 

BACKGROUND 

It i s  now genera l l y  recogn i zed that when materi a l s  
so l i d i fy i nto supercoo l ed o r  supersaturated me l ts , they 
freeze i n  an unstabl e manner ,  resu l t i ng i n  a branch i ng ,  
tree-l i ke c rysta l form termed dend ri ti c .  V i rtua l l y  a l l 
meta l s  and a l l oys , and many other substances , i nc l ud i ng 
fused sa l ts and certa i n  organi c systems , freeze 
dendri t i ca l l y .  

Dendri t i c  sol i d i f i cati on i s  s c i ent i f i ca l l y  
i nteresti ng because i t  exemp l i f i es a s i mp l e  case of 
•pattern format i on , •  wherei n a structure l ess mol ten 
phase spontaneous l y  g i ves ri se to a • pattern • or 
mi c rostru.cture . Thi s  pattern res u l ts primari l y  from the 
d i ffus i ve red i stri buti on of l atent heat and/or sol ute . 
A remarkab l e  feature of the red i stri but i on i s  that 
d i ffus i on occurs as a spati a l ly  i sotropi c process , and 
yet an e l aborate , h i gh l y  ani sotropi c ,  pattern resu l ts .  
See F i gure 4 . 1 . 

As l atent heat f l ows away from an advanc i ng dendri te ,  
the res u l tant temperature grad i ent a l ters the l oca l  
dens i ty of  the surround i ng mol ten phase . S imi l a rl y ,  as  
sol ute i s  rej ected from the sol i d- l i qu i d  i nterface , the 
resu l tant concentrati on grad i ent i ndependent l y  a l ters 
the dens i ty .  These i nhomogenei t i es i n  l oca l  dens i ty a re 
acted upon by gravi ty to i nduce a body force wi th i n  the 
sol i d -l i qu i d  system . One resu l t  i s  the prompt f l ow ,  or 
convecti on ,  of the spat i a l l y  i nhomogeneous f l u i d  and 
stres s i ng of the sol i d .  Thi s i s  not to i mp l y  that were 
gravi ty e l i mi nated a l l i nterna l force f i e l ds wou l d  
van i sh . Indeed , even i n  the absence of grav ity ,  
streami ng f l ows must occur  i n  the me l t  t o  compensate for 
the vol ume change on f reez i ng .  Nonethe l ess , the maJ or 
source  of convect i ve moti ons i s  buoyancy-dri ven 
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f l ows that are proport i ona l to the  gravi tati onal 
accel erat i on .  The bul k moti ons of the convecti ng me l t  
a l ter the d i ffus i on f i e lds  surround i ng the dendri t i c  
c rysta l s .  The d i stort i on o f  the l oca l  thermal grad i ents 
and the sol uta l grad i ents changes the growth rate and 
pattern of devel opment . For exampl e ,  under terrestri a l  
cond i t i ons , one may observe a s i gn i f i cant spat i a l  
ani sotropy o f  the growth rate and mi c rostructure , wh i ch 
wou l d  not occur  under stri ct zero-g cond i t i ons . F i gure 
4 . 2  shows an exce l l ent exampl e of how dendri t i c  
morphol og i es c hange wi th respect t o  thei r ori entat ion to 
the g-vector .  

We pl an to  deve l op an experiment that permi ts 
quant i tati ve measurement of dendri te growth under l ow-g 
cond i t i ons . Us i ng mod i f i cati on of techni ques deve l oped 
i n  our l aboratory for studyi ng dendri t i c  growth under 
terrestri a l  cond i t i ons we p lan  to des i gn an autonomous 
vers i on for use aboa rd the STS . Bas i ca l l y ,  dendri t i c  
growth wi l l  b e  • seeded • i nto qui escent me l ts a t  a 
vari ety of supercoo l i ngs under mi c rogravi ty cond i t i ons . 
The ax i a l  growth speed and �i c romorphol ogy wi l l  be 
carefu l l y  measured and correl ated to the accel erat i on 
l evel . Under stri ct d i ffus i on control , the axi a l  growth 
speed , Vd , of a pure materi a l  shou l d  be g i ven by the 
express i on 

( 1 ) 

where B i s  a known constant f rom theory ; u i s  the 
thermal di ffus i v i ty of the mel t ;  l i s  the molar  heat of 
fus i on ;  C i s  the mo l a r  spec i f i c  heat ; 6S i s  the mo l ar 
entropy of freezi ng ; g i s  the molar  vol ume ;  y i s  the 
sol i d-l i qu i d  i nterfac i a l  energy ; and n i s  an exponent 
between 2 and 3 ,  depend i ng on the norma l i zed 
supercool i ng ,  68 . · 68 • ( Tm - T0) C/L , where 
Tm i s  the me l t i ng temperature , and T0 i s  the 
supercool ed temperature of the me l t  prior to seed i ng the 
dendri t i c  growth . 

Equati on ( 1 ) ,  whi ch i s  deri ved from d i ffus i on theory 
and i nterfac i a l  dynami cs , i mpl i es that the growth rate 
i s  a uni que functi on of the supercool i ng and i s  
compl etel y  pred i ctab l e  for a g i ven materi a l . 
Unfortunate l y ,  the phys i ca l  constants appeari ng i n  
Eq . ( 1 ) are usua l l y  not a l l known we l l --espec i a l l y  y ,  
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the i nterfac i a l  energy . These constants are ,  however ,  
a l l carefu l l y measured for succ i non i tri l e  ( SCN ) , a BCC 
organi c c rysta l with the mo l ec u l ar formu l a  
NC( CH2 ) 2CN . SCN i s  a transpa rent materi a l  wi th a 
conveni ent me l t i ng poi nt ( 58 . 1 ° C )  and one whi ch i s  
eas i l y  puri f i ed by zone refi n i ng .  Ground-based stud i es 
on SCN have been conducted by the author over the past 
s i x  years . Spec i f i ca l l y ,  the observed dend ri te axi a l  
speed V has been carefu l l y  measured as a funct i on of 
supercoo l i ng .  F i gure 4 . 3  shows the rat i o  of the 
observed speed , V ,  to the speed , Vd , ca l cu l ated f rom 
Eq . ( 1 ) .  We note that the rat i o  of these quant i t i es i s  
c l ose  to uni ty f rom s l i ghtl y  above a supercool i ng of 1 •  
to about s• . Bel ow supercoo l i ng of about 1 • ,  the rat i o  
ri ses i n  accordance wi th the approx imate re l at i onshi p 
that V/Vd • aT-1 /3 . At a supercool i ng of 0 . 1  K ,  the 
rat i o  V/Vd has i nc reased by more than a factor of four 
f rom un i ty .  C l earl y ,  convect i on ef fects domi nate 
dendri t i c  growth at sma l l supercool i ngs , and reduc i ng 
gravity shou l d  profound l y  i nf l uence the growth k i net i c s  
and morphol ogy a t  smal l supercoo l i ng ,  i . e . , 
6T < 1 K .  

A successfu l  mi c rogravi ty experi ment shou l d  permi t a 
def i n i t i ve test of dendri t i c  c rysta l growth theory at 
sma l l  supercoo l i ng .  Such i nformat i on wou l d  be of va l ue 
sc i ent i f i ca l l y  because of the current empha s i s to ga i n  a 
deeper understand i ng of dend ri t i c  pattern formati on . 
Spec i f i ca l l y ,  work by Langer ,  Mu l l er-Krumbhaar ,  Kop l i k ,  
and other theori sts i s  prec i se l y  d i rected at uncoveri ng 
the fundamenta l mechan i sms of dendri te growth . See news 
arti c l e  i n  Sc i ence , June 8 ,  1 984 , page 1 085 . 
Mi c rogravi ty experiments on dend ri te k i net i c s  shou l d 
permi t s l owl y growi ng dend ri tes of re l at i ve l y  l a rge 
phys i ca l  d imens i ons to grow under pure d i ffus i ona l 
contro l , wi thout the i nf l uences of convect i on present . 
Al though , as  demonstrated i n  F i gure 4 . 3 ,  a l most pure 
d i f fus i on contro l  does occur  under terrestri a l  
cond i t i ons , but i ts range i s  restri cted by convect ion 
( be l ow about 1 . 5 °  supercoo l i ng )  and by i nterface 
mo l ec u l a r  attachment k i net i c s  ( above about 5° 
supercoo l i ng ) . In  fact , the reso l ut i on of morphol og i ca l  
deta i l s  become a l most impos s i b l e  above about 2 °  
s upercool i ng ,  because the t i p  d imens i ons are we l l  be l ow 
1 �.  and the t i p speed i s  h i gh . Work by U .  Lappe at 
the Kernforschung Insti tute , J u l i c h ,  West Germany , a l so 
corroborates the l oss  of time i mage resol ut i on above 
about 2°  supercoo l i ng .  The res u l t  of thi s s i tuat i on 
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i s  that there i s  too smal l a range of s upercoo l i ng over 
whi ch both d i ffus i on control and morphol og i ca l  
resol uti on are pos s i bl e ,  and consequentl y  l i ttl e 
assurance exi sts that the theory of dendri te growth can 
ever be tested adequate l y  by Earth-based techni ques . 
The deve l opment of a successfu l  f l i ght experi ment wou l d  
certa i n l y  extend the range o f  acces s i b l e  supercoo l i ngs 
down to much  l ower l eve l s  by reduc i ng convect i on .  Th i s  
shou l d  permi t ach i ev i ng one order of magni tude of 
s upercoo l i ng for c ri t i ca l l y  testi ng the pred i ct i ons f rom 
theory . To date , other attempts to reduce convecti on 
( for examp l e ,  i nc reas i ng vi scos i ty or reduc i ng the 
l ength sca l e )  have not proven to be feas i bl e .  Thus , 
reduc i ng gravi ty i s  perhaps the most stra i ghtforward 
approach  to ach i eve a pure d i f fus i ve dendri t i c c rysta l 
g rowth cond i t i on over re l ati ve l y  l ong durati ons for 
carefu l  quant i tati ve assessment . 

EXPER IMENTAL DETAI LS--GROUND BASED 

The techniques for s i mu l taneous k i net i c  and 
morpho l og i c a l  meas urement of dend ri ti c growth were 
establ i shed i n  1 976 ( Met . Trans . 7A ,  pp . 1 747-1 7 59 ) . 
Bas i ca l l y ,  a l a rge vo l ume ,  ca . 30 cm3 , of materi a l  i s  
me l ted and un i forml y  supercool ed i n  a bu l b  or 
observati on c hamber .  The ent i re chamber i s  immersed 
wi th i n  a prec i s i on thermostati c bath , wh i ch ma i nta i ns a 
steady temperature to ±Q . OOl K .  A seed c rysta l i s  
rel eased by de-energ i z i ng a contro l  heater ,  wh i ch 
permi ts the growth of the seed i nto a capi l l ary ori f i ce ,  
whi ch termi nates at the center of the observati on 
chamber .  F i gure 4 . 4 i s  a schemati c of a s i mp l e  
observat i on c hamber used f o r  ach i evi ng • f ree • dendri t i c  
growth . The term • f ree • i mp l i es that the path of 
c rysta l growth i s  un i mpeded or i nf l uenced to any 
s i gn i f i cant deg ree by the wa l l s of the observati on 
c hamber .  Interacti on o f  the growth wi th conta i ner wa l l s 
i nvari ab l y  l eads to comp l i cated growth forms under 
poorl y def i ned transport cond i t i ons . 

Once  the dend ri tes grow a few mi l l imeters away f rom 
the capi l l ary ori f i ce ,  they achi eve a steady-state ax i a l  
g rowth rate and a stab l e  steady t i p  conf i gurati on . The 
d i sp l acement and t ime of the ti p pos i t i on yi e l d  the 
g rowth speed at steady state . The observat i on i s  
termi nated e i ther when the dend ri te reaches the wa l l s of 
the observati on chamber or, under s l ow growth 
cond i t i ons , when suf f i c i ent d i sp l acement-t i me  data have 
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been gathered . Many other techni ca l  deta i l s  enter the 
experimenta l procedure ,  such as seed ori entat i on ,  growth 
ori entati on re l at i ve to the l oca l  gravi ty vector,  
l i ghti ng cond i t i ons wi th i n  the  thermostat , camera ang l e  
and opti c s , thermometry , samp l e  puri ty ,  o r  a l l oy 
compos i t i on .  Th i s  method i s  capabl e  of produc i ng 
dend ri te growth ve l oc i ty data accurate to ±2 percent , 
i nc l ud i ng a l l random and systemati c errors . The 
i ndependent va ri abl es i nc l ude the supercoo l i ng and a l l oy 
compos i t i on for bi nary me l ts . 

For a pure materi a l , wh i ch we wi l l  cons i der i n i ti a l l y  
a s  a cand i date for a f l i ght experiment , on l y  one 
i ndependent vari ab l e  occurs , v i z . , the supercoo l i ng ,  
4T = Tm - T0 • Inasmuch  as 4T resu l ts f rom the 
d i f ference of two i ndependent quant it i es ,  the accuracy 
to wh i c h  &T may be set experimenta l l y is  the error sum 
on Tm and T0 . Tm i s  an i ntri ns i c  property of the 
materi a l  but i s  approached ( asymptot i ca l l y )  as  the 
puri ty approaches 1 00 percent . T0 i s  an arbi trary 
temperature be l ow Tm, wh i ch i s  set and ma i nta i ned wi th 
the thermostat i c  bath . C l earl y ,  the accuracy of 4T then 
depends on puri ty as we l l  as  on contro l  of temperature 
( spat ia l  and tempora l ) and the l imi ts of error of i ts 
measurement . The experimenta l deta i l s  have been 
carefu l l y  worked th rough under norma l  l aboratory 
cond i t i ons . Temperatures may be set to an accuracy of 
±Q . 003 K for the va l ue of both Tm and T0 , a l though 
us i ng d i f ferent i a l  techni ques 4T can be set 
meani ngfu l l y  to 0 . 001 K .  Th i s  represents a rel at i ve 
error or on l y  1 percent on a s upercoo l i ng of 0 . 1  K .  
Si nce ve l oc i ty depends on 4T2 at l ow supercool i ng ,  
the measurementa l prec i s i on i n  both ve l oc i ty and 
temperature i s  we l l  matched . As the supercool i ng i s  
reduced be l ow 0 . 1  K ,  the uncerta i nty i n  &T i nc reases 
above that for the ve l oc i ty measurements .  

Pure d i f f us i ona l c rysta l growth requi res 
estab l i shment of an und i sturbed therma l  f i e l d  about the 
advanc i ng dendri te . Th i s  •ad i abati c •  cond i t i on i s  
eas i l y  met for rap id l y  growi ng c rysta l s ,  where the 
d i f f us i on l ength for heat is sma l l .  The d i ffus i on 
l ength i s  o/Vd , wh i c h  by vi rtue of Eq . ( 1 ) i nc reases 
as aT-n . Aga i n ,  at sma l l  supercoo l i ng ,  the 
d i f fus i on zone l ength wi l l  expand as &T-2 . At a 
speed of about 5 pm/sec , the d i ffus i on l ength wi l l  
approac h the rad i us ( 2  em) of the observat i on chamber ,  
and  some l atent heat wi l l  f l ow out  i nto the thermostat i c  
bath . Th i s  v i o l ates the • ad i abat i c •  cond i t i on and 
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i ntroduces some error i nto the experiment . 
Suc c i non i tri l e  wi l l  ach i eve a vel oc i ty of 5 pm/sec at a 
s upercoo l i ng of about 0 . 2 K .  Thus , a s  the supercoo l i ng 
i s  reduced be l ow  about 0 . 2  K ,  some nond i ffus i ve 
transport wi l l  occur ,  un l ess  the samp l e  vol ume i s  
i nc reased . Inc reas i ng the sampl e vol ume d rasti ca l l y  
i nc reases the therma l  t i me  constants o f  the apparatus 
and soon becomes impracti ca l . C l earl y ,  a l ower l imi t of 
about 0 . 1  K i s  set by practi ca l spec imen d imens i ons . 
Th i s  shou l d  provi de an order of magn i tude i n  
s upercoo l i ng ( 0 . 1 -1 . 0  K )  for a mi c rog ravi ty experiment . 
As exp l a i ned earl i er ,  under terrestri a l  cond i t i ons 
convecti on sets in  at about 1 K ,  so  mi c rog ravi ty 
cond i t i ons shou l d  prov i de an experi mental •wi ndow• of 
opportuni ty for observ i ng pure d i f f us i ve dend ri t i c  
g rowth over about two orders o f  magn i tude i n  the 
ve l oc i ty .  

EXPERIMENTAL DETAILS--FLIGHT 

1 .  Thermostat : The maj or requi rement for a quant i tati ve 
study of dendri ti c growth in the mi c rog ravity 
envi ronment i s  the devel opment of an autonomous 
thermostat capab l e  of prov i d i ng a programmed therma l  
cyc l e  to mi l l i ke l v i n  prec i s i on wi th l ow power 
cons umpti on .  Th i s  deve l opment requi res cons i derab l e  
departure f rom conventi ona l observati on thermostats , of 
the type shown in F i gure 4 . 5 .  In  convent i ona l 
thermostats , the heati ng and coo l i ng are performed i n  
the observat i on chamber i tsel f ,  wi th a mechan i cal  
impel l er used to  provi de rapi d sti rri ng c l ose to  the 
sources of heati ng and coo l i ng .  The conventi ona l and 
prototype f l i ght thermostats use Tronac prec i s i on 
temperature contro l l ers .  A Tronac contro l l er ma i nta i ns 
temperature stabi l i ty by add i ng heat to the thermostati c  
bath at a rate that equa l s  the l oss  from a l l sources . 
Thi s  •make-up • heat i s  generated by the ohmi c heat i ng of 
a tubu lar  sta i n l es s  steel coi l that has a res i stance of 
approxi mate l y  0 . 1 5  o. Coo l i ng i s  accomp l i shed by 
f l owi ng cool i ng f l ui d  through the tubu l ar  heat i ng coi l .  
The heat added j ust compensates for the heat l ost 
through the wa l l s  of the thermostat and through the 
c oo l i ng coi l .  Any d i f ference between the set-poi nt and 
the actua l temperature sensed by the therma l  probe i s  
e l ectron i ca l l y  i ntegrated , and the amount of power 
app l i ed to provi de the make-up heat i s  proporti ona l to 
the vo l tage of the stored charge i n  the error 
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i nteg rator .  A l though constancy of temperature duri ng 
steady-state operati on i s  important , ach i evi ng spat ia l  
uni formi ty i s  of equa l concern here . Temperature 
uni formi ty depends on the phys i ca l  conf i gurati onof the 
thermostat and on the nature of the mi x i ng of the bath 
f l u i d . The faster the f l u i d  f l ows past the coi l i ng 
coi l ,  the better i s  the un i formi ty of temperatu re 
ach i eved . Trans i ent cond i t i ons must a l so be cons i dered 
to ens ure good dynami c performance .  The types of 
trans i ent c hanges l i ke l y  to be encountered i nc l ude ( 1 ) 
c hanges i n  coo l i ng rate , ( 2 )  sens i ng of l oca l  
temperature i nhomogene i t i es , ( 3 )  dri ft  i n  l i ne vo l tage , 
(4) thermal dri ft of the contro l  un i t  i tsel f .  We 
bri e f l y  d i scuss  these trans i ents . Severe thermal 
trans i ents may resu l t  when the  coo l i ng rate through the 
heater coi l c hanges , espec i a l l y  when such changes occur  
wi th a t ime constant l ess  than that of  the  contro l l er .  
A strategy must b e  deve l oped to avo id  rapi d  changes i n  
the temperatu re o f  the cool i ng f l u i d  o r  i ts f l ow rate . 
Therma l  i nhomogene it i es wh i c h  pass the thermal probe may 
cause the contro l l er to app l y a correcti on erroneous l y  
when , i n  fact , the average bath temperature i s  correct . 
The most effect i ve manner of avoi d i ng such  prob l ems i s  
to ensure rap id , turbu l ent , mi x i ng ,  thus reduc i ng the 
vo l ume and magni tude of the spat i a l  i nhomogene i t i es . 
Set-poi nt dri ft may be expected when the ambi ent 
temperature changes , thereby res u l t i ng in undes i rab l e  
c hanges 1

"
n the potent i ometers , wh i c h  are used to ba l ance 

the e l ectron i c  bri dge c i rc u i ts . Simi l arl y ,  l i ne-vo l tage 
f l uctuati ons can ra i se or l ower the power del i vered by 
the contro l l er to the thermostat . Both ambi ent 
temperature and l i ne-vo l tage changes can be sensed i n  
rea l t i me ,  the i r ef fects ant i c i pated , and compensat i ng 
act i ons taken by an appropri ate mi c roprocessor .  Such a 
mi c roprocessor wou l d  have to be i ncorporated i n  the 
f i na l  des i gn of the control  c i rc u i t  for an autonomous 
experi ment . 

We have concei ved and bui l t  a prototype autonomous 
thermostat , the maj or components of wh i c h  are shown 
schemat i c a l l y  i n  F i gure 4. 6. The thermostat departs 
f rom convent i ona l des i gn by us i ng a control  chamber 
separate f rom the observat i on thermostat . The un i t  
constructed for test purposes uses a 1 0- l i ter thermostat 
work i ng i n  conj uncti on wi th a 2-l i ter contro l  chamber .  
The conf i gurati on shown i n  F i gure 4 . 6  l eads i mmed i ate l y  
to a vo l ume ( and we i ght)  reducti on of about 45 percent 
f rom convent i ona l s i ng l e-chambered uni ts . The sepa rate 
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c ontro l chamber pen�i ts a rel ati vel y  unobstructed v i ew 
of the obj ect of contro l  and the opportuni ty for 
f l ex i b l e  l i ghti ng arrangements for opt imal  
photomi c rog raphy . Mi x i ng i s  accompl i shed by  turbul ent 
•j ett i ng •  of the thermostati c  f l ui d  i nto the observati on 
chamber .  A h i gh f low rate i s  needed to  achi eve good 
mi x i ng over most of the vol ume of the thermostat . We 
have shown that 1 0  l i ters/mi n provi des reasonabl e  
un i fon�i ty wi thout exces s i ve pump i ng power .  The 
thermostat thereby experi ences a compl ete •turnover•  of 
i ts f l ui d  each mi nute . Th i s  time peri od i s  acceptab l e ,  
p rovi ded that heat l osses through the wa l l s  are kept to 
j ust a few watts . Wa l l  i ns u l ati on of 6-8 em of 
c l osed-ce l l pol ystyrene foam board i s  adequate to 
ach i eve such l ow  l osses at a contro l  temperature of 
about 60°C . The other major departure f rom 
conventi ona l thermostats i s  our use of gas cool i ng to 
provi de i nterna l coo l i ng of the mi x i ng chamber .  Our 
p rototype uses a compressed -a i r coo l i ng l oop at 
20 ps i g .  Ai r i s  pumped through a f i nned a l umi num heat 
s i nk to cool i t  pri or to f l owi ng through the cool i ng 
c oi l .  The waste heat i s  d i scharged to the l aboratory 
atmosphere . The prototype constructed shows promi s i ng 
overa l l performance .  Input heati ng to the contro l  coi l 
has been reduced 7 5  percent from conventi ona l 
app l i cati on to about 2 5  W ,  of whi ch on l y  5-8 W a re l ost 
through the wa l l s  of the observati on thermostat . The 
ma i n  power requi rement is the a i r compressor.  wh i ch 
consumes about 300 W .  An ef f i c i ent turbocompressor 
wou l d  reduce thi s power requi rement to more reasonabl e 
l eve l s .  We have achi eved l ong-term work i ng temperatures 
near the center of the thermostat that are stab l e  to 
±Q . 75 mK .  The contro l  prec i s i on deteri orates away f rom 
the centra l  reg i on as the thermostat wa l l s are 
approached , but des i gn i mprovements to overcome thi s 
characteri sti c shou l d  be poss i b l e  wi th further maj or 
deve l opments of the prototype . 

2 .  Growth Chambe r :  Severa l  growth chambers have been 
constructed to check the poss i bi l i ty of ach i evi ng 
ori ented c rysta l growth pri or to k i net i c  and morphol og i c  
measurements . The advantage o f  ori ented c rysta l growth 
i s  that i f  the dend ri tes wi l l  grow i n  a [ 1 00 ]  
c rysta l l og raph i c  p l ane that i s  co inc i dent wi th the foca l 
p l ane of the obj ect f i e l d  of the camera , then sharp 
f ocus and c l ear  prof i l e  vi ews of the enti re dendri te 
shou l d  be poss i bl e .  I n  add it ion ,  stereog raph i c  
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correcti ons to obta i n  true l ength , true ori entati on wi th 
respect to the gravity vector ,  and true ve l oc i ty wou l d  
be e i ther unnecessary o r  smal l  i n  magn i tude . The two 
v i ewi ng cameras wou l d  then g i ve two orthogona l p l ane 
v i ews of the growi ng dend ri tes , wh i ch wou l d  be i dea l  for 
ana l ys i s . We have found that extreme care in hand l i ng 
the growth chamber i s  requi red to ma i nta i n  the proper 
c rysta l ori entat i ons , once estab l i shed . Severa l seed i ng 
devi ces are be i ng stud i ed .  The most promi s i ng appea rs 
to be a seed chamber connected to a hel i ca l  • choke • or 
g ra i n  se l ector wh i ch connects to the ma i n  observat i on 
chamber v i a  a f l ex i b l e  channe l . The • choke • e l i mi nates 
undes i rab l e  c rysta l ori entat i ons , whereas the f l ex i b l e  
channe l permi ts sma l l  gon i ometri c correcti ons to be 
app l i ed to bri ng the ( 1 00 }  growth p l ane and <1 00> 
growth d i recti ons i nto coi nc i dence wi th the obj ect pl ane 
of the photog raph i c  system. 

A second area requ i ri ng deve l opmental acti v i ty of the 
growth chamber i s  ach i ev i ng a suf f i c i ent l y  rugged des i gn 
to wi thstand the ri gors of f l i ght aboa rd the STS . 
C l earl y ,  the a l l g l ass  l aboratory mode l s  typi f i ed by 
F i gure 4 . 4 are unacceptab l e  for meeti ng these demands . 
We have des i gned and constructed a prototype l aunch
compati b l e  c rysta l growth chamber ,  shown schemati ca l l y  
i n  F i gure 4 . 7 .  C l ea rl y ,  the rugged i zed growth chamber 
i s  more comp l ex than the convent i ona l l aboratory des i gn 
( cf . aga i n  Fi gure 4 . 4 ) and i s  composed of d i verse 
materi a l s ,  name l y ,  g l ass , e l a stomers , meta l s ,  and 
we l d s . The stri ngent pu ri ty requi rements d i scussed 
earl i er can on l y  be met and ma i nta i ned over t i me  by a 
j ud i c i ous se l ect i on of materi a l s  for the c rysta l growth 
chamber .  We are now carryi ng out l ong-term 
compat i b i l i ty tests between some cand i date materi a l s  and 
the mode l  substance , suc c i non i tri l e .  The un i t  we 
constructed as a prototype was machi ned from brass  and 
n i ckel  p l ated for corros i on res i stance . A seri es of 
c ri t i ca l  tests for presett i ng the growth ori entati on and 
recyc l i ng the growth chamber i n  a • hands-of f •  manner i s  
bei ng p l anned for August 1 984 . As the res u l ts f rom 
these tests and the compat ib i l i ty among materi a l s  
becomes c l ea rer ,  add i t i ona l chambers wi l l  be bui l t  and 
eva l uated for f l i ght app l i cat ion . 

3 .  Photograph i c  Systems : The overa l l photograph i c  
system envi s i oned i n  our conceptua l des i gn d i ffers f rom 
that used i n  the norma l ground conf i gurat i on .  On the 
ground , we use stereo mi c roscopes wi th a tri -occ u l a r  
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camera port for record i ng images i n  the magn i f i ed 
cond i t i on .  Work i ng d i stances are rel ati ve l y  l ong , but 
become somewhat restri cted as the magn i f i cati on ri ses 
above about l OX . F i gure 4 . 8  shows the pre l i mi nary 
concept for the camera l ocat i ons around the thermostat . 
We p l an to use l ong work i ng d i stances wi th subnormal 
magn i f i cat i on on a 1 6-mm f i l m  format , i nstead of 
magni f i ed images on a 32-mm or Pol aroi d  f i l m  fonmat . 
C l earl y thi s  requi res much  more photograph i c  en largement 
of the f l i ght data as a postf l i ght data process i ng 
operat i on ,  and the use of f i ne-grai ned f i l ms capabl e  of 
record i ng h i gh-resol uti on images . We p l an to conti nue 
to test other f i l ms types and vari ous deve l opi ng methods 
to achi eve the requ i red reso l uti on of about 300 
l i nes/mm.  It i s  important to  resol ve the dend ri ti c type 
structure and the s i de branches wi th suff i c i ent c l ari ty 
that accurate f i tti ng of these i mages wi th theoreti ca l l y  
deri ved shapes i s  poss i b l e .  I t  rema i ns an open 
techn i ca l  questi on as to what i s  the best compromi se  
between the ease of l ong work i ng d i stances and ach i ev i ng 
the requi s i te reso l uti on . At present , we are estimati ng 
the capac ity of photograph i c  requi rements on the bas i s  
o f  1 6;am f i ne-grai ned f i l m  i n  65-foot magaz i nes ( 2000 
f rames ) .  We ant i c i pate the need for 1 f rame per mm of 
c rysta l growth , or about 20 frames per growth cyc l e .  A 
set of experiments i nvo l vi ng 20 cyc l es wou l d  be 
reasonab l e  ( see Secti on 4 bel ow) , and thi s protoco l  
wou l d  consume 400 f rames per  camera . I f  the . i mages are 
formed at an ori g i na l  magn i f i cati on of 0 . 25X , then 
photograph i c  en l a rgement of 20-40X wi l l  be needed to 
p roduce ana l yzabl e i mages . The growth rates f rom 2 per 
mi nute to 1 2  per mi nute shou l d  suff i c e .  Th i s  
requ i rement i s  eas i l y  met wi th conventi ona l cameras . 

4 .  Experiment F l i ght Prof i l e  

The f l i ght experi ment requi res two maj or phases for i ts 
executi on , ( 1 ) •warm-up • and ( 2 ) data -acqui s i t i on 
cyc l es .  We est imate that the thermostat and i ts 
contents can be brought up to the operati ng temperature 
range i n  approxi mate l y  8 hours . The warm-up phase i s  
based primari l y  on the time a • co l d •  thermostat , at say 
2s•c ,  can be brought to the operati ng temperature range 
of 60•c . Once  the energy i s  de l i vered to the 
thermostat , then re l at i ve l y  sma l l  modu lat i ons i n  the 
thermostat • s  heat content are needed to cyc l e  the 
c rystal growth chamber and acqui re data . Spec i f i ca l l y ,  
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we can anti c i pate the fol l owi ng thermal schedu l es : 
4T • 0 . 1  K 4T = 1 . 0 K 

A .  Ra i se to 60°C from pri or cyc l e  30 mi n .  
B .  Hol d  to tota l l y  me l t  c hamber 30 
c. Ach i eve des i red supercool i ng 60 
D .  Ho l d  for spat i a l  un i formi ty 30 
E .  Seed and grow dendri tes �6�0'--::--
F .  Tota l data cyc l e  21 0 mi n .  

30 mi n .  
30 
60 
30 

5 
1 55 mi n .  

We see that data cyc l es wi l l  take approx imate l y  3 
hours each . I f  the decade of s upercoo l i ng ( 0 . 1 -1 . 0  K )  
i s  d i v i ded i nto 1 0  spec i f i c  supercoo l i ngs ( perhaps wi th 
a pa rabo l i c  d i stri buti on to achi eve uni form vel oc i ty 
i nc rements ) then for two experi menta l runs per 
supercoo l i ng we requi re at l east  60 hours for a l l the 
data acqui s i t i on cyc l es .  The two phases (warm-up p l us 
data cyc l es )  therefore wi l l  requi re about 68 hours of 
orb i ta l  t ime .  Shou l d  the mi c rog ravi ty envi ronment be 
seri ous l y  a l tered by such  events as thruster f i ri ngs or 
other acti v i t i es aboa rd STS that requi re h i gh 
accel erati ons , then the data acqu i s i ti on cyc l es can be 
i nterrupted unti l a • qui eter• phase occurs . I ndeed , the 
ent i re autonomous sequence of events must be 
mi c roprocessor contro l l ed and be capab l e  of •hol d i ng , •  
pend i ng unant i c i pated orb i ta l  events . As l ong a s  the 
seed c rysta l i s  protected from me l t i ng ( perhaps by 
l ocati ng the seed outs i de of the thermostat ) then the 
data acqui s i t i on cyc l es can be stopped or sta rted 
arbi trari l y .  Even assumi ng that a seri ous cond i t i on 
i nterrupt i ng the acqui s i t i on cyc l es does not occur ,  we 
wou l d  sti l l  requ i re moni tori ng l oca l  accel erati ons on 
the growth chamber wi th a three-axi s acce l erometer .  

The requ i red experi menta l phases c a n  b e  accomp l i shed 
wi th on l y  a modest requi rement for on-board e l ectri ca l  
power and tota l energy . Based on  ground tests performed 
i n  our l aboratory , and us i ng reasonabl e • gues sti mates • 
otherwi se , we f i nd the fol l owi ng power demands : 

Thermostat 
Pump 
C i rc u l ator 
E l ectron i c s 
TOTAL 

40 watts 
70 • 
50 • 
40 • 
200 watts 

( average) 
• 
• 
• 

( average ) 

Th i s  power schedu l e  wi l l  requi re the tota l cons umpt i on 
of 1 3 . 6 kWH over the ent i re f l i ght experiment . We do 
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not anti c i pate d i f f i c u l ty i n  meeti ng these requi rements 
for power and energy . 

5 .  Summary of F l i ght Requi rements 

• Deve l op an autonomous m1 1 1 1 degree thermostat for 
orb ita l  app l i cati on over peri ods of approx i mate l y  
3 days 

• Deve l op a method of repeti ti ve crysta l seed i ng 
for or1 entat i ona l contro l  of the dendtr1 t1 c 
c rysta l s  

• Des i gn a l aunch compat i b l e  c rysta l growth chamber 
• Provi de data acqui s i ti on for : 

- Temperature 
- Interface  Vel oc i ty 
- Hi gh-Resol ut i on Photomi c rography 
- Acce lerat i on 

• F l i ght hardwa re must sati s fy des i gn l imi ts on : 
- Temperature 
- Power 
- Wei ght 
- Vo l ume 
- F l i ght Safety 

PREFLIGHT/POSTFL IGHT ACTIV ITY 

The f l i ght experi ment wi l l  be des i gned to be a 
se l f -conta i ned autonomous package , requi ri ng mi n i ma l  
i nvol vement o f  c rew and/or payl oad spec i a l i sts . The 
vari ous subsystems such as the c rysta l growth chamber ,  
thermostat , opt i ca l  system, and record i ng systems wi l l  
be i nterre l ated through a master contro l  system 
cons i st i ng of a mi c roprocessor and a sensor array . The 
sensors wi l l  provi de i nformati on regard i ng the cond i t i on 
of the vari ous subsystems , espec i a l l y  regard i ng 
temperatures , f l ow  rates , l og i c  conf i gurat i on ,  
accel erat i on ,  amb i ent data , t ime ,  consumabl es ,  safety , 
etc . 

Pri or to f l i ght , the experiment must be p laced i n  a 
stand -by mode , wi th the seed ori entati on carefu l l y 
c hecked for opt i ma l  growth and i l l umi nati on for 
mi c rophotog raphy . In  add i t i on ,  the cond i t i on of the 
system wi l l  be such that 1 1 ft-off acce l erations  wi l l  not 
overstress the apparatus . Once i n  orb i t , the system 
wi l l  be acti vated by a c rew member . The mi c roprocessor 
wi l l  i nterrogate the c ri t i c a l  assembl i es for 
veri f i cati on that everyth i ng is in proper cond i t i on for 
thermostat heat-up and eventua l melt i ng of the c rysta l 
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growth chamber .  Over the course o f  the next 8 hours , 
f i na l  checks wi l l  be made so that data cyc l i ng phase can 
beg i n .  

After comp l eti on of the pre-prog rammed the rma l  
cyc l es ,  and record i ng the re l evant opt i ca l , therma l , 
t i me ,  and acce l erati on data , the mi c roprocessor wi l l  
secure the experi ment by cutti ng power to the thermostat 
and a l l owi ng the c rysta l growth chamber to freeze 
tota l l y  over the rema i nder of the STS mi s s i on .  F i l m  and 
e l ectron i ca l l y  recorded data wi l l  be returned for 
deve l opment and rep l a y ,  respect i ve l y .  We expect a 
sequence on i n  s i tu photomi c rographs showi ng the 
prog ress i ve growth of s i mi l ar ly  ori ented dend ri t i c  
c rysta l s  growi ng free l y  wi th i n  the chamber .  T imi ng 
s i gna l s  wi l l  permi t a correspondence to be estab l i shed 
between the data channe l s  record i ng the supercoo l i ng and 
the growth photog raphs .  Acce l erat i on data wi l l  be 
s i mi l arl y coord i nated to determi ne any i nf l uence of 
res i dua l acce l erati on or i ts power spectrum on the 
growth proces s .  Of pri me i nterest wi l l  be estab l i sh i ng 
the sca l i ng beha v i or of dend ri tes growi ng at l ow 
s upercoo l i ngs wi th compari sons to data taken under 
terrestri a l  cond i t i ons . For examp l e ,  we wi l l  anal yze 
the photomi c rog raphs for the t i p  rad i us ,  t i p  shape , 
s i debranch amp l i f i cat i on , axi a l  growth speed , symmetry , 
and overa l l correspondence wi th pred i ct i ons based on 
therma l  d i ffus i on theory . Dev i at i ons  from pure 
d i f fus i on behav ior  wi l l  be ana l yzed aga i nst the 
knowl edge of i n-f l i ght accel erati ons or other departures 
f rom the p l anned experimenta l cond i t i ons . 

It  i s  p l anned to recover the c rysta l growth chamber 
and perform postf l i ght me l t i ng-po i nt determi nat i ons to 
veri fy that the samp l e  has remai ned uncontami nated 
duri ng the f l i ght . Th i s  i s  a c ri t i c a l  chec k ,  s i nce  the 
s upercoo l i ngs prog rammed i nto the mi c roprocessor depend 
on the me l t i ng poi nt rema i n i ng at 58 . 082°C . Th i s  
check cou l d  i n  pri nc i p l e  be obta i ned duri ng f l i ght by 
appropri ate i nterna l thermometers wi th i n  the growth 
chamber ,  but whether the added comp l ex i ty of i nterna l 
sensors , hermet i c  sea l s  for the l ead wi res , and so on , 
are compensated for adequate l y  by th i s  added assurance 
remai ns uncerta i n  at th i s  t ime .  

PROGRAM STATUS 

The c urrent prog ram, wh i ch i s  supported as a NASA grant 
( NAG3-333 ) , i s  in the second year of fund i ng under 
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c ontract adm1 n 1 strat 1 on and s c 1 ent 1 f 1 c  1 1 a1 son w1 th the 
Lew1 s Research  Center ,  C l evel and , Oh1 o .  The g round-based 
research  program and the current f 1 1ght-or1 ented 
conceptua l des i gn acti v it ies are cons i dered d i sti nct but 
rel ated tasks . Hence , over the l ast 1 1 /2 years , two 
tas k  • streams • have been pursued wh i c h  have qui te 
d i f ferent a ims . The work d i scussed here on l y  i nc l udes 
the f l i ght-ori ented des i gn tasks , whereas the 
g round-based research has been del i neated for 
conti nuati on under grant NA63-333 . 
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F IGURE 4 . 1 . An i s ot ropic patte rn of dend ri tic 
s o l i d i f i cation . 
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F IGURE 4 . 2 . I n f l uence of spat i a l  ori entati on of 
dend ri t i c  growth axi s on t i p morpho l ogy . 
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F IGURE 4 . 3 .  Dend ri t i c  k i neti cs  ( temperature vs . vol ume 
change ) . 
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c 

F I GURE 4 . 4 . Sc hemat i c  of observat i on chamber used for 
ach i ev i ng • f ree•  dend ri t i c  growth . 
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F I GURE 4 . 5 .  Convent i onal obs e rvat i on thermostat . 
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C OM PRE SSOR,  

F IGURE 4 . 6 .  Sc hemat i c  of thermostat for dend ri t i c  
growth . 
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+- C RYSTAL S E E D I N G  CHA M B ER 

4- H E LI CAL G RAI N SE L E C T O R  

EXPANSION CHAMBE R 

GLASS WI NDOW 

F I GURE 4 . 7 .  Prototype of c rysta l growth chamber ( l aunch 
compati b l e ) . 
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ELECT RONICS 
PA C K AG E  

E L E CT R ONI C S  PAC K A G E  
..----

......_ 

1-- CAM E R A  

..,__, 
....... , .,.._ ....... ...... 

i' TEMPE R ATURE 
i' CO N T ROL 
i' PAC K AG E  

0 !',. 
' 

' 
' 

......... ........ ......... ......... ........ 

F I GURE 4 . 8 .  Pre l i mi nary concept for camera l ocati on 
a round the thermostat . 
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5 .  ELECTRON I C  MATERIALS RESEARCH I N  THE MICROGRAV ITY 
SC IENCE AND APPLI CAT IONS PROGRAM 

Roger K .  Crouch 
Mi c rog ravi ty Sc i ence and Appl i cati ons D i v i s i on 
Nati ona l Aeronaut i c s  and Space Admi n i strat i on 

Wash i ngton , D . C .  20546 

I n  the recent past , many of our nat i on • s  tec hnol og i ca l  
advances have been based , d i rect l y  or i nd i rectl y ,  on 
i mprovements i n  our abi l i ty to process e l ectron i c  
materi a l s ;  therefore , i f  one accepts the premi se that 
advances i n  the s c i ence and tec hnol ogy of e l ectron i c  
materi a l s  are key e l ements to advances i n  the nat i on • s  
techno l og i c a l  future , then the quest ions rel evant to a 
space resea rch program become : ( 1 ) What materia l s 
systems are techno l og i ca l l y  i mportant? ( 2 ) What are 
the tec hnol ogy-l i mi t i ng probl ems ? ( 3 )  What aspects of 
a space research  program are l i ke l y  to have an i mpact on . 
so l v i ng these probl ems ? 

Concern i ng the f i rst quest i on i t  i s  we l l  estab l i s hed 
that s i l i con ( S i ) -based devi ces are the foundat ion of 
the worl d 1 s  e l ectron i c s  i ndustry as i t  ex i sts today , and 
wi l l  rema i n  the foundat ion for the foreseeabl e f uture . 
Other e l ectron i c  materi a l s  of a stead i l y  i nc reas i ng 
tec hno l og i c a l  i mportance are bi nary semi conductors s uch  
as GaAs , I n P ,  CdTe , and others and a l l oyed ternary 
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semi conductor c rysta l s  such as  HgCdTe , GaAl As , and 
PbSnTe . In  add i t i on ,  new c l asses of e l ectro-opt i c a l  and 
detector materi a l s  have i nc reas i ng s i gn i f i cance for 
futuri st i c ,  genera l  dev i c e  appl i cati ons and current 
strateg i c  app l i cat i ons . 

The answer to the second questi on i s  not qui te so 
easy . In  bi po l a r  dev i ces , both yi e l d  and performance 
are affected not i ceab l y  by the homogene i ty of the 
substrate materi a l . In  c harge coupl ed dev i ces ( Cco • s ) , 
the res i st i v i ty un i formi ty i s  very i mportant . The 
i n f l uence of materi a l s  def i c i enc i es ,  i nc l ud i ng proces s 
i nduced contami nat i on becomes i nc reas i ng l y  prob l emati c  
a s  the deg ree o f  dev i c e  i ntegrati on i nc reases . In  
advance VLSI techno l ogy , whi ch makes use of l a rger 
d i ameter wafers , the mechan i ca l  propert i es of the 
substrate become c ri t i ca l . I n  s i l i con , these mechan i ca l  
propert i es a re h i g h l y  dependent o n  the dens i ty ,  
d i stri buti on and state o f  the i ncorporated oxygen . A 
ri gorous determi nat i on of the re l at i onsh i p  between 
growth cond i t i ons  and the state and d i stri but ion of 
i ncorporated oxygen and other i mpuri t i es i s  i nh i b i ted by 
subt l e  effects a ri s i ng from temperature f l uctuat ions i n  
the me l t  caused by grav i ty-i nduced convecti on .  In  
compound semi conductors , one of  the  most i mportant 
prob l ems i s  the contro l  of sto i c h i ometry .  The 
e l ectron i c  prope rt i es of these materi a l s  appear ,  to a 
l a rge extent , to be control l ed by the re l at i onshi ps 
between stoi c h i ometry and heat and mass  transfer  
cond i t i ons preva i l i ng duri ng sol i d i f i cat i on . 
Grav i ty�i nduced convecti ve f l ows consti tute maj or 
perturbat i ons on  these  cond i t i ons . I n  growth of 
mul t i c omponent a l l oy systems , the s i tuat ion i s  further 
comp l i cated by the presence of more than one maj or 
component . Thus , wi thout bei ng spec i f i c  as  to the 
nature of the technol ogy-l imi t i ng probl ems , i t  i s  
estab l i shed that the presence of buoyancy-d ri ven 
convect ion i mpedes opt imi zat i on ,  as  wel l  as 
understand i ng ,  of the sol i d i f i cati on process .  Th i s  l ack  
of a deta i l ed understand i ng comp l i cates the 
estab l i shment of corre l at i ons between growth cond i t i ons 
and the perti nent chemi ca l  and structura l  
characteri st i c s  wh i ch d i rect ly  a ffect the re l evant 
e l ectri ca l and opt i c a l  propert i es that govern dev i c e  
performance and manufacturabi l i ty .  In  the f i na l  
ana l ys i s ,  i t  must  be stated that gravi ty-dri ven , 
convecti ve ef fects prevent the quant i tati ve e l uc i dat i on 
of the c rysta l growth process by wh i ch e l ectron i c  
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materi a l s  a re produced . Thi s may be the ba rri er whi ch 
prevents us f rom prod uc i ng materi a l s  i n  wh i c h  property 
requ i rements for proj ected dev i c e  tec hnol ogy are met .  

As reported by the STAMPS commi ttee and a s  i mp l i ed i n  
the preced i ng pa rag raphs , the potenti a l  for l ong peri ods 
of reduced g rav i ty i s  a facet of a space envi ronment 
that wi l l  l i ke l y  have the g reatest i mpact on sol vi ng 
prob l ems faced by the e l ectron i c  materi a l s  communi ty .  
The effects o f  reduced g ravi ty wh i c h  cou l d  be 
advantageous for the s c i ence and technol ogy of 
e l ectron i c  materi a l s  growth are :  ( 1 ) an e l i mi nati on or 
cons i derab l e  reducti on in buoyancy-dri ven convecti on ,  
( 2 ) a n  e l i mi nati on o r  reducti on of sed i mentat i on ,  ( 3 )  a 
reducti on i n  hyd rostat i c  press u re ,  and ( 4 ) the 
poss i bi l i ty for conta i nerl ess  process i ng of l arge 
sampl es . In  add i t i on the reduced gravi ty envi ronment 
cou l d  l ead to new/novel  growth appa ratus and 
conf i gurati ons . In  order to uti l i ze the potent i a l  of 
reduced gravi ty to ga i n  a better understand i ng of 
sol i d i f i cati on proces ses , experiments of severa l  types 
can be i dent i f i ed .  These i nc l ude , i n  no pri ori ty 
order :  ( 1 ) measurements of thermophys i ca l  propert i es 
such  as d i f fus i on coef f i c i ents , ( 2 ) stud i es of growth 
processes i n  materi a l s  wi th a mi sc i bi l i ty gap where 
sed i mentat i on of sett l i ng affects phase  d i stri but i on ,  
( 3 )  conta i nerl ess  process i ng stud i es wh i ch a l l ow 
reduct i on of heterogeneous nuc l eati on s i tes and 
contami nat i on f rom the c ruc i b l e ,  ( 4 ) experiments to test 
the assumpti ons neces sary in theoret i ca l  model s of 
i nherent l y  comp l i cated systems , ( 5 ) product i on of 
standards of e l ectron i c  materi a l s  i n  wh i c h  the 
propert i es are l i mi ted on l y  by thermodynami c 
cons i derat i ons , ( 6 )  stud i es of other convect i ve dri vi ng 
forces s uch as s u rface tens i on wh i ch are normal l y  masked 
by gravi ty-dri ven convect i on ,  ( 7 )  stud i es of c ri ti ca l  
poi nt phenomena wh i ch a re severe l y  affected by dens i ty 
g radi ents wh i ch g i ve ri se to buoyancy dri ven convecti on , 
and ( B )  the pos s i bi l i ty of produc i ng l i mi ted quant i t i es 
of materi a l s  wi th i mproved propert i es for spec i a l  
app l i cati ons . A prog ram i n  the space envi ronment shou l d  
conc entrate on add res s i ng f undamenta l probl ems l ead i ng 
to advances in materi a l s  s c i ence wh i ch ,  h i stori ca l l y ,  
have l ead to s ubsequent advances i n  tec hno l ogy . In  
para l l e l , the  program shou l d  mai nta i n  a v i g i l of  
tec hnol ogy- l i mi t i ng probl ems in  the  commerc i a l  sector 
and expl ore the pos s i bi l i ty of appl i cati ons in the space 
envi ronment wh i ch wou l d  d i rectl y i mpact these comme rc i a l  
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l iMi tat i ons . Th i s  aspect of the progra• wou l d  i nc l ude 
establ i sh i ng a broad data base of past and proj ected 
sc i ent i f i c  resu l ts , publ i c i z i ng c urrent efforts f unded 
by the government , sol i c i tat i on of i nputs f ro. the 
commerc i a l  sector for programs d i rect l y  re l ated to the i r  
spec i f i c  requ i rements , and l ong-term p l anni ng wh i c h  
i nc l udes the capab i l i ty for space process i ng o f  bu l k  
materia l s i n  commerc i a l l y  requ i red d i mens i ons . 

Th i s  paper wi l l  present a bri ef revi ew of past 
experiments in space re l ated to e l ectron i c  materi a l s ,  a 
s ummary of c urrent European experiments rel ated to th i s  
d i sc i pl i ne ,  and a broad overvi ew of experiments i n  
c rysta l growth f rom the vapor phase , f ro. the me l t , and 
from sol uti on . 

HISTOR ICAL BACKGROUND 

E l ectron i c  materi a l s  research has prev i ous l y  been done 
on Skylab  and Apo l l o-Soyuz .  The hardware for these 
experiments i s  desc ri bed in by Naumann and Herri ng . l 
The resu l ts of these experiments have been summari zed by 
Naumann2 and a re repeated here . 

Sky l ab Experiments 

Sky lab  offered the f i rst opportun i ty to perform space 
process i ng experiments i n  a ded i cated fac i l i ty ,  a l though 
c on s i derab le  constra i nts on appa ratus and experiment 
devel opment were imposed by the ava i l ab l e  devel opment 
t ime and onboard power .  

Crysta l Growth Experiment 

Some potent i a l  advantages of growi ng c rysta l s i n  a 
mi c rog rav ity envi ronment were demonstrated by A .  F .  Wi tt 
et a l . ( MIT) . Samp l es of InSb doped wi th Te ( 1 01 8  
ato.s/cm3 ) were grown on Ea rth by the convent i ona l 
C zochra l s k i  techn i que . These were me l ted bac k  over a 
port i on of thei r l ength i n  space us i ng a grad i ent 
furnace and a l l owed to regrow by l oweri ng the furnace 
temperature . After a bri ef growth trans i ent requi red to 
ach i eve steady-state growth cond i t i ons , very un i form 
dopant concentrati on was obta i ned a l ong the ax i a l  
d i rect i on . Th i s  i nd i cates that d i ffus i on-contro l l ed 
g rowth cond i t i ons  were i ndeed ach i eved . A l s o ,  the 
space -grown samp l e  was comp l ete l y  f ree of the dopant 
stri at i ons  usua l l y  seen i n  Ea rth-g rown samp l es . These 
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stri ati ons ori g i nate f ro• growth-rate f l uctuat i ons  wh i ch 
are genera l l y  be l i eved to be assoc i ated wi th convecti ve 
f l ows i n  the me l t .  

A novel c rysta l growth experiment . deve l oped by H .  U .  
Wa l ter  ( Un i vers i ty of A l abama , Huntsvi l l e ) , i nvo l ved a 
qua s i -conta i nerl ess  growth of InSb . A port i on of an 
Earth -growth s i ng l e  c rysta l was me l ted back as  was done 
by Wi tt and Gatos , except the c ruc i b l e  was l a rger than 
the rod d i ameter so that the me l t  cou l d  form a spheri ca l  
shape . As the me l t  was sol i d i f i ed i n  the grad i ent 
f reeze mode , an unant i c i pated combi nat ion of effects 
from vol ume c hange on f reezi ng and contact ang l e  between 
the me l t  and sol i d  formed a tea r-d rop shape wh i c h  
u l t imate l y  encountered the end o f  very smooth 
c rysta l l ograph i c  p l anes on the unconf i ned g rowth port i on 
of the c rysta l . X-ray topographs i nd i cate that th i s  
port i on of the c rysta l i s  v i rtua l l y  free of defects . 
There a re dopant stri at i ons . however .  wh i c h  are puzzl i ng 
i n  l i ght of the res u l ts obta i ned by Wi tt and Gatos . One 
poss i b l e  expl anat i on i s  that an unconf i ned me l t  may be 
subj ect  to Ma rangon i ( surface-tens i on -dri ven ) convecti on 
wh i c h  g i ves ri se to growth-rate f l uctuat i ons s i•i l a r  to 
those produced by gravi ty-d ri ven convect ion on Ea rth . 
A l s o .  a me l t  conf i ned on l y  by i ts contact wi th a sol i d ,  
wh i c h  i n  turn i s  f i xed to the spacec raft , wi l l  be 
affected more by sma l l l ow-frequency acce l erati ons 
( g-j i tter) as soc i ated wi th c rew moti on than a me l t  
constra i ned by a conta i ner . Osc i l l at i ons produced by 
such res i dua l acce l erat i ons cou l d  conce i vab ly  resu l t  i n  
striati ons . C l earl y ,  more research  i s  needed to reso l ve 
such quest i ons . 

J .  T .  Vue and F .  W .  Vo l tmer ( Texas Instruments ) grew 
german i um c rysta l s  wi th vari ous dopants by the same 
tec hni ques used by Wi tt and Gatos . The obj ecti ve of 
th i s  experiment was to i nvesti gate the d i stri but i on of 
dopants i n  the space-growth samp l es . The resu l ts were 
somewhat i nconc l u s i ve because c ruc i b l e  contami nants 
produced some unwanted dopi ng . A l so ,  the amount of 
c rysta l grown in space was not suf f i c i ent to ac h i eve 
steady-state growth cond i t i ons . There appeared to be 
more uni form rad i a l  d i stri but i on of dopants i n  the 
space-grown samp l e .  The Earth-grown control samp l es 
seem more subj ect to random compos i t i ona l f l uctuat i ons , 
wh i c h  are probabl y caused by t ime-dependent temperature 
f l uctuat i ons  as soc i ated wi th grav i ty-d ri ven convect i on .  
The space-grown samp l es had a more un i form compos i t i on 
i n  the i nteri or but d i d  show a ma rked i nc rease i n  
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dopant c oncentrati on near the s urfac e .  The growing 
c rysta l in  th i s  experiment pu l l ed away f rom the c ruc i b l e  
wa l l  ( a s  d i d  severa l  other experiments ) wh i c h  i nd i cates 
that the me l t  may a l so have had a f ree s urface . Th i s  
wou l d  permi t Marangon i f l ow that cou l d  account for the 
observed rad i a l  dopant prof i l e .  However , a curved 
so l i d i f i cat i on i nterface imposed by the thermal 
cond i t i ons  c ou l d  a l so account for  the observed effect . 

The InSb-GaSb a l l oy-type c rysta l growth experiment 
deve l oped by W. R .  Wi l cox ( C l a rkson Col l ege ) d i d  not 
have s uf f i c i entl y  h i gh the rma l  grad i ent to growth rate 
i n  the grad i ent-freeze furnace to stabi l i ze the growth 
i nterface aga i nst breakdown from consti tuti ona l effects , 
and pol yc rysta l l i ne growth resu l ted . 

H .  Wi edeme i er ( Rensse l aer Pol ytec hn i c  Insti tute ) f l ew 
a c l osed-ampou l e  vapor c rysta l experiment i n  wh i ch 
i od i ne was used as  a c hemi ca l  transport agent to grow 
SeSe and 6eTe . The c rysta l s  grown i n  space were 
genera l l y  l arger wi th a more compact growth habi t and 
smoother facets than the contro l  samp l es grown on 
Earth . They a l so exh i b i ted a much greater perfec t i on as 
determi ned by etch p i t  ana l ys i s .  A maj or surpri se  i n  
the experiment was the fact that the tota l materia l  
transported f rom sourc e  to seed was s ubstant i a l l y  
greatf r i n  space than when the growth ampou l e  was i n  the 
vert i c a l  stabi l i z i ng conf i gurat i on ( hot over co l d )  on 
Earth . The reasons for th i s  anoma l ous transport rate 
a re not c l ea r ;  a l though , we now rea l i ze that 
cons iderab l e  convec t i on takes p l ace even in a therma l l y  
stab l e  system because o f  rad i a l  the rma l  and sol uta l 
grad i ents caused by wa l l  effects . It  i s  concei vab l e  
that convec t i ve ce l l s  d ri ven by these effects actua l l y  
i nh i b i t  d i f f us i ve transport i n  a therma l l y stab l e  
con f i gurat i on i n  Earth ' s  gravi ty .  

Apo l l o  Soyuz Experiments 

The Apo l l o  Soyuz Test Proj ect ( ASTP )  of fered an 
opportun i ty to repeat some of the more i nteresti ng 
Sky lab  experiments and to accommodate severa l  new 
i nvesti gati ons . Unfortunate l y ,  the t ime to prepare 
these experiments was short and the resources of fered by 
ASTP i n  terms of power ,  wei ght , vo l ume ,  and on-orb i t  
t i me  were much  l es s  than on Sky l ab .  Therefore , the 
experiments on ASTP in many cases were performed under 
more primi t i ve cond i t i ons  than on Sky l ab .  
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C rysta l Growth Experiments 

Wi tt and Gatos repeated the i r Skylab  experiments wi th 
Te-doped german i um in a new furnace that was equi pped 
wi th Pe l t i e r  pul s i ng for i nterface demarcat i on .  Thi s 
a l l ows the i nterface shape and pos i t i on to be corre l ated 
wi th t ime and g i ves a d i rect measure of growth rate . 
Contrary to the Skyl ab experiment , un i form dopant 
d i stri but i on was not ach i eved and there were i nd i cati ons 
that asymmetri es in the furnace modu l e  produced unequa l  
rad i a l  heat f l ow .  Simi l a r  ef fects ma y  a l so have 
occ urred i n  thei r Skylab  experiment but were not so 
apparent because of the d i f ference i n  segregat i on 
coef f i c i ents and the sens i t i v i ty of the techni que used 
on the ASTP experi ment . 

Wi edemeier  repeated h i s  Sky l ab experiment us i ng 
d i f ferent materi a l s  and transport agents . 
GeSeo . ggTeo . Ol was g rown us i ng Gel4 as  the 
transport agent . Other samp l es i nc l uded 
Geso . gaso . 02 wi th GeC 1 4 and Ges wi th Gec l 4 and 
Ar .  The Ar was added to vary the tota l pressure 
i ndependentl y  of the part i a l  pressure of the transport 
agent . The resu l ts were s i mi l a r  to those obta i ned i n  
Sky l ab , i . e . , s i gn i f i cant l y  enhanced growth rates as  
compared wi th what was then be l i eved to  be 
d i f f us i on-contro l l ed growth on the ground and 
i mprovements i n  growth habi t  and perfect i on s uggesti ve 
of qu i escent , d i f fus i on-contro l l ed growth cond i t i ons i n  
the space-grown c rysta l s .  

European Experiments i n  Space 

At a recent conference on Spac e l ab I res u l ts , 3 Eyer 
and N i tsche reported on the f l oat zone growth i n  space 
of s i l i con in a doub l e  e l l i psoid  furnace . They were 
on l y  ab l e  to obta i n  growth i n  one sampl e that showed 
stri at i ons wh i ch were s i mi l a r  to those found i n  sampl es 
g rown in 1 g .  No other characteri zat i on stud i es were 
made on the samp l e .  They attri buted the stri at i ons to 
Marangon i convect ion . An experi ment by Ben z on sol ut i on 
growth of GaSb was c ut short owi ng to techn i ca l  
probl ems , but i n  the sma l l  amount o f  .growth obta i ned , 
there was a regi on wi th no stri at i ons . A sol uti on 
growth experiment by N i tsche on CdTe was a l so c ut short 
by tec hn i ca l  d i f f i c u l t i es ,  and the sampl e was f ractured 
by i nterna l stresses due to the quenc h i ng ef fect when 
the furnace premature l y  shut down . Ko l ker repo rted 
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on the d i rect i ona l sol i d i f i cat i on of a s i l i con sphere . 
A l though the surface of the sphere was acc identa l l y  
c oated by a b l ack  s ubstance , whi ch h e  attri buted to an 
o i l contaMi nat i on f rom the furnace ,  he sti l l  observed 
stri at i on patterns wh i c h  he a l so attri buted to Marangoni 
f l ows .  Rodot d i d  experiments on three PbTe samp l es i n  a 
grad i ent f reeze furnace . The ampoul e  for the unseeded 
samp l e  was ruptured duri ng growth by what Rodot bel i eves 
was c rew acti v i t i es . A l though she reports the seeded 
samp l es grown i n  space appear to be better than those 
grown i n  a 1 -g env i ronment , she has not compl eted her 
ana l ys i s .  Recommendat i ons  by the rapporteur at the 
conference were that Europeans needed theoretica l  
support for  space experiments and they need to do more 
ground-based ana l ys i s  and characteri zat i on of the 
samp l es . H i s c ri t i c i sm was that by l imi t i ng the 
ana l ys i s  to a search  f or stri ati ons , they nei ther 
d i scovered any new phenomena that may be occ u rri ng nor 
ga i ned any understand i ng of the re l at i ve magn i tudes of 
the convect i ve d ri v i ng forces in a l ow-grav ity 
env i ronment . I n  res u l ts f rom sound i ng rocket 
experiments i n  the German TEXUS program, Carl berg 
reported that i n  Ge( Ga ,  1 . 5 x 1 01 8  cM-3 ) i nterface 
dema rcati on and spread i ng res i stance  measurements 
i nd i cated a near d i f f us i on control  d i stri but ion of 
dopant and no stri at i ons i n  the l ow-g ravi ty sampl es . 
Wa l ter ,  i n  a d i f ferent TEXUS experiment , started 
sol i d i f i cati on on the ground and showed that striati ons 
were present in the samp l e  under acce l e rati on , but the 
f l ow apparent l y  stopped or became l ami nar when the 
systeM was i n  low gravi ty as  evi denced by the absence of 
stri ati ons . I n  s ummary , i t  appears that wh i l e the 
European prog ram c urrent l y  has more f l i ght 
opportun i t i es , the sc i enti f i c  base for the i r program i s  
not so strong a s  for the u. s. program . The Germans wi l l  
f l y  the D-1 Mi s s i on i n  October of 1 985 . Most of the 
hardware re l ated to e l ectron i c  materi a l s  process i ng on 
that mi s s i on wi l l  be the same as on Spacel ab 1 .  
Experiments wi l l  i nc l ude new materia l s  such as  PbSnTe as 
we l l  as  ref l i ght of those wh i c h  experi enced techn i ca l  
probl ems on  Space l ab-1 . 

Rus s i an Space Program 

The Russ i ans have ma i nta i ned a strong effort i n  
e l ectron i c  materi a l s  growth i n  space . Wh i l e  deta i l s  are 
sketchy , they appea r to have grown a wi de range 
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of materi a l s  s i Mi l a r  to those i n  the U . S .  program , i . e . , 
Ge , GaSb , GaAs , PbTe , SnTe , and HgCdTe . However ,  the 
bul k of the i r experiments have been i n  Ge and the I I I -Y 
materi a l s .  I n  genera l , the i r resu l ts are s i mi l ar to 
those obta i ned i n  previ ous u. s. f l i ghts . 4 They report 
a s uppress i on of the gravi ty-d ri ven convect ion ,  near 
d i f fus i on-control l ed d i stri but i on of c onsti tuents , 
nonwett i ng of the ampou l e  wa l l s ,  and up to four orders 
of magni tude reducti on i n  d i s l ocati on dens i t i es . A l l of 
wh i ch have profound ef fects on the e l ectron i c  propert i es 
of these materi a l s .  

Up to thi s t ime , i t  appea rs that the Rus s i an efforts 
have been devoted to materi a l s  of a pract i c a l  i nterest 
us i ng a • f l y  and try•  ph i l osophy in wh i c h , • . . •  the 
f undamenta l s i gn i f i cance of experiments under 
mi c rogravi ty i s  by no means a l ess seri ous argument i n  
the i r favor than the i r poss i b l e  pract i ca l  app l i cat i on . • 
L .  L .  Regel ca l l s  for experiments wh i c h  are better based 
i n  theory and for better hardware for obta i n i ng the data 
requ i red for postf l i ght ana l ys i s . She states , • . • .  i n  
better pa rt of publ i shed papers authors are very 
opt imi sti c about the pract i ca l  appl i cat i on of the 
res u l ts . Accord i ng to them, there i s  good reason to 
pred i c t  f uture devel opment ( even • v i o l ent , • some of them 
say) of space tec hnol ogy and the organ i zat i on i n  space 
of economi ca l l y  s ubstanti ated producti on of some un i q ue 
semi conducti ng materi a l s .  Some of the authors are 
pes s i mi sti c  i n  th i s  respec t .  St i l l , preference shou ld  
be  g i ven to  opt imi sts who strong l y  be l i eve i n  f uture 
space produc t i on of semi conductor materi a l s  as  we l l as 
some others . •  

I n  genera l , the c rysta l growth experiments performed 
i n  space up to the present have not produced spectacu l ar 
breakthroughs ,  but they have conf i rmed that gravi ty
dri ven convect i ve f l ows were suff i c i ent l y  suppressed i n  
space that other phenomena s uch  a s  d i ffus i on-control l ed 
cond i t i ons and/or Marangon i -d ri ven convec t i on cou l d  be 
stud i ed .  A wor ldwide ph i l osophy seems to have evo l ved 
that experiments shou l d  on l y  be f l own after extens i ve 
ground-based test i ng and theoret i ca l  ana l yses have been 
carri ed out . Th i s  i s  exactl y the type of program 
recommended by the ori g i na l  STAMPS commi ttee report and 
what NASA has ach i eved duri ng the past f i ve years . 
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CURRENT MSAD PROGRAM IN ELECTRONIC  MATERIALS 

To establ i sh a f i rm s c i enti f i c  base  for the 
furtherdevel o�nt of e l ectron i c  materi al s ,  programs 
have been establ i shed to study the i mportant processes 
occurri ng duri ng the growth of c rysta l s  f rom the vapor 
phase ,  sol ut i on ,  and a me l t .  In add i ti on ,  stud i es are 
bei ng carri ed out us i ng the qua s i -conta i nerl ess  f l oat 
zone techn i que . The work i n  each of these areas has a 
theoret i ca l  aspect , an experimental c rystal growi ng 
aspect , and a s upport i ve ana l yt i ca l  aspect to determi ne 
propert i es and characteri zat i on tec hn i q ues . Al l three 
of these aspects are requ i red in order to opt imi ze the 
s ubsequent f l i ght experiments . Cooperat i on among the 
d i fferent s ubgroups , such as  E l ectron i c  Materia l s ,  
Meta l s and A l l oys , and F l u i d  Dynami c s ,  i n  the MSAD 
program a l l ows for an i nteracti ve process  wh i c h  uti l i zes 
the capabi l i t i es of each  s ubgroup to advance the overa l l 
program . 

F l oat-Zone Process i ng 

F l oat-zone c rysta l growth i s  a quas i -conta i nerl ess  
techn i q ue wh i c h  i s  espec i a l l y  usefu l  for ach i ev i ng 
h i gh-puri ty , d i s l ocati on-free c rysta l s  f rom materi a l s  
s uch  a s  s i l i con wh i c h  are h i g h ly  c orros i ve i n  the me l t .  
( Interact i on between the c ruc i b l e  and me l t  res u l t  i n  
undes i red dopants . )  Si nce the wei ght of the zone i s  
s upported by the surface ten s i on of the me l t ,  the zone 
s i ze i s  severe l y  restricted on some materi a l s  i n  l ow-g . 
I n  space i t  shou l d  be poss i bl e  to grow l a rge c rysta l s  i n  
systems that have l ow  surface tens i on to extend the zone 
l ength out to the Rayl e i gh l imi t ,  to achi eve better 
the rma l  control  at the growth i nterface ,  and to use a 
symmetri ca l  rad i ant heati ng system to avoid  the therma l  
asymmetri es i nherent i n  RF  i nduct i on systems . Whether 
or not d i ffus i on c ontrol l ed growth i s  pos s i b l e  in  the 
f l oat-zone process  i s  a s c i enti f i c  questi on that has not 
yet been sett l ed .  V i gorous sti rri ng a lways takes pl ace 
in  thi s process  on the ground because of the comb i nat i on 
of buoyancy-dri ven c onvect ion ,  e l ectromagneti c  sti rri ng 
assoc i ated wi th the i nduct ion heat i ng ,  and 
surface-ten s i on-d ri ven ( Marangon i ) convecti on . The 
f i rst two f l ows can be reduced or e l i •i nated by us i ng a 
qui escent heat i ng syste• i n  a mi c rogravi ty envi ronment .  
Marangon i f l ow  mi ght pos.s i b l y  be control l ed by a l teri ng 
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the f ree surface e i ther by growi ng a th i n  sol i d  f i l •  
s uc h  as a n  ox i de that iMposes no-s l i p  boundary cond i t i ons 
on the me l t ,  by f l owi ng an i nert gas a l ong the surface 
to dampen the f l ow ,  or by i ntroduc i ng a 
surface-act i vecontami nant that l owers the surface 
ten s i on of the me l t .  

Another sc i enti f i c  i s sue that must be resol ved i s  the 
effect of l ow-l eve l accel erat i ons ( g-j i tter) on the 
f l oat-zone process . F l oat zone i s  probably  more 
suscept i b l e  to such accel erat i ons than any other process  
because a f ree f l u i d  s urface i s  in  contact wi th a sol i d  
s urface wh i c h ,  i n  turn , i s  f i xed to the spacec raft . 
Sma l l v i brati ons that wou l d  not af fect a f l u i d  i n  a 
c l osed conta i ner  wi l l  cause the f l oati ng zone to 
osc i l l ate , espec i a l l y  i f  they are near the resonant 
f requency of the zone . How such osc i l l at i ons a f fect the 
growth i s  not c l ea r  at th i s  t ime .  

Because o f  the comp l ex i ty of the f l ow i n  a f l oat-zone 
conf i gurat i on ,  theoret i ca l  mode l i ng of the ent i re syste• 
i s  not yet pos s i b l e .  Vari ous i nvesti gators a re studyi ng 
d i f ferent aspects of the prob l em ,  such as  ( 1 ) boundary 
cond i t i ons requi red for a f l at i nterface , ( 2 )  sens i t i v i ty 
of boundary cond i t i ons and thermal prof i l es to 
vari at i ons  i n  materi a l s  pa rameters requ i red for the 
c a l c u l at i ons , and ( 3 ) coupl i ng mechan i sm between shape 
of the me l t  doma i n  and the magn i tude of the convecti ve 
vel oc i ty i nduced by var i ab l e  surface tens i on ,  as 
mod i f i ed by rotat i on ,  and as mod i f i ed by surfactants . 
Experimenta l work under E .  L .  Kern and 6 .  L .  Gi l l  i s  
a i med at deve l opi ng new f l oat-zone tec hni ques i n  s i l i con 
to mi n i mi ze me l t  f l ow i nstab i l i ty and to i mprove the 
resu l t i ng c rysta l homogene i ty .  They have rec ent l y  
reported promi s i ng res u l ts by us i ng zone ref i n i ng i n  a 
hot wa l l  heater that has a s i gn i f i cant l y  l ower therma l  
grad i ent . Experimenta l work to eva l uate techn i q ues for 
dampen i ng Marangon i c onvecti on i s  be i ng done to better 
understand th i s  phenomenon . S .  C .  Hardy , of the NBS , 
has measured the surface tens i on of s i l i con as a 
f uncti on of temperature and found the va l ue to be qu i te 
sens i t i ve to oxygen contami nat i on .  

Vapor-Phase Growth 

F .  Rosenberge r ( Un i vers i ty of Utah )  has extens i ve l y  
ana l yzed convec t i on i n  c l osed tube , vapor c rysta l growth 
and f i nds  that v i scous i nteract i ons between the 
transport i ng vapo r and the conta i ner  wa l l  c reate dens i ty 
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grad i ents that are a l ways convect i ve l y  destabi l i z i ng ;  
henc e , i t  i s  not pos s i b l e  to ach i eve d i ffus i on contro l l ed 
vapor transport i n  1 g .  Further,  he f i nds  that the 
accepted model s  for d i f f us i on-contro l l ed vapor transport 
work as  we l l  as they do because they conta i n  errors that 
se l f-cance l . Two experiments c urrent l y  have f l i ght 
status in thi s  area . H .  Wi edeme i e r  i s  i nvesti gati ng 
vapor growth of a l l oy-type semi c onductor c rysta l s  and 
wi l l  report i n  deta i l on th i s  in a l ater paper .  The 
other f l i ght experiment is the vapor growth of Hgl2 
by W .  F .  Schnepp l e  and L .  van den Berg . Th i s  i s  a 
phys i c a l  vapor-phase  transport process  where a 
temperature grad i ent i s  used to d ri ve materi a l  f rom a 
source to the growi ng c rysta l . The sc i enti f i c  
obj ecti ves o f  th i s  experiment are f i rst to detenmi ne the 
effects of gravi ty on c rysta l l i ne perfect ion and second 
to study the vapor transport rates and mechan i sMs . Th i s  
experiment f l ew on Space l ab 3 i n  1 985  wi th L .  van den 
Berg as  a Payl oad Spec i a l i st .  Ground-based tests in the 
f l i ght hardwa re have been optimi zed to obta i n  the best 
pos s i b l e  c rysta l s  i n  1 g ,  and th i s  experiment is now 
awa i t i ng f l i ght . 

I n  add i t i on to i ts importance i n  understand i ng 
f undamenta l processes , thi s i s  a l so an a rea i n  wh i c h  
there i s  a n  ongoi ng ,  commerc i a l  effort by 3M . They have 
recent l y  proposed an experiment to grow thi n  c rysta l l i ne 
f i l ms of materi a l s  i n  order to eva l uate the opt i ca l  
propert i es and c rysta l l i ne propert i es of s u ch  f i l ms 
grown under pure l y  d i f f us i ve growth cond i t i ons . They 
wi l l  a l so compare observed transport rates wi th the 2-D 
theory deve l oped by F .  Rosenberger .  Th i s  i s  an 
exce l l ent examp l e  of NASA ' s  goa l s  for encourag i ng 
i ndustri a l  part i c i pat i on . Bei ng aware of the theory 
deve l oped by Rosenberger and the f l i ght resu l ts of H .  
Wi edeme i e r ,  3M entered i nto an agreement wi th NASA to 
f l y  a seri es of experiments of d i rect  commerc i a l  
i nterest t o  them i n  wh i c h  they deve l op the hardware ,  and 
do the ground-based test i ng .  NASA pays for the f l i ght 
costs and shares i n  the data on nonpropri etary materi a l s  
f l own i n  the 3M s c i enti f i c  pac kage . 

So l ut i on Growth of Crysta l s  

Th i s  i s  a n  a rea that has one experiment wi th f l i ght 
status . R .  B .  La l and co �rkers at Al abama A&M 
Un i vers i ty have deve l oped an experiment for the sol uti on 
growth of tri g l ycene s u l fate ( TGS) , a materi a l  used i n  
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room temperature i nf rared detectors . The obj ect i ves of 
the experiment are to deve l op a l ow-gravi ty ,  so l ut i on 
growth techn i que , to characteri ze the growth envi ronment 
provi ded by the Shutt l e  and i ts i nf l uence on growth 
behav ior ,  and to determi ne how gravi ty i nf l uences the 
propert i es of the res u l t i ng TGS c rysta l . Theoret i ca l  
mode l i ng for thi s experiment i s  bei ng prov i ded by W .  L .  
Wi l cox o f  C l a rkson Un i vers i ty .  Th i s  experiment has been 
opt imi zed i n  1 g and f l ew on Space l ab 3 i n  1 985 . 

Ground-based tests on the sol ut i on growth of materi a l s  
s uch  a s  HgCdTe and CdSnP2 are bei ng carri ed out by 
K .  J .  Bachmann of NCSU . These materi a l s a re very 
d i f f i cu l t  to grow i n  l ow g and K .  J .  Bachmann i s  
i nvest i gati ng new growth techn i ques that may be poss i b l e  
i n  the space env i ronment . 

Th i s  i s  another growth techni que i n  wh i c h  3M has an 
effort .  They have proposed and f l own experiments to 
eva l uate the growth of organ i c  c rysta l s  by a l l owi ng two 
reacti ng sol uti ons to i nterd i f fuse and form c rysta l l i tes 
of the des i red compound wh i c h  has a l ow sol ubi l i ty i n  
the sol vent . On Ea rth , these c rysta l l i tes , because  of 
the i r  dens i ty d i f ference ,  wi l l  rap i d l y  prec i p i tate . 
However ,  i n  spac e ,  the part i c l es wi l l  rema i n  suspended 
and the l a rger c rysta l l i tes wi l l  grow at the expense of 
the smal l c rysta l l i tes by a process ca l l ed Ostwa l d  
ri pen i ng .  Extend i ng the resu l ts o f  previ ous space 
experiments , 3M has grown c rysta l s of va ri ous e l ectro
opt i c  materi a l s  ( e . g . , urea ) to measure the i r non l i near 
and e l ectro-opti ca l  propert i es and to re l ate these 
propert i es to the growth hab it  and structure . In  
add i t i on ,  growth rate and  s i ze d i stri but i on of c rysta l s  
wi l l  be compa red to theoret i c a l  mode l s  to va l i date the 
mode l . Thi s i s  requ i red to fac i l i tate the des i gn of 
f uture experi ments uti l i z i ng th i s  growth techn i que . 

Me l t  Growth 

Most i ndustri a l  processes for bu l k  c rysta l growth i n  use  
today i nvo l ve growth f rom the mel t .  These processes  
have evol ved wi th l i ttl e deta i l ed understand i ng 
of the convecti ve f l ows and how even sma l l convecti ve 
f l ows can have maj or ef fects on defect strutture and 
compos i t i ona l homogenei ty .  The MSAD program i s  l a rge l y  
respons i bl e  for hei ghten i ng the awareness of the c rysta l 
g rowth commun i ty to the s i gn i f i cance of these ef fects . 
R .  A .  Brown wi l l  present deta i l s  of the theoret i c a l  
status o f  th i s  work i n  a subsequent ta l k .  Howeve r ,  i t  
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must be poi nted out that i n  a 1 -g envi ronment , buoyancy
d ri ven convecti ve f l ows wi l l  exi st i n  a • vert i ca l l y  
stab l e •  conf i gurati on due to rad i a l  temperature 
grad i ents i n  the me l t  wh i ch are a l most i mpos s i b l e  to 
avo i d  i n  most semi c onductor materi a l s .  Most systems of 
i nterest have more than one component ; henc e ,  thermal 
and sol uta l effects •ust be  cons i dered . S .  Cori e l l and 
co�orkers have shown that i n  a d i l ute sol ut i on i f  a 
l es s  dense component accumu l ates at the sol i d i f i cati on 
i nterface , a potenti a l  for sol uta l c onvect i ve 
i nstab i l i ty exi sts even when the concentrat i on i s  so  l ow  
that the c ombi ned therma l  and sol uta l effects produce a 
dens i ty that dec reases monoton i ca l l y  wi th hei ght . For 
nond i l ute sol uti ons , parameters such  as sol i d i f i cati on 
temperature and therma l  d i f f us i v i ty are sen s i t i ve to 
c ompos i t i on wh i c h  means that the growth rate becomes a 
parameter wh i c h  •ust be i nc l uded i n  mode l i ng stud i es . 

The MSAD program has a wide base of experimental 
research i n  th i s  area . H .  C .  Gatos and co�rkers at 
MIT  have been work i ng on GaAs and re l ated materi a l s .  
The i r i n i t i a l  work was i n  the area of l i qui d-phase 
e l ectro-epi taxy ( LPEE ) . In  1 983 , th i s  work was chosen 
by M i c rograv i ty Resea rch  As soc i ates ( MRA) to rea l i ze 
bu l k  growth of GaAs i n  space . Thi s work i s  now bei ng 
sponsored by MRA i n  a j o i nt endeavor agreement wi th 
NASA . Recentl y ,  th i s  group has i denti f i ed sto i c h i ometry 
as  a fundamenta l factor contro l l i ng structura l  and 
e l ectron i c s  propert i es in GaAs . They have shown 
corre l at i ons  between mi c roscop i c  stoi c h i ometry 
f l uctuat i ons  and the presence of defects i n  the c rysta l . 

Work i ng i n  c l ose cooperati on wi th the theori sts , 
experimenta l ana l ys i s  of the previ ous  f l i ght resu l ts and 
ground -based tests have shown the importance of furnace 
des i gn on the control  of i nterface morphol ogy i n  
c rysta l s  grown by the Bri dgman tec hn i que . The growth 
rate can be cont i nuous l y  vary i ng i n  an uncontrol l ab l e  
and tota l l y  unpred i ctab l e  manner i f  great care i s  not 
taken to control both heat i nput to the samp l e  and heat 
extract i on f ro. the samp l e .  Th i s  has l ed to adopt i on of 
a mu l t i zone furnace conf i gurati on wi th an i ns u l at i on 
reg i on between the hot and the col d zones . A .  F .  Wi tt 
and co�orkers at MIT have des i gned and constructed a 
f urnace that i s  f u l l y  computer operated whi c h  a l l ows the 
estab l i shment of ax i a l  temperature grad i ents i n  
german i um doped wi th ga l l i u• [Ge ( Ga ) ] wh i c h  are i n  good 
agreement wi th theoret i c a l  pred i ct i ons and wh i ch a l l ow  
exce l l ent control of the i nterface morpho l ogy , except 
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near the wa l l s  of the conta i ner .  s. L .  Lehoc zky and 
co�orkers at MSFC  a re studyi ng the g rowth of the 
sol uta l l y  stabl e mercury-cadmi um-te l l uride  ( HgCdTe ) , and 
R .  K .  C rouch  and co�orkers at LaRC a re studyi ng the 
sol uta l l y  unstabl e l ead-ti n-te l l ur ide  ( PbSnTe ) system by 
the Bri dgman techn i que . Si nce the thermophys i ca l  
propert i es o f  these materi a l s  were not characteri zed , 
determi nat i ons of important parameters such as so l uta l 
d i ffus i on rates , therma l  d i ffus i v i t i es ,  spec i f i c  heats , 
and dens i t i es as a functi on of temperature and 
compos i t i on have been measured . Lehoc zky • s  g roup has 
found that the therma l  d i ffus i v i t i es of the compounds of 
HgCdTe have s i gn i f i cant d i scont i nu i t i es between the 
sol i d  and the me l t ,  wh i c h  makes thermal model i ng very 
d i f f i cu l t .  I n  add i t i on ,  the dens i ty of HgTe goes 
through a maximum at a temperature about &o• C above the 
sol i d i f i cati on poi nt . The other comp l i cati ons wh i ch 
must be cons i dered i n  mode l i ng the nond i l ute sol uti ons 
of the compound semi conductor systems are the chang i ng 
sol i d i f i cati on temperatures and thermal properties  of 
the me l t  as  the compos i t i on near the i nterface changes 
owi ng to the d i f ference i n  the equ i l i bri um concentrat i on 
i n  the sol i d  and the l i qu i d . F i na l l y ,  the thermal 
conduct i v i ty due  to  the presence of  the  conta i ner must 
be taken i nto account . I n  Ge( Ga ) , wh i c h  has a 
re l at i ve l y  h i gh thermal d i ffus i v i ty ,  th i s  effect resu l ts 
i n  a curvature of the i nterface nea r the wa l l s ;  however ,  
i n  the compound semi conductor materi a l s  wh i c h  have 
re l at i ve l y  l ow therma l d i ffus i vi t i es ,  th i s  effect can 
resu l t  i n  maj or d i f ferences between the pred i cted and 
exper imenta l i nterface shape . 

SUMMARY 

NASA has establ i shed a broad based program for 
understand i ng the effects of a l ow gravi ty envi ronment 
on the growth and proces s i ng of e l ectron i c  materi a l s . 
Th i s  prog ram covers the maj or g rowth techni ques used to 
grow c rysta l s .  Through c l ose i nteract ion between the 
theoreti c i ans and the experimenta l i sts , there have been 
s i gn i f i cant advances in understand i ng the effects of 
buoyancy-dri ven convect i on upon c rysta l l i ne qua l i ty and 
morpho l ogy and the i mportance of furnace  des i gn has been 
estab l i shed . These resu l ts have been reported and have 
he i ghtened the awa reness of the e l ectron i c  mate ri a l s  
i ndustry . It i s  bel i eved by the author ,  as a d i rect 
res u l t  of the work sponsored by th i s  program , new growth 
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techni ques have been devel oped wh i c h  better control  
convecti on duri ng growth and thi s has  l ed to  s i gn i f i cant 
improvements i n  commerci a l l y  ava i l ab l e s i l i con and 
gal l i w. arsen ide . Al though previ ous res u l ts f rom space 
experiments have not been spectacul ar ,  they have shown 
suff i c i ent promi se  for improvement of materi a l s to 
i nterest the commerc i a l  sector,  as  evi denced by the 
c urrent part i c i pati on of 3M and Mi c rogravi ty Research  
Assoc i ates i n  the  prog ram . Recent resu l ts f rom the 
European space f l i ghts have shown the i mportance of 
convecti ve forces such as Marangoni convect i on i n  
processes wh i c h  have f ree surfaces . The importance of 
sol uta l effects on convecti on and of c ruc i bl e 
i nteract i on wi th the heat and mass f l ows i n  c rysta l 
growth systems are j ust beg i nni ng to be understood . As 
progress  cont i nues i n  these areas and as more f l i ght 
resu l ts become ava i l ab l e ,  it i s  bel i eved that even more 
d ramati c  i mprovements i n  e l ectroni c  materi a l s  wi l l  
resu l t .  I n  conc l us i on ,  NASA • s  estab l i shment of a strong 
sc i ent i f i c  bas i s  for the Mi c rog rav ity Sc i ence and 
App l i cati ons PrograM has had and wi l l  conti nue to have a 
d i rect , va l uabl e i mpact on the technol og i ca l  
advancements i n  the e l ectron i c s  i ndustry i n  thi s country . 
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6 .  STATUS OF MODELING OF CONVECTION ,  SEGREGATION .  AND 
INTERFACE MORPHOLOGY IN MELT GROWTH OF SEMICONDUCTOR 

MATERIALS 

Robert A .  Brown 
Department of Chemi ca l  Eng i neeri ng and 

Materi a l s  Process i ng Center 
Massachusetts Insti tute of Technol ogy 

Cambri dge , Massachusetts 021 39 

SUMMARY 

Asymptot i c  ana l ys i s  and newl y deve l oped numeri ca l  
methods have l ead to  deta i l ed desc ri pti ons of  convect i on 
i n  d i recti ona l sol i d i f i cati on and i ts ef fects on 
mac rosca l e  and mi c rosca l e  segregat i on and i nterface 
morpho l ogy . Trans i t i ons i n  f l ow between d i ffus i ve and 
convecti ve contro l  of sol ute mi x i ng have been 
estab l i shed . Ca l c u lat ions  d i sti ngu i s h  between d i fferent 
experimenta l conf i gurat i ons  for d i rect iona l 
sol i d i f i cati on of common seMi conductor materi a l s and 
compare we l l  wi th i n  l aboratory measurements .  
Comb i nat i ons of f i n i te e l ement methods  and 
computer-i mp l emented perturbat i on methods  have pred i cted 
trans i t i ons  to l a rge-amp l i tude cel l u l a r  i nterface 
morpho l og i es . 

1 08 
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TEXT 

Pred i ct i on of the rol e  of f l ui d  convecti on on i nterface 
morphol ogy , hOMOgenei ty ,  and defect structure of 
se.i conductor c rysta l s  g rown f rom the me l t  requi res 
sol uti on of the mathemati ca l  probl ems desc ri bi ng 
transport and phase c hange in sol i d i f i cati on at a l evel 
of detai l not attempted before the devel opment of NASA ' s  
Mi c rograv ity Sc i ences and Space App l i cati ons Program. 
The purpose  of thi s  paper i s  to g i ve � perspecti ves on 
the status of th i s  mode l i ng and on the impl i cati ons of 
the res u l ts to the devel opment of experimenta l programs 
both for space and Earth . The �ri ad of techn i ca l  
deta i l s  and res u l ts compri s i ng the ana l yses menti oned i n  
the text are not presented but are avai l ab l e i n  the 
referenced publ i cati ons . 

Convect ion i n  the me l t  i n  a typi ca l  terrestri a l  
c rysta l g rowth system i s  a combi nati on of 
buoyancy-d ri ven , surface-tens i on-d ri ven , forc ed , and 
sol i d i f i cat i on-i nduced f l ows .  The patterns  of these 
moti ons i nf l uence  the temperature and sol ute f i e l d s  i n  
the me l t ,  the shape of the mel t/sol i d  i nterface ,  and , 
through the sol i d i f i cati on process ,  the compos i t i ona l 
uni formi ty and defect l evel i n  the c rysta l . Ca l cu l at i on 
of the f l ow  and spec i es f i e l ds i n  l aboratory experi ments 
i nvol ves numeri ca l  probl ems at the forefront of 
l a rge-sca l e  sc i enti f i c  computi ng .  Ca l c u l at ions of me l t  
f l ows i n  even s i mp l e  geometri es must account for 
non l i near tran s i t i ons in spat i a l  and tempora l pattern 
that are extreme l y  i mportant for correct pred i cti on of 
sol ute segregat i on i n  the c rysta l . On Earth , such 
trans i t i ons  in  buoyancy-i nduced f l ows can l ead to 
chaot i c  or turbu l ent convecti on and to random 
seg regat i on patterns i n  the c rysta l . Experimenta l 
stud i es of surface-tens i on-dri ven f l ows on Earth and i n  
space have shown s i mi l a r  trans i t i ons . 

Even when the mot i on i n  the me l t  i s  steady,  
convect i ve transport may cause detrimenta l dopant 
segregati on across the c rysta l and unwanted curvatu re of 
the me l t/sol i d  i nterfac e .  In an i dea l growth system ,  
sol i d i f i cat i on i s  un i d i rectiona l and the me l t/sol i d  
i nterface i s  p l anar ,  s o  that dopants are uni forml y 
d i stri buted across the c rysta l . From thi s  starti ng 
poi nt , nonun i form convect i on caused by any source 
d i storts the concentrati on f i e l d  by sti rri ng the me l t .  
The me l t  wi l l  b e  we l l mi xed and the dopant concentration 
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wi l l  be un i fon1 ac ross  the c rysta l on l y  when th i s  Mi x i ng 
i s  i ntense . Thi s state i s  ach i eved on Earth i n  most 
i ndustri a l -sca l e  g rowth systems , but at the expense of 
havi ng turbu l ent f l ow and the resu l t i ng mi c rosca l e  
f l uctuati ons  i n  i nterface structure and cogpos i t i on .  

I ntermed i ate convect i on l eve l s  achi eved i n  sma l l 
sca l e  systems on Earth and i n  mi c rogravi ty experi ments 
g i ve l es s -than-perfect mi x i ng and dopant segregat i on .  
Much of our ana l yses has been a i med at pred i ct i ng 
segregati on i n  rea l i st i c  c rysta l growth systems and 
us i ng numeri ca l s i mu l at i ons  to opt imi ze these geometri es . 

Convect ion and the resu l ti ng sol ute transport a l so 
have important effects on the mi c rosca l e  tran s i t i ons  i n  
me l t/sol i d  i nterface morpho l ogy i mportant i n  the g rowth 
i n  most a l l oys and mi c rostructured sol i d s . Changes f rom 
p l anar ,  to ce l l u l a r ,  and to dendri t i c  i nterface  
morpho l ogies  can  be  desc ri bed mathematica l l y  as  
non l i nea r tran s i t i ons  in  the  same f ramework used for 
convect i ve f l ows . We have taken thi s approach in  our 
ana l ys i s  of mi c rosca l e  structure . 

Successfu l  mode l i ng of the compl ex transport processes 
in  melt c rysta l g rowth has requ i red the devel opment of 
both mathematica l  tool s and s c i enti f i c  col l aborati ons . 
Some of our most important deve l opments a re l i sted bel ow :  

1 .  New numeri ca l  methods for sol v i ng the f ree- and 
movi ng-bounda ry prob l ems ari s i ng i n  sol i d i f i cati on 
systems have been formu l ated . 3 , 7 , 8 , 1 0 , 1 9 

2 .  Asymptot i c  ana l yses spec i f i ca l l y  desi gned for 
studyi ng me l t  convecti on prob l eMs have been 
constructed for ana l yz i ng transport processes i n  
i dea l i zed systems . 1 1 , 1 3  

3 .  Ana l yt i ca l  and numeri ca l methods for i denti fyi ng 
and fol l owi ng non l i near trans i t i ons  i n  f l ow  struc 
ture and i nterface morpho l ogy have been deve l oped 
and app l i ed i n  c rysta l growth phenomena on severa l  
l ength sca l es . 1 4 , 21 

4 . S ign i f i cant col l aborat i ons wi th experimenta l i sts 
have been deve l oped and have l ead to accurate 
mode l i ng of l aboratory experiments and to feedback 
between ca l cu l at ions  and furnace des i gn . 1 , 2 , 5  

Each  of these contri but i ons i s  summari zed bel ow a l ong 
wi th the app l i cabi l i ty of these resu l ts to the NASA 
Mi c rog ravi ty Sc i ence Program . 

The numeri ca l  ca l cu l at i ons of convect i on and i nterfac e  
morphol ogy o n  both mi c roscop i c and mac roscop i c  sca l es 
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a re based on newl y devel oped f i n i te-e l ement methods 
c omb i ned wi th a Newton i terat i on scheme for exp l i c i t l y  
l ocat i ng me l t/sol i d  and me l t/gas i nterface shapes whi l e  
comput i ng f i e l d  vari ab l es , e . g , . vel oc i ty ,  pressure ,  
temperature , and sol ute concentrat i on .  These  techni ques 
were f i rst devel oped for ss l v i ng steady-state 
so l i d i f i cat i on probl ems7 , 1  and have s i nce been 
genera l i zed to trans i ent or movi ng -boundary 
probl ems8 , 9 . The f i n i te-e l ement/Newton methods are 
the bas i s  for powerfu l  computer-imp l emented perturbati on 
methods for track i ng sol uti on faMi l i es as  a parameter i s  
vari ed , for detect i ng mu l t i pl e steady and t ime-peri odi c  
s o l ut i on s , and for detenmi n i ng sol uti on stabi l i ty .  Many 
of these perturbat i on methods were devel oped by us  under 
NASA support 1 4 , 21 and have been app l i ed to probl ems 
rangi ng f rom desc ri pt i ons  of the f l ow  tran s i t i ons  i n  
natura l  convec t i on wi thout21 and wi th phase change , 7 
to ana l ys i s of combi ned thermal -capi l l ary i nstabi l i t i es 
i n  sma l l -sca l e  f l oat i ng zone syste.s , 9 and to 
ca l c u l at i ons  of tran s i t i ons f rom p l anar to c e l l u l ar  and 
dendri t i c  mi c romo�hol og i es i n  two-d i mens i ona l 
so l i d i f i cat i on . l 5- 0 The combi nati on of accurate 
numeri ca l  s i Mu l at i on and computer-imp l emented 
perturbati on ana l ys i s  has been c ruc i a l  i n  each  of these 
stud i es . 

F i n i te-e l ement ca l cu l at i ons and asymptoti c  ana l yses 
of convect i on and s egregati on in i dea l i zed vert i ca l  
Bri dgmanl , 6 and f l oat i ng -zonel l -1 3  systems have 
c l earl y demonstrated the trans i t i ons f rom d i ffus i on
contro l l ed transport for c rysta l growth where on l y  the 
un i d i recti ona l convecti on assoc i ated wi th growth i s  
present to poorl y mi xed and f i na l l y  wel l -mi xed me l ts 
when h i gher l eve l s  of convecti on are present . These  
ca l c u l at i ons  have poi nted out the  dangers of  c rysta l 
g rowth under cond i t i ons  for l ow ,  but uncontrol l ed ,  
convect i on ,  where unwanted dopant seg regati on across the 
c rysta l may be much  more severe than on Earth . 
Opt i mi zat i on of space experiments to control  convect i on 
i s  c ruc i a l . 

One emphas i s  of our research  has focused on the 
numeri ca l  s i mu lat i on of d i rect i ona l sol i d i f i cati on of 
d i l ute and nond i l ute bi nary a l l oys and of the f l oat i ng 
zone process  f o r  produc i ng smal l s i ng l e  c rysta l s .  The 
mode l i ng of l aboratory-sca l e  d i recti ona l sol i d i f i cat i on 
systems has centered on the vert i c a l  Bri dgman growth 
systems devel oped by A. F .  Wi tt in the Materi a l s  
Process i ng Center at the Massachusetts Insti tute of 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, Cali fornia

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


1 1 2  

Techno l ogy and by J .  J .  Fav i er i n  the Meta l l urgy 
D i v i s i on of the Centre d 1 Etude Nuc l ea i re ,  Grenobl e ,  
France . Ca l cu l at i ons for sma l l -sca l e  f l oati ng zones 
have addressed the experiments wi th s i l i con under way at 
Marsha l l  Space F l i ght Center .  As reported i n  the 
pub l i cat ion c i ted5 i n  more deta i l i n  a forthcomi ng 
manusc ri pt , l ca l c u l at i ons a imed at ana l ys i s  of 
laboratory d i rect iona l sol i d i f i cat ion experiments must 
i nc l ude the prec i se cond i t i ons for heat transfer f rom 
the surround i ng furnace to the me l t  and sol i d . Accurate 
ca l c u l at ions of f l ows and dopant segregati on have been 
performed . 2 The f i ni te-e l ement ca l c u l at ions have 
successfu l l y reproduced i nterface shapes , and dopant 
seg regat i on i n  ga l l i um-doped germani um experiments i n  
the M . I . T .  furnace2 when both convecti ve and rad i at i ve 
heat transfer to the ampou l e  and the f i n i te 
heat-transfer rate through the ampou l e  are i nc l uded . 
The same s i mu l at i ons are bei ng used to mode l  the growth 
of s i l i con-german i um a l l oys i n  the Grenobl e  furnace ;  
deta i l s  are g i ven i n  reference 5 .  

Ca l c u l at ions of the temperature f i e l d  and me l t/sol i d  
and me l t/gas i nterface shapes i n  sma l l -sca l e  f l oati ng 
zones have poi nted out the comp l ex i nteracti ons between 
heat transfer f rom the ambi ent and zone shape i n  
determi n i ng the exi stence and conf igurati on of steady
state growth conf i gurat i ons . For examp l e ,  the l ength of 
the mol ten zone and i ts shape are coup l ed to the heat 
transfer f rom the surround i ngs through the shape of the 
men i scus , wh i ch determi nes the eff i c i ency of the zone i n  
accept i ng energy rad i ated and convected f rom the 
s urround i ngs . Ca l c u l at ions of zone stabi l i ty9 based 
on the f u l l thermal -capi l l ary mode l  g i ve very d i fferent 
res u l ts f rom previ ous i dea l i zed resu l ts that s i mp l y  
treated a f l oat i ng zone a s  a l i qu i d  drop captu red 
between two i nert sol i d  rods . Our comp l eted therma l  
mode l  a l so l eads the way f o r  accurate assessment of 
surface-tens i on-dri ven f l ows based on rea l i st i c  
heat-transfer cond i t i ons f o r  space experiments . 
App l i cat i on of computer-imp l emented pertu rbati on methods 
to these f l ow probl ems wi l l  a l so l ead to pred i ct i ons of 
the onset of the t ime-peri od i c  f l ow i nstabi l i t i es seen 
both on Earth and i n  space . 

F i na l l y ,  ca l c u l at i ons of mi c rosca l e  me l t/sol i d  
i nterface morpho l og i es i n  d i rect i ona l sol i d i f i cati on 
have l ead to the f i rst comp l ete desc ri pt i on of the 
trans i t i on to deep two-d imens i ona l ce l l u l ar  morpho l og i es 
for d i l ute bi nary a l l oys wi thout bu l k  convecti on . We 
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have demonstrated that the i n i ti a l  s i nusoi dal  i nstabi l i ty 
of a p l ana r i nterfac e  desc ri bed by a l i near stabi l i ty 
ana l ys i s  account i ng for sol ute d i ffus i on i n  me l t  and 
so l i d  evol ves wi th i nc reas i ng i nstabi l i ty ( ei ther 
i nc reas i ng g rowth rate or dec reas i ng temperature 
g rad i ent ) unti l a non l i near trans i t i on occurs as a 
secondary b i furcat i on that ha l ves the spat i a l  wavel ength 
of the ori g i na l  c e l l u l a r  morpho l ogy . Thi s  secondary 
tran s i t i on occurs so c l ose  to the onset of the ce l l ul a r  
i nterfaces that morpho l og i es wi th the ori g i na l  wave
l ength are probab ly  not observabl e .  We have computed 
thi s tran s i t i on i n  spat i a l  structure for a l a rge number 
of sol i d i f i cat i on mode l s1 5 , 1 6  to prove that i t  i s  
t ru l y  generi c .  

Deep c e l l u l a r  i nterfaces evol ve with ha l f  the 
o ri g i na l  wave l ength systematica l l y  as  the vel oc i ty i s  
i nc reased and are characteri zed by l a rge ce l l s  separated 
by deep , thi n  grooves of ne l t . 1 7  The me l t/sol i d  
i nterface at the botto. of the groove i s  actua l l y  
re-entrant wi th a • drop l et •  of me l t  suspended on the 
botto. on the g roove . Stead i l y growi ng ce l l s  do not 
exi st beyond a l imi t i n  i nstabi l i ty where the s i des of 
the ce l l s  i ntersect and the drop l et of me l t  wou l d  
separate f rom the toG of the ce l l .  Ca l cu l at i ons are 
c urrent l y  under way1 to detect the formati on of 
dend ri t i c  s i deanms a l ong the ce l l t i p  as  Hopf or  
t 1me-peri od i c  b i furcati ons f ro. these steady-state ce l l s  
and the pseudo-steady ce l l t i ps that ex i st when the 
d rop l et shedd i ng has begun . These  resu l ts a re 
precursors to stud i es of the devel opment of ce l l u l a r  
morpho l og i es i n  three d i mens i ons  that can be 
unambi guous l y  tested i n  a zero-gravity envi ronment . 
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1. CRYSTAL GROWTH IN SPACE 

H .  Wi edeme i er 
Department of Chemi stry 

Rensse l aer Po l ytechn i c  Insti tute 
Troy , New York 1 21 81 

I NTRODUCT ION 

Sub l i mat i on and condensat i on react i ons are bas i c  
phenomena that are app l i ed i n  a vari ety of i mportant 
techno l og i ca l  processes , i nc l ud i ng the puri f i cat i on of 
meta l s  and the synthes i s  of materi a l s .  I n  the form of 
chemi ca l  vapor depos i t i on ( CVD) , chemi ca l  vapor 
transport ( CVT ) , and as subl i mat i on or phys i ca l  vapor 
transport ( PVT) , these proces ses are emp l oyed for the 
growth of s i ng l e  c rysta l s  of research  qua l i ty and for 
the producti on of bu l k  and l ayer-type s i ng l e  c rysta l l i ne 
materi a l s  for dev i ce-ori ented app l i cati ons . The open 
f l ow system and the genera l l y  l a rge temperatu re 
grad i ents of the CVD techn i que resu l t  i n  a f l u i d  
dynami ca l l y  very comp l ex combi nat i on of grav i ty-dri ven 
and forced convect i on .  Th i s  comp l ex i ty i s  somewhat 
reduced for CVT and PVT processes , wh i ch are usua l l y  
performed i n  c l osed systems and , thus , i n  the absence of 
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externa l l y  i mposed f l ow .  Therefore , che.i ca l  and 
phys i ca l  vapor transport react i ons  are i dea l l y  s u i ted 
for the i nvesti gat i on of natura l  or g ravity-d ri ven 
convect i on effects on mass transport and c rysta l g rowth 
phenomena . In  add i ti on ,  the i nherent thermochemi ca l  
d i fferences between CVT and PVT reacti ons , app l i ed to 
the same materi a l , can be used advantageous l y  to 
e l uc i date the effects of the chemi ca l  c haracteri sti c s  of 
a syste. on the transport properti es of the materi a l . 

I n  order to estimate the f l ui d -dynami c propert i es of 
CVT or PVT processes , to d i fferent i ate convect i on 
effects on transport and g rowth phenomena f rom poss i b l e  
other i n f l uences , i t  i s  i mperati ve that the 
thermodynami c ,  k i neti c ,  and structura l  propert i es of a 
system be wel l  understood . The materi a l s  of i nterest , 
german i um s e l en i de ( GeSe ) and rel ated I V-VI compounds , 
have been extens i ve l y  c haracteri zed i n  our and other 
l aboratori es in tenms of the i r thermochemi ca l  and 
structura l  parameters . The orthorhombi c  structure of 
GeSe i s  an i sotrop i c ,  yi e l d i ng extens i ve growth 
perpendi cu l a r  to the l ongest axi s of the un i t  ce l l . 
Under near-equ i l i bri um cond i t i ons , the domi nant g rowth 
hab i t  of GeSe are p l ate l et-type c rysta l s .  Dev i at i ons 
f rom thi s  c rysta l l ograph i ca l l y  detenmi ned g rowth 
morphol ogy i nd i cate f l ui d  dynami c and/or thenmodynami c 
perturbati ons of the growth process .  I n  add i t i on ,  the 
structures of the IV-VI compounds are c l os e l y  re l ated to 
those of other techno l og i ca l l y  i mportant materi a l s .  A 
deta i l ed understandi ng of these rel at i onsh i ps provi des 
the bas i s  for the meani ngfu l  estimati on of the growth 
propert i es of other materi a l s .  

I n  our mi c rograv i ty stud i es to date , GeSe has been 
used as a mode l  system emp l oyi ng CVT and PVT react i ons . 
The primary obj ect i ves of the space experiments were to 
determi ne absol ute mass  transport rates , to observe 
rea l i st i c  effects of reduced gravi ty on c rysta l growth , 
and to observe poss i b l e  unexpected transport and growth 
phenomena . The i nterna l l y  cons i stent resu l ts of e l even 
space experiments on the above systems j ust i fy the 
conc l us i on that bas i c  s c i enti f i c  and technol og i ca l l y  
s i gn i f i cant data have been produced through th i s  work . 

Pri nc i pl es of Chemi ca l  Vapor Transport 

Before summari z i ng the mi c rogravi ty resu l ts obtai ned to 
date , a bri ef descri pti on of the chemi ca l  vapor 
transport method i s  des i rab l e .  The bas i c  pri nc i p l es and 
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genera l  app l i cati ons of c hemi ca l  vapor transport 
reacti ons have been estab l i s hed earl i e r . l Further 
extens i ons wi th respect to theoreti ca l  cons i derati ons 
and experimenta l stud i es have been d i s c ussed i n  recent 
years . 2 , 3  The essent i a l  aspects of CVT react i ons  a re 
bri ef l y  s ummari zed be l ow .  

A chemi ca l  vapor transport react i on i s  def i ned a s  a 
react i on between a condensed source materi a l  and a 
gaseous transport agent to form exc l us i ve l y  gaseous 
transport prod ucts . The domi nant react i on for the 
GeSe-Ge i4 system i s  g i ven by the react i on 

GeSe ( s )  + Gei4 ( g )  = 2 Gei 2 ( g )  + 1 /2 Se2 ( g ) . ( 1 ) 

The vapor spec i es mi g rate f rom the source  to the 
condensat i on reg i on where the reverse react i on occurs 
wi th format i on of s i ng l e  c rysta l s .  The dri vi ng forces 
for the vapor transport process are based on temperature 
grad i ents a l ong the axi s of the contai ner and on the 
temperature dependence of the equ i l i bri um constant of 
the transport react i on .  Depend i ng on the thermochemi cal  
propert i es of the  system, net mass transport can occur  
f rom h i gh to  l ow or f rom l ow to  h i gh temperature . In  
contrast , subl i mat i on ( PVT) can  on l y  occur  f rom h i gh to 
l ow temperature . D i f f us i ve mass f l ow i s  governed by 
F i c k • s  l aw and can be represented i n  an overs imp l i f i ed 
form by the equat i on 

( 2 ) 

where APi i s  the pa rt i a l  pressure d i f ference of 
spec i es i between the hot and co ld  zone , and EP i s  the 
tota l pres s u re .  The presence of a den s i ty grad i ent and 
of a gravi tati ona l f i e l d  cause convecti ve moti on , wh i ch 
i s  bu l k  f l ow of mass s uperi mposed on d i f f us i ve 
transport . I n  a s i mp l i f i ed form, convecti ve mass f l ux 
can be represented by the equat i on 

( 3 ) 

where g i s  the gravi tat i ona l acce l erat i on .  Equat i ons  
( 2 ) and  ( 3 )  i l l ustrate the  important d i fference in  the 
dependence of the mass f l ux J on the tota l pres sure .  
Th i s  i s  graphi ca l l y  i l l ustrated i n  terms of J versus 
E P  in F i gure 7 . 1 . At very l ow pres sures ( reg i on 1) , 
when the mean-f ree path of the mol ec u l es i s  greater than 
the d i mens i ons  of the conta i ne r ,  the mass f l ux i s  
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contro l l ed by the rate of the heterogeneous so l i d -gas 
phase  react i ons at the source  and/or c rysta l . I n  regi on 
2 ,  where mean-f ree-path cons i derat i ons are i mportant , 
mass  transport i s  d i f fus i on l imi ted . Reg i on 3 
represents the convecti on-domi nated mass transport 
reg i me . It  shou l d  be noted that d i f fus i ve and 
convect i ve mass transport occur  s i mu l taneous l y ;  the 
re l at i ve contri buti on of the d i f fus i ve and convecti ve 
component to the tota l mass f l ux can be changed by 
varyi ng the transport agent ( tota l ) pressure . Another 
way of chang i ng the rel ati ve domi nance of d i ffus i ve and 
convecti ve f l ow  i s  through the ori entati on of the 
den s i ty g radi ent wi th respect to the gravi ty vector .  
Under hori zonta l cond i t i ons and  for AT � 0,  there i s  
a lways d i f fus i ve-convect i ve f l ow .  Under vert i ca l  
destabi l i z i ng cond i t i ons  ( hot zone at  the bottom) , 
convect i ve f l ow i s  maximi zed . Under vert i c a l  
stabi l i z i ng cond i t i ons ( hot zone o n  top ) , convecti ve 
f l ow i s  mi n i mi zed and wou l d  be zero i f  there wou l d  be no 
rad i a l  AT ( perpend i c u l ar to the dens i ty grad i ent ) . 
Si nce i n  most pract ica l  cases i t  i s  very d i f f i c ul t ,  i f  
not i mpos s i b l e ,  to e l i mi nate rad i a l  temperature 
grad i ents , there are a l ways convecti ve contri but i ons  on 
Earth , even under vert i ca l , stabi l i z i ng cond i t i ons . 

The major advantages of the chemi ca l  vapor transport 
techn i que i nc l ude the use of l ower temperatures . Th i s  
reduces the assoc i ated reacti on pressures and conta i ner 
prob l ems in terms of i nertness , i mpuri t i es , and 
mechan i ca l  stabi l i ty .  The use of a s i ng l e  source  
materi a l  has  a s i gn i f i cant impact on  the  s i mp l i c i ty of 
the apparatus and of the procedures i nvol ved . 

The effects of gravi ty-dri ven convect ion on c rysta l 
morpho l ogy of IV-VI compounds have been observed ea rl i er 
i n  our l aboratory . 4 From those and subsequent stud i es 
i t  was j usti f i ed to conc l ude that i n  genera l  the c rysta l 
qua l i ty i n  terms of surface and bul k morphol ogy 
decreases wi th i nc reas i ng convecti ve contri but i on to the 
tota l mass transport . Thi s i s  i l l ustrated for the 
6eSe-6ei4 system i n  F i gure 7 . 2 . 5 Under the 
cond i t i ons of F i gure 7 . 2a ,  the mass transport i s  
d i f fus i on contro l l ed ;  and under the cond i t i ons of F i gure 
7 . 2b ,  convecti ve f l ow i s  the domi nant transport mode . 
Because the mass  transport rates for cond i t ion 7 . 2a and 
7 . 2b are the same wi thi n  error l imi ts , the drast i c  
c hanges i n  s urface morphol ogy f rom h i gh-qua l i ty s i ng l e 
c rysta l p l atel ets ( F i gure 7 . 2a )  t o  dendri t i c  type growth 
( F i gure 7 . 2b )  are so l e l y  caused by the c hange f rom 
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domi nant d i f f us i ve to domi nant convecti ve f l ow .  At 
h i gher pres sures and i ncreased convect i ve contri but i ons , 
the depos i t i on pattern of dend ri tes on the ampou l e  wa l l  
( F i gure 7 . 2c )  revea l s the nutri ent f l ow pattern i n  the 
ampou l e .  

Based on our ea rl i er chemi ca l  vapor transport stud i es 
of GeSe ( Ref . 6 )  and GeTe , 4 i t  was pred i cted that 
c rysta l s of i mproved morphol ogy rel ati ve to 
correspond i ng ground-based cond i t i ons  cou l d  be obta i ned 
i n  a mi c rog ravi ty envi ronment . Th i s  was the beg i nn i ng 
of our ea rl i er c rysta l growth experiments performed 
d uri ng the Sky lab and Apol l o-Soyuz f l i ghts . 

RESULTS OF SKYLAB AND APOLLO-SOYUZ EXPER IMENTS 

The pri mary obj ect i ves of our previ ous chemi ca l  vapor 
transport stud i es i n  mi c rog ravi ty envi ronment duri ng the 
Skyl ab and Apo l l o-Soyuz mi s s i ons  were to observe 
rea l i st i c  ef fects of mi c rogravi ty on c rysta l morphol ogy 
and to measure mass transport rates i n  the absense  of 
convect i ve i nterferences . It  was expected that the 
c rysta l morpho l ogy cou l d  be i mproved re l at i ve to 
g round -contro l  spec i mens and that the mass transport 
rates wou l d  correspond to d i f f us i ve transport . The 
experimenta l cond i t i ons were not des i gned to produce 
opt imum qua l i ty crysta l s  in space , but to conf i rm  the 
above pred i ct i ons . 

For thi s purpose ,  chemi ca l  vapor transport and 
c rysta l growth experiments were performed on the 
fol l owi ng materi a l s :  GeS , GeSe , GeTe , 
Geso . 98seo . o2 • and GeSeo . 99Teo . Ol · The 
transport agents emp l oyed were GeC1 4 , Ge i4 , and a 
GeC l 4 -Ar mi xture . For these experi ments , three 
d i f ferent temperature grad i ents and n i ne d i fferent 
transport agent pres sures were emp l oyed yi e l d i ng a tota l 
of n i ne mi c ro�ravi ty experiments . The essent i a l  resu l ts 
of the Skyl ab and Apol l o-SoyuzB experiments are 
summari zed bel ow .  

1 .  The c hem i ca l  and structura l  mi c rohomogene i ty of 
space-g rown c rysta l s  was cons i derabl y  i mproved 
re l at i ve to ground -based spec i mens . 

2 . The mass transport rates observed i n  space were 
greater than expected for mi c rog ravi ty cond i t i ons . 

F i 'rst of a l l i t  i s  important to note that the above 
observati ons were made cons i stent l y  for a l l n i ne 
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experiments . Therefore , the resu l ts observed have a 
rather h i gh degree of va l i d i ty .  I n  fact , these 
experiments represent the on l y  seri es of mi c rogravi ty 
experiments wh i ch are c hecked i n  space under d i fferent 
experimental cond i t i ons . It i s  the i nterna l cons i stency 
of the resu l ts whi c h  provi des the bas i s  for the i r 
genera l  s i gn i f i canc e .  

The observat i on of i mproved c rysta l morphol ogy 
conf i rmed our pred i ct i ons based on previ ous stud i es 
carri ed out i n  our l aboratory . However ,  the observati on 
of greater mass  transport rates i n  mi c rogravi ty 
envi ronment than pred i cted represents a h i gh l y  
unexpected and major f i nd i ng whi ch i s  o f  bas i c  
sc i ent i f i c  and techno l og i ca l  s i gn i f i cance . I t  i s  
i mportant to emphas i ze that the d i s crepancy between 
observed and expected mass transport rates in space 
i nc reases wi th i nc reas i ng transport agent pressure . 
Th i s  observati on strongl y  suggests that the cause of the 
f l ux anoma l i es observed i n  mi c rog rav ity envi ronment i s  
rel ated to the ef fects of homogeneous gas phase 
reacti ons in the above vapor transport systems . Because 
of the unconvent i ona l nature of the f l ux anoma l i es ,  
add i t i ona l experi mental and theoreti ca l  ground -based 
stud i es on the 6eSe-6ei4 system were performed . 

CONTINUED GROUND-BASED STUDI ES OF THE GeSe-Gei4 SYSTEM 

In order to further e l uc i date the above d i scussed f l ux 
anomal i es ,  the conti nued i nvest igati on of the 
GeSe-6ei4 vapor transport system was d i rected towa rd 
four major tasks . These were ( 1 ) the quanti tati ve 
ana l ys i s  of the vapor phase of the above systems ; ( 2 ) 
the i nvest igat i on of the re l at i on between d i f fus i ve and 
convecti ve mass transport ; ( 3 )  the deve l opment of 
comprehens i ve express i ons  for the computati on of 
d i f f us i ve mass  transport rates ; and ( 4 ) the measurement 
of the effects of ori entati on of the dens i ty grad i ent 
rel at i ve to the gravi ty vector on mass transport rates . 
The res u l ts of these stud i es , rel evant for the 
mi c rogravi ty experiments , are bri ef l y  summari zed be l ow .  

Based o n  ava i l ab l e thermochemi ca l  data of the 
GeSe-6ei4 system , whi c h  were i n  part produced i n  the 
author ' s  l aboratory , the compos i t i on of the vapor phase 
and the part i a l  press u res of gas phase spec i es were 
computed . 5 The resu l ts of these extens i ve 
ca l c u l a t i ons  are graph i ca l l y  represented i n  terms of 
part i a l  pressures as a f uncti on of tota l pressure i n  
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F i gures 7 . 3  and 7 . 4 for the temperature of the source 
( 793  K )  and  condensat i on reg i on ( 693  K ) , respecti vel y .  
The resu l ts demonstrate that the GeSe-Gei4 system i s  a 
mu l t i component , mu l t i react i on system , that the vapor 
phase compos i ton i s  very compl ex , and that homogeneous 
gas phase react i ons  do occ u r  i n  th i s  system .  The 
domi nant vapor spec i es are Ge i4 , Ge i 2 , and Se2 . 
Th i s  con f i rms that the ma i n  transport reac t i on i s  
correc t l y  represented by Equat i on ( 1 ) .  Howeve r ,  an 
acc urate computat i on of part i a l  pres sures and mass  
transport rates requ i res the con s i derat i on of  the  mi nor 
spec i es present i n  the vapor phase . 

The re l at i on between d i f f us i ve and d i f f us i ve
convect i ve mass  transport was experimenta l l y ana l yzed by 
determi n i ng the mas s  transport rate of the GeSe-Ge i4 
system as a f unct i on of i nert gas pres sure . 5 For th i s 
purpose ,  i nc reas i ng amounts of i nert gas were added to 
the GeSe-Ge i4 system for se l ected and f i xed pressures 
of transport agent Ge i4 . The mass  transport rates of 
GeSe i n  terms of reduced f l ux J •  as a f unct i on of tota l 
pres sure are represented i n  F i gure 7 . 5 .  The numbers on 
the f l ux c urves i nd i cate the f i xed pressure of Gel4 
used i n  the d i f ferent areas . For the Ge i4 pressures 
of 0 and 0 . 1 4 atm the transport i s  d i f f us i on cont ro l l ed ,  
of and for the Ge l4 pressures of 0 . 5  to 1 . 8 atm the 
overa l l  transport mode i s  convec t i on domi nated . The 
l i near dec rease of f l ux wi th i nc reas i ng argon pressure , 
fo l l owi ng a stra i ght l i ne wi th a s l ope c l ose to mi nus 
un i ty ,  revea l s  the ex i stence of a d i f f u s i on ba rri er  
under a l l cond i t i ons  in  the d i f f us i on and convect i on 
domi nated pres sure reg imes . The pos i t i ve devi at i on of 
the f l ux f rom the stra i ght l i nes at h i gher argon 
pres sures i nd i cates the •onset " of another convecti on 
mode . Wi thi n the range of the l i nea r port i ons  of the 
f l ux c urves , the add i t i on of argon i nc reases the den s i ty 
of the d i f f us i on ba rri er at the source and growi ng 
c rysta l s ,  but the thi ckness of the d i f f us i on boundary 
l ayers rema i ns unchanged for a g i ven Ge l4 pressure . 
At h i gher argon press u res , when the f l ux beg i ns  to 
i nc rease aga i n ,  the thi ckness of the bounda ry l ayer 
dec reases  further wi th i ncreas i ng argon pressure as the 
res u l t  of a new convect i ve mode . From the l i near 
port i ons  of  the f l ux curves and other known experimenta l 
pa rameters , the th i ckness  of the boundary l ayers can be 
ca l c u l ated for d i f ferent Gel4 pressures . Assumi ng 
that a d i f f us i on bounda ry of th i ckness  6 ex i sts at the 
so l i d-gas i nterface at the source and growi ng c rysta l , 
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the boundary l ayer thi ckness 26 as a f uncti on of 6ei4 
pressure ca l c u l ated f rom the above experimental resu l ts 
i s  represented i n  F i gure 7 . 6 .  At very l ow 6ei4 
pressures , the boundary-l ayer thi ckness corresponds to 
the d i stance between the source and g rowi ng c rysta l , 
whi ch i s  1 5  em for these experiments . Wi th i nc reas i ng 
transport agent pressure and i n creas i ng convect i ve 
contri buti on to the tota l mass transport , the d i f fus i on 
path l ength ( boundary-l ayer thi cknes s )  dec reases 
progress i ve l y .  It i s  important to note that the 
boundary l ayer does not reach  a mi n i mum thi ckness wi th i n  
the pressure range o f  thi s i nvesti gati on a s  was 
s uggested i n  the l i terature . 9 These i nvesti gati ons 
represent the f i rst experimental evi dence for the 
exi stence of a boundary l ayer i n  c l osed vapor transport 
systems under a l l cond i t i ons . 5 The resu l t  of 
convecti on on the mass transport rate of a system can be 
i nterpreted as an effecti ve • shorten i ng •  of the l ength 
of the d i f fus i on path . 

The dependence of the mass transport rates on the 
ori entati on of the dens i ty grad i ent wi th respect to the 
gravi ty vector was thorough l y  i nvesti gated for the 
GeSe-Geif system as  part of the cont i nued 
stud i es .  0 The resu l ts are graph i ca l l y  represented i n  
F i gure 7 . 7 .  For curves 1 -3 , the hot zone i s  on top 
( stabi l i z i ng cond i t i on ) , curves 4 and 5 represent the 
hori zonta l ampoul e  ori entat i on ,  and for curves 6-9 the 
hot zone i s  at the bottom ( destabi l i z i ng cond i t i on ) . 
Curve 1 i s  for the vert i ca l , stabi l i z i ng and curve 8 for 
the vert i c a l , destabi l i z i ng ori entat i on .  At very l ow 
pressures of 6e i4 , the mass transport rates a re 
i ndependent of ori entat i on ,  i nd i cati ng d i f fus i on 
contro l l ed transport . The measurabl e onset of 
convecti ve transport under present cond i t i ons  i s  at 
about 0 . 1 5  atm pressure . Wi th i nc reas i ng transport 
agent pressure , the dependence of the mass transport 
rate on ampou l e  ori entat i on becomes more pronounced . 

I n  order to compare the experimental data wi th 
theoret i ca l  va l ues computed for d i f fus i on contro l l ed 
transport , comprehens i ve transport equat i ons were 
deve l oped based on a ri gorous treatment of the processes 
i nvo l ved . 1 0  For th i s  purpose ,  the s i mu l taneous 
exi stence under g i ven experi menta l  cond i t i ons  of 
chemi ca l  vapor transport , of subl i mat i on , and of Stefan 
f l ow was cons i dered . The resu l t i ng transport equati on 
represents a one-dimens i ona l mode l  for the cal c u l at i on 
of d i f fus i on contro l l ed mass f l uxes i n  mu l t i component , 
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mul ti react i on systems whi ch i s  genera l l y  app l i cab l e  to 
other  systems . l O For the computat i on of accurate 
part i a l  pressures and mass transport rates , the presence 
of a l l gaseous spec i es in the system d i sc ussed above was 
con s i dered . 

Theoret i ca l  mass transport rates computed for 
d i f f us i ve transport are g i ven by the sol i d  curves 1 -9 
and are compa red wi th experi menta l data i n  F i gure 
7 . a . l 0  The curves 1 -9 represent i nc reas i ng l eve l s  of 
computati ona l ri gor and of comp l eteness of the chemi ca l  
system cons idered . Curve 9 i s  based on  the  most 
compl ete computat i ona l expres s i on .  The exce l l ent 
agreement of experi menta l resu l ts wi th computed data 
( c urve 9 )  over two orders of magn i tude i n  pressure 
demonstrates the va l i d i ty of the computat i ona l mode l . 
At pres sures be l ow about 0 . 1  atm ( d i f f us i on contro l l ed 
range ) ,  the experimenta l mass f l uxes for a l l 
ori entat i ons  are i n  very c l ose agreement wi th 
theoret i ca l  data ( curve 9 ) . Above 0 . 1  atm Ge i4 
pres sure ,  on l y  the data obta i ned under vert i ca l , 
stabi l i z i ng cond i t i ons fol l ow the theoret i c a l  curve . In  
v i ew of the c l ose agreement between experi menta l and 
theoret i ca l  data ( c urve 9)  over a wide pres sure range , 
the observed devi at i on of the experi menta l data f rom 
c urve 9 at h i gher pres sures i s  con s i dered to be rea l and 
not due to experimental uncerta i nt i es . The f l ux data 
represented by aster i sks were obta i ned for th i s  system 
and for the same temperature cond i t i ons  i n  mi c rogravi ty 
env i ronment .  The mi c rog ravi ty res u l t  obta i ned at 1 . 5 
atm Ge l4 pres sure i s  about 300 percent greater than 
the f l ux under vert i ca l , stabi l i z i ng cond i t i ons  and 
about 400 percent greater than the theoret i ca l  va l ue 
( c urve 9 ) . These d i s c repanc i es are we l l  outs i de any 
reasonab l e  error l i mi ts . The compari son between 
theoret i ca l , ground-based , and mi crog ravi ty res u l ts 
con f i rms the va l i d i ty of the f l ux anoma l i es observed 
earl i er for a l l Sky lab  and Apo l l o-Soyuz experiments . 

RESULTS OF STS-7 SHUTTLE EXPER IMENTsl l  

The STS-7 Shutt l e  experi ments are a d i rect consequence 
of the ea rl i er Sky l ab and Apo l l o-Soyuz  experiments on 
the GeSe-Ge l4 and re l ated systems . The pri mary 
obj ect i ves of the Shutt l e  experi ments are the conti nued 
i nvest i gat i on of mass  transport phenomena i n  mi c rograv i ty 
envi ronment and the quant i tat i ve determi nat i on of 
abso l ute mass transport rates observed for d i f ferent 
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cond i t i ons . In  order to  modi fy the thermochemi cal  
parameters of the  transport systems , the  transport agent 
6ei4 , empl oyed i n  the earl i er Skyl ab and Apol l o-Soyuz 
experiments , was rep l aced by the i nert gas xenon in the 
Shutt l e  experiments . Under these cond i ti ons , the source 
materi a l  GeSe subl imes through an atmosphere of xenon 
accord i ng to the react i on 

GeSe ( s )  = GeSe ( g ) . 
( 4 ) 

Th i s  process  i s  a l so ca l l ed phys i ca l  vapor transport i n  
the l i terature .  The mass transport o r  subl i mat i on rate 
of GeSe i s  contro l l ed by the thermodynami c and f l u i d  
dynami c parameters o f  the system . The l atter are 
dependent on the xenon pressure and the ori entat i on of 
the dens i ty grad i ent re l at i ve to the gravi ty vector for  
otherwi se f i xed cond i t i ons  of temperature grad i ent and 
ampoul e  geometry . In order to mi n imi ze the errors 
assoc i ated wi th mass  f l ux measurements , the mass 
transport rates to  be  observed were maxi mi zed by 
emp l oyi ng a l arge temperature d i f ference between the 
source and condensat i on regi on of the ampou l e .  Under 
these cond i t i ons , the growth of very smal l GeSe c rysta l s  
( majori ty l ess  than 1 mm edge l ength ) and 
po l yc rysta l l i ne depos i t i on were observed i n  a l l  
ground-based experi ments for the hori zonta l and 
vert i ca l , stabi l i z i ng ori entat i on of the transport 
ampou l e .  For the two experiments performed i n  
mi c rog ravi ty envi ronment duri ng the STS-7 Shuttl e 
f l i ght , one temperature grad i ent and two d i f ferent xenon 
pres sures were emp l oyed . 

The resu l ts to date of the above GeSe-xenon STS-7 
f l i ght experi ments are summari zed as fo l l ows . 

1 .  The mass transport rates of GeSe observed i n  
mi c rog rav i ty envi ronment are i n  c l ose  ag reement wi th 
theoret i ca l  pred i ct i ons  based on d i f f us i on control l ed 
mass  f l ux .  These resu l ts were expected and demonstrate 
that the mass transport of the GeSe-xenon system i s  
d i f f us i on l i mi ted under mi c rogravi ty cond i t i ons . 

2 . The depos i t i on pattern and c rysta l growth 
phenomena observed for th i s  system i n  mi c rog ravi ty 
envi ronment were comp l ete l y  unexpected . As i nd i cated 
above , under ground-based vert i c a l , stabi l i z i ng 
cond i t i ons , po l yc rysta l l i ne depos i t i on ,  and c rysta l 
d i mens i ons  l es s  than 1 mm were observed . On Ea rth a l l  
c rysta l l i tes are f i rml y  attached to the ampou l e  wa l l .  
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I n  space , i nd i vi dual  and much  l a rger s i ng l e  c rysta l 
p l atel ets are obtai ned .  Most importantl y ,  the l a rgest 
space g rown c rysta l  p l ate l ets ( about 10 x 4 mm2 ) had 
no d i rect  contact wi th the ampou l e  wa l l .  They were 
s upported by other c rysta l s extendi ng f rom the ampou l e  
wa l l .  

3 .  Present res u l ts of c rysta l characteri zat i on 
stud i es revea l that the surface and bu l k  morphol ogy of 
the space grown c rysta l s  is cons i derab l y  improved 
rel at i ve to correspond i ng g round -based spec imens . 

The combi ned observati ons of the STS-7 f l i ght 
experiments demonstrate that these experi ments were 
rather succes s fu l  and conti nue the seri es of our ea rl i er 
space res u l ts . Wi th respect to the mass  transport 
rates , the c l ose  ag reement between pred i c ted and 
observed mass  f l uxes for the GeSe-xenon system ( STS-7 ) 
supports our proposed hypothes i s  for the ea rl i er f l ux 
anoma l i es of the GeSe-Gei4 system ( Skyl ab and ASTP ) .  
The STS-7 res u l ts are i nterna l l y  cons i stent wi th those 
of the Skyl ab and Apo l l o-Soyuz f l i ghts . Thi s demon
strates the re l i abi l i ty of the thermodynami c data 
emp l oyed and the h i gh conf i dence l eve l i n  the res u l ts 
obtai ned . The con s i derab l y  improved morphol ogy of GeSe 
c rysta l s  obta i ned by PVT ( STS-7 ) re l at i ve to 
ground -contro l spec imens i s  cons i stent wi th that of GeSe 
c rysta l s  grown by CVT ( Skyl ab , ASTP ) . 

SUMMARY AND CONCLUSIONS 

The combi ned observati ons of our vapor phase crysta l 
growth experiments i n  mi c rogravi ty envi ronment , 
emp l oyi ng CVT and PVT tec hn i ques , can be genera l i zed to 
yi e l d  the fo l l owi ng res u l ts . Mi c rogravi ty ef fects on 
mass  f l uxes i n  vapor transport systems have been 
systemat i ca l l y  estab l i shed . Pos i t i ve effects of red uced 
g ravi ty cond i t i ons  on c rysta l s i ze ,  morpho l ogy , and 
c rysta l l ograph i c  and chemi ca l mi c rohomogenei ty have been 
i dent i f i ed .  The observat i on of pred i cted mass f l uxes i n  
mi c rogravi ty for s i mp l e  systems and of unexpected 
transport phenomena for comp l ex systems demonstrates the 
i nf l uence of the chemi ca l  characteri st i c s of the 
transport system .  The cons i derab l e  morpho l og i c a l  
i mprovement o f  space grown c rysta l s  has d i rect pract i ca l  
consequences for  the product i on o f  mate ri a l s  for  devi ce  
ori ented app l i cati on s . The observat i on of  unexpected 
c rysta l growth phenomena cou l d  i mp l y  a new concept for 
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the synthes i s  of materi a l s  and for the growth of l a rge 
c rysta l s i n  spac e .  

I n  combi nat i on wi th systemati c  and c ri t i cal  
ground -based stud i es ,  these space experiments have 
contri buted to our bas i c  understand i ng of transport 
processes . The appl i cati on of th i s  knowl edge to the 
c rysta l g rowth of other e l ectron i c  materi a l s  i s  an 
i mportant aspect of present and f uture f l i ght 
experiments . It  i s  j usti f i ed to conc l ude that the new 
i nformat i on and observati ons  produced by these  
experiments are both of bas i c  sc i enti f i c  i mportance and 
of technol og i ca l  s i gn i f i canc e .  
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F I GURE 7 . 1 . Dependence of the mass f l ux J on the tota l 
pres sure . 
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F I6URE 7 . 2 .  Opt t ca l  phot�t c rographs of representat t ve 6eSe c rysta l s  
obta i ned under d i f fe rent g rowth cond i t t ons t n  the 6eSe-6e l 4  syste.: ( a )  
0 . 04  a t.  i n i t t a l  6e l 4  pres s u re , d i f fus t on l t •t ted range , .agn . 3 . 75X ; 
( b )  0 . 38 at. i n i t t a l  6el4 pres s u re , convec t t on d�t nated range , .a s s  
transport rate wi th i n  error l i•i ts of that of cond i t t on ( a ) , .agn . 5 . 25X ; 
( c )  1 . 00 at. i n i t t a l  6el4 p re s s u re + 6 . 70 at. A r ,  .agn . 3 . 75X . 
Photogra�h ( c )  was taken through the wa l l  of the c l osed t ransport 
a.pou l e .  
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793 K 

Tota l  Pressure ( o tm ) 
F I GURE 7 . 3 .  Equi l i bri um pa rt i a l  pressures of gaseous 
spec i es in the GeSe-Gel4 system as a functi on of tota l 
pres sure at 793 K .  The vapor pressure of GeSe i s  a l so 
shown on the ordi nate . S 
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Tota l  Pressure (ot m )  

F IGURE 7 . 4 . Equi l i bri um pa rt i a l  pressures of  gaseous 
spec i es in the GeSe -Ge l4 system as a funct i on of tota l 
pres sure at 693 K .  The vapor pressure of GeSe i s  a l so 
s hown on the ord i nate . S 
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Tota l Pressure (Gei4 + Ar ) ( o tm ) 

F I GURE  7 . 5 . Va r i a t i on of the red uced f l ux J '  wi th  tota l 
p re s s u re ( Ge l 4 + A r )  i n  the GeSe -Ge i 4 -A r sys tem f o r  
g i ven i n i t i a l  p re s s u re s  of  Ge i 4  < •  i nd i cate  0 atm 
Gel 4 ) ,  ( D  i nd i cate  0 . 1 4 atm Ge l 4 , He  added i n s tead 
of A r ) . The n umbe rs on the c u rves  rep re s e n t  the i n i t i a l .  
Ge i 4  p res s u re s . 5 
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F IGURE 7 . 6 .  Variati on of the boundary l ayer ( d i f fus i on 
barri er)  thi ckness ( 26 )  wi th 6ei4 pressure i n  the 
6eSe-6el4 system . S 
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F I GURE 7 . 7 .  Mas s  transport rates of the GeSe-Ge l4 

a • 60" 

. : o• 
1.8 

system as a f unct i on of ampou l e  i nc l i nati on wi th respect 
to the g rav ity vector .  Ang l e  a denotes i nc l i nati on wi th · 
hot zone above ( c u rves 1 -3 ;  c urve 1 verti ca l , 
stabi l i z i ng )  and a ' denotes i nc l i nat i ons  wi th hot zone 
be l ow ( c urves 6-9 ; curve 8 verti ca l , destabi l i z i ng ) . 
Curves 4 and 5 ( a = a ' = 90° ) hori zonta l ori entat i on of 
ampou l e  wi th and wi thout i ndentat i ons  near hot end of 
ampou l e ,  respect i ve l y .  Va l ues on the absc i s sa a re 
i n i t i a l  pres s u res of Gei4 . 1 0  
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F IGURE 7 . 8 .  Compari son of experi menta l  mass transport 
rates of GeSe-Gei4 system wi th computed f l uxes based 
on d i f fus i on and Stefan f l ow .  The sol i d  l i nes i nd i cate 
theoret i c a l  pred i ct i ons and thei r ca l cu l at i ona l bases : 
c u rve 1 ,  ma i n  transport react i on ; c urve 2 ,  a l l transport 
reac t i ons ; c urve 3 ,  ma i n  transport react i on and Stefan 
f l ow ; c u rve 4 , a l l transport reacti ons and Stefan f l ow; 
c u rve 5 ,  ma i n transport react i on and subl i mat i on ; c urve 
6 ,  a l l t ransport reacti ons and subl i mat i on ;  curve 7 ,  
ma i n  transport react i on and Stefan f l ow and sub l i mat i on ;  
c u rve 8 ,  a l l transport react i ons  and Stefan f l ow and 
s ub l i mat i on ; curve 9 ,  a l l transport reacti ons and Stefan 
f l ow and subl i mat i on ; d i f ferent d i f fus i on coef f i c i ent 
ca l cu lat i on . Experimenta l data : ( 0 )  vert i ca l  
stabi l i z i ng ori entat i on ;  ( I) hori zonta l ori entat i on ;  D 
vert i ca l  destabi l i z i ng ori entat i on ;  ( 6 ) ampou l e  
i nc l i nati ons of 30° and 60° wi th respect to vert i ca l , 
hot zone above ; ( ') ampou l e  i nc l i nat i ons of 30• and 
60• wi th respect to vert i ca l , hot zone be l ow ;  ( * ) 
transport rates under mi c rogravi ty cond i t i ons . Curves 
1 -8 l eft-hand -s i de ord i nate and c u rve 9 r ight-hand-s i de 
ord i nate . Va l ues  on the absc i s sa a re i n i t i a l  pres sures 
of Gei4 . 1 0  
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8 .  OVERVI EW OF THE PROGRAM IN GLASSES AND CERAMI CS IN  
MICROGRAVITY SCI ENCE AND APPLICATIONS 

Robert H .  Doremus 
Materi a l s Eng i neeri ng Department 
Rens se l aer Pol ytechn i c  Insti tute 

Troy , New York 1 21 81 

INTRODUCT ION 

The purpose of the program i n  g l as ses and cerami c s  i n  
mi c rogravi ty i s  to expl ore conta i nerl ess  process i ng of 
these materi a l s  i n  l ow grav i ty .  The usual proces s i ng of 
g l asses in a contai ner often l eads to contami nat i on f rom 
the contai ner and nuc l eat i on of c rysta l s  at the 
conta i ner  wa l l s .  Thus conta i nerl ess  process i ng offers 
the poss i b i l i ty of maki ng purer  g l asses  and new g l a s s  
c ompos i t i ons  that norma l l y  c rysta l l i ze a t  the conta i ner 
wal l .  

Some potent i a l  app l i cati ons of g l asses  requi re h i gh 
puri ty . For examp l e ,  f i ber-opti c  wavegui des need l ow 
opt i c a l  absorpt i on to i nc rease the d i stance between 
ampl i f i ers .  Impuri ti es i n  the g l ass  f i bers i nc rease 
absorpt i on .  

New g l ass  compos i t i ons have a vari ety of potent i a l  
uses . A wi der range o f  opt i ca l  transmi s s i on 1 n  the 

i nf rared can reduce l osses i n  f i ber-opt i c  cab l es at the 

1 �  
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absorpt i on mi n i mum ( see F i g ure 8 . 1 ) .  Crysta l l i ne 
materi a l s  wi th th i s  des i red transmi s s i on range a re known 
but cannot now be made i nto g l as ses because they 
c rysta l l i ze duri ng cool i ng .  New l aser  host materi a l s  
a re needed . Many other h i gh-va l ue and l ow-vo l ume needs 
cou l d  be sati s f i ed by new g l as s  compos i t i ons . 

Another goa l of conta i nerl ess  proces s i ng i s  to l ea rn 
more about materi a l s  proces s i ng and propert i es  so  that 
known p rocesses  and mate ri a l s  can be i mp roved . An 
examp l e  i s  the meas urement of s urface energ i es of 
corros i ve l i qu i d s  f ree of a s ubstrate or  conta i ne r .  
Thermodynami c and thermophys i ca l  propert i e s  s u c h  as  heat 
capac i ty ,  thermal conduct i v i ty ,  and emi s s i v i ty are 
needed for materi a l s deve l opment and understand i ng and 
cou l d  perhaps be measured under c onta i nerl ess  cond i t i on s . 

The g l as s  and cerami c s  program i s  summari zed i n  the 
fo l l owi ng sect i ons : i ntroduct ions  of persons conduct i ng 
resea rch  i n  the program , g round-based stud i es ,  f l i ght 
equ i pment , f l i ght experiments , and app l i cat i ons . 

PART I C I PANTS 

A l i st  of pa rti c i pants i n  the g l as s  and cerami c s  program 
wi th thei r ma i n  a reas of contri but i on and i n st i tut i ons  
is  in  Tab l e  8 . 1 . 

GROUND-BASED STUDI ES 

Process i ng 

I n  order to make pure , homogeneous sta rt i ng materi a l s  
for g l as s  proces s i ng the g l ass  components can be mi xed 
as l i q u i d  organ i c  compounds and prec i p i tated as  a ge l . 
Th i s  method i s  a l ready used to prepare sta rt i ng 
materi a l s for g l as s  she l l s  used as  l a ser fus i on ta rgets 
( Down s ) . Propert i es of g l asses  made f rom gel  sta rt i ng 
materi a l s  a re be i ng compared with the same g l as s  
c ompos i t i on sta rt i ng materi a l s  ( Ne i l son -Wei nberg ) . A 
wi de  va ri ety of ge l  g l as ses  a re poss i b l e ,  for  examp l e  
tanta l ates ( Downs ) and germanates ( Mukherj ee )  a s  we l l  a s  
s i l i cates . 

The homogen i zat i on of me l ts wi l l  be exami ned i n  
f l i ght exper iments by Day . 

Bubbl es  are formed i n  g l ass  me lt s , and l a rge bubbl es  
a re removed on the g round by ri s i ng to the me l t  
s urface . The gas i n  sma l l bubb l es  can d i ssol ve i n  the 
g l as s , caus i ng the bubbl es to shr i nk and d i sappea r .  The 
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theory of bubb l e  growth and shri nkage under a vari ety of 
c ond i t i ons  has been t reated by Wei nberg , Subramani an ,  
and Col e .  Bubb l e  moti on and Marangon i f l ows i n  me l ts 
are bei ng i nvest i gated by Subramani an and Col e .  

Lee and Wang have bui l t  a d rop tower and make l a rge 
( >0 . 5  mm) shel l s  of good surface qua l i ty .  Wang wi l l  
g i ve more deta i l s  of th i s  program i n  h i s presentat i on .  

Ethri dge has exami ned f i ber  d rawi ng of g l as s . 

Propert i es 

Nuc l eati on and growth of c rysta l s  in g l as s  me l ts duri ng 
c oo l i ng l imi t g l as s  format i on .  Ki net i c s  of 
c rysta l l i zat i on have been stud i ed i n  z i rcon i um f l uori de 
g l asses by d i fferent ia l  scann i ng ca l orimetry , x-ray 
d i f f racti on , and l i ght and e l ectron mi c roscopy by 
Doremus and Nei l son and We i nberg . 

Surface tens i on of z i rcon i um f l uori de me l ts was 
measured by Doremus for compari son wi th f l i ght 
experiments , and surface segregat i on of components such 
as l ead , vanad i um ,  and mol ybdenum in  s i l i cate g l asses 
stud i ed by Uh l mann . 

Equ i pment 

A s i ng l e-ax i s acousti c  l evi tator for use up to l soo•c  
wi th mul t i p l e  sampl es has  been bui l t  by  Whymark and Rey 
at lnterson i c s  Corp . A three-axi s acousti c l evi tator 
for the mi d-f l i ght deck has been bui l t  at the Jet 
Propu l s i on Laboratory ( J PL)  under  the d i rect i on of 
Tay lor  Wang . Wi l l i ams and Lofgren at Johnson Space 
Center are deve l opi ng a s i ng l e-axi s  acoust i c  l ev i tator 
for exami nat ion of s i l i cate mel ts . 

Dunn has bui l t  severa l  gas -j et l ev i tators for use up 
to 1 00o•c  wi th remote control  of the samp l e  pos i t i on .  

Sc i enti f i c  Res u l ts 

To thi s poi nt I have tri ed to l i st a l l programs 
i mpart i a l l y .  Howeve r ,  I woul d  l i ke t o  s e l ect a few 
s c i ent i f i c  res u l ts for spec ia l  menti on , because 
eva l uat i on of s c i ence qual i ty is emphas i zed as a 
workshop goa l . These resu l ts have a l l been pub l i shed i n  
rev i ewed j ourna l s .  

Theori es of acoust i c  behav ior  i n  a c ubi ca l  furnace 
have been deve l oped by Barmatz and Wang at J PL .  These 
resu l ts are of i mportance in the broader  understand i ng 
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of acoust i c  behavi or i n  part i c u l a r  geometri es , as we l l  
a s  bei ng necessary for  des i gn and contro l  of the 
h i gh-temperature acoust i c  l evi tators . 

Theori es of bubb l e  behavi or have been exp l ored 
extens i ve l y  by Wei nberg and Subramani an , as  menti oned 
before . These resu l ts are of va l ue i n  understand i ng 
g l as s  mel t i ng ,  as  we l l  as  shel l format i on and space 
proces s i ng of g l as s . 

Stud i es of c rysta l  growth i n  f l our ide  g l asses have 
been reported by Doremus and Ne i l son and We i nberg , and 
a re i mportant in pred i cti ng the stabi l i ty of these 
g l as ses , the i r ease  of format i on ,  and thei r properti es . 

Sol -ge l formati on of g l asses  as  reported by Mukherj ee 
and Downs i s  va l uab l e  i n  deve l op i ng th i s  new techn i que 
for maki ng g l asses . 

F l i ght Experiments 

Two experiments on g l asses have been f l own on the Space 
Shutt l e ,  and repeats of these exper iments are p l anned on 
futu re Shuttl e f l i ghts . 

Day used the s i ng l e-axi s l ev i tator bui l t  by 
I nterson i c s  Corporat i on for h i s  samp l es . I n  add i t i on to 
three i nert samp l es , there were f i ve d i f ferent g l as s  
samp l es , as l i sted i n  Tab l e  8 . 2 . These experiments were 
des i gned to test the pos s i b i l i ty of me l ti ng g l a s s  i n  
space . They i nc l ude stud i es o f  me l t i ng and 
c rysta l l i zati on dur ing  coo l i ng of d i f ferent g l ass  
compos i t i ons  ( samp l es 1 ,  2 ,  3 ,  and  5 ) , of bubb l e  
behavi or ( samp l es 1 and 4 ) ,  and homogen i zat i on ( samp l es 
1 and 4 ) .  

I n  the f i rst f l i ght the coo l i ng s h roud stuck open 
before any of the g l ass  samp l es cou l d  be proc essed . 
Samp l e  1 was pa rt i a l l y  me l ted and showed bubb l e  
formati on i n  post-f l i ght ana l ys i s . The mov i ng-pi cture 
camera d i d  not operate properl y ,  so  no i n -f l i ght 
p i ctures we re recorded . Other samp l es were not 
proces sed as  p l anned . 

The heat i ng sequence for f l i ght experiments by 
Doremus and E l l eman i n  a three-axi s acousti c- l evi tator 
bu i l t  at JPL i s  g i ven i n  Tab l e  8 . 3 .  

I n  the f i rst f l i ght the samp l e  was observed duri ng 
the f i rst port i on of the heat i ng cyc l e  ( up to about 
500° C )  but was then l ost f rom vi ew because of acoust ic  
i nstabi l i t ies . The  s urface of the  samp l e  showed 
c hanges , probab ly  soften i ng ,  but the v i ewi ng capab i l i ty 
was not adequate to reso l ve deta i l s .  The samp l e  was 
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recovered as coarse granu l es ;  a dark i ndent on one chunk 
i nd i cated that the sampl e stuck to the wi re restra i n i ng 
c age i n  the f urnace . The samp l e  showed a f i ne 
c rysta l l i ne mi c rostructure (< 1  pm) compared wi th the 
much  l a rger co l umnar c rysta l s  that grow on s l ow coo l i ng 
i n  a conta i ne r .  X-ray d i f fract i on showed the same 
c rysta l l i ne phases i n  the f l i ght and ground samp l es , but 
i n  d i f ferent proport i ons . 

Add i t i ona l f l i ghts for both of these experiments are 
p l anned . 

Previ ous l ow g rav ity experiments have been carri ed 
out i n  d rop tubes , KC-1 35  a i rp l ane f l i ghts , and rockets , 
ma i n l y  to test equi pment . Some earl i er d rop-tube 
experiments by Ra l ph Happe ( deceased ) showed the 
pos s i bi l i ty of g l ass  format i on i n  oxi de systems such  as 
tanta l ates i n  wh i c h  g l ass  format i on i s  d i f f i c u l t .  

APPLICAT IONS 

Some pos s i b l e h i gh-va l ue l ow-vo l ume app l i cat i ons of 
g l as s  to wh i c h  conta i nerl ess process i ng cou l d  l ead were 
ment i oned i n  the i ntroduct i on .  The formati on of g l ass  
she l l s  as l aser  fus i on targets wi l l  be descri bed by 
Tayl or  Wang ; other app l i cat i ons  for the l a rger 
( >1 mm d i ameter) she l l s  are deve l opi ng . 

There a re a vari ety of potenti a l  app l i cat i ons  i n  
opt i c s . Pure , moat , and c rysta l -f ree f i bers a re 
requi red for l onger f i ber  l engths wi thout 
ampl i f i cat i on . The z i rconi um f l uoride  g l asses are 
espec i a l l y  attrac t i ve for f i ber  opt i c s , because the i r 
wider  i nf ra red ra�ge of transmi s s i on shou l d  l ead to a 
l ower mi n i mum l os s  ( see F i gure 8 . 1 ) .  These g l asses  a l so 
have the potent i a l  for  use as opt i ca l  components 
( l enses , pri sms ) and as envi ronmenta l sensors of 
d i fferent factors s uch  as pres sure ,  temperatu re , and gas 
compos i t i on .  

New l aser  hosts are needed for d i f ferent wavel engths 
and bandwi dths and h i gher powe r .  G l a sses made on l y  i n  
c onta i nerl ess  proces s i ng mi ght f u l f i l l  these need s . 

SUMMARY 

The program i nc l udes a v i gorous set of ground-based 
experiments on proces s i ng and properti es of g l asses 
perti nent to f l i ght experiments . Acoust i c  and gas j et 
l ev i tators a re bei ng deve l oped . F l i ghts i n  the Space 
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Shutt l e  have started , but more a re needed to expl ore the 
va l ue of conta i ner  proces s i ng of g l asses . There are a 
vari ety of potent i a l  appl i cat i ons  of the resu lt i ng 
g l asses . 
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F I GURE 8 . 1  Schemat i c  p l ot of i ntri ns i c  opt i ca l  
absorpt i on coeff i c i ent versus wave l ength i n  an i ns u l ator .  
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TABLE 8 . 1  Some Pri nc i pa l  I nvest i gators i n  the 
Mi c rogravi ty Program i n  G lass  and Cerami c s  

MARTY BARMATZ , J PL .  Acoust i c s , l ev i tators . 
DELBERT DAY , Mi s souri Ro l l a .  Process i ng of s i l i cate 

g l asses . 
ROBERT DOREMUS , RPI . Process i ng of f l uori de g l asses , 

nuc l eat i on , and c rysta l l i zat i on . 
RAY DOWNS , KMS Fus i on . Ge l synthes i s ;  g l as s  shel l s .  
STANLEY DUNN , Sedun . Gas-j et l ev i tators . 
DAN ELLEMAN , J PL .  Measurement of me l t  surface tens i on .  
ED  ETHRI DGE , Marsha l l .  G l a ss  process i ng and fabri cat i on .  
MARK LEE and TAYLOR WANG , J PL .  F l u i d  mechan i c s , 

acoust i c s , g l ass  she l l s .  
SHARMA MUKHERJEE , J PL .  Gel synthes i s .  
GEORGE NEI LSON and MIKE WE INBERG , J PL .  Nuc l eat i on and 

c rysta l l i zat i on , bubbl es , ge l synthes i s .  
P .  c .  NORD INE , M i dwest Researc h . Measurement of gaseous 

boundary l ayer compos i t i ons wi th l aser- i nduced 
f l uorescence .  

SHANKAR SUBRAMAN IAN and ROBERT COLE , C l a rkson . Bubb l es ,  
f l u i d  mechan i c s . 

DONALD UHLMANN , MIT . Nuc l eat i on and c rysta l l i zati on , 
surface segregat i on .  

R .  R .  WHYMARK and C .  REY ,  Interson i c s . Acoust i c  
l ev i tators . 

R .  J .  WI LLIAMS and G .  E .  LOFGREN , Johnson Space Center . 
Acoust i c  l ev i tators , redox contro l  of i ron s i l i cate 
me l ts 
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RPI : Troy , NY 
KMS Fus i on :  Ann Arbor ,  MI 
Ma rsha l l Space F l i ght Cente r :  Huntsvi l l e ,  AL 
C l a rkson Co l l ege : Potsdam,  NY 
M i dwest Research  Insti tute : Kansas C i ty ,  MO 
Johnson Space F l i ght Cente r :  Houston , TX 
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TABLE 8 . 2 G lass  Compos i t i ons and Treatments 
i n  F l i ght Experiments of Del bert Day 

4� Ga2D3 • 35� CaD • 25� S i D2 

1 .  Hot-pressed p l us Si D2 part i c l es . Me l t  at 1 5D0°C . 
2 . D 1 v i tr1 f i ed g l as s , c o l o red d rop on s u rface . Ho l d  at 

1 500°C . 
56� Ga203 - 44� CaD 

3 .  D1 v 1 tr 1 f i ed g l a s s . Hol d at 1 500°C . 
33� Na2D - 67� B2D3 

4 . Gl a s s  + Bubb l es . Hol d  at 900°C .  
4 5� Na2D - 55� Si D2 

5 .  D i v i tri f i ed g l a s s . Ho l d  at 1 350°C . 
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TABLE 8 . 3  Sampl e  Compos i t i ons and Heat Sequence 
i n  F l i ght Experiments of Robert Doremus and Dan E l l enan 

Samples : G lass  spheres 1 em i n  d i ameter wi th a sma l l  
boss and a bubb l e  about 2 mm i n  d i ameter .  

G la s s  Compos i t i on :  62  mol� Zrf4 , 3 �  BaF2 , 5� 
Laf3 

Heati ng Schedu l e :  

1 .  Heat t o  6oo•c . Glass  s hou l d  soften above 30o•c , then 
c rysta l l i ze ,  and f i na l l y  the c rysta l s me l t  above 
54o•c . 

2 .  At 600•c . Measure surface tens i on and v i scos i ty of 
.elt  by osc i l l at i on and rotat i on of samp l e .  Observe 
bubb l es . 

3 .  Crysta l l i ze g l ass  on cool i ng .  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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9 .  SPHERICAL SHELL TECHNOLOGY AND SC I ENCE 

T .  G. WANG 
Jet Propu l s i on Laboratory 

Pasadena , Ca l i forn i a  91 1 09 

ABSTRACT 

Vari ous aspects of a new technol ogy for the rap id  and 
economi ca l producti on of spheri ca l she l l s  composed of 
meta l , g l as s , or  p l a st i c  are descri bed . Top i c s  
presented i nc l ude pri nc i p l es o f  product i on ,  materi a l s  
cons iderat i ons , post-format i on proces s i ng ,  and certa i n 
areas of support i ng sc i ence . Examp l es of products are 
shown . 

INTRODUCT ION 

The product i on method to be descri bed operates by act i on 
of the f l u i d -dynami c and capi l l ary forces wh i c h  preva i l 
when a l i qu i d  materi a l  i s  extruded through an ori f i ce to 
form a j et .  I n  part i c u l a r ,  the nozz l e  i s  annu l ar  i n  
form,  wi th one o f  two embod i ments used by u s  bei ng shown 
i n  F i gure 9 . 1 . The she l l materi a l  i s sues through the 
outer pas sageway and the f i l l  materi a l , wh i c h  may be 
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e i ther gas or l i qu id , through the i nteri or . 
Hydrodynami c i nstabi l i ty causes p i nchof f of the j et wi th 
concomi tant encapsu l at i on of the f i l l  materi a l . Surface 
ten s i on provi des a spheri ca l  fon1 to the resu lt i ng 
hol l ow or compound d ropl ets pri or to sol i d i f i cati on and 
before the ten�i nati on of f ree-fa l l .  Sol i d i f i cat i on 
occurs i n  our work by f reez i ng of the she l l materi a l , 
but i t  cou l d  be by c hemi ca l  act i on . Noteworthy features 
of the method are that su i tabl e nozzl es are rel at i ve l y  
s imp l e  fabri cate , that the s i ze o f  the nozzl e  governs 
the s i ze of the product , that the shel l product i on rate 
for a g i ven nozzl e  i s  very h i gh ,  and that a wide range 
of materi a l s  can be accommodated . 

Gravi ty wi l l  l ater be shown to p l ay an i mportant rol e  
i n  the prec i s i on o f  shel l s  u l t imate l y  produc i b l e  by the 
p resent method s . L imi tat i ons on accu racy ari se because 
fa l l i ng she l l s  are subj ect to aerodynami c d rag forces 
duri ng coo l i ng and sol i d i f i cat i on . Thus , process i ng i n  
the zero-g envi ronment of space mi ght be necessary i n  
the fabri cat i on of such products a s  i nert i a l  c onf i nement 
f us i on ( IC F )  targets . However ,  most potent i a l  
app l i cat i ons  carry requi rements whi c h  can b e  met i n  a 
1 -g  envi ronment . 

The obj ecti ves of the present work were therefore set 
with an eventua l product i on i n  space i n  mi nd , but wi th 
Earth-based product i on as a more i mmed i ate need . 
Accord i ng l y ,  we a re :  ( 1 ) deve l opi ng the f l ui d -f l ow 
methods ; ( 2 )  exami n i ng vari ous materi a l s probl ems as  
they rel ate to the fabri cat i on of nozzl es and  to  the 
qua l i ty of the  products ; ( 3 )  deve l op i ng fac i l i t i es 
necessary for optimi z i ng the f ree-fa l l  and 
so l i d i f i cat i on phases of product ion ;  ( 4 )  conduct i ng 
ana l yt i c a l  and numeri ca l  stud i es on the f l ui d  f l ow ;  ( 5 )  
i dent i fyi ng potent i a l  app l i cati ons for  the products and 
deal i ng wi th the requi rements perta i n i ng thereto . 

The appl i cati ons bei ng cons i dered i nc l ude : I CF  
targets , h i gh -strength l i ght-wei ght structura l  
materi a l s ,  encapsu l at i on o f  phase-change materi a l s for 
heat storage , encaps u l at i on of haza rdous materi a l s ,  
i ns u l at i on materi a l s ,  neutra l l y  buoyant cata l yt i c  
agents , recyc l ab l e f i l ter materi a l s ,  f i re reta rdant 
materi al s ,  exp l os i ves and sol i d  prope l l ants , heat 
transport i ng s l urri es ,  and shock absorb i ng anmor p l ate . 
The requi rements on s i ze ,  materi a l s of compos i t i on ,  and 
geometri ca l  prec i s i on vary cons i de rab l y  wi th the 
spec i f i c  uses . Further desc r i pt i on of the f i rst th ree 
of the potent i a l  products wi l l  be g i ven and wi l l  serve 
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to i l l ustrate both the range of requi rements and the 
atta i nab l e  spec i f i cat i ons . 

1 .  Ho l l ow Jet Instabi l i ty 

When the l i q u i d  and gas ve l oc i t i es for the nozz l e  shown 
i n  F i gure 9 . 1  are set wi th i n  certa i n  ranges the hol l ow 
j et exh i b i ts a remarkab l e  i nstabi l i ty wh i c h  we were 
apparent l y  the f i rst to observe and exp l oi t .  The 
i nst�bi l i ty spontaneous l y  generates l a rge amp l i tude 
axi symmetri c osc i l l at i ons whi c h  c u l mi nate in p i nchoff of 
the j et wi th i n  approx i matel y f i ve d i ameters , caus i ng an 
encaps u l at i on of the gas wi th i n  the l i qu i d . F i gure 9 . 2  
shows i n  deta i l the encaps u l at i on cyc l e  for a f l ow of 
water ,  and F i gure 9 . 3  shows a more genera l  aspect of the 
process . The l atter photograph has been rotated for 
d i sp l ay ,  but the process works equa l l y  wel l for any 
ori entat i on of the nozz l e .  Under typ i c a l  cond i t i ons , 
nei ther gas nor l i q u i d  i s  l ost ; convers i on i s  comp l ete . 
Moreover ,  a f requency stabi l i ty and correspond i ng 
un i formi ty i n  she l l mass exceed i ng one part i n  1 03 i s  
observed . 

We have now stud i ed thi s i n stabi l i ty extens i ve l y  and 
have shown that for the sel f-susta i ned osc i l l at i on to 
occur  the l i q u i d  ve l oc i ty must exceed the speed of 
capi l l ary waves present upon the cyl i ndri ca l sheet 
emerg i ng f rom the nozzl e .  Th i s  i s  g i ven by 
( 2a/6p) l l2 , where a i s  the surface ten s i on ,  6 i s  the 
l i qu i d  sheet th i c kness , and p i s  the l i q u i d  dens i ty .  
A l so , i t  i s  necessary that the gas ve l oc i ty exceed that 
of the l i q u i d  by a factor of between approx imate l y  two 
and ten . The i nstabi l i ty can be understood and , to some 
extent , pred i cted by a stat i c  ana l ys i s  of the capi l l ary 
forces . By i nspect i on of the thi rd f rame of F i gure 9 . 2 ,  
the i ntermed i ate conf i gurat i on may be regarded a s  bei ng 
composed of a spheri c a l  bu l b  wh i c h  i s  connected to the 
nozz l e  by a cy l i nd ri c a l  neck . The pressure requ i red to 
susta i n  the spheri ca l  bu l b  1 s  4a/Rs , where Rs i s  the 
rad i us of the sphere . At the same t ime ,  the pres sure 
requ i red to susta i n  the neck aga i nst c o l l apse i s  2a/Rc , 
where Rc i s  the cy l i nder  rad i us .  Accord i ng to th i s ,  the 
neck c l oses when the bul b becomes twi ce  the d i ameter of 
the former . Experiments show that the she l l s  are i n  
fact approx imate l y  twi ce  the nozz l e  d i ameter .  

The foregoi ng i nd i cated the means by wh i ch the 
product d i ameter i s  contro l l ed .  The wa l l  th i c knes s i s  
set by e i ther of two adj ustments : by c hange of the 
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nozzl e annu lar  gap d i mens i on or by c hange of the gas 
f l ow rate . Inc rease of the l atter i nc reases the 
formation f requency , prov i d i ng l es s  materi a l  for each 
shel l and renderi ng i t  th i nner .  It may be  i nferred f rom 
the s impl i fi ed ana l ys i s  that the formation f requency 
depends upon both geometri ca l  and materi a l  propert i es .  
Frequency rangi ng f rom 50/s to 4000/s have been measured 
for shel l s  between 8 . 0  mm and 7 50 pm . Mu l t i -ori f i c e  
des i gns cou l d  accommodate very h i gh product i on rates . 

2 .  Theoret i ca l  Stud i es 

Numeri c a l  mode l i ng of the hol l ow j et i nstabi l i ty i s  
c u rrent l y  bei ng compl eted . I n  thi s ,  the hol l ow j et i s  
repl aced by an i n f i n i te l y  thi n  surface wi th spec i f i ed 
mass per un i t  area , with spec i f i ed vel oc i ty of i s suanc e ,  
and wi th appropri ate surface tens i on .  Vi scos i ty i s  
neg l ected . F i n i te e l ement ana l ys i s  i s  app l i ed to a 
su i tab l y  chosen i n i t i a l  conf i gurat i on ,  and the temporal 
deve l opment ca.puted . It  i s  requ i red that the i n i t i a l  
confi gurat ion b e  reproduced exact l y  a t  a l ater t i ne  
equa l to one peri od . F i gure 9 . 4  p resents the computed 
behav ior  for cond i t i ons approxi mat i ng those of the 
experi.ant shown in F i gure 9 . 2 .  Thi s  and other 
computati ons show that the essent i a l  phys i ca l  mechani sms 
a re understood and that resu l ts wh i c h  compare favorab l y  
with experiment are obta i ned . 

A l s o ,  we have compl eted an ana l yt i c  stabi l i ty of an 
annu l a r  j et f l ow ,  i . e . , one whi c h  has ei ther a gas or 
i mmi s c i b l e  l i qu i d  f l ow wi th i n  a surround i ng l i qu i d  j et .  
Para l l e l -f l ow,  i nv i sc i d ,  smal l -perturbat i on 
approxi mat i ons app l y .  A l though the ana l ys i s  i s  more 
app l i cabl e  to the l i qu id- l i qu i d  case menti oned l ater ,  i t  
i s  i nterest i ng t o  note that the pred i cted wave l ength for 
the l i qu id-gas case corresponds to a f requency i n  
agreement wi th that seen i n  the experiments . 

3 .  She l l Spheri c i ty and Concentri c i ty 

The i nteri or  and exteri or she l l s urfaces are read i l y  
understood t o  tend toward spheri ca l  form under the 
act i on of surface tens i on .  There are ,  however,  two sets 
of forces whi ch may l imi t the degree of spheri c i ty 
atta i nabl e pri or  to so l i d i f i cat i on : those of 
aerodynami c d rag duri ng f ree-fa l l  and those due to 
non-Newtoni an behav ior  of the l i qui d . These are 
d i scussed be l ow .  For many app l i cat i ons concentri c i ty 
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i s  as  i mportant as  spheri c i ty .  Unfortunate l y ,  we do not 
understand the forces wh i ch promote centeri ng , but , 
fortunate l y ,  we observe that sol i d i f i ed shel l s  pos sess 
fa i r  to exce l l ent concentri c i ty .  

We have performed cons i derabl e experi menta l and 
theoret i c a l  work on the matter of centeri ng . In  one 
experiment , a ri g i d ,  heavy sphere coated wi th a l ayer of 
l i qu i d  was l ev i tated acoust i ca l l y .  When a sma l l  
amp l i tude osc i l l ati on i n  the vert i c a l  d i rect i on was 
i nduced by modu l at i on , the sol i d  i mmed i ate l y  rose 
aga i nst gravi ty to the center of the l i qu i d .  I n  another 
experiment , a shel l formed of oi l of s l i ght l y  d i f ferent 
dens i ty than the i nteri or and exteri or  water about i t  
assumed concentri c form when caused t o  osc i l l ate i n  any 
of severa l  natura l modes . These tests demonstrated 
conc l us i ve l y  that osc i l l at i on p l ays a rol e  i n  
centeri ng . It i s  to be noted that the pi nchoff 
occurri ng in the she l l format i on process  is benef i c i a l  
because i t  i nduces a ri ngi ng osc i l l at i on o f  the shel l s  
a s  each f i l ament i nterconnect i ng adj acent members 
breaks . Theoreti ca l l y ,  we have performed an i nv i s c i d  
ana l ys i s t o  determi ne the centeri ng force  due t o  she l l 
osc i l l at i on . A l though va l uab l e  i nformat i on on 
osc i l l ati on modes and f requenc i es has been obta i ned , 
conc l us i ons on the centeri ng force  have proven e l us i ve .  

4 .  Materi a l s  Cons i derati ons 

The phys i ca l  propert i es of materi a l s  must be con s i dered 
i n  the des i gn and fabri cati on of nozzl es and i n  
se l ect i ng materi a l s  for she l l fabri cat i on . Many mo l ten 
she l l materi a l s  of i nterest are extreme l y  corros i ve ,  so 
that compat ib i l i ty wi th noz z l e  materi a l s  i s  a foremost 
concern . We use sta i n l ess  stee l nozz l es for formi ng 
she l l s  of l ow me l t i ng temperature materi a l s  such as 
p l ast i c s  and we use g raph i te for materi a l s  such as  g l ass  
and  a l umi num .  The  f rag i l i ty of graph i te p l aces a l ower 
l i mi t on the s i ze of noz z l es wh i c h  can be fabri cated , 
and hence on the s i ze of the product . There i s  a 
c ri t i ca l  need for more sui tab l e  nozz l e  materi a l s .  

In add i t i on to corros i veness , a property of mo l ten 
g l ass  of great concern i s  the vi scos i ty-temperature 
characteri sti c .  A l though the hydrodynami c i nstabi l i ty 
of the shel l formati on mechani sms rema i ns effecti ve wi th 
l i qu ids  of substant i a l  v i scos i ty ,  that property i s  
i mportant because i t  may requi re pres sures for extrus i on 
of the me l t  wh i c h  exceed the strength of , say , g raphi te 
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nozz l es .  Fortunatel y ,  .oderate v i scos i ty g l asses a re 
avai l abl e .  Li qu id  meta l j et f l ows ,  on the other hand , 
a re subj ect to c hemi cal  reacti ons such  as oxi dat i on 
wh i c h  fon1 a stra i n-res i stant sk in  l ayer and resu l t  i n  
non-Newtoni an behavi or .  Such l ayers strong l y  i nterfere 
wi th the j et i nstabi l i ty process ,  and for th�t reason 
attempt i s  a lways made to e l i mi nate reacti ve gases i n  
the proxi mi ty of the nozz l e  ori f i ce .  A l so ,  f l ux i ng 
agents have been f ound to be effecti ve i n  the 
e l i mi nat i on of thi s  probl em .  

5 .  Probl ems Whi c h  Are Spec i f i c  to She l l Si ze 

As i nd i cated , the producti on of sma l l  shel l s  requi res 
nozz l es whi ch are •doub l y  sma l l . •  Because fabri cat i on 
becomes ever more d i f f i c u l t  wi th progres s i ve 
mi n i aturi zat i on ,  and because of nozz l e  materi a l s  
constra i nts , a n  a l ternati ve nozz l e  des i gn ,  shown i n  
F i gure 9 . 5 ,  i s  emp l oyed for produc i ng hol l ow  shel l s  
bel ow  500 pm ,  approximate l y .  There , the f i l l -gas tube 
termi nates i ns i de a convergent nozzl e ,  offeri ng the 
advantage of a re l axed mechan i ca l  to l erance on the 
concentri c i ty and eas i ng the fabri cati on to sma l l 
nozzl es . Al though th i s  des i gn has a genera l  s i mi l ari ty 
to that desc ri bed earl i er ,  the f l ui d-dynami c process i s  
f undamenta l l y  d i f ferent . Here , a gas bubb l e  adheres to 
the end of the gas tube unti l i t  atta i ns a c ri t i ca l  s i ze 
and i s  then swept downward by the rap id  f l ow of l i qui d .  
The cyc l i ca l l y  i nj ected bubb l es a l ter the f l ow  i mpedance 
as they pas s  through the nozzl e ,  renderi ng the f l ow 
peri od i c . Th i s  g i ves a nodu l ar  form to the i s su i ng 
col umn ,  and pi nchoff occurs at the necks between 
bubb l es . It  i s  expected that shel l s  i n  the 1 00-pm s i ze 
range wi l l  be produced by use of thi s des i gn .  

She l l s  i n  the one-cent imeter s i ze range are a l so 
sought . The ground-based producti on of these presents 
an i nterre l ated set of prob l ems wh i c h  ari se f rom heat 
transfer and gravi tati ona l ef fects . So l i d i f i cat i on 
t imes are h i gh because of the l a rge mass , and d i stort i on 
of the exteri or l i qu i d  surface due to aerodynami c f orces 
becomes s i gn i f i cant as the shel l s  acce l erate i n  
f ree-fa l l .  Worst of a l l ,  the captured gas ri ses wi th i n  
the shel l ,  thereby produc i ng a decenteri ng o f  the 
i nteri or surface . Because of these prob l ems , successes 
to date in  the product i on of meta l l i c  shel l s  wi th i n  
ambi ent a i r have been l i mi ted . Recent ana l yt i ca l  
stud i es o f  heat transfer and d rag have poi nted the way 
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to g reatl y  reduc i ng the severi ty of the prob l ems . 
F i gure 9 . 6  presents the h i story of sol i d i f i cati on and 
acce l erat i on def i c i t  due to aerodynami c d rag for an 8 . 0-
mm shel l of l ow-me l t i ng a l l oy fa l l i ng i n  c h i l l ed he l i um 
at cond i t i ons typi ca l l y  atta i ned i n  the drop tower 
fac i l i ty desc ri bed be l ow .  Here the she l l experi ences no 
more than 0 . 07 g before so l i d i f i cati on is comp l ete , i n  
contrast to the case of · so l i d i f i cati on i n  room ai r ,  
where termi na l ve l oc i ty i s  susta i ned before 
sol i d i f i cati on i s  comp l ete . 

6 .  Fac i l i ti es 

Notabl e among severa l  fac i l i t i es deve l oped i n  order to 
ga i n  contro l  over the va ri ous prob l ems ari s i ng f rom 
chemi ca l  effects , d rag , and heat transfer i s  the 1 4� 
c ryogen i c  d rop tube shown schematica l l y  i n  F i gure 9 . 7 .  
The tube may be f i l l ed wi th s u i tab le  gases at pressures 
as  l ow as l o-S Torr . Three temperatures zones are 
i ncorporated . The f i rst i s  des i gned to be set at a 
l eve l near the me l t i ng/l i qu i dus temperature of the she l l 
materi a l  to a l l ow the she l l s  to become f u l l y  formed and 
rendered symmetri ca l . The second i s  1 0 m l ong and i s  
coo l ed to LN2 temperature , wh i l e  the thi rd can be set 
to an i ntermed i ate temperature i f  des i red . 

7 .  Exampl es of Products 

To date , she l l s  have been produced of ti n ,  l ead , 
a l umi num,  a go ld- l ead -ant imony a l l oy ,  g l ass , and 
p l asti c .  Si zes have ranged f rom 250 pm to 8 . 0  mm, 
approxi mate l y ,  but  not a l l s i zes have been produced f rom 
each  of these materi a l s .  Our earl i est success was wi th 
t i n ,  c hosen because i ts rat i os of surface tens i on to 
dens i ty and of vi scos i ty to dens i ty do not d i ffer  
great l y  f rom those of water .  It  qui c k l y  became appa rent 
that the phys i c s  of the process genera l l y  favor the 
producti on of sma l l  shel l s  i n  a 1 -g envi ronment because 
sol i d i f i cati on is  rap i d  and surface tens i on forces are 
h i gh . F i gure 9 . 8  d i sp l ays a d i g i ta l l y  enhanced x-ray 
shadowgraph of a 7 50-pm spec i men .  She l l s  of i ts 
popu l at i on are buoyant i n  water ,  imp l yi ng a wa l l  
th i ckness of four percent of rad i us ,  approximate l y .  
Qua l i ty i n  a l l respects i s  h i gh .  Success  i n  formi ng 
a l umi num shel l s  by use of g raph i te nozzl es has fo l l owed 
read i l y .  A l s o ,  nozz l es of that materi a l  have been 
emp l oyed i n  the producti on of g l ass  shel l s ,  wi th a 
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number of s uccessfu l  runs havi ng been accompl i shed . 
F i gure 9 . 9 presents an x-ray shadowgraph of severa l  
300-� shel l s ;  2 . 5-.m shel l s  have a l so been produced i n  
quant i ty .  

ICF  target shel l s  must be d imens i ona l l y  prec i s e ,  
sMOoth , homogeneous , and of h i gh strength . Stud i es were 
therefore i n i t i ated on the aforementi oned gol d- l ead
ant imony a l l oy as a model materi a l . Th i s  a l l oy has the 
advantage of bei ng among those meta l s  most read i l y  
so l i d i f i ed i n  a n  aMOrphous state . Such meta l s  are 
devo i d  of c rysta l structure and show h i gh strength and 
surface qua l i ty .  In  pre l i mi nary work success i n  fon�i ng 
non-hol l ow dropl ets as l a rge as 1 . 5 mm came qui ck l y .  
The fonmi ng o f  amorphous shel l s  has been more d i f f i cu l t  
because coo l i ng rates adequate t o  prevent 
c rysta l l i zat i on must be atta i ned wi thout d i storti on of 
the l i qu i d  spec imen . The c ryogeni c  d rop tube has proven 
adequate , and a photog raph of a shel l produced there i s  
presented i n  F i gure 9 . 1 0 . 

8 .  Extended Appl i cati ons 

I t  i s  expected that severa l  of the foreseeab l e  
app l i cati ons wi l l  requi re she l l s  wh i ch a re non-hol l ow ,  
or  whi c h  requi re further  process i ng before use . 
Rel evant work i s  ment i oned here . One potent ia l  use of 
she l l technol ogy i s  i n  heat storage . Many heat eng i nes 
and ref ri gerators use regenerator subsystems where i n  
heat i s  stored temporari l y  duri ng part o f  the cyc l e .  
Sma l l ,  so l i d  metal spheres are often used . I f  she l l s  
were f i l l ed with a sa l t  o r  other phase-change s ubstance , 
the heat capac i ty of a g i ven regenerator vol ume wou l d  be 
substant i a l l y  i mproved . A somewhat s i mi l a r  app l i cati on 
i s  i n  space garments for extraveh i cu l a r  act i v i ty ,  where 
body temperature contro l i s  c ri t i ca l . It i s  envi s i oned 
that meta l l i c she l l s  f i l l ed wi th a paraf f i n  of 
appropri ate me l t i ng range cou l d  be i ncorporated i n  the 
garment constructi on wi thout undue l y  restri c i tng the 
astronaut ' s  act i v i ty .  

Current work re l at i ng t o  the encapsu l at i on o f  heat 
storage med i a  i s  both experimenta l and theoret i ca l . For 
the former, the annu l a r  j et techni que i s  aga i n  emp l oyed , 
but here the j et i nstabi l i ty i s  much weaker because of 
the absence of a ho l l ow  core , so that peri od i c  
stimul ati on t o  i nduce uni form pi nchof f i s  appropri ate . 
The encaps u l at i on of a paraff i n  i n  Cerrobend a l l oy ( JO•c 
me l t i ng poi nt )  i s  bei ng attempted . A l so , f undamenta l 
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stud i es on the heat transfer and me l t i ng processes 
wi thi n a spheri c a l  she l l have been comp l eted recentl y ,  
res u l t i ng i n  a d i mens i on l es s  corre l ati on o f  the heat 
t ransfer data . F i gure 9 . 1 1 , f rom that work , depi cts the 
progres s i on of the l i qu i d-so l i d  i nterface .  
Theoreti ca l l y ,  the amp l i f i cati on rate o f  the annu l a r  
l i qu id- l i qu i d  j et has been pred i cted , showi ng a 
substant i a l  i nc rease wi th respect to the fami l i ar  
Ray l e i gh i nstabi l i ty .  A l so ,  t he  effect of the  na rrowi ng 
of the downward-d i rected j et under acce l erati on of 
g ravi ty has been stud i ed .  

A l umi num she l l s  may prove usef u l  i n  the producti on of 
a l i ght-wei ght structura l  materi a l . As shown i n  
F i g ure 9 . 1 2 ,  perfonmed shel l s  wou l d  be arranged i n  a 
c l ose-packed hexagona l manner wi th i n  a sk i n of s i mi l a r  
materi a l  pri or  t o  s i nteri ng . Un i formi ty i n  d i ameter of 
eac h shel l wou l d  assure good contact wi th i ts twe l ve 
nei ghbors . She l l th i c kness wou l d  be set i n  accordance 
wi th bond strength , and , as an added feature , i nd i vi dua l 
she l l s  cou l d  be pressuri zed for added compres s i ona l 
strength . The s i nteri ng technol ogy for thi s has been 
successfu l l y app l i ed and samp l es of the core materi a l  
prepared and eva l uated . 

An acoust i c  l ev i tat i on i nstrument deve l opment by us 
provi des the capabi l i ty for app l yi ng prec i s i on coat i ngs 
to shel l s .  Many ICF  des i gns , for examp l e ,  emp l oy a 
mu l t i l ayer conf i gurat i on ,  wi th each l ayer bei ng subj ect 
to stri ct  l i mi ts on un i formi ty . Here , a focus i ng 
acoust i c  rad i ator suspends the shel l agai nst g ravi ty 
wh i l e  the coat i ng i s  appl i ed .  F i g ure 9 . 1 3  shows the 
rad i ator , a 30-cm a l umi num d i sh formed as a segment of a 
sphere wi th 1 30 PZT c rysta l s  attached to the under 
surface . The c rysta l s  are dri ven at thei r resonant 
f requency , approxi mate l y  1 00 kHz , to form an i ntense 
acoust i c  f i e l d  at the center of c urvature . A sma l l  
ref l ector p l aced there produces a stand i ng wave wh i ch 
supports the spec i men . The coat i ng i s  app l i ed by 
atomi zat i on ,  and modu l ati on of the f i e l d  osc i l l ates the 
samp l e  to render the coat i ng un i form before 
so l i d i f i cati on . Exce l l ent res u l ts have been obtai ned . 
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F I GURE 9 . 1 . Nozz l e schemat t c , wi th typ ica l  f l ow 
c ond i t t ons i nd i cated . 
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F IGURE 9 . 2 . She l l format i on cyc l e  1 n  water .  
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F I GURE 9 . 3 .  More d i stant v i ew of shel l format i on .  
Photograph rotated go• . 
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FIGURE 9 . 4 . Computed she l l formati on cyc l e .  
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BLANKET GAS 

F I GURE 9 . 5 .  Nozzl e conf i gurati on for producti on of 
sEl l shel l s .  
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percentage , S, and drag-i nduced acce l erati on def i c i t ,  D 
( 1 n  un 1 t� of 6) , for an 8 . 0-mm she l l of l ow-me l t i ng 
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FIGURE 9 .  7 .  Schemati c of 1 4-m c ryogen i c  d rop tower .  
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F I GURE 9 . 8 .  X-ray shadowgraph of 7 50-pm t 1 n  shel l .  
From a co l or  photog raph prepared by J PL 1 s  Image 
Proces s i ng Laboratory . 
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F IGURE 9 . 9 .  F rom an x-ray shadowgraph of a l a rge array 
of h i gh- l ead content g l as s  shel l s .  The average d i ameter 
i s  300 pm . 
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F I GURE 9 . 1 0 .  SEM photog raph of AuPbSb amorphous she l l .  
1 . 5-nm d i ameter .  
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FIGURE 9 . 1 1 . Photog raphs of n -ei cosane me l t i ng 
evol ut i on . Sol i d  i s  opaque ; l i qu i d  i s  c l ea r .  Three 
ther.ocoup l es a re seen . Gl ass she l l has 7 . 3-cm 
d i ameter ,  and i s  0 . 2  em th i c k .  
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F I GURE 9 . 1 2 . Schemati c  of a proposed 1 1 ght�e1 ght 
structura l  materi a l  composed of s 1 ntered a l umi num she l l s .  
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F IGURE 9 . 1 3 .  Foc us i ng acoust i c  l ev i tati on i nstrument . 
Rad i ator d i sh i s  30 em i n  d i ameter .  
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1 0 .  MICROGRAVITY SC I ENCES AND APPLICAT IONS : 
AN OVERVI EW OF NASA 1 s  PROGRAM AND EXPER IMENTS IN 

MICROGRAV ITY BIOTECHNOLOGY 

Denn i s  R .  Morri son , Space Bi oproces s i ng laboratory , 
Johnson Space Center 

Pau l  Todd , A l thouse Laboratory , 
The Pennsyl van i a  State Un i vers i ty 

Th i s  requested overvi ew has as i ts purposes ( 1 ) the 
revi ew of the broad s c i ent i f i c  obj ecti ves of mi c rograv i ty 
bi otechnol ogy , ( 2 ) the genera l  content of NASA 1 s  program 
i n  mi c rograv i ty b i otechno l ogy , and ( 3 )  the app l i cat i ons  
and commerc i a l  potent i a l  of mi c rogravi ty bi otec hno l ogy . 

BROAD SC I ENT I F I C  OBJECT IVES OF M ICROGRAV ITY BIOTECHNOLOGY 

The Off i ce of Mi c rograv i ty Sc i ences and App l i cati ons 
( MSA ) of the Nat i ona l Aeronaut i c s  and Space 
Admi n i strat i on ( NASA ) i s  gu i ded , among other resources , 
by D i sc i p l i ne Work i ng Groups ( DWG 1 s )  sponsored by the 
Un i vers i t i es Space Research Assoc i at i on ( USRA ) under  
contract wi th NASA . The Mi c rog ravi ty Bi otechnol ogy DWG 
recentl y  art i c u l ated th ree broad s c i enti f i c  obj ect i ves : 
( 1 ) uti l i ze the mi c rog rav ity envi ronment to enhance 
certa i n  separatory processes for the puri f i cat i on of 
b i o l og i ca l  materi a l s for therapeut i c  and d i agnosti c 
app l i cat i on to d i seases ; ( 2 ) uti l i ze the mi c rog rav i ty 
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env i ronment to enhance c rysta l l i zati on of protei ns and 
othe r  b i o l og i ca l  materi a l s  for the des i gn of new 
pharmaceut i ca l  agents and prote i n eng i neeri ng researc h ;  
( 3 ) obtai n bas i c  i nformati on on the effects o f  the 
Mi c rog ravi ty envi ronment on certa i n  b i o l og i ca l  processes 
in  order to deve l op new therapeuti c  agents and to 
prov i de new i ns i ght i nto norma l and abnorma l phys i o l ogy 
at the ce l l u l ar and who l e  organ i sm l evel s .  

Practi ca l l y a l l acti v i t i es of the MSA Off i ce fa l l  
i nto these three categori es , and the d i scus s i on that 
fo l l ows wi l l  adhere to these subd i v i s i ons of acti v i ti es . 

GENERAL CONTENT OF NASA ' S  PROGRAM IN MICROGRAV I TY 
BIOTECHNOLOGY 

Each of the above broad obj ecti ves has a h i story of 
accompl i shMents on the ground and i n  space , and severa l  
proj ects have been undertaken i n  each category t o  test 
spec i f i c  hypotheses re l evant to each of these obj ecti ves . 

( 1 ) Uti l i ze the Mi c rog ravi ty envi ronment to enhance 
certai n separatory processes for the puri f i cati on of 
b i o l og i ca l  materi a l s  for therapeut i c  and d i agnost i c  
app l i cati on to  d i seases . 

F ree-f l ui d  processes have doMi nated the research  
efforts i n  thi s a rea for  the s i mp l e  reason that these 
p rocesses a re severe l y  ( 1 00-1 000-fo l d )  restri cted by 
g ravi ty wi th respect to process i ng rate and puri ty .  It 
i s  a common mi sconcept i on that the c urrent techno l og i es 
a re suff i c i ent for the task of product i on and 
puri f i cati on , in economi cal l y  v i ab l e quant i t i es , of 
geneti c eng i neeri ng products , synthet i c  pept ides , c l oned 
genes , monoc l ona l ant i bod i es , and transpl antab l e  c e l l s .  
These products a re norma l l y  present i n  heav i l y  
contami nated extracts conta i n i ng as  many as  5000 
d i f ferent unwanted substances . F ree-f l ui d  2-phase 
extracti on and f ree-f l ui d  e l ectrok i net i c  separat i on 
.ethods have the greatest potent i a l  for rap id l y  
ach i evi ng h i gh puri ty separat i ons of i ndustri a l  
quanti t i es of modern b i o l og i ca l s ,  espec i a l l y  those that 
a re d i f f i c u l t  to manage by h i gh-vo l u.e col umn or batch 
chromatography or h igh  performance l i qu id  
c h romatography . l t  i s  somewhat paradoxi cal  that 
ana l yt i ca l  e l ectrophores i s ,  espec i a l l y  two-d i mens i onal  
ge l  e l ectrophores i s ,  offers the greatest resol uti on of 
any separat i ve techn i que ,  but no fonm of e l ectrophores i s  
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or i soe l ectri c foc us i ng i s  c urrentl y  used for i ndustri a l  
sca l e  puri f i cati on o f  bi o l og i ca l  compounds .  Thus , 
separatory processes under i nvest igati on , con s i dered i n  
c h rono l og i ca l  order ,  i n  space f l i ght experiments are 
f ree-zone e l ectrophores i s ,  i sotachophores i s ,  
cont i n uous -f l ow e l ectrophores i s ,  i soe l ectri c foc us i ng ,  
recyc l i ng i soe l ectri c focus i ng ,  and two-phase aqueous 
po l ymer extracti on . 

F ree-Zone E l ectrophores i s  

Earl y experiments on Apo l l o  f l i ghts were ori g i na l l y  
des i gned to test the hypothes i s  that convect i ve f l ow and 
part i c l e  sed i mentat i on wou l d  be absent i n  parti c l e  
e l ectrophores i s  i n  mi c rog ravi ty .  Th i s  hypothes i s  was 
veri f i ed ,  and i t  was d i scovered that e l ectroosmos i s  
becomes the domi nant source  of f l u i d  mot i on i n  the 
absence of an acce l erat i on f i e l d . More caref u l  
experiments were performed o n  the Apo l l o-Soyuz test 
proj ect to test the hypothes i s  that e l ectroosmos i s  cou l d  
b e  prevented by coat i ng chamber wa l l s wi th neutra l  
po l yme r  and that l i v i ng ce l l s  cou l d  be separated under 
steri l e  cond i t i ons . Experiments wi th test  pa rt i c l es 
were used to demonstrate that e l ectrophoret i c  mobi l i ti es 
were as pred i cted on the bas i s  of ea rth-based ana l yt i ca l  
e l ectrophores i s  measu rements . The l ast f ree-zone 
e l ectrophores i s  experi ments were f l own on Shutt l e  f l i ght 
STS-3 to veri fy resu l ts of human k i dney ce l l sepa rati ons 
on Apo l l o-Soyuz and to test the hypothes i s  that zone 
sed i mentat i on ,  norma l l y  caused by dens i ty i nstab i l i ty 
res u l t i ng f rom too h i gh d i spersate concentrati ons , and 
h i gh ce l l dens i ty wou l d  not i nterfere wi th 
e l ectrophoret i c  mot i on .  The f i rst obj ect i ve was not 
ach i eved , owi ng to techn i ca l  fai l ure ,  but 
e l ectrophoret i c  mi grat i on of erythrocytes i n  
mi c rog ravi ty was shown t o  b e  i ndependent o f  ce l l 
c oncentrat i on .  A l l of the f ree-zone e l ectrophores i s  
experi ments i n  mi c rogravi ty used pa rt i c l es ( c e l l s  or 
l atex spheres ) as test obj ects , and no exper iments were 
done wi th mac romo l ec u l ar so l ut i ons . A l though no 
add i t i ona l f ree-zone e l ectrophores i s  experi ments are 
current l y  p l anned , the advent of h i gh-capac i ty 
dens i ty-grad i ent c e l l e l ectrophores i s  ( Tu l p ) cou l d  renew 
i nterest i n  th i s  area , but the method i s  otherwi se a 
l ow-capac i ty method re l at i ve to cont i nuous -f l ow 
e l ectrophoret i c  separat i on ( C FES) . 
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Isotachophores 1 s  

M .  B i e r  and co l l eagues performed a modest i sotachophore
i sotachophores i s  experiment usi ng dyes on Skyl ab , and a 
s i mi l a r  experiment was performed on ASTP us i ng 
e rythrocytes as ma rker part i c l es and photograph i c  
moni tori ng o f  band mi grati on .  The hypothes i s  that h i gh
densi ty ( i nc l ud i ng ce l l s ,  whi ch norma l l y  sed i ment) 
separands cou l d  be ma i ntai ned in sha rp bands between 
separator i ons was tested . By us i ng erythrocytes i n  the 
ASTP experiment , thi s hypothes i s  was demonstrated , and a 
geometri ca l  conf i gurat i on that woul d  have been severe l y  
affected b y  convec t i on on the earth was used 
s uccessf u l l y  i n  mi c rograv i ty .  

Conti nuous -F l ow  E l ectrophores i s  

Thi s act i v i ty i s  c u rrent l y  the cornerstone of the 
mi c rogravi ty b i otechnol ogy p rogram, ma i n l y  owi ng to an 
aggress i ve approach  taken by Mc Donnel l -Doug l a s  
Astronaut i c s  Corp . ( MDAC ) . The three mai n constra i nts 
i mposed on th i s  method by gravi ty are zone 
sed imentat i on ,  con vec t i on ,  and parti c l e  sed imentati on 
( i f  parti c l es or  ce l l s  a re bei ng puri f i ed ) . Ea rl y 
f l i ght experiments ( ASTP and STS-4 through STS-8 ) were 
des i gned to test the hypotheses that the absence of 
convec t i on penmi tted a l ess  ri gorous coo l i ng procedure 
and hence a 3 . 5�th1 c k  chamber i n  p l ace  of a 0 . 5�
th1 c k  c hamber and that the absence of zone sedimentat i on 
penmi tted h i gher samp l e  concentrat i ons �-up to the 
sol ubi l i ty l i mi t ( 40 percent w/v for some prote i n s )  
rather than on l y  a f racti on o f  one percent . Wi thout 
estab l i sh i ng any upper l imi ts , the experi ments showed a 
puri f i cati on rate that was 730 tines that pos s i b l e  on 
Earth by the same method . Experiments wi th part i c l es 
( l atex spheres , can i ne panc reas ce l l s ,  hunan k i dney 
ce l l s ,  and rat anteri or  p i tu i ta ry ce l l s )  demonstrated 
the obv i ous : parti c l e  sed imentat i on i s  absent i n  
mi c rog ravi ty and does not affect ce l l mi grati on a s  i t  
does i n  any e l ectrophores i s  apparatus on Earth . 
Ground-based and mi c rogravi ty experiments have been 
performed wi th the l atter two ce l l types ; Hymer reports 
i n  deta i l on pi tui tary ce l l s .  I n  e l ectrophoret i c  
stud i es o f  k i dney ce l l s  us i ng the ground-based 
Conti nuous F l ow  E l ectrophoret i c  Separator ( CFES) at 
McDonnel l �Doug las  ( MDAC ) i n  St . Lou i s e l ectrophoret i c  
f ract i ons o f  two ce l l l i nes were exami ned , and i t  was 
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found that one ce l l l i ne reso l ved i nto 2 popu l ati ons 
that produce urok i nase ( UK ) , wh i l e  another l i ne resol ved 
i nto 4 or 5 peaks of f racti ons that were h i gh i n  UK 
product i on .  H i gh-acti v i ty f racti ons had 2-5 times as 
muc h acti v i ty as correspond i ng numbers of unpuri f i ed 
ce l l s .  H igh  mobi l i ty f racti ons produced Sl , the 35 K MW 
component , wh i l e  med i um and s l ow ce l l s  produced the 54 K 
MW component . Who l e  unseparated cu l tures produced 
p l a smi nogen acti vators wi th 1 50 K ,  80 K ,  54 K ,  35 K ,  and 
20 K mo l ec u l a r  wei ghts . The i soe l ectri c pH of Sl i s  
8 . 0-9 . 5  whi l e  that of S2 ( 54K MW )  i s  l ower .  I n  the 
ground -based CFES it was found that sma l l  ce l l s  �re 
s l ow ( l ow e l ectrophoret i c  mobi l i ty )  and l a rge ce l l s  were 
fast . It was recommended that ce l l cyc l e  phase 
d i stri but i ons be done on f racti ons f rom an experiment to 
see i f  ce l l cyc l e  i s  a determi nant of separat i on . A 
very recent Shutt l e  f l i ght i nc l uded an experi ment to 
demonstrate comme rc i a l  feas i bi l i ty of th i s  process .  A 
seri es of NASA-sponsored experiments wi th mac romol ecu l ar 
so l uti ons was a l so performed by Snyder and co l l eagues to 
conf i rm  that h i gh concentrati ons of very so l ub l e  
products cou l d  b e  puri f i ed ;  a potent i a l l y  commerc i a l  
substance ( Pneumococcus po l ysacchari de usefu l  i n  
vac c i nes ) was one of the test obj ects . Experiments i n  
wh i ch conductance d i scont i nu i t i es were del i berate l y  
i ntroduced showed that the l ow-conducti v ity buffer  used 
i n  the CFES renders the system very sens i t i ve to 
conductance d i sconti nui t i es . Other probl ems rema i n i ng 
to be sol ved i nc l ude the management of potenti a l  
contami nat i on by mi c roorgani sms whose mu l t i p l i cati on i s  
favored by Kennedy Space Center veh i c l e  recyc l i ng 
procedures . Conti nued cooperat i on us i ng th i s  dev i ce  as 
a s c i enti f i c  resea rch  too l for NASA-sponsored s c i enti sts 
i s  expected through the extens i on of a Joi nt Endeavor 
Agreement between NASA and MDAC . Severa l  l aboratori es 
are p l anni ng future experiments wi th the devi ce . 

I soe l ectri c Focus i ng 

Gravi ty i nterferes wi th f ree-f l ui d  i soe l ectri c focus i ng ,  
wh i ch i s  perhaps the most promi s i ng preparat i ve 
f ree-f l ui d  method because i t  i s  an equi l i bri um proces s .  
Two ef fects are apparent i n  the l aboratory : 
sed i mentati on of products that prec i pi tate rapi d l y  at 
thei r i soe l ectri c pH and the • s l ump i ng •  of pa rt i a l l y  
puri f i ed bands a s  thei r den s i ty i nc reases beyond that of 
the surround i ng buf fer ( th i s phenomenon occurs whether 
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bands are strati f i ed verti ca l l y  as i n  a dens i ty gradi ent 
or hori zonta l l y  as i n  a rotati ng tube , Hj erten , Bi er) . 
Bi er  and col l eagues , on STS-1 1 ,  Feb . 1 9B4 , tested the 
hypothes i s  that these phenomena wou l d  be absent i n  
stat i c  f ree-f l u i d  i soel ectri c focus i ng of two col ored 
protei ns by tak i ng time-l apse photographs and moni tori ng 
current and vol tage i n  8 sma l l c hambers . The 
experiments were a l so des i gned to test d i fferent 
f l u i d-stabi l i z i ng geonetri c conf i gurat i ons and to 
exami ne pos s i b l e  effects of e l ectro-osmos i s .  
Surpri s i ng l y ,  severa l  chambers exh i bi ted a 
current-vol tage prof i l e  that i nd i cated the presence of 
d i sturb i ng f l ow phenonena that deve l oped around the time 
of estab l i shment of the natura l pH gradi ent of the 
amphol ytes . Thi s  experiment i s  p l anned for repeti t i on 
wh i l e  conti nui ng ground-based research  i s  d i rected at an 
understand i ng of the unexpected f l ow patterns . 
Mathemati cal  mode l i ng of thi s system has been done and 
conti nues , a l ong wi th s i mu l at ion experiments wi th a 
rotati ng tube ( • Rotofor• ) .  

Recyc l i ng I soe l ectri c Focus i ng C RI EF )  

Thi s  proces s ,  deve l oped by  Bi er ,  i s  a l ready capab l e  of 
puri fyi ng up to 1 0  grams ( pos s i b l y  more )  of a prote i n  
f rom a re l at i ve l y  s i mpl e  mi xture . It cyc l es mi xed 
ampho l ytes or buf fers through 1 2 para l l e l  c hambers , and 
the sampl e i s  i nserted i nto one of the 1 2 correspond i ng 
c i rcu l at ion tubes after equi l i brat i on of the pH g rad i ent 
formed by amphol ytes or buf fers . The resol uti on i s  
c urrentl y  l imi ted to one part i n  1 2  of the tota l pH 
range , and th i s  resol uti on i s  compromi sed by • s l umpi ng •  
o f  bands a s  they cyc l e  through the 1 2 separat i on 
chambers , whi ch are separated by nyl on mesh sc reens . 
Th i s  concept i s  about to be deve l oped i nto a 50-chamber 
system,  and a mi c rogravi ty vers i on i s  bei ng des i gned for 
f l i ghts in 1 986-87 . It  i s  expected to test the 
hypothes i s  that i ndustri a l -sca l e  i soe l ectri c 
puri f i cat ions can be performed ( under ANY cond i t i ons ) .  

Two-Phase Aqueous Po lymer Extracti on 

When two po l yme rs a re d i sso l ved i n  water above a 
cri t i ca l  concentrati on of each , two i mmi sc i b l e  phases 
form. Some substances are d i f ferenti a l l y  sol ubl e i n  the 
two phases . Thus Al bertsson found that it was not on l y  
pos s i b l e  to separate b i o l og i ca l  macromo l ec u l es by thi s  
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gent l e  procedure , but that l i ve ce l l s  cou ld  a l so 
wi thstand exposure to these sol uti ons . The thermodynami c 
theory of th i s  process  has been the subj ect of severa l  
papers by A l bertsson and by Brooks . H .  Wa l ter  and D .  
F i sher have performed numerous ce l l separat i ons wi th 
th i s  method and have i dent i f i ed f ree-f l ui d  aff i n i ty 
propert i es that enhance the proces s .  Brooks has 
proposed that thi s method wou l d  be enhanced i n  the 
absence of gravi ty ,  because the i nterfac i a l  energy 
(a s i gn i f i cant determi nant of the part i t i on coef f i c i ent) 
i s  a lways ba l anc i ng the gravi tat i ona l potent ia l  energy 
( a  s i gni f i cant determi nant of ce l l moti on i n  
suspens i on ) . No zero-gravity experiments have been 
performed yet , but p l anni ng at the l aboratory l evel  i n  
at l east three l ocati ons conti nues , wh i l e  the nat i ona l 
DWG conti nues to study the potent i a l  of mi c rog ravi ty i n  
i mprovi ng separat i ons . It i s  expected that the 
hypothes i s  that i nterfac i a l  tens i on wi l l  be a greater 
determi nant of pa rt i t i on wi l l  be tested wi th i n  the next 
year .  

Competi ng Processes 

A l though f ree-f l ui d  processes ho l d  great promi se for  
h i gh-vo l ume puri f i cati ons , processes other than those 
j ust ment i oned are undergo i ng rapi d  devel opment . H i gh
performance l i qu i d  c hromatog raphy ( HPLC ) can  be  used on 
an i ndustri a l  sca l e  for a l i mi ted number of 
mac romo l ec u l a r  substances today , and th i s  techno l ogy , 
espec i a l l y  i ts app l i cat i ons to prote i ns , i s  evo l v i ng 
very rapi d l y .  Large-vol ume seri a l  co l umns are i n  use by 
Pha rmac i a  and Po l ys c i ences ; for examp l e ,  ref ractory 
col umn substances are bei ng deve l oped by Perk i n -E l mer  
and  Toyo Soda , and  hyd roxyl apet i te co l umns that can 
puri fy monoc l onal  anti bod i es d i rectl y f rom asc i tes f l u i d  
( Juarez-Sa l i nas e t  a l . )  have been devel oped recent l y .  
Preparat i ve af f i n i ty methods are i n  use o n  a sma l l  
sca l e ,  but scal e-up s i mp l y  awa i ts i nexpens i ve procedures 
for produc i ng and recyc l i ng l igand materi a l s .  Once th i s  
i s  ach i eved , aff i n i ty magnet i c  f i l trati on ( Kron i c k  and 
Gi l pi n )  can be expected to become rout i ne ,  at l east for 
ce l l s .  Al though the e l ectrophoret i c  puri f i cat i on of 
ce l l s  i n  the presence of grav i ty wi l l  a lways be 
ambi guous , pragmat i c  means of sca l i ng up dens i ty 
grad i ent ce l l puri f i cat i on are under deve l opment ( Tu l p )  
us i ng the reori ent i ng grad i ent procedure ( Shortman ) .  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

http://www.nap.edu/19214


1 7 5 

( 2 )  Uti l i ze the •i c rogravi ty envi ronment to enhance 
c rysta l l i zati on of protei ns and other  b i o l og i ca l  
.ateri a l s  for  the des i gn o f  new pharmaceutica l  agents 
and protei n eng i neeri ng research . 

Computeri zed c hemi stry has made pos s i b l e  the 
synthes i s  of substances that react wi th spec i f i c  
stereochemi cal  spec i es whose three-d i mens i ona l structures 
are known . Simi l arl y protei n  eng i neeri ng .ethods 
( so l i d-phase synthes i s  and semi synthes i s  gui ded by 
computer-processed structura l  i nformati on )  have made 
poss i b l e  the synthes i s  of substances that •i mi c  peptide 
hormones , for exa�l e .  I n  both cases  h i gh-qua l i ty 
prote i n structura l  i nfonmati on fonms the bas i s  for 
proceed i ng ( U l.er) . H i gh-qua l i ty protei n  structura l  
i nfonmati on depends o n  good x-ray d i f f ract i on patterns 
f rom protei n  c rysta l s of adequate s i ze and h i gh qua l i ty .  

Crysta l l i zati on of Simpl e Substances 

Experi.ents were performed on Skyl ab and ASTP to 
demonstrate the effect of the l ack  of convecti ve f l ows 
on the s i ze and qua l i ty of organi c  and i norgan i c  
c rysta l s  growi ng f rom sol ut i on . These experiments were 
ana l ogous to s i mi l ar  experiments on the c rysta l l i zati on 
of .eta l s  and semi conductor substances f rom 
non-convecti ng .e l ts on these and earl i er spacef l i ghts . 
The hypothes i s  that the absence of adverse concentrati on 
grad i ents and the res ul t i ng buoyancy ( convecti on ) wou l d  
i�rove product uni fonmi ty and c rysta l s i ze was 
successfu l l y  demonstrated . 

Crysta l l i zati on of a Standard and a Nonstandard Protei n  

The Space l ab I experi ment of Li ttke and John was des i gned 
to test the hypothes i s  that c rysta l s  of prote i n s , l i ke 
those of s i mp l er substances , are l a rger and of h i gher 
qua l i ty when grown in the absence of convect i ve f l ow and 
sed i.entati on in mi c rogravi ty .  Two protei ns were 
c rysta l l i zed . Lysozyme ( MW  "' 1 4 , 307 ) had been sol ved by 
D .  Ph i l l i ps nearl y 20 years ago wi th and wi thout i ts 
substrate . Instead of the usua l  smal l need l es ,  l arge 
b l ocks  for.ed , up to 1 000 times the vol ume of typi ca l  
earth-grown c rysta l s . Simi l a rl y ,  beta ga l actos i dase 
(whose three-d i.ensona l structure is unknown owi ng to 
the l ack  of su i tab l e  c rysta l s )  c rysta l l i zed i nto f l at 
need l es 27 times as  l arge as  any achi eved prev i ous l y .  
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Planned Crysta l l i zati on Experiments and Serv i ce  

On  the bas i s  o f  a few experi ments , some 7 or 8 work i ng 
groups have proposed new experiments i n  prote i n  
c rysta l l i zati on o n  the Space Shutt l e  for 1 985 . I f  these 
are successfu l ,  a mi c rog ravi ty c rysta l l i zat i on servi ce  
wi l l  probab l y  evo l ve .  The  experiments are ,  by  the 
standard of any k i nd of space experi ment , very cheap . A 
two- or three-chamber ves sel  wi th va l ves separati ng the 
chambers and open i ng at a su itab l e  t ime to permi t the 
prec i pi tant to d i f fuse i nto the protei n  so l uti on i s  a l l 
that i s  needed . In  many cases on l y  enough temperature 
contro l  to keep the samp l es l i qu id  be l ow 3o•c  i s  
necessary .  As L i ttke and John poi nt out , the septum 
between c hambers shou l d  have as great a c ross -secti onal 
a rea as pos s i b l e ,  and some substances may benef i t  f rom 
c rysta l l i z i ng i n  a l i near ly  i nc reas i ng temperature 
grad i ent . It i s  esti mated that a few hund red samp l es 
cou l d  be c rysta l l i zed i n  a mi d-deck l ocker and about 1 00 
samp l es cou l d  be accomodated , wi th necessary contro l s ,  
i n  a •set-Away-Spec i a l • cann i ster .  Certa i n  pept ide 
hormones and oxidati ve enzymes are among ear ly  
cand i dates for  study . 

Protei n  Crysta l l i zati on Theory 

Al though over 1 00 protei ns have been c rysta l l i zed for 
successfu l  structure stud i es , very l i tt l e  work has been 
done , re l at i ve to the extens i ve stud i es on sol i d -state 
and e l ectron i c  materi a l s ,  to determi ne the mechan i sms , 
thermodynami cs , and k i net i c s  of prote i n  
c rysta l l i zati on . For thi s reason , NASA i s  sponsori ng 
theoret i ca l  stud i es and systemat i c  experi mentat i on i n  
s upport of the pragmat i c  mi c rogravi ty effort .  The 
stud i es of Fei gel son ( Stanford ) wi l l  concentrate on the 
c rysta l l i zat i on of the l ysozyme mo l ecu l e ,  i ts mechan i sm ,  
thermodynami c s , and  k i net i c s --i nformat i on previ ous l y  of  
rather l i tt l e  i nterest after h i gh-qua l i ty c rysta l s  had 
been obta i ned . 

( 3 ) Obta i n  bas i c  i nformat i on on the effects of the 
mi c rograv i ty envi ronment on certa i n  bi o l og i ca l  processes 
in order to deve l op new therapeut i c  agents and to 
provide  new i ns i ght i nto normal and abnormal phys i ol ogy 
at the ce l l u l a r  and who l e  organ i sm l eve l s .  
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Severa l  processes under expl orati on i n  •i c rogravi ty 
bi otec hnol ogy i nvol ve l i vi ng ce l l s .  These are to be 
puri f i ed ,  grown ,  observed , or processed i n  •i c rogravi ty 
i n  some other way .  Add i t i ona l l y ,  l i vi ng organi sms , 
espec i a l l y  humans , but a l so p l ant and animal test 
obj ects , wi l l  conti nue to be exposed to the •i c rogravi ty 
envi ron.ent . As progra•s of fundamenta l b i o l og i ca l  
exp l orati on evo l ve ,  meani ngful  n ew  d i scoveri es conti nue 
to be .ade . These are at the subce l l u l ar l eve l , the 
i ntrace l l u l a r  l eve l , the i nterce l l u l a r  l evel and at the 
l evel of i nteracti ng ce l l u l a r  syste.s , such as b l ood and 
d i fferenti ati ng organs . 

BIOREACTOR TECHNOLOGY 

The not ion of a mi c rogravi ty b i oreactor i s  over a decade 
o l d  ( Nyi ri and Toth , Mattoni ) .  One of the many 
attract i ons  of ce l l growth in mi c rog ravi ty i s  the 
potent i a l  for control l i ng and ma i nta i n i ng a constant 
envi ronment around every cel l --bacteri a l , funga l , p l ant , 
or an i.al . Cel l s  wou l d  not sed i.ent and become 
concentrated , nor wou l d  aerati on ( and the accompanyi ng 
foami ng ) be necessary to keep them suspended . Computer
contro l l ed ,  s l ow rep l acement of nutri ents and growth 
factors wou l d  be pos s i b l e  i n  a uni form sense . Coup l ed 
to th i s  attracti on i s  the not i on that sec ret i ng ce l l s  
•i ght behave d i f ferent l y  i n  mi c rogravi ty ,  spend i ng more 
energy mu l t i p l yi ng and secret i ng and l es s  energy 
deve l op i ng surface forces and ma i nta i n i ng thei r s hape 
aga i nst gravi ty--conj ectures exp l ored but not yet 
proven . F i na l l y ,  i f  one of the above-menti oned 
mi c rog ravi ty f ree-f l u i d  puri f i cati on processes were to 
be found feas i b l e  and advantageous , then an on-boa rd 
b ioreactor to provi de on-boa rd raw materi a l  wou l d  be 
usefu l ; it cou l d  reduce the number of vi s i ts requi red to 
rep l en i sh  the puri f i cati on system . Cooney has desc ri bed 
th i s  type of i nteg rated approach  to b i oreactor 
technol ogy i n  wh i c h  producti on beg i ns wi th • feedstock 
i nput• and conc l udes wi th puri f i ed product and i n  wh i ch 
certa i n  va l uabl e resources are automat i ca l l y  recyc l ed .  

, Nyi ri and Toth reported that cu l tures of Sa lmonel l a  grew 
to h i gher dens i ti es i n  mi c rog ravity than on the ground . 
The f i rst space b ioreactor has been des i gned for an imal  
ce l l g rowth on  mi c roca rri er beads , wi th mi c roprocessor 
contro l , no gaseous headspace ,  c i rcu l at ion and resupp l y  
o f  c u l ture med i a ,  and s l ow mi x i ng a t  very l ow shea r .  A 
ground-based vers i on has been used to test reactor 
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ves sel  des i gn ,  on-l i ne sensors , effects of shea r ,  
nutri ent supp l y ,  and waste remova l f rom cont i nuous 
c u l tures of human ce l l s  attached to mi c rocarri ers 
beads . A sma l l  space b ioreactor i s  bei ng constructed 
for f l i ght experiments i n  1 985 to veri fy systems 
operati on under mi c rogravi ty cond i t i ons and to measure 
the eff i c i enc i es of mass transport , gas transfer ,  oxygen 
consumpt i on ,  and contro l  of l ow shea r stress on ce l l s .  
The des i rabi l i ty and effecti veness  of mi c rogravi ty 
fermentati on depends , however ,  on the ro l e  p l ayed by 
gravi ty i n  vi ta l  ce l l u l a r  phenomena : ce l l growth , ce l l 
attachment , ce l l d i f ferentiat i on , and cel l sec ret i on .  

Cel l Growth 

It  has been ass umed i n  the past that some form of 
gravi cept i on must be present in d i v i d i ng cel l s  i f  
wei ghtl essness af fects ce l l mu l t i p l i cati on rate . Jane 
Shen -Mi l l er proposed , for examp l e ,  that ce l l s  i n  
germi nat i ng p l ant seed l i ngs mi ght sense the gravi ty 
vector on the bas i s  of the pos i t i on of the d i ctyosomes 
of thei r Go l g i  apparatus , wh i l e  Po l l a rd ;  and 
subsequent l y  Todd , suggested that an i ma l  cel l s  may l ack  
organe l l es that experi ence s i gn i f i cant Stokes 
sed imentat i on .  A v i ew i s  c urrenty emerg i ng that 
suggests that re l i ef of ce l l s  f rom doi ng work agai nst 
the gravi ty vector through thei r contracti l e  or 
cytoskel eta l acti v i ti es may enhance ce l l growth rates . 
Earl y observati ons on the mi c rogravi ty adaptati on 
synd rome i n  humans ra i sed fundamenta l questi ons about 
the growth of ce l l s  i n  human subj ects i n  
wei ghtl essness . Montgomery , supported and advi sed by a 
host of ce l l b i o l og i sts , conducted an experiment on 
Skylab  i n  wh i ch the growth of human d i p l o i d  l ung 
f i brob l asts i n  c u l ture ,  attached to a transparent 
surface , was moni tored by c i nematography and peri od i c  
f i xati on . Metabo l i c  and cytogenet i c  eva l uat i ons were 
a l so made . No c hanges i n  growth rate , ce l l morpho l ogy , 
karyotype , or  ce l l mi grati on were observed . The rate of 
g l ucose cons umpt i on was , appa rent l y ,  s l i ght l y  
depressed . Th i s  rather un i nterest ing but reasonabl e 
resu l t  was not subj ected to further veri f i cati on . In  
co l l aborat i on wi th users of the  Sa l yut Space Stat ion ,  
P l ane l s howed that tetrahymena and pa ramec i a  grew 
s i gn i f i cant l y  more rapi d l y  i n  mi c rog ravi ty than on 
Earth , and that energy consumpt i on was somewhat 
reduced . He was ab l e  to exp l a i n  th i s  appa rent paradox 
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through a mode l  i n  wh i c h  the energy requi red for these 
c i l i ates to swim i s  d rasti ca l l y  reduced in mi c ro
gravi ty so that substant ia l l y  more energy is ava i l ab l e  
f o r  ce l l reproduct i on .  

Cel l Attachment 

Cogo l i and Morri son , i n  experiments aboard Shutt l e  
f l i ghts STS-7 and STS-8 , asked whether o r  not cu l tured 
human embryoni c  k i dney ce l l s  were capabl e  of attach i ng 
to col l agen mi c rocarri er  beads ( • Cytodex I I I , •  
Pharmac i a ) . W ith i n  3 hours a greater average number of 
ce l l s  attached per bead i n  mi c rogravi ty ,  and , once 
attac hed both the f l i ght and ground control  ce l l s  grew 
at the same rate duri ng the f i rst 25 hours . 
Ce l l -to-ce l l attac hment was a l so greater among the ce l l s  
f ree-f l oati ng i n  wei ghtl essness . Pract i ca l  impl i cati ons 
i nc l ude the pos s i b i l i ty of seed i ng mi c rocarri er cu l tures 
in mi c rogravi ty and the knowl edge that ce l l s  cou l d  
reattach  t o  mi c rocarri er  i n  s l ow mi x i ng space 
bi oreactors i f  they detach f rom bead surfaces , as  they 
typ i ca l l y  do duri ng mi tos i s .  

Ce l l Di f ferenti ati on 

S i ng l e-ce l l systems d i f ferent i ate by express i ng a 
t i s s ue-spec i f i c  functi on i n  response to a chemi ca l  
stimu l us . Human T l ymphocytes c u l tured f rom peri phera l  
b l ood respond t o  the l ect i n  concanava l i n  A by enteri ng 
and compl eti ng thei r ce l l d i v i s i on cyc l e .  In experiments 
sponsored by the European Space Agency ( ESA) Cogo l i and 
Tschopp found that thi s response i s  absent i n  
mi c rogravi ty ,  and i ts absence mi ght exp l a i n any 
immuno l og i ca l  dec rements experi enced by space workers , 
whose humora l i mmuni ty ( not dependent on T l ymphocyte 
pro l i ferat i on )  i s  unaf fected by wei ghtl essnes s ( Voss ) .  
Experimenta l res u l ts such as these have important 
impl i cati ons for d i f ferent i ati on-dependent b i o l og i ca l  
processes i n  mi c rogravi ty b i oprocess i ng i n  part i c u l a r  
and i n  manned spacef l i ght i n  genera l . 

Ce l l Sec ret i on 

A wi de l y  advert i sed c l a im  that i nterferon product i on by 
human l eukocytes i nc reased more than 20-fold  i n  Sovi et 
spacef l i ghts has stimu l ated an i nterest i n  ce l l 
sec reti on i n  mi c rogravi ty .  I n  one o f  the 
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e l ectrophores i s  experiments desc ri bed above , Hyme r and 
Gri nde l and exami ned f l i ght contro l  p itu ita ry ce l l 
suspens i ons that had been f l own but not subj ected to 
e l ectrophores i s  i n  space . F l i ght control s uspens i ons 
had a great l y  reduced l evel  of growth hormone producti on 
re l ati ve to ground control  suspens i ons . A carefu l l y  
control l ed repet i t i on o f  th i s  experi ment has been 
p l anned i n  order to conf i rm  th i s  f i nd i ng ,  as the 
d i scovery of a • sec retory l es i on •  at the ce l l u l a r  l evel 
cou l d  have profound i mp l i cat i ons re l ati ve to the known 
metabol i c  perturbati ons ( i . e . , reduced bone mi nera l  
product i on ,  reduced c i rcu l at i ng g rowth hormone) that 
occur  i n  space workers duri ng wei ghtl essnes s . 

B iorheol ogy 

A rat i ona l e  for studyi ng haemorheo l ogy i n  mi c rogravi ty 
has been i ntroduced by three d i f ferent work i ng g roups , 
who a l so poi nt out that caref u l  pref l i ght-p l an study i s  
requi red before a true necess i ty for a zero-g study can 
be estab l i shed . For examp l e ,  experiments of Coak l ey and 
Ki ng ,  des i gned to measure shear  rates of b l ood i n  a 
cyl i ndr i ca l  v i scometer ,  do not work on Earth because RBC 
sed imentat i on produces a nonun i form suspens i on wh i ch 
d i storts the shear rate measurement seri ous l y  owi ng to 
the non l i near dependence of vi scos i ty on concentrat i on .  
Three spec i f i c  gravi ty-dependent experimenta l probl ems 
have been d i scussed : 

1 .  RBC sedi mentat i on ,  espec i a l l y  i n  patho l og i ca l  or 
po l ymer-treated bl ood . 

2 .  Dens i ty-d ri ven convecti on due to the natura l 
den s i ty g rad i ent of components of the experiment . 

3 .  The ro l e  of other i nterfac i a l  energ i es i n  b l ood 
ves sel s .  

I n  b l ood , ce l l s  form rou l eaux and not random 
agg regates i n  ti ny ves sel s .  Measuri ng v i scos i ty under 
these cond i t i ons requi res that the b l ood cel l agg regates · 
be natura l  ( rou l eaux ) and that ce l l -f ree gaps not appear 
due to sed i mentat i on .  A p l anned and funded experiment 
i n  zero-g b l ood rheol ogy has been deve l oped by Leo 
D i ntenfass of Sydney Hospi ta l . Measurements to be made 
i nc l ude : 
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1 .  The maximum s i ze of RBC aggregates that fonm i n  
ant icoagul ated b l ood . 

2 .  The ef fects of d rugs and other  agents on maximum 
aggregate s i ze .  

3 .  The effects of patho l og i ca l  cond i t i ons on RBC 
aggregate s i ze .  

Aggregate s i ze vari es l OX-l OOX among i nd i v idua l s .  
The RBC contri but i on to bl ood vi scos i ty i s  reduced i n  
pathol og i ca l  cond i t i ons . B l ood vi scos i ty i s  mi n imum i n  
1 0-20 mi c rometers capi l l aries  and h i gher i n  both sma l l er 
and l arger capi l l aries . B l ood vi scos i ty does not have 
the same concentrat i on dependence as it does i n  pol ymer 
sol uti ons . Random aggregates ( rather than rou l eaux ) 
fonm after a �ocard i a l  i nfarct ion .  The experiment 
des i gn i nvol ves p l ac i ng whol e  b l ood between two p l ates 
separated by as l i tt l e  as 1 2  mi c rometers . The p l ates 
are untreated except for opt ica l  pol i sh i ng .  In  f l i ght 
experiments , the chamber i s  f l ushed wi th sal i ne ,  the 
temperature i s  measured , and f resh l y  d rawn b l ood f rom 
one of 6 donors , d i l uted to 30 percent f l ows at 
2 ml /mi n .  �uch an experiment i s  bei ng schedu l ed for 
f l i ght in the near future . Coke l et ,  Goldsmi th , and 
Mei selman proposed ground-based stud i es of the rol e  of 
RBCs and thei r aggregates in estab l i sh i ng s hear rates 
and ve l oc i ty prof i l es in art i f i c i a l  s i ng l e  capi l l ari es ,  
bi f urcati ons , and networks . 

( 4 )  Organ i zati on of Mi c rogravi ty Sc i ence and 
App l i cati ons researc h  programs and proj ects i n  
mi c rogravi ty b i otechno l ogy . 

NASA Centers and NASA Headquarters 

Research  admi n i strati on and fund i ng of b i otechnol ogy 
proj ects are the respons i bi l i ty of the Off i ce of 
Mi c rogravi ty Sc i ences and Appl i cati ons i n  the Off i ce of 
Space  Sc i ence and App l i cati ons . Funds are d i sbursed to 
uni vers i ty i nvesti gators whose proposa l s  must pass  
sc i enti f i c  and techn i ca l  revi ew or to  Marsha l l and 
Johnson Space Centers for thei r ongoi ng i ntramura l and 
extramura l proj ects . 
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D i sc ipl i ne Worki ng Groups 

The Uni vers i ti es Space Research  Assoc i at ion organi zes 
and ma i ntai ns 6 • o i s c i p l i ne Work i ng Groups • ( DWG) to 
serve both the MSA off i ce and uni vers i ty-based 
i nvesti gators . These bri ng together s c i enti sts f rom 
academi a ,  i ndustry ,  nati ona l l aboratori es , and NASA 
centers for the purposes of program assessment , 
p l ann i ng ,  and revi ew at the request of the MSA 
Di rector . The Mi c rogravi ty Bi otechnol ogy DWG meets at 
l east twi ce  per year ,  usua l l y  in connecti on wi th an 
acti v ity rel evant to i ts Mi s s i on ,  such as at a 
s c i enti f i c  meet i ng ,  a NASA Center ,  or USRA headquarters . 

Sc i enti f i c  Revi ew 

The MSA of f i ce reta i ns a l i st of s c i ent i f i c  revi ewers 
broad l y  d i stri buted through the d i s c i p l i nes re l evant to 
mi c rogravity b i otechno l ogy ; thi s l i st i s  augmented 
conti nuous l y  by suggest ions f rom pri nc i pa l  i nvesti gators 
and f rom the DWG . The i r rol e  i s  occas i ona l revi ew of 
the prograM i n  genera l  and eva l uat i on of proposa l s  
submi tted by potent i a l  pri nc i pa l  i nvesti gators . 

Uni vers i ty Bi oproces s i ng Centers 

Through a recent Congress i ona l mandate the MSA off i ce 
has funded two uni vers i ty-based bi oproces s i ng research 
centers , whose rol e  i s  to i denti fy and exp l ore 
mi c rog ravi ty bi otechno l og i es , compare them wi th the best 
correspond i ng ground-based techno l og i es ,  eva l uate them 
wi th s u itab l e  bi ochemi ca l  and bi ophys i ca l  ana l yt i c a l  
methods , and provide  ground -based and space-based 
servi ces us i ng thei r uni que comb i nati ons of fac i l i t i es .  
One center i s  at the Un i vers i ty of Ari zona , Tucson , and 
the other i s  at the Un i vers i ty C i ty Sc i ence Center ,  
Ph i l adel ph i a .  

Joi nt Endeavor Agreements 

Commerc i a l  f i rms can i nteract wi th NASA prog rams by 
exc hang i ng serv i ces for l aunch i ng and operati on i n  
space . An ea r ly  examp l e  i s  the CFES operated by MDAC , 
c i ted above . Severa l jo i nt endeavor ag reements i n  MSA 
are pend i ng ,  and some of these are i n  bi otechnol ogy . 
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THE APPLICATIONS AND COMMERCIAL POTENTIAL OF 
MICROGRAY ITY BIOTECHNOLOGY 

Current Pri vate Sector Parti c i pati on 

MDAC and Johnson and Johnson d i vi s i on of Ortho 
Pharmaceut i ca l s  are part i c i pati ng ,  through a joi nt 
endeavor agreement ( JEA) , i n  the devel opment of a 
mi c rogravi ty-puri f i ed product . A feature of the J EA 
.echan i sm pen.i ts the corporati ons to use propri etary 
substances and procedures i n  NASA projects , as  i n  thi s  
case . S imi l a rl y ,  a very l arge JEA has been estab l i shed 
wi th  3M Corporati on ,  wh i ch p l ans  a 1 0-year program i n  
organ i c  c rysta l l i zati on and sol i d-state f i l m  product ion ,  
s ome  of wh i ch i s  b i otechnol ogy re l ated and s ome  of wh i c h  
i s  not . The i r proj ect began on the most recent STS 
f l i ght . 

Ant i c i pated Pri vate Sector Parti c i pati on 

Joi nt endeavor agreements wi th Instrumentat i on 
Techno l og i es Assoc i ates of Ph i l ade l ph i a  and other  sma l l  
f i n.s are i n  the p l ann i ng stage . I n  some cases , where 
mi c rogravi ty research  i s  j usti f i ed ,  the J EA mechan i sm 
wi l l  ass i st i n  deve l opment of such bi otechnol goy f i nms .  
Pri vate sector parti c i pat i on was set as  a cond i t i on for 
the award i ng of grants to the un i vers i ty-based 
bi oprocess i ng centers . Compan i es i nvol ved i n  the 
act i v i t i es of these  two centers i nc l ude , but are not 
l imi ted to Kureha Chemi ca l  Industri es , Cobe 
Laboratori es , Scheri ng-Pl ough Corp . , Ion i c s  Inc . , 
Abbott Laboratori es , and Hana Laboratori es ( Un i vers i ty 
of Ari zona ) . Ameri can D i agnosti c s , Phan.aci a ,  
Inmunocon , Ph i l ade l ph i a  B i o l og i c s  Center ,  Pol ysc i ences , 
Instrumentat i on Techno l og i es Assoc i ates , Smi th K l i ne and 
Bec kman protei n  c rysta l s  i n  space cou l d  p l ay a key rol e  
i n  advanc i ng th i s  technol ogy . 

Protei n  Crysta l l i zati on as a Spec i a l  Case 

Except iona l l y  widespread i nterest has deve l oped i n  the 
past weeks in protei n  c rysta l l i zati on i n  mi c rograv ity .  
At l east two consort ia  i nvo l v i ng un i vers i t i es and 
i ndustry have been formed , and proposal s for 
mi c rogravi ty experiments are pend i ng .  F i nms that are 
i nvol ved 1 nc l ude Scheri ng-Pl ough , Upj ohn , Johnson and 
Johnson , and Instrumentati on Technol ogy Assoc i ates . 
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C rysta l l og raph i c  stud i es of prote i ns and nuc l e i c  a c i d s  
are of cons iderab l e  i nterest i n  the pharmaceuti ca l  
i ndustry ,  s i nce  the structu ra l  f i nd i ngs f rom them a re 
usef u l  i n  des i gn i ng d rugs that b i nd to spec i f i c  s i tes . 
Prote i n  c rysta l l ography i s  a l so of i mportance to 
pharmaceuti ca l , c hemi ca l , and b i otechnol ogy f i rms that 
a re i nvol ved i n  protei n  eng i neeri ng efforts ( U lmer) . At 
l east two spec i f i c  s c i enti f i c  l aboratories  have 
expressed i nterest i n  nuc l e i c  ac i d  c rysta l l i zat i on i n  
mi c rogravi ty .  Growth o f  s u i tabl e mac romo l ec u l ar 
c rysta l s  i s  a maj or hurd l e  i n  appl i c at i ons  of prote i n  
c rysta l l ography , and the deve l opment o f  opt imum methods 
for g rowi ng prote i n  c rysta l s  i n  space cou l d  p l ay a key 
ro l e  i n  advanc i ng th i s  technol ogy . 
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1 1 . CONTINUOUS-FLOW ELECTROPHORESIS ( CFE )  AT  UNIT  AND 
MICROGRAVITY : APPLI CATIONS TO GROWTH HORMONE 

C GH )  RESEARCH AND DEVELOPMENT 

w. c .  Hyner ,  Al thouse Laboratory , 
The Pennsyl vania  State Uni vers i ty 

R .  Gri nde l and , NASA Ames Research  Center 
J .  w. Lanham, Mc Donne l l  Doug l as Astronaut i c s  Corporat ion 

I .  INTRODUCTION 

Growth hormone ( GH )  i s  an i nteresti ng mo l ecu l e .  It 
regu lates a number of key bi o l og i ca l  processes ; e . g . , it  
(a)  enhances body growth ; ( b ) i nc reases prote i n  
synthes i s ( ami no ac i d  transport , ri bosome number,  mRNA 
synthes i s ) ; ( c )  dec reases carbohydrate uptake ; ( d )  
i nc reases mobi l i zati on o f  fat ; and ( e )  enhances 
•i togenes i s  in hemopoi eti c ,  musc l e ,  and l i ver ti ssue . 

The ami no ac i d  sequence and structure of the mammal i an 
GH mo l ecu l e  has been known for some time .  Human GH 
( hGH ) conta i ns 1 9 1 ami no ac ids  and has two 
i ntramo l ec u l a r  S-S bonds . One S-S bond pa i r  i s  l ocated 
between ha l f  cysti nes at pos i ti ons 53 and 1 65 ,  the other 
between 1 82 and 1 89 .  The resu l t i ng l arge d i s u l f i de l oop 
i s  a c haracteri st ic  future of the pi tui tary 
somatomammotrophi ns . 

There i s  good experimenta l evi dence to suggest that 
the mu l ti p l e  bi o l og i ca l  acti ons of GH are produced by 
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d i fferent parts of the mol ec u l e .  h6H i s  extreme l y  
suscept ib l e to proteol yt i c  attack wi th i n  a s hort segment 
between res i due 1 34 and 1 49 on the d i su l f i de l oop . 
Enzymes such as  p l asmi n ,  thrombi n ,  tryps i n ,  or bacteri a l  
protease c l eave at severa l  s i tes wi th i n  these res i dues 
to y ie l d  a 2-cha i n  structure l i nked by a s-s bri dge . 
Growth promot i ng acti v it i es , as  we l l  as d i abetogeni c  
act i v i t i es , are often enhanced after c l eavage . l I t  
has a l so been shown that the 2-cha i n  mo l ec u l es have 
su l fat i on factor act i v i ty ;  i . e . , somatomedi n-l i ke 
properti es may res i de wi th i n  the 6H mo l ec u l e . 2 , 3 
Reduction after thromb i n  exposure yi e ld s  an ent i re 1 -1 33 
N-tenmi na l f ragment whi c h  stimu l ates DNA synthes i s  i n  
rat carti l age i n  v itro .  

These observat i ons c ha l l enge the dogma that 6H exerts 
i ts growth promoti ng acti v it i es by stimu l at i ng re l ease 
of somatomed ins  f rom the l i ver . They a l so ra i se a 
number of i ntri gui ng quest ions . For exampl e ,  does 
posttrans l ati ona l proces s i ng of 6H acti vate the 
hormone? Does act i vat i on occur  at the p itui tary ce l l 
membrane , i n  the bl ood , or at a receptor i n  the target 
ce l l ?  The observat i ons by Gri nde l and4 that 6H i n  
p l asma has a h i gher bi o l og i ca l  ( B ) to immuno l og i ca l  ( I )  
{ B/I ) act i v i ty than that i n  the pi tui tary g l and appears 
to argue for hormone acti vation at the p itu itary ce l l 
membrane . 

The ce l l type i n  the p itu i tary respon s i b l e for 
producti on of GH is  the somatotroph . On average , 35  
percent of the ce l l s  in  the g l and a re somatotrophs .  
Severa l years ago work f rom our l aboratory showed that 
two s ubtypes of somatotrophs cou l d  be separated f rom 
each other by sed imentat i on . 5 Type I ce l l s  had a 
dens i ty of <1 . 068 g/cm3 , whereas Type I I  ce l l s were of 
h i gher dens i ty ,  1 . 070-1 . 085 g/cm3 , presumabl y  owi ng to 
thei r f u l l comp l ement of dense cytop l asmi c sec retory 
g ranu l es .  More recent l y  we have d i scovered that the 
act i v i ty of the 6H re l eased from Type II ce l l s  i n  
c u l ture has a B/I of 5 ,  whereas that from Type I ce l l s  
i s  1 ( 6ri nde l and and Hymer ,  1 985 ) . I nterest i ng l y ,  when 
Type II ce l l s  are imp l anted i nto a GH def i c i ent rat 
u s i ng the ho l l ow f i ber tec hnol ogy of Hymer et a l . ,  
rec ip i ents s how s i gni f i cant augmentat i on i n  growth and 
musc l e  mass . E l uc i dat ion of the structure of the 
b ioactive fonm of the GH mo l ec u l e  re l eased by Type I I  
ce l l s  rema i n s  a l ong-tenm goa l of our l aboratori es . 
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I I . SEPARATION OF 6H C ELLS BY ELECTROPHORESIS 

A. Rati ona l e  

Approximate l y  35-40 percent of the ce l l s  conta i ned i n  
the anterior pi tui tary g l and of the adul t  ma l e  rat 
conta i n 6H . 7 Others contai n pro l acti n ( PRL ,  -20 
percent ) ; gonadotropi n  ( FSH/LH , -1 0 percent ) ; 
thyrotropi n ( TSH , -s percent) ; adrenocorticotropi n  
( ACTH , -s perc ent) o r  are f i brob l asts , endothel i a l  
cel l s ,  or  un i dent i f i ed .  Si nce some of these hormone 
produc i ng ce l l c l asses have uni que s i ze and/or 
dens i t i es , ce l l separati on techn iques based on 
sed imentat i on d i fferences have been useful  i n  prepari ng 
enri ched ce l l popu l ati ons . 7 I n  genera l , 2-3-fold  
enri c hments , wi th purit ies approach i ng 90  percent in  the 
case of GH ce l l s ,  can be achi eved . For many stud i es , 
however ,  th i s  puri ty i s  not good enough . We have 
therefore i nvested some cons i derabl e  time in tryi ng to 
detenmi ne i f  the d i f ferent hormone ce l l c l asses bear 
uni que surface charges , and are therefore separabl e  by 
el ectrophores i s .  

The f i rst report i nd i cat ing that 6H ce l l s  •i ght be 
e l ectrophoret ica l l y  separabl e  came f rom our l aboratory 
i n  1 983 . 8 These stud i es showed that 6H ce l l s  were 
enri c hed ( on the bas i s  of hormone content ) by e i ther 
den s i ty grad i ent e l ectrophores i s  or conti nuous f l ow  
e l ectrophores i s  ( CFE ) . As seen i n  F i gure 1 1 . 1 , ( a )  6H 
conta i n i ng ce l l s  are among the most mobi l e  and ( b )  thei r 
mobi l i ty depends on f i e l d  strength ( ET ) . As shown i n  
F i gure 1 1 . 2 ,  ce l l s  f rom the more mobi l e  reg i ons  produce 
and secrete hormones in c u l tures ; i . e . , they are a l i ve .  

However , measurements of p i tu itary ce l l  
e l ectrophoret i c  mobi l i ty by two ana l yt i c  methods , v i z .  
•i c roscop i c  e l ectrophores i s  and l aser track i ng 
e l ectrophores i s ,  revea l ed l i tt l e  d i st i nction between 
cel l c l as ses . & We hypothes i zed that the h igh  dens i ty 
of the Type I I  GH ce l l mi ght resu l t  i n  sed imentat i on 
duri ng preparati ve e l ectrophores i s .  I f  s o ,  ce l l 
enri c hments achi eved by preparat i on gel  e l ectrophores i s  
•i ght be the resu l t  of den s i ty medi ated events , and not 
sol e l y  to d i f ferences i n  ce l l surface charge . 

I f  the experi ment were done under cond i t i ons where 
the ( p resumed ) contri but ion of sed i mentat i on wou l d  be 
•i nor , i . e . , i n  mi c rogravity ,  wou l d  there be any 
separati on of GH ce l l s  at a l l ?  
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B .  Res u l ts of 6H Cel l Separati on on CFE  at Uni t  and 
Mi c rogravi ty 

We have recent l y  compl eted ana l ys i s  of 3 ground-based 
tri a l s i n  add i tion to the ce l l e l ectrophores i s  
experiment done o n  STS-8 . Parameters exami ned and 
resu l ts obta i ned are summari zed i n  Tab l e  1 1 . 1 .  

Tabl e  1 1 . 1  Compari son of Data Obta i ned i n  Ground-Based 
and Mi c rogravi ty-Based CFE  Pitui tary Cel l Separat ion 
Experiments 

PARAMETER UN I T  GRAV I TY M I C ROGRAV I TY 

1 . Ce l l  p rof i l e a f te r  1 .  Sp read over -so 1 . Sp read over -50 
e l ectrophores i s  tubes tubes 

2 .  Ce l l  enri c hment- 2 .  2 .  
i -.unoc ytoc hemi s t ry 

a .  GH a .  2 -3x en r i c hment a .  2 x  enri c hment i n  
i n  mobi l e  f ra c t i on s  mobi l e  f ra c t i on 

b .  PRL b .  3 x  enri c hMent i n  b .  -2x enri c hMent i n  
l ow  mobi l i ty l ow  mobi l i ty reg i on 
f rac t i on s  

c . LH c .  2x en r i c hMent i n  c .  2x en r i c hMent i n  
most mobi l e  a rea most .ab i l e  a rea 

3 .  Ce l l  enri c h�ent- 3 .  Pa ra l l e l s  i nRUno- 3 .  Pa ra l l e l s  i.-uno-
i ntrace l l u l a r  c ytoc hemi s t ry c ytoc hemi s t ry  
hor.ane ( R I A )  

4 .  6H c e l l c u l ture 4 .  GH re l ea s ed f rom 4 .  GH not re -
( R I A )  both h i gh a n d  l ow  l ea sed ( f )  

mob i l i ty soaatotrophs 

5 .  GH c e l l c u l ture 5 .  B i oac t i ve GH per- 5 .  Not done 
( B i oa s say) f e rent i a l l y  re -

l eased f rom h i gh 
mobi l i ty f rac t i on s  

6.  LH , FSH , T S H  c e l l 6 .  6 .  Not done 
a .  LH and FSH out-
put f rom mo re 
mobi l e  c e l l s  
b .  TSH --no e v i dence 
for sepa rat i on 
c .  PRL - -output f ra. 
l e s s  .abi l e  c e l l s  

7 .  Character of 611 7 .  7 .  
after HPLC on g e l  a .  Mr G H  • 22 K a .  Mr GH • 22 K 
s i z i ng c o l a.� s  f o r  a l l reg i on s  for a 1 1  reg i ons 

b.  110re GH f ra. b .  more GH f ra. 
h i g h  mobi l i ty h i gh mobi l i ty 
reg i on s  reg i on s  

B .  Cha racter o f  GH B .  E v i dence for nu l - B .  E v i dence for nu l -
a f ter HPLC on t i p l e  GH fon�s i n  t i p l e  6H f o n.s i n  
reve rse pha s e  soaa tot roph sub - soaatotroph s u b -
c o l .-. s  popu l a t i on s  popu l a t i on s  

Microgravi ty Science and Appl icat ions: Report  on a Workshop, December 3-4, 1984, Pasadena, Cal i fornia

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


201 

c .  Conc l us i on 

On the bas i s  of the resu l ts obtai ned i n  8 CFE  ground
based tri a l s and 1 i n  Mi c rogravity ,  we conc l ude that 
di fferent pi tui tary ce l l c l asses do i ndeed bear 
d i f ferent surface charge . When used i n  combi nati on wi th 
estab l i shed sedimentation procedures , CFE shou l d  prove 
qu ite useful  for preparati on of p i tu i tary ce l l c l asses 
of h i g h  puri ty .  

Why s hou l d  s ome  cel l c l as ses bear d i fferent surface 
charge? The report of Kap l an et a 1 . 9 i dent i f i es 
secreted i nsu l i n  bound to the surface of the panc reat i c  
i s l et c e l l . If  some port ion o f  sec reted pituitary 
hormones are a l so present on the p l as.a membrane , 
d i f ferent mobi l i ty c las ses Mi ght resul t .  
E l ectrophoreti c  se l ect i on o f  ce l l s  wi th sec reted surface 
hormone shou ld  provide  a usefu l  too l for study of the 
ce l l bi o l ogy and bi ochemi stry of hormone sec reti on . 

I I I .  GH SECRETORY CAPAC ITY OF MICROGRAV ITY 
EXPOSED RAT PITUITARY CELLS 

A .  Rati ona l e  

Unti l the recent report by Cogol i et a 1 . 1 0  there was 
l i tt l e  evi dence to show that Mi c rogravity had any affect 
on ce l l funct ion . Montgomery had shown that 
Mi c rogravi ty-exposed WI -38 human embryon i c  l ung ce l l s  
had normal rates of pro l i ferati on and moti l i ty ,  a l though 
g l ucose consumpti on was s i gn i f i cant l y  l ower in ce l l s  
f l own i n  space . Cogol i ' s experiment addressed the i ss ue 
of mi c rograv ity and abi l i ty of human l ymphocytes to 
di vide  when exposed to concanava l i n  A .  The data i n  
Fi gure 1 1 . 3  ( f rom the Cogol i paper) document 
suppress i on of Con A-stimu l ated mi togenes i s  i n  
Mi c rogravi ty exposed ce l l s .  

Cogol i conc l udes : 

Cons i deri ng what i s  present l y  known about the 
behavior  of ce l l s  at d i f ferent g va l ues , we can see a 
rel at i ve l y  cons i stent pi cture i nto wh i c h  our resu l ts 
f rom Spacel ab 1 f i t  very we l l .  At h i gh g ,  ce l l s  
d i v i de  faster at the expense of reduced mobi l i ty , 
s i nce  energy consumpt ion rema i ns the same . In  
•i c rograv ity ,  l ymphocytes show a dramati c  reducti on 
i n  pro l i ferati on rate , reduced g l ucose consumpt i on ,  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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but a strong i nc rease of i nterferon sec retion . WI-38 
embryoni c  l ung ce l l s ,  wh i ch  d i ffer f rom l ymphocytes 
i n  that they do not undergo d i fferentiation steps , 
grow and move normal l y  at 0 g ,  but they a l so consume 
l ess  g l ucose . In  conc l us i on ,  most of the ce l l s  
i nvesti gated appear to be sens iti ve to grav i ty ;  the 
effect seems to be stronger wi th ce l l s  such as 
l ymphocytes , wh i c h  are trans formed by mi togens f rom a 
dormant to an acti vated state . 

The resu l ts we have obta i ned so far have contri buted 
to an i nc rease i n  the knowl edge of the i n f l uence of 
gravi ty on bas i c  ce l l u l ar  mechan i sms , to c l ari fyi ng 
certa i n  b iomed i ca l  aspects of the effect of 
spacef l i ght on the immune system,  and to devel op i ng 
usefu l  bi otechno l og i ca l  processes . Al though the 
mechani sms i nvol ved in gravi tat i onal  effects on ce l l s  
are sti l l  unknown and a gravi ty sensor has not yet 
been i denti f i ed ,  we can conc l ude on the bas i s  of 
resu lts to date that ce l l s  are sens iti ve to grav i ty .  

I n  add i t i on to the CFE  experiment , we a l so had the 
opportun ity on the 8th f l i ght of Shutt l e  to expose 
d i spersed rat pituitary ce l l s  to mi c rograv i ty .  The 
purpose of thi s second experiment was to f i nd out what 
effect , if any , we i ght l essness mi ght have on s ubsequent 
GH secret ion . Of course the resu l ts of the Cogo l i 
experiment were unknown to us at the time ( Sept . 1 983 ) . 
Musc l e  wastage i n  space i s  reasonabl y  we l l  doc umented 
and GH at uni t gravi ty has important anabol i c  ef fects on 
musc l e .  Th i s  i s sue was addressed by Rambautl l : 

Among the prob l ems assoc i ated wi th manned space 
f l i ght i s  that of skel eta l musc l e  atrophy . 
Degradat i on of skel eta l musc l es ,  espec i a l l y  of those 
used to counteract gravi ty on Earth , is common l y  
experi enced i n  space f l i ghts . Its overt features 
i nc l ude reduced vol ume of the l imbs , pa rti c u l ar ly  the 
l ower extremit ies , and postf l i ght reducti on of musc l e  
strength and exerc i se capac i ty .  

Knowl edge of the exact casua l factors , pathogenes i s ,  
and pract i ca l  methods of prevent i on or amel i orat i on 
of the musc l e  atrophy of space f l i ght i s  not 
suf f i c i ent to permi t the rati onal  deve l opment of 
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dependab l e  countermeasures that may be conveni ent ly  
empl oyed wi th a mi n imum of  i nterference wi th the 
mi s s i on demands of space c rews . 

B .  Res u l ts 

Overa l l growth hormone producti on ( i . e . , i ntracel l u l ar 
and rel eased )  was 20X greater i n  cu l tured cel l s  
mai ntai ned at uni t  grav i ty versus those kept under  
s imi l a r  cond i t i ons in  spac e .  Producti on of PRL , on  the 
other hand , was s i mi l a r  between the two treatment g roups . 

That sec ret ion of GH i n  astronauts may be compromi sed 
was i nferred f rom a prev i ous Skyl ab mi s s i on .  Thus after 
73 days in f l i ght , serum GH l evel s were -so percent 
l ower than pref l i ght ( 1 . 3 ± 0 . 2  versus 0 . 65 ± 0 . 1  ng/ml ; 
P < 0 . 005 ) . ( C .  Leach and P .  Rambant , pp . 204-21 6 i n  
Bi omed . Resu l ts f rom Skyl ab ,  1 977 , Ed . Johnson and 
L .  D iet 1 1 en ) . Interest i ng l y ,  a depress ion of GH i n  
bl ood of subj ects mai ntai ned on stri ct  bedrest a l so show 
a 50 percent reduction in serum GH i n  ear ly  phases of 
the experiment ( R .  Gri ndel and , unpubl i shed ) . 

I n  s umma ry ,  the Cogol i data , coup l ed wi th the 
i nformati on on p l asma GH l eve l s i n  astronauts and our 
STS-B experiment , imp l i cate a mi c rogravi ty-i nduced 
l es i on i n  GH ce l l s  at the ce l l u l ar l evel . Future 
stud i es can be expected to e l uc i date mechani sm( s )  of 
thi s i nteresti ng ef fect . 

IV . HUMAN PITU ITARY GH SECRETORY GRANULES : 
POSSI BLE COMMERCIAL APPLI CATION OF CONTINUOUS-FLOW 

ELECTROPHORESIS 

A. Introducti on 

In the Textbook of Endoc ri nol ogy by Wi l l i ams , one fi nds 
the fol l owi ng statements concern i ng GH in the human post 
mortem pituitary :  

Fortunate l y ,  the human pitu itary i s  part icu lar ly  ri ch  
i n  GH , and the  somatotropi c  granu l e  res i sts auto l yt i c  
d i ssol ut i on after death . Despite the fact that 
rad i oimmunoassays suggest a muc h  h i gher content , the 
yi e ld  of somatotropi n  wi th present extracti on methods 
i s  between B and 1 6  percent of the dry wei ght of 
human pituitari es , equi va l ent to 4-8 mg of 
hormone/g l and . No s i gn i f i cant changes i n  GH content 
wi th age are evi dent . 
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Si nce a maj ori ty of the hGH contai ned wi th i n  the 
g l and i s  i n  granul es ,  it i s  presumabl y thi s  fon�{ s )  
wh i c h  i s  extracted f o r  eventua l therapeutic  use . 

A number of years ago the Nati ona l P ituitary Agency 
{ NPA) was establ i shed for the purpose of prov i d i ng 
puri f i ed hGH { extracted f rom human post mortem p itui tary 
t i ssue) for c l i n i ca l  medi c i ne .  As far as we are aware ,  
thi s agency conti nues to b e  the so l e  source for hGH . 
The i s sue of hormone avai l abi l ity was recent ly  addressed 
i n  a .emo f rom Dr . Rai t i , Di rector of the NPA .  

PITUITAR I ES AND HUMAN GROWTH HORMONE--CAP AND NPA--
CURRENT REV I EW 

Pi tu i tari es 

1 .  The NPA was set up by CAP and NIAMDD in 1 963 . In  
part ,  th i s  was to avoid  f ragmentation . It  was 
i ntended that there shou l d  be a s i ng l e  col l ecti on 
program to process a l l p itu itaries  and 
d i stri bute a l l hGH to hypopitui tary pat i ents i n  
the U . S . A .  

2 .  At the November 1 979 meeti ng ,  the CAP reaf f i rmed 
unanimou s l y  i ts wi sh  to have a l l i ts members send 
a l l g l ands to the Nati ona l Pitui tary Agency .  
{ See The Patho l og i st ,  Feb . 1 980 , page 69 ) .  

3 .  The NPA prov i des a l l hGH of h ighest qua l i ty and 
FREE of charge to a l l pati ents . 

4 .  The NPA needs the pitu i tari es not ony for hGH but 
a l so for research i nto FSH , LH . TSH , Pro l acti n ,  
Neurophys 1 ns .  Endorph i ns . Lipotropi ns , 
Di abetogeni c  factor ,  and so on  for  structure and 
synthes i s  stud i es as  we l l  as for c l i n i ca l  
research . 

5 .  The commerc i a l  compani es SELL the products of any 
g l ands that they obtai n .  Each p itui tary i s  worth 
at l east $1 80 . 00 to them and perhaps $1 , 000 . 00 
{when one adds i n  TSH , LH , FSH AND PRL eac h at 
$1 , 000 . 00 per mg ) . 

Commerc i a l : 1 p itu i tary { f rozen ) = 1 2  IU of hGH 
X $1 5 . 00 per IU  

= $1 80 . 00 per  p i tu i tary 

NPA :  Costs for hGH producti on and d i stri but i on are 75  
cents per  IU  or $9 . 00 per  pitu i tary .  Di stri buted f ree 
of charge . 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


205 

There are seri ous ETHICAL questions rel ated to the 
buyi ng of hunan t i s sue then se l l i ng the products for 
prof i t .  

h&H Status 

1 .  There t s  current l y  n2 wat t t ng l t st of pati ents . 
We are supp l yi ng h&H to a l l d i agnosed pat i ents 
who app l y  through the establ i shed channe l s . More 
pat i ents are bet ng d iagnosed and we need h&H for 
them . 

2 . Each ch i l d  needs on l y  the h&H f rom 30 g l ands for 
one year ' s  treatment . 

The NPA and the hypop i tu itary dwarfs  need your hel p .  
Tht s  h&H t s  g t ven f ree of f t nanc t a l  exp lo itat i on ,  so 
that these c h i l dren may grow . 

Sa l vatore Rai t t , D i rector , NPA 

It t s ,  of course , no secret that severa l  f t n1s t n  
tht s  country are produc i ng h&H by recombi nant DNA 
technol ogy . It has been argued that chi l dren t n  the 
l owest 5th percenti l e  tn hei ght may a l so benef i t  f rom 
h&H therapy . I f  so , t t  may then become necessary to 
i nc rease h&H producti on .  The resu l ts of 3 c l t n t ca l  
tri a l s  us t ng eng i neered h&H were desc ri bed at the 
NIH-sponsored h&H sympos i um hel d  tn Ba l t i more , November 
1 983 . In  each of these tri a l s  tt was reported that 
hormone admt n t stratt on resu l ted t n  pati ent growth . 
However ,  treatments were d i sconti nued because -1 /3 of 
pat i ents tn each  tri a l  devel oped c i rc u l at i ng 
ant i bod i es . At the ttme of th t s  sympos i um t t  was not 
c l ea r  t f  th t s  prob l em was due to tmpurt t t es t n  the 
hormone preparat i on .  It t s  emphas i zed that th t s  was the 
state of affai rs one year ago ; we are not certa i n  tf t t  
has changed s t gn t f t cant l y  s t nce then . 

In  l i ght of the i nformati on presented t n  secti ons I 
and I I  t n  regard to the i s sues of d i sc repanc i es of 
b i o l og i ca l : immuno l og i c a l  actt v t t t es of GH , we have 
begun to i nvesti gate the qua l i ty of h&H obta i ned after 
CFE on the McDonne l l  Doug l as devi ce . 

B .  CFE of Human Pi tui tary Granul es .  

We prepare a c rude mi tochondri a l -sec retory granu l e  
f raction ·f rom human post-mortem pttu t tary t i ssue by 
convent i ona l homogen t zatt on-dt fferent ta l  centri fugat i on 
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procedures . We then e l ectrophorese the parti c l es on the 
McDonnel l -Doug l as CFE dev ice and col l ect the pa rti c l es 
i n  tubes conta i n i ng d i l ute NaOH . S i nce granul es a re not 
stabl e under a l ka l i ne cond i t i ons , hormone i s  rel eased 
and subsequentl y  assayed by RIA and b i oassay .  

Res u l ts f rom recent l y  comp l eted experiments show that : 

a .  Symmetri ca l  peaks of immunoreacti ve GH after 
e l ectrophores i s  are found in some ti ssue samp l es ,  
but • smeari ng • of immunoreacti ve GH i s  found i n  
others . 

b .  The occurrence of symmetri ca l  hormone peaks 
( i ntact hormone? )  versus • smea rs • ( deg raded 
hormone ? )  does not corre l ate wi th time after 
death . 

c .  Hormone wi th h i gher B/1 ( often 20-60) acti v it ies 
are found i n  the more anoda l reg i ons . 

We bel i eve our pre l imi nary resu l ts are important for 
severa l  reasons . F i rst :  i f  GH mo l ecu lar  forms are so 
d i fferent f rom one pi tu i tary to the next , it seems 
probabl e that hGH prepa rati ons current l y  admi n i stered to 
pat i ents are e i ther se l ected for certa i n  forms 2r 
conta i n  mi xtures of e l ectrophoret ica l l y  d i sti nct 
spec i es .  Second : i f  CFE can d i sc rimi nate and i so l ate 
hormone wi th h i gh B/1 acti v i t i es , then th i s  procedure 
wou l d  be of benef i t  to the med i ca l  commun i ty .  Th i rd :  
these concepts seem equa l l y  appl i cab l e  to bov i ne GH , 
i . e . , they shou l d  have commerc i a l  app l i cati ons . 

V .  ELECTROPHORET IC  SEPARATION OF GH 
SECRETED BY PITUITARY CELLS IN CULTURE 

It has been poi nted out i n  Secti on I that some GH cel l s  
sec rete hormone wi th h i gh B/1 acti v i ty i n  c u l ture .  We 
are beg i nn i ng to app l y  the CFE technol ogy to the 
i so l at i on of th i s  hormone form( s )  conta i ned in ce l l 
c u l ture medi a  f rom both rat and human (when ava i l ab l e )  
p i tu i tary cel l s .  

VI . SUMMARY 

A. Appl i cati ons of CFE and M i crogravity to Pi tui ta ry 
GH Research 

Our approaches to pi tui tary GH research are mul t i faceted . 
They range f rom study of mo l ec u l es to whol e  an imal s .  An 
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underl yi ng theme , neverthe l ess , i s  that of separation .  
The separati on of GH ce l l s ,  GH-conta i ni ng part i c l es ,  and 
b i oact i ve fonms of the GH mo l ec u l e  by CFE a l l appear to 
offer cons i derab l e  promi se for understandi ng :  

a .  Intrace l l u l a r  packagi ng of honmone , 
b .  Secret i on of honmone from the ce l l , and 
c .  Structura l deta i l s  of the b i oacti ve fon1s of GH . 

We v i ew the rol e  of mi c rogravi ty-based CFE i n  these 
efforts as important , but not a l l -encompass i ng .  For 
e l ectrophoreti c  i so l at i on of l a rge quantit ies  of 
b i oact i ve hGH or b i oacti ve bovi ne GH ( and i ts u l t imate 
commerc i a l i zat ion )  mi crogravi ty may prove essenti a l . 
For i so l at i on of GH produc i ng ce l l s ,  i t  may not . 
Neverthel ess , documentati on that GH ce l l separati on 
occurred i n  mi c rograv i ty was key , for i t  gave us the 
i nformat i on that resu l ts from pituitary cel l separat i on 
experiments are i ndeed based on d i fferences i n  surface 
charge , and not on dens i ty .  We now proceed wi th ground
based CFE experiments with greater conf i dence . 

F i na l l y ,  as  d i scussed i n  Secti on I I I , data are 
beg i nni ng to emerge wh i ch tel l us that cel l s  i n  
mi c rogravi ty show suppressed functi on . The fai l ure of 
mi c rogravity-exposed GH ce l l s  to subsequentl y  
produce/release GH o n  Earth was enti re l y  unexpected . In  
l i ght of  the pi vota l pos i t i on that GH  p l ays i n  overa l l 
metabo l i sm and we l l -bei ng , i t  seems essenti a l  that 
fol l ow-up stud i es i n  mi c rogravity be conducted . 
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RUN # 3  (9 / 1 /82 ; I : OO p.m. l 

E T • 60 
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RUN #4 ( 9/1 /82 ; 3 : 30 p. m. )  

ET • 1 20 

23 a 1011 CELLS 

1 10 

F I GURE 1 1 . 1 .  E l ectrophoret i c  prof i l es of fresh ly  
prepared rat p itu i tary ce l l s  and the GH content i n  two 
experiments us i ng the McDonne l l -Doug las  CFES . The 
effects of chang i ng ET are seen by compari ng RUN 3 and 
RUN 4 .  ( From P l ank et a l . B )  
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F IGURE 1 1 . 2 .  Producti on of GH by ce l l s  obta i ned from 
s i ng l e  e l ectrophoreti c  fracti ons after separation us i ng 
the McDonne l l -Dougl a s  C FES . Upper panel  shows the tota l 
amount of GH that was found i n  ce l l s  and that 
accumu l ated i n  supernatants of the correspond i ng 
c u l tures of each fract ion for RUN 3 .  Left panel  i s  the 
rate of GH producti on per 50 , 000 ce l l s  averaged over 
0-2 , 2-7 , and 7-1 4 days in c u lture after e l ectrophoret i c  
separation .  R i ght pane l i s  the tota l GH product i on i n  
1 4 days per 50 , 000 ce l l s  i n  each  fract i on .  ( From Pl ank 
et a l . B) 
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F IGURE 1 1 . 3 .  Lymphocyte act i vat i on i nduced by Con A 1 n  
mi c rogravi ty .  Cu l tures o f  human l ymphocytes were 
exposed to mi togen i c  concentrat i ons of Con A i n  ground 
samp l es B, c .  and D and f l i ght sampl es F ,  G, and H ,  
respecti ve l y .  Samp l es A ( g round ) and E ( f l i ght) were 
unstimu l ated contro l s .  ( a )  Act i vat i on measured after 
69-h i ncubat i on at 37°C as  [ 3H ] thymi d i ne i ncorporat i on 
i nto tri c h l oroacet i c  ac i d -prec i pi tab l e  materi a l . ( b )  
Gl ucose rema i n i ng i n  the med i um measured b y  the g l ucose 
dehydrogenase method . 6 The i n i t i a l  concentrati on of 
g l ucose i n  the medi um was 1 1 00 mg/l i ter .  The standard 
dev iat i on of tri p l i cate samp l es i s  g i ven , except for 
samp l es A, E ,  F,  G ,  and H in ( a ) , for wh i ch it was too 
l ow to be shown here . ( From Cogol i . l O ) 
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1 2 . COMBUSTION STUDIES IN MICROGRAVI TY 

A .  L .  Ber l ad 
Un i vers i ty of Ca l i forn i a , San D i ego 

La Jol l a , Ca l i forn i a  92093 

I .  BACKGROUND 

Duri ng the decade of the 1 950s , i n i t i a l  experimenta l 
stud i es of combust i on under mi c rogravi ty cond i t i ons  were 
carri ed out by Uni vers i ty of Tokyo workers who 
demonstrated that l i qu i d  fuel  drops cou l d  burn i n  a 
spheri ca l l y  symmetri c fash i on ,  i n  accordance wi th 
s i mp l e ,  gravi ty-f ree combusti on theory . 1 , 2 Wi th the 
advent of NASA • s  requi rements for knowl edge of 
combusti on processes i n  space envi ronments , the 1 960s 
saw vari ous U . S .  workers start to emp l oy drop tower ( and 
re l ated ) fac i l i t i es to study gravi tati ona l effects on a 
number of combusti on phenomena . 3-6 

I n  1 973 , NASA commi s s i oned a study concerned wi th 
exami n i ng •the phys i ca l  bases and sc i enti f i c  meri ts of 
combusti on experimentat i on i n  a space envi ronment . •  The 
study group i nc l uded : A. L .  Ber1 ad ( SUNY at Stony 
Brook ) , C .  Huggett ( NBS) , F .  Kaufman ( U .  of Pi ttsburgh ) ,  
G .  H .  Markste i n  ( Factory Mutua l Res . Corp . ) ,  

2 1 2 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


21 3  

H .  B .  Palmer ( Penn . State Uni vers i ty ) , and C .  H .  Yang 
( SUNY at Stony Brook ) . The study was broad ranged , 
sol i c i ted the v iews of the combust i on sc i ence 
commun i ty ' s  many workers , and was compl eted wi th 
i ssuance of a summary report7 in 1 974 . Conc l us i ons 
drawn in the 1 973-74 summary report are quoted be l ow  
( pp .  97-99 o f  Ref . 7 ) . 

The revi ew  of combusti on experimentation ( and 
mode l i ng wh i ch cou l d  benef i t  f rom the ava i l abi l i ty of a 
space l aboratory) revea l s  one theme that appea rs to 
domi nate a l l others . Extens i ve and systemati c  
experimentat i on on the range 0 � g � 1 i s  vi ewed as  
essent i a l  to the deve l opment of the understand i ng 
requi red i n  v i rtua l l y  a l l the maj or fundamental a reas of 
combusti on . Current theory has not been adequate l y  
gui ded by experiment . Current ( d rop tower)  fac i l i t i es 
for 0 � g � 1 experimentat i on have an i mportant ro l e  to 
p l ay i n  future stud i es . But these rol es are neces sari l y  
l i•i ted . On l y  a n  orbi ta l  space l aboratory can prov i de 
the sca l es of t ime and space necessary to exp l o i t  
substant i a l l y  the s c i enti f i c  goa l s  o f  combust i on 
experimentat i on i n  a space envi ronment . These 
conc l us i ons app l y  for: 

( a )  Premi xed F l ame Propagat i on and Exti nct i on L imi ts ;  
( b )  Theory o f  Noncoherent F l ame Propagat i on ;  
( c )  Upper Pressure Limi t Theory o f  Ign i t i on and F l ame 

Propagati on ; 
( d )  Auto ign i t i on for La rge Premi xed Gaseous Systems ; 
( e )  Cool F l ames i n  La rge Premi xed Gaseous Systems ; 
( f )  Burn i ng and Ext i nct ion of Ind i vi dua l  Drops or 

Pa rt i c l es ,  Over Very La rge Ranges of Pres sure ; 
( g )  Ign i t i on and Auto ign i t i on o f  C l ouds o f  Drops 

and/or Pa rti c l es ,  Over Very Large Ranges of 
Pressure ;  

( h )  Two Phase Combust i on Phenomena Invo l vi ng Large 
L iqu id-Gas or So l i d-Gas  I nterfaces ; 

( i )  Rad i ati ve Igni t i on of Sol i ds and L i qui ds ; 
( j ) Pool Burn i ng and F l ame Propagati on Over L iqu ids ; 
( k )  F l ame Spread and Ext i ncti on Over So l ids ; 
( 1 ) Smol deri ng and Its Trans i t i on To F l ami ng ( or 

Ext i ncti on ) ; 
(m) Lami nar Gas Jet Combust i on ;  
( n )  Coup l i ng ( or Decoupl i ng )  o f  Convecti ve l y-Induced 

Turbu l ence Invo l ved In  Vari ous Combust i on 
Phenomena ; 
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( o )  Trans i ent Responses of F l ames To Time-Dependent 
( Ef fect i ve )  Gravi tati ona l F i e l ds . 

Th i s  i s  a part i a l  l i st i ng of the many va l uab l e  
experimenta l and theoreti ca l  programs that can be 
carri ed out wi th the essent i a l  fac i l i t i es provi ded by a 
Space Envi ronment . Severa l  of these programs show 
part i cu l arl y outstand i ng promi se . I n  th i s  l atter 
category must be i nc l uded the areas of : 

( 1 ) Ext i ncti on l imi ts i n  Premi xed and Un-premi xed 
Gases ; 

( 2 ) The Many D i verse Areas of Two Phase Combust i on ; 
Part i c u l ar ly  the Combusti on of  Si ngl e Drops and 
Pa rt i c l es ,  Arrays of Sol i d  Fuel E l ements . and 
l iqu i d  Poo l s .  

The extent to wh i ch other noted ( or unc i ted ) 
combust ion stud i es wi l l  revol ut i on i ze our understand i ng 
of the Fundamenta l s  of Combust i on depends l a rge l y  on the 
i ngenui ty of exper imenters and theori sts who have yet to 
add ress  the s c i ent i f i c  opportun i ti es that space-based 
combusti on experimentat i on can prov ide .  

The 1 974-84 peri od has seen many contri but i ons to 
combusti on theory and experiment concerned wi th the 
centra l l y  i mportant prob l ems cons i dered i n  the 1 973-74 
study . 7 These deeper i ns i ghts have served to 
strengthen the conc l us i ons regard i ng the need for 
mi c rograv ity combusti on experiments . The report brief l y  
rev i ews the current status of maj or areas of combusti on 
sc i ence where mi c rog rav i ty stud i es promi se to provi de 
otherwi se unobta i nab l e  sets of needed res u l ts . 

I I .  THE M ICROGRAVITY  COMBUST ION SC I ENCE PROGRAM 

Wi th the comp l et i on of the 1 973-74 study , 7 NASA has 
conti nued to work c l ose l y wi th the combust i on sc i ence 
communi ty -to he l p  i dent i fy worthy researchers and 
proposa l s ,  as  we l l  as  the genera l d i rec t i ons for NASA 
research  ef forts . The c urrent program of research  has 
evol ved s l owl y and ref l ects an emphas i s  on attack i ng 
centra l l y  i mportant , f undamenta l i s s ues i n  combusti on 
sc i ence . A l though the advancement of fundamenta l 
combusti on sc i ence i s  the pri nc i pa l  objecti ve of the 
program, it is evi dent that the many app l i ed needs of 
the combust i on f i e l d  cont i nua l l y  requi re and expl o i t the 
i nputs provi ded by fundamenta l combusti on stud i es . 
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F i e l ds of app l i cati on i nc l ude energy convers i on and 
propu l s i on devi ces of many k i nds , combusti on safety 
characteri zat ion of f l ammabl e  systems and structures 
under normal gravi tati ona l cond i t i ons . 

Current research  efforts i nc l ude the fol l owi ng :  

( 1 )  F .  A .  Wi l l i ams , Pri nceton Un i vers i ty 
Dropl et Burn i ng Experiment 

( 2 )  R .  A .  A ltenki rch , Uni vers i ty of Kentucky 
Sol i d  Surface Combusti on 

( 3 )  A .  l .  Berl ad , Un i vers i ty of Ca l i forn i a ,  
San Di ego 
Parti c l e  C l oud Combusti on Experiment 

( 4 ) R .  B .  Edel man , Sc i ence App l i cati ons , Inc . 
Gas Jet D i ffus i on F l ames 

( 5 ) R .  A .  Sreh l ow ,  Un i vers i ty of I l l i noi s 
Effect of Gravity On A lean l imi t F l ame 

( 6 )  P .  D .  Ronney , NRC Fel l ow  a t  NASA-lRC 
Effect of Gravi ty on Near -limi t Behav i or 
I n  lami nar Premi xed Gas F l ames 

( 7 ) P .  Pagn i  and C .  Fernandez-Pe l l ,  Un i vers i ty of 
Ca l i forn i a ,  Berke l ey 
Smol deri ng Combusti on 

( 8 )  w .  Si ri gnano , Carneg i e-Me l l on Uni vers i ty 
Gravi ty Ef fects On l i qu id  Fue l Pool 
F i res : Ign i t i on ,  F l ame Spread and Pool 
Burn i ng 

( 9 )  K .  Sacksteder , NASA-lRC 
Spacec raft F i re Safety 

Invest igat1 onsl -3 are current l y  i n  a hardware 
devel opment stage , preparatory to experimentati on aboa rd 
the Space Shuttl e .  

A NASA/USRA Combusti on D i sc i pl i ne Work i ng Group ( DWG) 
meets regu l a rl y  to exami ne ongoi ng research  efforts , to 
i dent i fy opportun i t i es for needed new i nvest igat i ons , 
and to i nteract wi th both the NASA l eadersh i p and the 
combusti on sc i ence commun i ty .  The current membersh i p of 
the Combusti on DWG i nc l udes : 

w .  Ba rtok 

A. l Berl ad ( Cha i rman ) 
T .  Hanratty 
J .  Hoffman 
R .  levi ne 
P .  Meyers 

Exxon Research  
and Eng i neeri ng Co . 

UCSD 
Un i vers i ty of I l l i no i s 
NASA-JSC 
NBS 
Uni ve rs i ty of Wi scons i n  
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s .  S .  Penner 
B . Peters 

K .  Sacksteder 
( Vi ce Cha i nnan) 

R .  Strehl ow 
F .  A .  Wi l l i ams 
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Penn . State Un i vers i ty . .  
UCSD 
Genera l Motors Research  

Labs 
NASA-LRC 

Un i vers i ty of I l l i noi s 
Pri nceton Un i vers i ty 

The NASA-sponsored mi c rogravi ty combusti on sc i ence 
program emphas i zes cont i nu i ng revi ew of ongo i ng 
researc h ,  strong ground-based preparati on. of experiments 
for spacef l i ght , and acti ve parti c i pat i on of the 
Pri nc i pa l  Investi gator i n  a l l aspects of of experiment . 

I I I . WHY MICROGRAVITY  COMBUSTION EXPER IMENTS? 

Reduced gravi ty combusti on experiments may prove usefu l  
owi ng to  the  facts that under mi c rogravi ty cond i t i ons , 
natura l  convect i ve processes are suppressed , 
grav i tati ona l settl i ng i n  two-phase combusti b l es i s  
suppres sed , and spat i a l  homogene i ty of qui escent , 
nonun i form dens i ty combust i b l es may be ach i eved . Where 
turbu l ence-i nduc i ng mi x i ng processes are emp l oyed 
( at g = 1 )  to ach i eve spat i a l  homogenei ty of nonun i form 
dens i ty combusti b l e  mi xtures , mi c rograv ity cond i t i ons 
permi t the ma i ntenance of spat i a l  uni formi ty wh i l e 
turbul ence decays . Some important combusti on 
experiments now carri ed out at nonnal grav itat i ona l 
cond i t i ons may be compri sed i n  essent i a l  ways . I n  some 
cases , these compromi s i ng features can be e l imi nated by 
the use of mi c rogravi ty experimentat i on .  I n  other 
cases , g = 1 combusti on experiments i nvol ve natura l  
convecti on-coup l ed ef fects wh i c h  a re not adequatel y  
understood . I n  such cases , mi c rogravi ty experi mentati on 
may be emp l oyed to hel p resol ve these effects . I n  some 
other cases , needed combust i on experi ments a re s i mp ly  
not ach i evab l e  at g = 1 ,  but A!! feas i b l e  at reduced 
gravi tati ona l cond i t i ons . I n  a l l i nstances , however , 
the use of mi c rogravi ty combust i on experi mentat i on 
represents a powerfu l  tool for the sol uti on of centra l l y  
i mportant i s sues where g = 1 experimenta l /theoret i c a l  
attempts have been ( and promi se t o  be ) i nadequate . For 
more than a decade , NASA-sponsored stud i es4-21 have 
fol l owed the pi oneeri ng work of Kumaga i and I soda i n  
systemat i c a l l y  exp l ori ng the effects of gravi ty on 
combust i on .  I n  the fol l owi ng severa l  cases , we exami ne 
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the spec i a l  s i gn i f i cance and va l ue of mi c rogravi ty 
experimentati on for each characteri st i c  case . In  
genera l , i t  i s  found that the i nformati on to  be  deri ved 
has not been obta i nabl e by other means . 

Pre.i xed gaseous f l ame propagati on and exti ncti ons 

Previ ous stud i es at normal grav itati ona l cond i t i ons have 
shown7 that upward and downward pre.i xed gaseous f l ame 
propagat i on are substant i a l l y  d i f ferent and that natura l 
convec t i on domi nates upward f l ame propagat i on mechan i sms 
i n  the nei ghborhood of the f l ammabi l i ty l imi ts . It i s  
recogn i zed that f l ammabi l i ty l imi t theory i s  not fu l l y  
deve l oped and that premi xed f l ame propagat i on and 
exti nct i on theory can be p l aced on a more f i nm  
foundat i on through experi menta l stud i es wh i c h  suppress 
natura l convecti ve effects . The resol uti on of these 
f l ame theoret i c a l  i s sues i s  important to an 
understand i ng of two-phase ( pre-mi xed ) combust i b l e  
systems a s  we l l  as  t o  s i ng l e  phase  premi xed systems . 

Pre.i xed part i c u l ate c l oud f l ame propagat i on and 
exti nct i on 

It has been found that premi xed , un i fonm, qui escent 
c l ouds of combusti b l e  part i c u l ates ( i n a gaseous 
oxi d i zer) are d i f f i c u l t  or imposs i b l e  to ach i eve i n  
earth-based l aboratori es . Thi s  i s  part i c u l ar ly  true for 
part i c u l ates of s ubstant i a l  s i ze . 22 Devel opment and 
test i ng of f l ame propagat i on and ext i ncti on theory for 
such systems requi res f i rst that re l i ab l e  experiments be 
achi eved for qui escent , premi xed , homogeneous systems . 
T he c l as s i c  two-phase f l ammabi l i ty stud i es devel oped at 
the u . s .  Bureau of Mi nes23 and e l sewhere have provided 
important bases for compari ng the re l at i ve 
f l annabi l i ti es of vari ous combust i b l es . Unfortunate l y ,  
i t  has not been found pos s i b l e  t o  estab l i sh the 
qui escent , un i fonm c l ouds of part i c u l ates wh i c h  are 
requi red to adequate l y  characteri ze the pre i gn i t i on 
states of these two-phase combust i b l e  systems . These 
d i f f i c u l t i es ( at g = 1 )  deri ve d i rect ly  f rom part i c l e  
sett l i ng ef fects and/or f rom mi x i ng-i nduced turbu l ence 
effects . It has been argued22  that these g = 1 
d i f f i c u l t i es can be a l l ev i ated through mi c rogravi ty 
experimentati on .  Once  two-phase premi xed f l ame 
propagat i on and ext i ncti on data a re obta i ned ( at reduced 
gravi ty) theoret i c a l  resol ut i on of the d i fference 
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between premi xed s i ng l e-phase and premi xed two-phase 
f l ame propagat i on and exti ncti on theory becomes more 
promi s i ng .  Current l y  p l anned stud i es at reduced 
gravi tati ona l cond i t i ons i nc l ude those for 
l ycopod i um-a i r ,  ce l l u l ose-a i r ,  and coa l -a i r part i c u l ate 
c l ouds . 

Smo l deri ng 

One of the most i nteresti ng combust i on phenomena i s  
smol deri ng . Th i s  phenomenon appea rs to susta i n  a number 
of characteri st i c  processes , at norma l gravi tat i onal  
cond i t i ons : steady and unsteady smol deri ng , exti ncti on , 
and the trans i t i on to f l ami ng combusti on .  There i s  the 
comp l ex i nteracti on of two-phase pyro l ys i s  and oxi dati ve 
k i net i c s . 24 Rad i at i ve ,  mo l ec u l ar ,  forced , and 
f ree-convect i ve transport processes i nteract in poorly  
understood ways . A l l characteri sti c rates , chemi ca l  and 
transport , are s l ow compa red with those wh i ch typ i fy 
f l ami ng combust i on .  Both experimenta l l y and 
theoret i ca l l y ,  i t  has been d i f f i c u l t  to desc ri be the 
ro l es of each of the i nteracti ng processes . No 
comprehens i ve theory i s  ava i l ab l e  wh i c h  presc ri bes both 
the quas i -steady smo l deri ng process and the c ri t i ca l  
cond i t i ons f o r  trans i t i on t o  exti nct i on o r  f l ami ng . Can 
smol deri ng exi st in the absence of natu ra l  and/or forced 
convecti on {  There i s  a need to add ress  th i s  and 
re l ated centra l  i s sues as soc i ated wi th th i s  i mportant 
combust i on phenomenon . Reduced gravi ty experimentat i on 
i s  expected to he l p  address  thi s need . 

Combusti on of i nd i vi dua l drops and pa rti c l es 

The c l ass i c  work of Kumaga i and l sodal has served to 
sti mu l ate subsequent stud i es concerned wi th the 
combust ion of i nd i v i dua l drops and pa rti c l es . I n  the 
absence of a gravi tati ona l f i e l d ,  spheri ca l l y symmetri c 
burn i ng has been d ramati ca l l y  demonstrated . l But 
quest i ons rema i n  wh i c h  requi re further experimentat i on 
at reduced grav itati ona l cond i t i ons . One may note the 
s i gn i f i cant a reas of the genera l  unstead i ness of s i ng l e  
drop combust i on ,  nonspheri c i t i es i n  i gn i t i on and 
combust i on ,  the i nteracti ons of nonspheri ca l l y symmetri c 
drop vapori zat i on-combust i on and drop mot i on , f l ame 
exti ncti on , and exp l os i ve ext i ncti on of a burn i ng s i ng l e  
drop . 
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Rad i at i ve i gn i t i on of condensed phase fuel s 

Current theory and experiment show that ( at g = 1 )  very 
l arge rad i ati ve f l ux rates imposed on very l a rge 
pl anar-surfaced l i qu ids  or sol i ds  l ead to short i gn i t i on 
del ays wh i ch do not deDend substant i a l l y  on natura l 
convecti ve processes . 25 , 26 However ,  for l ow  rad i at i ve 
f l ux rates and for sma l l  f ue l  samp l e  s i zes , natura l 
convect i ve processes can be i mportant . In  the l imi t i ng 
case where rad i at i ve f l ux rates are i nadequate to 
ach i eve i gn i t i on ,  i t  i s  found that f ree convecti ve 
l os ses to a co l d  atmosphere are centra l l y  
i mportant . 2 5  Accord i ng l y ,  there i s  a comp l ex 
i nterp l ay of rad i at i ve ,  convect i ve ,  and mo l ec u l ar 
transport (wi th vapori zat ion ,  pyro l ys i s ,  and oxi dat i on · 

k i neti c s )  wh i ch presc ri bes l imi t i ng rad i at i ve-i nduced 
i gn i tabi l i ty ,  at norma l  gravi tati ona l lond i t i ons . 
Understand i ng of these comp l ex ,  l imi t i ng i gn i tabi l i ty 
cond i t i ons  c ou l d  be great l y  enhanced through research 
wh i c h  wou l d  permi t the suppres s i on and/or contro l  of 
natura l convect i ve effects . Reduced grav ity combust i on 
experimentat i on promi ses to provi de otherwi se 
unobta i nabl e i ns i ght to th i s  i mportant c l ass  of prob l ems . 

Large surface combusti on and exti ncti on 

Two -phase combusti on processes i nvol v i ng a gaseous 
ox i d i zer and l a rge condensed phase combust i b l e  materi a l s  
have been stud i ed extens i ve l y  under normal gravi tat i ona l 
cond i t i ons . Comp l ex f l ame propagati on and ext i ncti on 
phenomena are observed . Grav itati ona l co l l apse of 
parti a l l y  burned sol i d  fuel arrays somet imes tends to 
compromi se the i nvest i gator-sel ected cond i t i ons for the 
unburned med i um .  Gaseous natura l convect i ve processes 
are genera l l y  so promi nent as to obscure the rol es of 
chemi c a l  k i net i c s  and of other transport processes . 
Natura l convect i ve processes f requent l y  determi ne the 
l ocati on of effect i ve contro l  s urfaces at wh i ch 
presel ected gaseous oxi d i zer cond i t i ons are best known . 
I n  the propagat i ve burn i ng of l i qu i d  poo l s ( and of 
me l t i ng sol i d s )  surface-tens i on-i nduced convecti on 
processes27 are thought to p l ay an i mportant ro l e .  To 
be ab l e  to mod i fy ,  suppress ,  or contro l  one or more of 
these ef fects through mi c rograv ity combust i on research  
seems attract i ve .  More tractabl e theory can then be 
app l i ed to l i qui d poo l burn i ng phenomena wh i c h  promi se  
to  be l ess  comp l ex .  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

http://www.nap.edu/19214


220 

Boundary-l ayer combusti on 

Boundary-l ayer combusti on may be supported by f l ow  of an 
oxi d i zi ng gas over a f l at p l ate wh i c h  serves to supp l y  
( by fue l vapori zat i on o r  by fuel  i nj ecti on )  gaseous fuel  
for the  combusti on process . At norma l gravi tati ona l 
cond i t i ons operati ng on f l ow  over a f l at hori zonta l 
p l ate , c urrent ana l ys i s  showsl O  that the c ross-stream 
buoyancy-i nduced body force acts to effect i ve l y  produce 
a streamwi se pressure grad i ent in the f l u i d  adj acent to 
the p l ate surface . For an upwards-fac i ng p l ate , a 
favorab l e  pressure grad i ent i s  deri ved wh i c h  tends to 
acce l erate the f l ow ,  re l ati ve to the correspond i ng 
gravi ty-f ree case . F l ow dece l erati on i s  prescri bed for 
a downwards-fac i ng p l ate .  These gravi tati onal  ef fects 
i nduce c hanges in boundary-l ayer structure and f l ame 
standoff d i stances . It i s  expected that boundary- l ayer 
combusti on under mi c rogravi ty cond i t i ons may serve to 
veri fy these current theoret i ca l  concepts , as we l l  as to 
resol ve observed i ncons i stenc i es between experiments 
conducted at g = 1 and theory wh i c h  neg l ects 
gravi tat i ona l ef fects . 

Nonf l owi ng premi xed combusti b l e  med i a  

A broad c l ass  o f  i mportant combust i on phenomena are 
observed , at norma l gravi tat i ona l cond i t i ons , i n  
nonf l owi ng ,  premi xed systems . Th i s  c l ass  i nc l udes 
gaseous and two-phase auto ign i t i on and expl os i on 
processes , k i net i c  osc i l l at i ons assoc i ated wi th the l ow  
temperature oxi dat i on of carbon monoxide , and thermo
k i net i c osc i l l at i ons assoc i ated wi th the ox i dat i on of 
hyd rocarbons . l l , l 6 For a l l of these phenomena , 
apparatus wa l l s  ( and assoc i ated boundary cond i ti on s )  
p l ay an i mportant ro l e  i n  heat and ma s s  transport . Heat 
and mass transport between wa l l  and the gaseous med i um ,  
as  we l l  as  the  heterogeneous chemi ca l  k i net i c  processes 
at the wa l l s  have been foundl l , l 6 , 28 to strong l y  
i nf l uence both qua l i tat i ve and quant i tati ve 
characteri st i c s of these phenomena . Moreover , there 
ex i sts a correspond i ng set of autoi gn i t i on ( and other? ) 
phenomena for premi xed c l ouds of part i c u l ates . These 
two-phase premi xed combusti on proces ses cannot be 
stud i ed i n  a s i mi l ar  way at g = 1 owi ng to the 
gravi tati ona l sett l i ng of part i c u l ates and/or the 
mi x i ng-i nduced turbu l ence requi red to achi eve reasonab l y  
uni form c l ouds of part i c u l ates . These probl ems a re 
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parti c u l arl y severe for the case of l a rge part i c l es 
( e . g . , of the order of 50 �. or l a rger) , mi xed part i c l e  
s i zes , and •i xed part i c u l a r  Materi a l s .  Combust i on 
experimentati on at mi c rogravi ty cond i t i ons .ay be used 
to dea l wi th these two-phase probl eMs . 22  For se l ected 
.ambers of th i s  c l ass  of prob l ems , a number of s i ng l e  
and two-phase combusti on phenomena are d i scus sed i n  the 
fol l owi ng paragraphs .  The rol e  of mi c rogravi ty research  
i n  reso l v i ng essent i a l  theoret i c a l  and experimental 
i s sues i s  emphas i zed . 

I V .  COMBUST ION PHENOMENA IN NONFLOWING PREMIXED SYSTEMS 

The systems to be d i scus sed here are genera l l y  
cons i dered t o  i nvol ve the l east comp l ex combust i on 
theory and some of the c l eanest and eas i est to def i ne 
experimenta l cond i t i ons . An understand i ng of these 
phenomena i s  fundamenta l to an understand i ng of more 
compl ex combust i b l e  systems i nvol v i ng forced convect i ve 
f l ows .  A l though g = 1 experimenta l cond i t i ons may be of 
pri.ary i nterest , c urrent theoret i ca l  representat i ons 
are genera l l y  fash i oned for g = o cond i t i ons , for wh i c h  
experiments have not yet been performed . Th i s  
d i f f i c u l ty i s  compounded by the d i f f i c u l ty or 
i nappropri ateness of actua l l y  performi ng su i tabl e g = 1 
experiments . 

Autoign i t i on phenomena i n  premi xed gaseous med i a  

The const i tuat i ve equati ons f o r  thermok i net i c  processes 
in  premi xed gaseous med i a  genera l l y  i nc l ude1 6  an 
energy equat i on ,  a set of chemi ca l  k i net i c  rate 
equat i ons , mass or spec i es conservat i on equat i ons , and 
an equati on of state . For a gravi ty-f ree f i e l d , these 
are of the form, 

k 
�j 1 + �j 2+ �j 3+ ---�-+ �j 4+ �j 5+ �j 6

+ 6j 

for j = 1 ,  2 ,  • . . •  , r 

( 1 ) 

( 2 )  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a
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r 
:�i - v· < oi , 11

vc i > +
j
!l

c � j  • ( 3 ) 

for i =  1 ,  2 , • • •  , n 

where c i i s  the vol umetri c mol e concentrat i on of the 
i th chemi ca l  spec i es and where i = 1 , 2 , • • •  , n ;  
C i j • • •  i s  the vo l umetri c molar  rate of product i on of 
the i th chemi ca l  spec i es by the j th k i net i c  process , 
and where j = 1 , 2 , . • •  , r ; c v i s  the spec i f i c  heat at 
constant vol ume ;  D i s  a d i ffus i on coeff i c i ent ; I i s  a 
photochemi c a l l y  i ns i gn i f i cant ( therma l ) rad i at i ve f l ux 
dens i ty ;  kj i s  the rate constant for the j th k i net i c  
process ; R i s  the uni versa l gas constant ; Rj i s  a 
mo l a r  react i on rate correspond i ng to the spec i es and 
energy re l ease 4j ; T i s  the absol ute temperature ; 4j 
i s  the mo l a r  heat of react i on for the j th i rrevers i � l e  
k i net i c process ; � i s  a l oca l  thermal conduct i vi ty ;  
�j q  are the concentrat i ons assoc i ated wi th the 
q = 1 ,  2 , • • .  , 6  spec i es that parti c i pate i n  the j th 
k i net i c  proces s .  Equat i ons ( 1 ) -( 4 ) i gnore any transfer 
of heat and mass that may deri ve f rom natura l  convecti ve 
effects , yet the autoi gn i t i on phenomenon i tsel f i s  
recogni zed to be dependent on expe rimenta l appa ratus 
s i ze as we l l  as heat and mass transfer between the bu l k  
of the gaseous system and wa l l s . l 6  Equati ons ( 1 ) -( 4 ) 
a re mu l t i d i mens i ona l i n  nature and are typi ca l l y  appl i ed 
to experiments performed 1 n  spheri ca l  or l ong 
cyl i ndri c8 1 appa ratus .  A l though i t  has been 
shown29 , 3  that natura l convecti ve processes genera l l y  
occur  duri ng autoi gni t i ons experiments , the 
consti tuati ve equat i ons ( 1 ) -( 4 ) have not been 
genera l i zed and app l i ed to autoi gn i t i on observat i ons  at 
g = 1 .  Moreover ,  the rol es that wa l l s  may p l ay for both 
heat and spec i es conservat i on appea r to be obscured by 
natura l  convecti ve proces ses . Th i s  i s  pa rt i c u l arl y true 
where heterogeneous chemi ca l  k i net i c s  (wa l l chemi stry) 
may p l ay a s i gn i f i cant ro l e  in auto i gn i t i on . 31 , 32 In 
a l l of these previ ous stud i es , app l i cat i on of Equati ons 
( 1 ) -( 4 ) i n  thei r mu l t i d i mens i ona l form has not been 
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Made . In  fact , rel i ab l e  spec i f i cat i on of the spec i f i c  
react i v i ty to be ass igned to the vari ous rad i a l  boundary 
cond i t i ons has not been achi eved . Thi s  i s  due , i n  part ,  
to the usua l truncati on o f  Equati ons ( 1 ) -( 4 )  i nto a set 
of one-d i mens i ona l i zed equati ons . But even i f  Equati ons 
( 1 ) -( 4 )  were used in thei r most genera l  fonm ( as i s  now 
poss i b l e ) , they are appropriate on ly  in  a gravi ty-free 
f i el d .  

The vari ety of heterogeneous chemi c a l  k i net i c  effects 
( on autoi gn i t i on )  that awa i ts c onvecti on-f ree 
i nvesti gati on i s  enormous . The spec i f i c  reacti v i t i es of 
che.ica l l y  react i ve wa l l s  are not deduc i b l e ,  where 
rad i a l  transport properti es are unknown or i l l -defi ned 
( natura l  c onvecti ve effects ) . The very nature of th i s  
i mportant combusti on process i s  l ost i n  the ad hoc 
representat i ons c urrent l y  empl oyed to dea l wi th the 
spec i f i c  reacti v i ty of a wa l l effect . Typi c a l l y ,  
k i net i ca l l y  s i gn i f i cant rad i a l  boundary cond i t i ons are 
not i mposed ( by current workers ) on Equati ons  ( 1 ) -( 4 ) . 
Rather ,  heterogeneous wa l l chemi stry i s  couched i n  
homogeneous c he.i c a l  k i net i c  schemat i c s  of the c l as s i c a l  
fona. 30-32 

k
A W A --L---+ Wa l l ( 5 ) 

k
B W B ---L--+ Wa 1 1  ( 6 )  

here A and B are taken to be chemi ca l l y  i mportant 
spec i es .  It  can be shown that one-d i mens i ona l i zat i on of 
Equati ons ( 1 ) -( 4 ) wi th the use of truncated ana l yt i ca l  
fonas such  � s  Equat i ons ( 5 ) and ( 6 )  sti l l  requi res 
deta i l ed knowl edge of rad i a l  transport properti es . For 
noncata l yt i c  wa l l s  acti ng as perfect spec i es s i nks , and 
in the absence of f ree convecti on ,  kA w can be 
approximated : 

' 

k .. ...llJL 
A , W  d2 ( 7 )  

C l earl y ,  natura l  c onvecti ve ef fects at g = 1 make 
Equat i on . ( 7 )  i nappropri ate . Si gn i f i cant heterogeneous 
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k i net i c  processes a l so serve to make Equati on ( 7 )  
i nappropri ate . 

The current experimenta l and theoret i c a l  s i tuat i on 
wi th regard to autoi gn i t i on phenomena may be summari zed 
as fol l ows : Extens i ve experimenta l data obta i ned at 
g z 1 demonstrate the i mportant ro l es that natura l 
convecti ve transport of heat and mass  can p l ay i n  the 
determi nat i on of the auto ign i t i on phenomenon . The . 
spec i f i c  react i v i ty of wa l l s i s  not adequate l y  desc ri bed 
as a resu l t  of i l l -def i ned f ree-convect i ve effects and 
the l i mi t i ng features of truncated representati ons of 
mu l t i -d imens i ona l boundary-va l ue prob l em .  More 
soph i sti cated computati ona l approaches , coupl ed wi th 
reduced gravi ty experimentat i on promi ses to prov i de both 
better understand i ng of auto1 gn i t i on and deduct i on of 
the spec i f i c  react i v i ti es of k i net i ca l l y  acti ve wa l l s  . .  
The comp l ex i ty of experimenta l and ana l yti ca l  ana l ys i s  
i s  best i l l ustrated for a s i mpl e ,  i dea l i zed genera l case 
of p l ane-para l l e l  p l ates of i nf i n i te extent , conta i n i ng 
a stat i ona ry state process wi th cha i n  branch i ng and 
break i ng as phase reac t i ons ( of on l y  one s i gn i f i cant . 
spec i es )  subj ect to heterogeneous wa l l  ef fects . 
Equat i on ( 3 )  can be wri tten i n  the quas i -steady form 

subj ect to  the  boundary cond i t i ons 

at x = 0 and 

at x = ± d/2 

( 8 ) 

( 9 )  

where f i i s  a cha i n-branch i ng coef f i c i ent , gi i s  a 
chai n-break i ng coeff i c i ent , and co i i s  the rate of 
product i on ( of spec i es C i ) due to stra i ght cha i n  
processes . In  genera l , the d i f fus i on equat i on i s  
non l i near and the quas i -steady va l ue of C i w unknOwn . 
Equati ons ( 8 )  and ( 9 )  desc ri be the quas i -steady state of 
the system at subc ri ti ca l  cond i t i ons . Uti l i zati on of 
phase p l ane and other methods  to i dent i fy the 
auto i gn i t i on cond i t i on has been desc ri bed 
e l sewhere . l 6  Reduced gravi ty experimentati on coupl ed 
wi th deta i l ed space-resol ved d i agnost i c s  may serve to 
i dent i fy c i ( x ) , and deri vat i ve l y ,  c i ,w and the 
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spec i f i c  heterogeneous reacti v i ty of the wa l l  s urface . 
In p ract i c e ,  a l ong cyl i ndri ca l  tube .ay serve the 
reduced gravi ty experimenter wel l .  At g • 1 ,  the 
experiment i s  subj ect to f ree convecti ve effects . 

Autoign i t i on phenomena i n  premi xed c l ouds of part i c u l ates 

For pure l y  gaseous med i a ,  earthbound experimental 
procedures to c reate un i fona qui escent mi xtures of fuel  
and oxi d i zer are tri vi a l l y  routi ne .  For  c l ouds of 
part i c u l ates , estab l i shment of earthbound un i form c l ouds 
of qui escent f ue l  part i c u l ates ( i n a gaseous ox i d i zer) 
has not been pos s i b l e .  Thi s  i s  part i c u l ar ly  the case 
for l a rge ( pract i c a l ) s i ze part i c u l ates . For 
part i c u l ates whose grav i tati ona l settl i ng vel oc i t i es a re 
s i gn i f i cant , v i gorous mi x i ng techn i ques22 are requ i red 
to ach i eve un i fon1 part i c u l ate concentrati ons . Under 
h i gh l y  sti rred cond i t i ons , transport propert i es of the 
med i um are i l l -defi ned . The decay of mi x i ng-i nduced 
turbu l ence i s  s l ow22  and ( at g = 1 )  part i c u l ate 
sett l i ng processes proceed as mi x i ng-i nduced turbu l ence 
decays s l owl y .  Extens i ve l y  documented stud i es of 
auto i gn i t i on i n  two-phase systems ( at g = 1 )  have served 
to p rov i de i mportant qua l i tat i ve i ns i ghts i nto the 
re l at i ve combust i b i l i ty of a broad vari ety of 
part i c u l ates . 33 , 34 Unfortunatel y ,  the g = 1 data on 
two-phase autoi gni t i on33 , 34 do not l end themsel ves to 
ana l ys i s .  In genera l , experimenta l cond i t i ons are 
poorl y  def i ned . Un i formi ty of part i c u l ates i s  
quest i onabl e ,  part i c l e-gas ve l oc i ty defects are 
operat i ve ,  and the transport propert i es a re trans i ent 
and unknown . In v i ew of the fundamenta l and pract i ca l  
i mportance of  two-phase combust i b l e  systems , the  study 
of the autoi gni t i on of un i form, qui escent c l ouds of 
pa rt i c u l ates appears necessary . Current theory for 
two-phase auto i gn i t i on21 has not been experi menta l l y 
tested . Norma l  g rav i tat i ona l cond i t i ons present great 
d i f f i c u l t i es , and mi c rogravi ty experimenta l 
i nvesti gat i ons have not yet been performed . 

K i net i c  osc i l l at i ons  i n  earbon monoxi de-oxygen combusti on 

There exi st extens i ve experi menta l stud i es of the l ow
temperature osc i l l atory ox i dat i on of carbon 
monox i de . 28 , 29 These stud i es were a l l performed at 
normal grav itat i ona l cond i t i ons . Al though the 
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combust i on process is s l ow, natura l convecti ve transport 
of heat and mass i s  an ever present concern . Current 
theoryl l  emphas i zes the i mportance of chemi cal l y  
react i ve wa l l  mechani sms . Equati ons such a s  ( 5 ) are 
used as essent i a l  desc ri ptors for wa l l  chemi stry 
i nvol v i ng [ H ) , [ 0 ] , [ OH ] , [ H02 ] ,  and [ H202 ] 
spec i es .  The secti on above on autoi gn i t i on phenomena i n  
premi xed gaseous med i a  i nd i cates the i nadequac i es of 
equati ons of th i s  fon1 when app l i ed to earthbound 
observati ons of combustion phenomena i n  c l osed vesse l s  
i nvol v i ng chemi ca l l y  reacti ve wa l l s .  The characteri st i c  
peri od of  th i s  osc i l l at i on phenomenon i s  so l ong ( of the 
order of severa l second s )  that g = o experimentati on i n  
l ong cyl i nd ri ca l  vesse l s wou l d  permi t spectroscop i c  
spac e and t ime reso l ut i on o f  chemi ca l spec i es 
concentrati ons i n  a two-d i mens i ona l reactor . 
Accord i ng l y ,  convect i on-f ree combusti on dynami c s  may 
thus be observed and ana l yzed . Truncati on of rad i a l  
boundary cond i t i on i nformati on woul d  then not be 
necessary .  Spec i f i c  surface reacti vi t i es may then be 
deduced . No such mi c rogravi ty experiments have yet been 
performed . 

Thermok i net i c  osc i l l ati ons i n  hyd rocarbon-oxygen 
combusti on 

The pheomenol og i ca l  features wh i c h  presc ri be 
osc i l l at ions i n  the l ow temperature combusti ons of 
hydrocarbons a re thought to be very d i f ferent f rom those 
assoc i ated wi th carbon monoxide  oxi dati on . I n  the 
nei ghborhood of 600 K ,  a sma l l  number of hydrocarbon 
oxi dat i on cyc l es ( typi ca l l y  l ess  than ten ) are observed 
i n  c l osed vesse l s ,  wi th temperature ri ses per pu l se of 
some 5 K to 200 K . 35  Osc i l l atory hydroca rbon 
oxi dat i on i s  thought to be thermok i net 1 c  i n  nature wi th 
the osc i l l atory process dependent on the heat transfer 
rates between the react i ve med i um and the reactor wa l l s ,  
and the i nteract i on of these heat l os ses wi th • negat i ve 
temperature reg ime•  chemi stry . 32 Natura l convecti on 
domi nates these heat transfer rates , i n  the absence of 
other ,  experimenter-i mposed ef fects . I nasmuch as 
natura l  convect i on for th i s  trans i ent ef fect i s  not we l l  
understood , attempts to emp l oy contro l l ed heat transfer 
rates through v i gorous sti rri ng have been empl oyed . 35 
Wi thout a knowl edge of these unsteady heat l osses , 
ana l ys i s  of th i s  c l ass  of phenomena i s  not 
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pos s i bl e . 36 Yet , at non.al gravitati ona l cond it ions , 
the current l y  e.pl oyed heat transfer corre lat ion of the 
fo�S 

� • l ( S/V ) ( T - Tw) ( 1 0) 

nust be cons i dered unre l i ab l e .  I n  Equati on ( 1 0) t i s  
an est imated effect i ve heat transfer coeff i c i ent 
assoc i ated with the unsteady process .  S/V i s  the 
surface to vol ume rat i o ,  and ( T - Tw) i s  an estimated 
spat i a l l y  averaged c haracteri st i c  temperature ri se . 

If  thi s  experiment were done under reduced gravi ty 
cond i t i ons , wi thout sti rri ng and wi thout natura l 
convect i on ,  there wou l d  be no neces s i ty for recourse to 
quest i onab l e  heat transfer corre l at i ons . The compl ete 
set of consti tuati ve equati ons ( 1 ) -( 4 ) , nay then be 
app l i ed .  No such experiments have been performed under 
reduced gravi ty cond i t i ons . 

V .  CONCLUDING REMARKS 

Th i s  bri ef revi ew has noted a number of centra l  i ssues 
in combusti on sc i ence wh i c h  awa i t  resol ut i on through 
mi c rogravi ty combusti on research . Th i s  l i st of c ruc i a l  
probl em areas wh i ch can prof i t  important l y  i s  not 
exhaust i ve .  The f i e l d  of two-phase combusti on promi ses 
i nva l uabl e resu l ts through mi c rogravi ty research . 
Mi c rogravi ty combusti on stud i es promi se to e l i mi nate 
probl ems whi ch  deri ve f rom gravi tat i ona l settl i ng and 
i l l -def i ned mi x i ng processes , thereby permi tti ng 
we l l -characteri zed experiments and tractab l e  ana l yt i c  
prob l ems . Where g = o theory and experiment can be 
brought to re l i ab l e  correspondence , they can both be 
used as essent i a l  foundati ons for understand i ng more 
comp l ex systems whi ch  deri ve for g > 0 .  

I t  i s  hoped that the sc i enti f i c  commun i ty wi l l  
vi gorous l y  exp l o i t  the experimenta l and ana l yt i ca l  
opportun i t i es afforded i t  through mi c rogravi ty 
combust ion research . 

REFERENCES 

1 .  Kumaga i ,  s . . and I soda , H . : •combust i on of Fuel  
Drop l ets In  A Fa l l i ng Chamber . •  Proc . S i xth Symp . 
( Internati ona l )  on Combust i on .  Rei nhol d Pub l . 
Corp . ( 1 957 ) , p .  726 . 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


22B 

2 . I soda . H • •  and Kumaga i . S . : • New Aspects Of 
Drop l et Combust ion . •  Proc . Seventh Symp . 
( Internat i ona l ) on Combust i on .  Butterworths 
( 1 95B) . p. 523 . 

3 .  Ha l l .  A .  L . : •observat i ons On The Burn i ng Of A 
Cand l e  At Zero-Gravi ty• . Report No . 5 ,  Nava l 
School  of Avi at ion Medi c i ne .  Feb . ( 1 964 ) . 
Ava i l ab l e  f rom DOC as AD-436B97 .  

4 .  Cochran . T .  H • •  and Mas i ca .  W . : • Effects Of 
Gravi ty On Lami nar &as Jet D i f f us i on F l ames . •  
NASA TN D-5B72 ( 1 970) . Al so . Thi rteenth 
Sympos i um ( Internati ona l ) on Combust i on . The 
Combust i on Insti tute ( 1 970) . p .  BB1 . 

5 .  Ede l man . R .  B . ; Fortune . o .  F . ; Wei l erste i n .  6 . ; 
Cochran . T .  H . ; and Haggard . J .  B . : •An 
Ana l yt i c a l  and Experimenta l I nvest i gati on of 
Gravi ty Effects Upon Lami nar &as Jet D i ffus i on 
F l ames . •  Fourteenth Symp . ( Internat i ona l ) on 
Combust i on . The Combust i on Insti tute ( 1 973 ) . p .  
339 . 

6 .  Haggard . J .  B • •  J r  • •  and Cochran . T .  H . : •stab l e  
Hydrocarbon F l ames I n  A Wei ght l ess  Envi ronment . •  
Combusti on Sc i ence and Technol ogy i. 291 ( 1 97 2 ) . 

1 .  Berl ad , A .  L . ; Huggett , C . ; Kaufman . F . ; 
Markste i n ;  6 .  H . ; Pa lmer.  H .  B . ; and Yang . c .  
H . : •study of Combusti on Experiments I n  Space . •  
NASA-CR-1 34744 ( 1 974) . 

B .  Cochran . T .  H .  ( Ed . ) :  • combusti on Experiments I n  
A Zero-Gravi ty Laboratory . •  Progress  i n  
Astronaut i cs and Aeronauti cs 73  ( 1 9Bl ) .  

9 .  Al tenk i rch , R .  A . ; Berl ad , A .  L . ; DeWi tt , K . ; 
Hoffman . J . ; Levi ne .  R .  S . ; Ostrac h .  S . ; Reuss . 
D .  L . ; Savi l l e ,  D .  A . ; Streh l ow .  R .  A . ; 
Summerf i e l d , M .  A . ; and Wi l l i ams . F .  A . : 
• oef i n i t i on of Experi ment Requi rements For A 
Spacel ab Combusti on Fac i l i ty . • USRA Report On 
NASA Contract NAS3-2265 1 ( 1 9B2) . 

1 0 .  Lavi d .  M . •  and Berl ad . A .  L . : •&ravi tati ona l 
Effects On Chemi cal l y  React i ng Boundary Layer 
F l ows Over A Hori zonta l F l at Pl ate . • XVI 
Sympos i um ( Internat i ona l ) on Combust ion .  The 
Combusti on Insti tute ( 1 976) . 

· 

1 1 . Yang . C .  H . •  and Berl ad . A .  L . : •on K i neti cs  and 
K i net i c  Osc i l l at i ons In Carbon Monox i de 
Oxi dat i on . •  Transacti ons ( I ) of the Fa raday 
Soc i ety 70 . 1 661 ( 1 974) . 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


229 

1 2 .  Streh l ow ,  R .  A . , and Reus s , D .  L . : • Effect of A 
Zero-G Envi ronment on F l am.abl i l i ty Li•i ts ad 
Deten�i ned Us i ng a Standard F l ammabi l i ty Tube 
Apparatus . •  NASA-Report 3259 ( 1 980 ) . 

1 3 .  Wi l l i a•s . F .  A . : •Drop l et Burn i ng at Zero-G . •  
NASA-CR1 59531 ( 1 980) . 

1 4 .  Su..erfi e l d , M . , And Mess i na ,  N . : •s-ol deri ng 
Combusti on In  Porous Fuel s • . NASA-CR1 59528 
( 1 979 ) . 

1 5 .  Kanury , A .  M . : • Li qu i d Pool Burni ng . •  
NASA-CR1 59642 ( 1 979 ) . 

1 6 .  8erlad , A .  L . : •Thermok i neti c s  and Combusti on 
Phenomena i n  Non-f l owi ng Gaseous Systems : An 
Invi ted Revi ew . • Combusti on and F l ame 21 , 275 
( 1 973 ) . 

-

1 7 .  Wi l l i a.s ,  F .  A . : • Igni t i on and Burn i ng of Si ng l e  
l iquid  Drop l ets . •  Proc . 35th IAF Congress 
( 1 984 ) . Paper IAF-84-1 56 . 

1 8 .  Ronney , P .  D :  •Effect of Gravi ty On Ha l og i nated 
Hydrocarbon F l ame Retardent Effecti veness . •  
i bi d . IAF-84-1 57 . 

1 9 .  Berlad , A .  L . •  and Joshi , N .  D . : •Gravi tat i ona l 
Effects On The Ext i ncti on Cond i t i ons for Premi xed 
F l ames • . i bi d . IAF-84-1 51 . 

20 . Vedha-Nayagam and A ltenk i rch , R .  A . : 
•Gravi tati ona l Effects On F l ame-Spread i ng Over 
Thi c k  Sol i d  Surface • . i bi d .  IAF-84-1 54 . 

21 . Kri shna , C .  R . , and Ber lad , A .  L . : •A  Model  For 
Dust C l oud Autoi gn i t i on . •  Combusti on and F l ame 
37 , 207 ( 1 980) 

22 . 8erl ad , A .  L . : •combust i on of Parti c l e  C l ouds . •  
Chapter IV of Reference 8 ( 1 981 ) .  

23 . Hertzberg , M .  H . ; Cashdo l l a r ,  K .  L . ; and 
Lazzara , c .  P . : •The L imi ts of F l ammabi l i ty of 
Pu l veri zed Coa l s  and other Dusts • .  1 8th 
Sympos i um ( Internat i ona l ) on Combust i on .  The 
Combusti on Inst i tute , p .  7 1 7 ( 1 981 ) .  

24 . K i nbara , T . ; Endo , H . ; and Sega , S . : • Downward 
Propagati on of S.Ol deri ng Combusti on Through 
Sol i d  Materi a l s . •  X I  Symposi um ( Internat i ona l )  
on Combust i on .  The Combust i on Insti tute , p .  525 
( 1 967 ) . 

25 . Mutoh , N . ; H i rano , T . ; and Aki ta ,  K . : 
Experimenta l Study of Rad i at i ve Igni t i on of PMMA , 
XVI I Sympos i um .  ( Internat i ona l ) on Combusti on .  p .  
ll83 ( 1 978) . 

Microgravity Science and Applications: Report on a Workshop, December 3-4, 1984, Pasadena, California

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/19214


230 

26 . N i i oka , T . , and Wi l l i ams , F .  A . : • Re l at1 onsh 1 p  
Between Theory and Experiment For Rad i ant Ign i t i on 
of Sol i ds . •  XVI I Sympos i um ( Internat i ona l ) on 
Combusti on , p .  1 1 63 ( 1 97B ) . 

27 . S1 ri gnano , W . , and G lassman , I . :  • f l ame 
Spread i ng Above L iqui d Fuel s :  Surface-Tens i on
Dri ven F l ows . •  Comb . Sc i ence and Technol ogy 1. 
307 ( 1 969 ) . 

28 . McCaff rey , B .  J . , and Berl ad , A .  L . : •some 
Observati ons On The Osc i l l atory Behavi or of 
Carbon Monoxi de Oxi dat i on . •  Combust i on and F l ame 
26 , 7 7  ( 1 976 ) . 

29 . Gray , P . ; Jones , D .  T . ; MacK 1nven , R . : •Thermal 
Ef fects Accompanyi ng Spontaneous Ign i t i on In  
Gases . •  Proc . Roy Soc . ( London ) A325 , 1 75 ( 1 971 ) .  

30 . Yang , c .  H . , and Gray , B .  F . : •The Determi nat i on 
of Exp l os i on L imi ts From A Uni f i ed Thermal and 
Cha 1 n  Theory . • XI  Sympos i um ( Internat i ona l ) on 
Combusti on ,  p .  1 099 ( 1 967 ) . 

31 . Destri au , M . , and He l eschewi t z ,  H . : 
• Heterogeneous Processes I n  The Combust i on of 
Gaseous M i xtures . •  X I  Sympos i um ( Internati ona l ) 
On Combust i on ,  p .  1 07 5  ( 1 967 ) . 

32 . Howson , A .  c . , and Simmons , R .  F . : •The K i neti c s  
O f  The Thermal Reacti on Between Hyd rogen and 
Oxygen In  Bari um Bromi de-Coated Ves sel s . •  i bi d .  
p .  1 081 ( 1 967 ) . 

33 . I s h i hama , w . , and Enomoto , H . : • New Experimenta l 
Method For Stud i es of Dust Exp l os i ons . •  
Combust i on and F l ame ll. 1 77 ( 1 973 ) . 

34 . Nagy , J . ; Dorsett , H .  G . ; and Cooper ,  A .  R . : 
• Exp l os i b i l i ty Of Carbonaceous Dusts . •  U . S .  
Bureau o f  Mi nes Report R I-6597 ( 1 965 ) . 

35 . Gray , P . ; Gri ff i ths , J .  F . ; and Mou l d , R .  J . : 
•Thermok i net i c  Osc i l l at i ons Accompanyi ng Propane 
Oxi dati on . •  Faraday Symp . of The Chemi ca l  
Soc i ety i. 1 03 ( 1 974 ) .  

36 . Yang , C .  H . , and Gray , B .  F . : •on The Sl ow 
Oxi dat i on of Hydroca rbon and Cool F l ames . •  
J .  Phys . Chem .  7 3 ,  3395 ( 1 969 ) ; and Ki net i c  
Osc i l l at i ons In  Carbon Monoxi de Ox i dat i on • . 
Transacti ons ( I )  of the Fa raday Soc i ety , 70 , 1 661 
( 1 974 ) .  

M i c r o g r a v i t y  S c i e n c e  a n d  A p p l i c a t i o n s :  R e p o r t  o n  a  W o r k s h o p ,  D e c e m b e r  3 - 4 ,  1 9 8 4 ,  P a s a d e n a ,  C a l i f o r n i a

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

http://www.nap.edu/19214


1 3 .  FLAME SPREADING 

Robert A .  A 1tenki rc h  
Department o f  Mechani ca l  Engi neeri ng 

Uni vers i ty of Kentucky 
Lexi ngton , Kentucky 40506 

The spread of a f l ame i n  the gas over the surface of a 
sol i d  combust i b l e  i nvo l ves , i n  an essent i a l  way , the 
transfer of heat from the f l ame to the sol i d  fuel  
immed i ate l y  ahead of i t . 1 Thi s  forward heat transfer 
bri ngs the unburnt fuel to a cond i t i on in whi ch it i s  
capab l e  of i gn i t i ng ,  thus a l l owi ng the spread i ng to be 
susta i ned at a rate that i s ,  i n  genera l , proport i ona l to 
the forward transfer rate . Previ ous i nvest i gati ons 
a imed at e l uc i dat i ng the phys i c s  of the spread process 
have , by and l a rge , been a i med at determi n i ng how th i s  
heat transfer occurs2 and how the env i ronment af fects 
the heat transfer process . 3 , 4 

For f l ames that spread i n  the Earth ' s  grav i tati ona l 
envi ronment , the f l ame i nduces a buoyant f l ow .  I n  
upward propagat i ng f l ames , the spread process i s  rap i d  
and acce leratory . 5 The i nduced f l ow  i s  i n  the 
d i rect i on of spread , and the hot combusti on products 
form a p l ume that bathes the unburnt fuel , heati ng it by 
conduct ion and , i f  the opt i ca l  depth of the f l ame i s  
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l a rge enough , by rad i at i on as  we l l .  In  downward f l ame 
spread , buoyancy i nduces a f l ow of ambi ent f l ui d  that 
opposes the spreadi ng f l ame .  The res u l t  i s  that the 
forward heat transfer occurs e i ther by heat i ng 
conducti on through the gas or  sol i d  ( or both ) . 3 , 4 
Rad i at i on heat transfer i s  usua l l y  un i mportant because 
the f l ame ,  due to the buoyant f l ow ,  l i es c l ose to the 
fuel  surface res u l t i ng in a sma l l  v i ew factor .  And the 
convecti ve moti on cool s the unburnt fuel  rather than 
heat i ng i t .  

Hori zonta l l y  spread i ng f l ames possess some of the 
same c haracteri st i cs as  both downward and upward 
spread i ng f l ames do . Tops i de f l ames must spread i nto an 
oppos i ng f l ow of ox i d i zer that is i nduced by the f l ame 
p l ume as i n  downwa rd spread , but un l i ke downward spread , 
the f l ame p l ume extends above the pyro l yz i ng surface of 
the fuel to provi de a favorab l e  v i ew factor for forwa rd 
rad i at i on heat trans fer . 6 , 7  Unders i de f l ames i nduce a 
f l ow i n  the d i rect i on of spread . They tend to Gropagate 
unstead i l y  and race ahead of the tops i de f l ame . , 9 

Photographs of f l ames spread i ng over th i n  ce l l u l ose 
acetate sheets at nearl y zero g ravi ty show that these 
l ow-g ravi ty f l ames are s i mi l ar  in a'8earance to downwa rd 
spread i ng f l ames at normal g ravi ty .  , 1 1  They do not 
exhi b i t  a p l ume that precedes the l ead i ng edge of the 
f l ame as i n  upward spread , and the f l ames on both s i des 
of the fuel bed l ook the same , as they do in downwa rd 
spread , i n  contrast to hori zonta l spread . It  i s  l i ke l y  
then that the phys i cs o f  f l ame spread i ng i n  l ow g ravi ty 
i s  more aki n to that of downward spread i n  norma l 
g ravi ty rather than e i ther upwa rd or hori zonta l spread . 
Further support of th i s  spec u l at i on i s  g i ven by the fact 
that l ow-gravi ty spread rates are j ust l ess  than 
downward spread rates at norma l  g ravi ty wh i c h  in turn 
a re l ower than e i ther hori zonta l or  upwa rd spread rates , 
upward ones bei ng the h i ghest . 5 , 1 0  

Gas-phase conduct i on i s  the domi nant mode of forward 
heat transfer i n  downward f l ame spread for fue l s  that 
are heated ac ross thei r enti re thi ckness ( therma l l y  
thi n )  downstream o f  the l eadi ng edge of the f l ame and 
a l so have a l a rge rati o  of the gas -phase conducti on 
l ength ( gas thermal d i ffus i v i ty d i v i ded by oppos i ng f l ow 
ve l oc i ty)  to the sol i d-phase forward conduct ion l ength 
( so l i d  thermal d i ffus i v i ty d i v i ded by f l ame spread 
rate) . In  th i s  case , an i nc rease i n  the strength of the 
buoyant f l ow can on l y  cause the spread rate to fa l l .  
The reason for th i s  i s  that the res i dence t ime of the 
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fuel vapors near the l ead i ng edge of the f l ame i s  
reduced re l at i ve to the t ime that the exothermi c 
reacti ons requ i re for compl et i on so that the f l ame 
temperature drops , reduc i ng the forward heat transfer 
and hence the spread rate . Thi s phenomenon can be 
expressed i n  terms of the Damkoh l er number ,  a rat i o  of 
the res i dence t ime to the react i on t ime . For l a rge 
Damkoh l er numbers , the spread rate i s  unaf fected by 
changes i n  the Damkohl er number because suff i c i ent 
react i on t ime i s  provi ded for the producti on of the 
h i ghest temperature atta i nabl e .  For sma l l  Damkoh l er 
numbers , the spread rate dec reases as the Damkoh l er 
number dec reases . 3 

The domi nant heat transfer mode depends on the 
Damkoh l er number for fue l s  that are th i ck enough so 
that they may or may not be heated across the i r enti re 
thi ckness . 4 At l arge Damkoh l er number ,  the heated 
l ayer th i c kness i n  the fuel  i s  sma l l  compa red to the 
fuel • s  thi ckness ( therma l l y  th i ck ) , and the rat i o  of the 
gas-phase to so l i d-phase conducti on l ength exceeds 
un i ty ;  heat transfer occurs then by gas-phase 
conduct ion . Increas i ng the strength of the oppos i ng 
f l ow  does not change the f l ame temperature or the heat 
conducted upstream i n  the gas because the conducti on 
l ength sca l e  i n  the gas i s  the same para l l e l  and normal 
to the fue l  surface , but it  dec reases the heated l ayer 
depth i n  the sol i d .  The reduced i n-depth heat i ng 
res u l ts 1 n  more of the forward heat transfer bei ng 
ava i l ab l e  for vapori zat i on wi th a concomitant i nc rease 
in spread rate . 4 At sma l l  Damkoh l er number ,  as  the 
f l ame nears ext i nct ion ,  near ly  the ent i re fuel  th i c kness 
i s  heated , and forward heat transfer i s  by sol i d -phase 
conduct i on . 4 , 1 2  Inc reas i ng the buoyant f l ow  here 
dec reases the f l ame temperature caus i ng a reduct i on i n  
the forward heat transfer and hence a reducti on i n  the 
spread rate . 

As i s  evi dent f rom the above d i scus s i on ,  the 
d i recti on and strength of gas-phase f l ow are of s i gnal  
importance i n  estab l i s h i ng the spread rate . For 
downward spread , the character of the f l ow f i e l d  i s  
understood , and that understand i ng of the phys i cs of the 
process  as descri bed above i s  demonstrated by the 
success  wi th wh i c h  d imens i on l ess  downward f l ame spread 
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rates , YF where 

p c y T ( T  - T ) 
s s F v • 

�2 k ( T  - T ) 
f v 

are corre l ated aga i nst a Damkoh l er number3 , 4 , 1 3 , 8 
where 

2 2 3 
B = ( B  k •ox ,• /M0xcpvc ) ( f

f/f
a > exp [ -( f

a/f
f ) ]  

The d i mens i on l ess  spread rate YF i s  a rati o  of the 
actua l heat transferred forward of the f l ame to the 
maximum that cou l d  be trans ferred i f  8 were l a rge and 
the f l ame were at i ts maximum temperature . 3 I n  the 
above , Ps i s  the so l i d-phas! dens i ty ,  Cs i s  the 
sol i d-phase spec i f i c  heat , YF 1 s  the spread rate , k 1 s  
the gas-phase thermal conduct i v i ty ,  Tv i s  the 
vapori zati on temperature , T. i s  the ambi ent 
temperature , Tf i s  the f l ame temperature for 
ad i abat i c , stoi c h i ometri c combusti on ,  T 1 s  the heated 
l ayer depth i n  the sol 1 d ,  8 1 s  the pre-exponenti a l  
factor for a n  ass umed second order react ion , mox .• 
i s  the ambi ent oxygen mass f ract i on ,  Mox i s  the 
mo l ec u l a r  we i ght of oxygen , Cp 1s the gas-phase 

( 1 )  

( 2 ) 

spec i f i c  heat at constant pres sure ,  Vc i ! the _ 
c haracteri st i c ,  gas -phase ve l oc i ty ,  and Tf and Ta 
are the f l ame and acti vati on tempe rature , respecti ve l y ,  
meas ured i n  the un i ts of AHcmox ,.I1 Cp • where 
AHc 1 s  the heat of combust ion of gas -phase fuel , and i 
i s  the mass of oxygen needed to oxi d i ze a un i t  mass of 

.fue l . For therma l l y  th i n  fuel s ,  T i s  the fuel bed 
ha l f -th i c kness , wh i l e for th i ck fuel s ,  T depends on 
vc but i s  i ndependent �f the fuel  bed th i ckness . 4 

The expres s i on for VF above deri ves f rom a sol uti on 
to the const i tuti ve equat i ons that govern f l ame spread 
i nto !n oppos i ng f l ow of oxi d i z!r of uni fonm speed Vc 
when B � • ( Ref . 1 4 ) such that YF  is  un i ty .  The 
parameter a. wi th wh i c h  vF correl ates for f i n i te 8 ,  
obta i ns . 1 n  pa rt , f rom d imens i ona l ana l ys i s . 3 
Exampl es of the manner i n  wh i c h  VF corre l ates wi th 8 
are shown i n  F i gure 1 3 . 1  for downwa rd spread over th i n  
paper samp l es for wh i ch T i s  the fuel  bed 
ha l f-thi ckness ,*  and th i c k  samp l es of 

*Exces s i ve heat l oss  f rom samp l e  edges causes some of 
the paper-samp l e  data not to corre l ate wi th 8 a l one . 
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pol ymethylmethac rylate ( PMMA) where T has been set 
equa l to [11ks ( Ty - T.) ] /(pCpvc ( Tf - Tv ) ]  
times a corre l at 1 on factor to account for surface 
regress i onl 2 wi th ks the sol i d-phase then.al 
conducti vi ty ,  and p the gas-phase dens i ty . l 4 The 
cha racteri st i c ,  gas -phase vel oc i ty for downward spread 
that was used i n  F i gure 1 3 . 1  i s  vb , the buoyant 
vel oc i ty ( vg6HcMQx ,.IT.i Cp ) l /3 , where • i s  
the k i nemati c v i scos i ty ,  and g i s  the accel e rati on of 
gravi ty .  Th i s  fon1 for Vc ref l ects the fact that the 
iMPortant f l ow  ve l oc i ty i s  that near the l ead i ng edge of 
the f l ame that i s  i nduced b� the d i ffus i on f l ame above 
the pyro l yz i ng surface . l 5 , 1  

Res u l ts such a s  those presented i n  F i gure 1 3 . 1 , whi ch  
deri ve in  part f rom dimens i ona l ana l ys i s ,  represent the 
.ost powerful  too l s that we have for estimati ng f l ame 
spread rates because there are no comprehens i ve theori es 
that a l l ow the i nduced f l ow  and f l ame spread rate for 
downward spread to be pred i cted , except �erhaps the 
atte.pts by Fernandez-Pe l l o  and Wi l l i ams 5 and 
Vedha-Nayagam and A ltenk i rch . l 7  I n  most theoret i ca l  
descri pti ons of  f l ame spread i ng ,  the  f l ame spread rate 
i s  deten1i ned for a prescri bed f l ow  ( see , e . g . , Refs . 
1 4 , 1 8 ,  1 9 ) . 

There i s  some l imi t i ng gravi tat i ona l accel erat i on 
be l ow  wh i c h  corre l at i ons l i ke those of F i gure 1 3 . 1  are 
i nva l i d  beca�se of the use of vb for �c · Indeed , as  
g � 0,  both VF , for th i ck fuel s ,  and B i n F i gure 1 3 . 1  
approach i n f i n i ty .  Dimens i ona l ana l ys i s  o f  the 
equati ons and assoc i ated boundafl cond i t i ons that are 
appl i cab l e  to f l ame spread i ng3 , 1  , 1 5 show us that thi s  
behavi or i s  understandabl e .  

Gas -phase mot i on for a coord i nate system attached to 
the f l ame i s  desc ri bed by the unsteady cont i nuity ,  
energy , and spec i es equat i ons a l ong with  unsteady 
momentum ba l ances para l l e l  ( x  d i recti on )  and norma l  ( y  
d i recti on )  t o  the fue l  bed surface . These equat i ons , 
when p l aced i n  d imens i on l ess  fon1 by measuri ng the 
vari abl es i 8 the un i ts of arb itrary reference 
quant i t i es2 , 21 conta i n three parameters of 
importance .  One i s  • ( or o) d i vi ded by tcv� , 
where o i s  the thermal d i f fus i vi ty ,  and tc s the 
reference or  characteri st i c  experimenta l t ime . The 
parameter appears in the unsteady terms , and i ts va l ue 
i s  i nvari abl e sma l l  such  that steady state equat i ons  
app l y  in  the  gas . The second parameter i s  a Damkoh l er 
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number ,  a. wi thout the cubi c or exponent i a l  tenms , wh i ch 
can be deve l oped by phys i ca l  reason i ng3 that 
mu l ti pl i es the Arrhen i us react i on tenm i n  the ene rgy and 
spec i es equati ons . The va l ue of the rema i n i ng 
parameter ,  wh i c h  appea rs i n  the momentum equat i ons and 
i s  vg i &Hcmox ,.IT.i Cpv� . determi nes whether 
or not buoyancy i nf l uences the spread process . Here 
g i i s  the component of g ravi ty i n  the d i rect ion i n  
wh i ch the momentum ba l ance i s  made . For downwa rd 
spread , gx = g and gy = 0 so that the tota l 
acce l e rat i on vector poi nts i n  the d i rect i on of spread . 

The above ana l ys i s  requi res that the d i stances over 
wh i c h  heat can be transferred nea r the l ead i ng edge of 
the f l ame are the same in the x and y d i rect i ons . Thus , 
forward conduct i on i n  the gas i s  ass umed to be i mportant 
wi th respect to determi n i ng the spread rate . Th i s  
assumpt i on i s  i n  keepi ng wi th the observat i on about the 
s i mi l ari ty of downwa rd spread i ng f l ames and f l ames 
spread i ng at nearl y zero gravi ty .  

I f  buoyancy i s  to af fect f l ame spread i ng ,  a s  i t  does 
for downward spread unde r the Ea rth • s  normal g rav i tati on 
acce l erat i on ,  ge • the buoyancy tenm i n  the 
d i mens i on l ess momentum equat i on shou l d  be of order 
uni ty ,  wh i c h  requi res that vg i &Hcmox .IT.i Cpv� 
be of order un i ty so that the characferi sti c ve l oc i ty i s  
approx imate l y  the buoyant ve l oc i ty vb = ( vg&Hcmox .IT.i Cp ) 1 13 . 
As the acce l erat i on of grav ity i s  reduced , buoyancy wi l l  
eventua l l y not be the domi nant force produc i ng f l u i d  
moti on ,  vc can no l onger be i dent i f i ed as vb • and 
the corre l at i ng parameters of F igure 1 3 . 1  that conta i n  
vb are n o  l onger va l i d .  Under these c i rcumstances , 
the gas -phase equat i ons a l one are i nsuf f i c i ent for 
determi n i ng Vc • and the phys i c s  of the coup l i ng 
between the so l i d  and gas phases must be i nvesti gated . 
Boundary cond i t i ons at the sol i d-gas i nterface are 
provi ded by energy and spec i es ba l ances a l ong wi th the 
no s l i p  cond i t i on that the streamwi se gas speed and the 
spread rate are the same . I n  add i t i on ,  the ve l oc i ty 
norma l  to the fue l  bed surface i n  the pyro l ys i s  reg i on 
i s  detenmi ned by the pyro l ys i s  rate l aw for the sol i d .  
Because thi s norma l ve l oc i ty exi sts over a l i mi ted 
reg i on of the fuel  bed surfac e ,  the f l ow su rround i ng i t  
i s  s i mi l a r  to a j et f l ow wherei n f l u i d  f rom the 
s urround i ng atmosphere may be entra i ned . 22 
Consequent l y ,  the norma l ve l oc i ty at the fuel  bed 
surface determi nes the characteri st i c  ve l oc i ty for the 
gas . 
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With vc estimated from surface pyro l ys i s as Vs • a 
large va l ue of the parameter ( vb/Vs ) 3 , which  i s  
the cube of the rati o  of the i nduced , streamwi se 
ve l oc i ty to the trans verse ve l oc i ty ,  impl i es that 
buoyancy i s  the domi nant force produc i ng the f l ow, and 
the characteri sti c ve l oc i ty shou ld  be i denti f i ed as 
vb . For sma l l  va l ues of the parameter ,  buoyancy i s  
un i�ortant , and i ts ef fects can be neg l ected i n  any 
atte.pt to ana l yze f l ame spreadi ng under these 
cond i t i ons . 

I n  the tab l e  bel ow ,  typi cal  va l ues for ( vb/Vs ) 3 
are g i ven for f l ame spread over paper sampl es i n  oxygen 
presumi ng a zeroth-order , surface pyro l ys i s  rate l aw 
wi th a pre-exponent ia l  factor of 7 . 4 x 1 08 kg/m2 • s  
and a n  acti vat i on energy o f  1 26 kJ/mol  for ca l cu l at i ng 
v5 . 3 , 23 , 24 Other propert i es were taken f rom 
Altenk i rch  et  a l . 3 

Toe of envi ronment !IL9e P . a  till ( Vb/Vs ) 3 

Earth 1 1 1 400 
Earth 1 0 . 1  1 4  
Space25  l o-s_, o-4 1 0 . 01 4-o . 1 4  
Space25 l o-s-, o-4 1 0  1 . 4-1 4 

The above tab l e  shows , as we expect ,  that buoyancy i s  
the ma i n  dri v i ng force generat i ng the gas -phase f l ow  for 
f l ame spread i ng under the i n f l uence of the Earth ' s  
gravi ty but that i t  can be neg l ected under grav i tat i ona l 
cond i t i ons that mi ght be encountered i n  the l ow-gravi ty 
envi ronment of space travel a l though envi ronmenta l 
cond i t i ons may be set aboard spacec raft where buoyancy 
i s  i nf l uent i a l . 

As menti oned before , v/tcv� i s  i nvari abl y 
sma l l  so that the gas phase may be treated as though i t  
were i n  steady state . For exampl e ,  for cond i t i ons of 
the above tabl e the sma l l est va l ue of vc wou l d  be 
about 3 cm/s when i t  i s  determi ned by surface pyro l ys i s ,  
requi ri ng that tc >> 0 . 06 s ,  say at l east 0 . 5  s ,  to 
estab l i sh the steady state . Whether or not the f l ame 
spreads at a steady rate though depends on the magni tude 
of v/tcYFvc . Th i s  parameter can be obta i ned by 
p l ac i ng the sol i d-phase energy equat i on i n  d imens i on l ess 
fon1 assumi ng that the l ength over wh i c h  heat can be 
conducted· forward through the gas app l i es to the 
sol i d , 24 wh i ch i s  necessari l y  the case for therma l l y 
th i n  fue l s .  Because YF can be an order of magni tude 
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or so l es s  than vc , we can expect that under certa i n  
cond i t i ons the experi menta l t i me  needed to achi eve a 
steady spread rate cou l d  be about 1 0  times that needed 
to establ i sh a steady state i n  the gas . Thus i t  i s  not 
surpri s i ng that for some experimenta l cond i t i ons 
emp l oyed in reduced gravi ty ,  drop tower experiments l O 
of unsteady spread i ng were observed i n  the 5 s of 
ava i l ab l e experi menta l  t ime .  

Understand i ng of the phenomena i nvol ved i n  f l ame 
spread i ng at reduced gravi ty i s  i mportant wi th respects 
to the f i re safety aspects of space trave l . To th i s  end 
then , effort must be expended to understand the 
mechan i sm of f l ame spread i ng i n  the absence of any 
buoyancy i nduced or externa l l y  i mposed gas -phase f l ow .  
Theoreti cal  and experimental work must proceed i n  
para l l e l , and the mi d-deck of the Space Shutt l e  has been 
i denti f i ed by NASA as an appropri ate l ocat i on for f l ame 
spread experi mentati on .  Ground -based experi menta l 
fac i l i t i es do not provi de suff i c i ent t ime ( d rop towers )  
o r  suff i c i entl y l ow and/or contro l l ab l e  accel erat i ons 
( a i rp l anes f l y i ng Kep l eri an traj ectori es ) to a l l ow 
caref u l  experi mentat i on to be conducted . 

A mi d-deck ,  f l ame-spread experiment wou l d  cons i st of 
measuri ng the f l ame-spread rate over a sol i d  fue l  samp l e  
f rom moti on p i ctures o f  the spread process wi th i n  a 
seal ed c hamber .  The f i lm  record wou l d  a l l ow f l ame 
shape , whi ch g i ves an i nd i cat i on of the character of the 
gas -phase f l ow ,  and f l ame col or , usefu l  i n  gai n i ng 
i ns i ght i nto f l ame chemi stry , to be determi ned . Gas 
and sol i d -phase temperatures , measured wi th f i ne-wi re 
thermocoup l es , wou l d  provi de i nformati on about f l ame 
temperature and heat f l ux through ana l ys i s  of the heat 
conduct ion processes i n  the sol i d ,  f rom the gas to the 
sol i d ,  obv i ous l y ,  as d i scussed above , an i mportant 
quant ity i n  establ i sh i ng the spread rate . 
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1 4 .  FLUID  DYNAMICS IN MICROGRAYITY 

Thomas L .  Labus 
Nationa l Aeronaut i c s  and Space Admi n i strat ion 

Lewi s Research  Center 
C l eve l and . Ohi o  441 35 

I .  INTRODUCTION 

One primary obj ecti ve of NASA 1 s  Mi c rogravi ty F l u id  
Dyna•i cs  Progra. i s  to  devel op a sc i enti f i c  
understandi ng of the ro l e  o f  g ravi ty i n  both fundamental 
f l ui d  phys i c s  and f l ui d  and transport processes re l ated 
to topi cs  i n  materi a l s  s c i ence . combusti on .  and 
biotechnology . By turn i ng to the envi ronment of space . 
we can beg i n  to exp lore new phenomena previ ous l y  unseen 
because of the suppress i ng effects of g rav ity .  Once 
f ree of these constrai nts . the i n s i ghts we gai n  wi l l  
beg i n  a new chapter i n  our understandi ng of natura l 
processes . Thi s  i s  the promi se of mi c rogravity research . 

In  our terrestri a l  envi ronment . thermophys i ca l  
processes are i n f l uenced by buoyancy forces whi ch ari se 
owi ng to the presence of a gravi tat i ona l f i e l d . In  many 
phys i ca l  processes . the magni tude of th i s  buoyant force  
is  suff i c i entl y  g reat as to  overwhel m  other  forces whi ch 
ari se owi ng to pressure . i nert i a .  surface tens i on .  and 
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v i s cous shea r .  As the grav itati onal f i e l d  weakens ,  
however ,  these other forces beg i n  to grow i n  importance 
and start to p l ay comp l ex and often times compet i ng 
ro l es . The study of systems i n  wh i ch these other forces 
contri bute s i gn i f i cant l y  to the transport process  has 
been pursued wi th on l y  l i mi ted i nterest because of the 
d i f f i c u l ty of conducti ng research . 

Grav ity mani fests i tse l f  i n  many ways i n  f l u i d  
systems . F i rst , the magn i tude o f  the gravi tati ona l 
acce l erat i on un i que l y  determi nes the l i qu i d-l i qu i d  or 
l i qu i d-gas i nterface shape . As the l ocal  accel erat i on 
f i e l d  i s  reduced , i nterfac i a l  surface ten s i on forces , as  
we l l  as forces wh i ch ari se owi ng to contact ang l e ,  
conta i ner geometry , and re l ati ve dens i ty ,  beg i n  to 
def i ne the shape and moti on of the i nterface . These 
effects are not j ust l i mi ted to stati c s i tuat i ons but 
i nc l ude the dynami c s  of i nterfaces as we l l .  Second , 
gravi ty determi nes the extent of f l ui d  strat i f i cat i on 
due to den s i ty g rad i ents wh i ch mi ght exi st wi th i n  the 
system . F i na l l y ,  the mechan i sms of heat transfer are 
a l tered when gravi ty i s  removed . Under cond i t i ons of 
mi c rog ravi ty ,  natura l convect ion i s  v i rtua l l y  
e l i mi nated , and conducti on and rad i at i on become the 
premi er modes of heat transfer . 

I n  essence , the F l u i d  Dynami c s  Program has two equa l l y  
i mportant obj ecti ves . The f i rst obj ecti ve i s  to study 
fundamenta l transport phenomena under cond i t i ons  of 
mi c rogravi ty tak i ng f u l l advantage of the un i que 
cond i t i ons  to obta i n  measurements wh i ch wou l d  be 
i mposs i bl e  i n  a terrestri a l  env i ronment . Examp l es of 
these i nc l ude the measurement of transport coef f i c i ent 
near  c r i t i ca l  cond i t i ons . The second obj ecti ve i s  to 
conduct appl i ed mi c rograv ity f l u i d  dynami c s  experiments 
i n  s upport of researchers work i ng i n  such  areas as 
e l ectron i c  materi a l s ,  cerami cs , metal l urgy , combusti on 
and bi otechno l ogy . The proper p l ann i ng and 
i nterpretati on of the above experiments need a h i gh l y  
soph i sti cated understand i ng o f  transport phenomena whi ch 
does not a lways form part of the repertoi re of 
researchers i n  appl i ed d i sc i p l i nes . I nteract i on between 
i nvesti gators i n  app l i ed f i e l d s  wi th i nvesti gators i n  
the f l u i d s  and transport sc i ences wi l l  p lay a key ro l e  
i n  ensuri ng the s uccess  o f  these re l ated ef forts . 

The a im  of the NASA effort then i s  to support a 
structured and systemat i c  program to beg i n  the deta i l ed 
i nvest i gati on of mi c rog rav i ty f l u i d  dynami c s . NASA i s  
un i que l y  pos i t i oned to s ucceed i n  th i s  regard , bei ng 
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ab l e  to make ava i l ab l e  uni que fac i l i t i es , such as drop 
towers , l ow-g research  a i rc raft , and the Space Shutt l e ,  
a s  wel l  a s  a con s i derab l e  amount of avai l ab l e  experti se 
in th i s  area . Work i ng i n  support of academi c ,  
i ndustri a l , and government i nvesti gators , the NASA 
program channe l s fundamenta l and app l i ed researc h  
proposa l s  i nto a process des i gned t o  provide a 
comprehens i ve exami nat i on of a broad range of 
fundamental and app l i cati on-ori ented f l ui d  processes 
whi c h  woul d  benef i t  f rom experimentati on i n  a 
mi c rograv ity envi ronment such as avai l ab l e  i n  drop 
towers and a i rc raft , and aboard the Shutt l e .  Space 
experimentat i on wou l d  a l l ow  an orderl y exami nat i on of 
processes in whi ch the contri buti ons  of buoyancy forces 
are i ns i gn i f i cant . The v i rtua l e l imi nati on of buoyancy 
wou l d  then a l l ow a systemat i c  study of other forces/ 
transport pheno.ena masked or suppressed in  a 
terrestri a l  envi ronment . Thi s  shou l d  l ead to further 
ref i nement of the exi sti ng theroret i c a l  mode l s .  The 
app l i cati ons of thi s researc h  i nc l ude fundamenta l f l u i d  
phys i cs i ssues a s  we l l  as  key app l i cat i ons i n  the f i e l ds 
of materi a l s  s c i ence ,  combusti on ,  and bi otechno l ogy . 

I I .  H ISTORICAL BACKGROUND 

An i ntens i ve mi c rogravi ty f l u i d  dynami c s  program was 
i n i t i ated by NASA i n  the l ate 1 950s because of the need 
to manage l i qui d prope l l ants i n  space vehi c l es .  
Therefore , so.e of the earl i est experimenta l resu l ts on 
mi c rogravi ty f l ui d  behavi or were obtai ned by NASA 
eng i neers and sc i enti sts as they addressed compl ex 
technol ogy prob l ems i n  a new and , at the t i me ,  
unexp l ored envi ronment . Pract i ca l  prob l ems , such  as 
estab l i sh i ng l i qui d-vapor i nterface conf i gurat i ons  to 
detenai ne the l ocati on of prope l l ant , were the d ri v i ng 
cons i derat i ons . l 

The effort was expanded to i nc l ude theoreti ca l  
mode l i ng and g round-based drop tower tests a imed at 
veri fyi ng these pred i ct i ons . Many ear ly  technol ogy 
i ssues , such as s l osh i ng dynami c s , prope l l ant recovery 
and transport , and f l u i d  reori entat i on , 2 were 
addres sed i n  thi s manner . The success of programs l i ke 
Apo l l o  and Centaur was fac i l i tated by the eng i neeri ng 
sol uti ons provided by th i s  ear ly  l ow-grav ity work . An 
i n-depth understand i ng of the processes under 
exami nat i on ,  however ,  was c l ear ly  l ack i ng . The purs u i t  
o f  exped i ent sol ut i ons  often ra i sed a myr iad of 
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unanswered quest i ons  wh i ch were i nd i cati ve of the tru l y  
comp l ex nature o f  the phenomena bei ng uncovered . 
Extens i ve use was made of ground-based and a i rborne 
mi c rogravi ty fac i l i t i es i n  an attempt to unrave l  the 
phys i ca l  processes at work . The i ns i ghts gai ned l ead to 
the current soph i st i cated v i ew of mi c rog rav ity f l u i d  
dynami c s  and t o  the ref i nement o f  a set o f  obj ect i ves 
for cont i nu i ng research . Seri ous l imi tat i ons were 
encountered , however ,  i n  the short test durati on of drop 
towers and l ow but vari ab l e  acce l e rati on l eve l s  provi ded 
by a i rborne testbeds wh i c h  l i mi ted thei r useful ness as  
research  too l s .  Wi th the  advent of the  Shutt l e  a new 
capabi l i ty for mi c rog ravi ty research  has suppl i ed 
i nvesti gators renewed i nterest i n  address i ng the 
s c i enti f i c  obj ect i ves . 

One other awareness was ga i ned duri ng the ear ly  
h i story of  mi c rograv ity research  a i med at so l vi ng space 
techno l ogy probl ems . The mi c rog ravi ty envi ronment 
provi ded a v i rtua l l y  un l i mi ted opportun i ty to 
i nvesti gate known terrestri a l  processes . The known 
processes cou l d  be v i ewed f rom the mi c rogravi ty 
perspect i ve through space research and yet bri ng about 
new i ns i ghts i nto terrestri a l  phenomena . 

I I I . APPROACH 

Much of the earl y sc i ent i f i c  research efforts i n  the 
area of mi c rog ravi ty research  were based on severa l  
overv i ew stud i es sponsored by  NASA . The f i rst study , 
• F l u i d  Phys i cs , Heat Transfer and Thermodynami cs  
Experiments i n  Space , •  prepared i n  1 97 5  by  the Southwest 
Research  Insti tute ( SR I ) , 3 i dent i f i ed severa l  
potenti a l  mi c ro-g f l u i d  dynami cs  experiments . Most 
experiments i dent i f i ed were characteri zed as  havi ng 
undergone extens i ve testi ng i n  both norma l gravi ty 
l aboratori es or i n  the few seconds afforded by drop 
tower fac i l i t i es . The 1 97 5  overvi ew i dent i f i ed f i ve 
broad categori es wh i ch i t  f e l t  cou l d  be used to organi ze 
further i nvest i gat i on .  These categori es i nc l uded 
Cri t i ca l  Poi nt Thermophys i ca l  Phenomena , F l ui d  Surface 
Dynami c s  and Capi l l ari ty ,  Convect ; on Processes , 
Nonheated Mu l t i phase Mi xtures , and Mu l t i phase Mi xtures , 
and Mu l t i phase Heat Transfer . The SRI study i dent i f i ed 
research  top i c s  cons i st i ng of a broad spectrum of 
i nvesti gat i ons rang i ng f rom fundamenta l i nvesti gat i ons 
to experi ments app l i ed in nature . 

A second overv i ew on Materi a l s  Sc i ence was sponsored 
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by NASA and publ i shed i n  1 978 . 4 Thi s  overvi ew 
enti t l ed ,  • Materi a l s  Sc i ence Experiments i n  Space , •  was 
concerned primari l y  wi th def i n i ng the c lasses of 
.ateria l s  research  wh i c h  cou l d  benef i t  f rom bei ng 
conducted i n  space . I n  add i t i on ,  the overv i ew  contai ned 
numerous requests , i n  each of the c l asses i dent i f i ed ,  
for more researc h  a imed at estab l i sh i ng the rol e  whi c h  
f l ui d  dynami c s  p l ayed i n  the processes bei ng stud i ed .  
I n  the conc l us i ons of thi s  report i t  was stated that 
• s i nce  f l ui d  f l ow i s  an important part of the phenomena 
of i nterest in materi a l s  s c i ence experiments i n  space , 
i t  i s  of prime importance  that cooperat i ve ef forts 
between sc i ent i sts representi ng these two d i s c i pl i nes be 
i n i t i ated and susta i ned .  Thi s  cooperati ve effort i s  
espec i a l l y  needed i n  the space programs . •  The 
requi rement for an i ntens i ve f l ui d  dynami c s  effort was 
substanti ated even more strong l y  wi th the advent of the 
•Materi a l s  Proces s i ng i n  Space •  reportS by the 
Commi ttee on Sc i enti f i c  and Techno l og i c a l  Aspects of 
Materi a l s Process i ng i n  Space ( STAMPS) of the Nati ona l 
Research  Counc i l .  The conc l ud i ng sect i on of the report 
stated that an extens i ve researc h  program was requi red 
i n  the fol l owi ng areas of mi c rogravity f l ui d  dyna.i c s : 

• Fundamenta l s  of convec t i on and of coup l ed 
convect i ve and d i ffus i ve transport ; 

• Convect ion duri ng phase c hanges and c hemi ca l  
react ions and the  i nteract i ons  of convecti ve 
tranport wi th transformat i on processes , 
espec i a l l y  those respons i b l e  for mi c rostructures 
of so l i d  materi a l s ;  

• Dependence of den s i ty ,  v i scos i ty ,  thermal 
d i ffus i vi ty ,  and  mass  d i ffus i v i ty of  me l ts and 
sol ut i ons  on compos i t i on and temperature , 
part i c u l ar ly  as  i nf l uenced by buoyancy-dri ven 
convect i on ; 

• Equi l i bri um propert i es and dynami c phenomena at 
gas -me l t  and me l t-me l t  i nterfaces , beg i nni ng wi th 
surface tens i ons  and i nterfac i a l  tens i ons  as 
funct ions  of temperature , compos i t i on ,  absorpt i on 
of so l ub l e  trace contami nants , or accumu l at i on of 
meni scus-seek i ng i nsol ub l e  contami nants ; 

• Phenomena assoc i ated wi th the i ntersect i ons  of 
f ronts and meni sc i  wi th sol i d  wa l l s ( for examp l e  
edge effects i n  so l i d i cati on and combustion)  and 
contact ang l es ,  wett i ng me l t  spread i ng ,  and 
j uncti ons where gas , l i qu i d ,  and sol i d  meet i n  
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three-phase contact l i nes ; 
• Tests of theoret i ca l  mode l s of f l u i d  f l ow systems 

that experi enced comp l i cated combi nat i ons  and 
d i stri buti ons of forces or have comp l ex 
c ompos i t i ons ; and 

• Parameters re l ated to i nstabi l i t i es assoc i ated 
wi th c ri t i ca l  phenomena . 

The STAMPS report a l so acknowl edged that • space 
experimentat i on wi l l  have l i tt l e  va l ue un l es s  i ts 
p l anni ng i s  founded on substant i a l  earth-based 
terrestri a l  programs . •  The two overvi ews and the STAMPS 
report provi ded the i mpetus for the f l u i d  dynami c s  
research  efforts supported duri ng the 1 n 1 t i a l  phases of 
the Materi a l s  Proces s i ng In-Space ( MPS) Program and the 
Phys i c s  and Chemstry Experiments ( PACE )  Program . Unt i l 
1 983 , these two prog rams were supported by separate 
off i ces at NASA Headquarters . There was , however ,  
communi cat i ons between these two off i ces i n  an effort to 
avo id  dup l i cat i on of resea rch  acti v i t i es . 

The fundamenta l f l u i d  phys i c s  exper iments were 
ori g i nated out of the PACE program start i ng i n  the 
mi d-1 970s . The charter of the PAC E prog ram was broad i n  
terms of i ts sc i ent i f i c  scope , but i t  exc l uded 
app l i cati ons research . In PACE , the i nd i vi dual  
i nvest i gat i ons , usua l l y  f rom members of the academi c 
commun i ty ,  were advocated by a part i c u l a r  NASA F i e l d  
Center and , i f  successf u l , managed by that Center . The 
Pri nc i pa l  I nvest i gators sel ected were noted sc i enti sts 
i n  the i r respecti ve f i e l ds . Ground -based def i n i t i on 
resea rch , wh i ch was performed uti l i z i ng NASA 
mi c rog ravi ty fac i l i t i es ,  was the backbone of the 
research effort . Wh i l e the space-based research  cou l d  
a l one provi de the l ong durat i on mi c rograv ity cond i t i ons 
requ i red to f u l l y  exp l ore most phenomena , the proper 
p l anni ng and preparat i on of the space-based research  
cou l d  on l y  be  ach i eved wi th an i ntens i ve ground-based 
support prog ram . I n  add i t i on to the deve l opment of 
tec hni ques for space experimentat i on ,  contri but i ons  to 
the s c i ent i f i c  goa l s  of the program were often ach i eved 
i n  ground-based work . Comp l ete theoret i ca l  mode l s often 
accompan i ed the ground-based def i n i t i on phase of most 
experiments , and i n  many cases , order of magni tude 
ana l yses were performed and the pert i nent d imens i on l ess  
parameters obta i ned . 

In  the PACE prog ram , a wi de vari ety of fundamenta l 
f l u i d  phys i c s  proces ses were se l ected based primari l y  
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upon the recommendat i ons conta i ned wi thi n  the overv i ew  
stud i es . Al l experiments i n  the PACE Program were peer 
revi ewed by teams of i ndependent i nvesti gators . Duri ng 
1 983 . a comprehens i ve rev i ew  of the PACE program was 
made by an i ndependent sc i ence board at the request of 
the PACE Program Manager and under the d i rect ion and 
supervi s i on of the Uni vers i t i es Space Research 
Assoc i at i on ( USRA) . The purpose of the i ndependent 
rev i ew  was to f i rst determi ne whether PACE was 
concentrat i ng on the most important experiments for 
f l i ght research  and then to sc i ent i f i ca l l y  eva l uate the 
i nd i v i dua l  experiments . Each experiment in the PACE 
program was peer revi ewed by exami ners externa l to the 
PACE process and those resu lts presented to the s c i ence 
board respons i b l e  for the f i na l  se l ect i ons . Ten f l ui d  
phys i c s  experiments were i dent i f i ed through thi s process .  

The other port ion of the f l ui d  phys i cs program was 
supported under MPS . These experiments were focused on 
i nvesti gat i ng f l ui d  processes spec i f i ca l l y  associ ated 
wi th materi a l  s c i ence . The STAMPS commi ttee report had 
def i ned the urgent need for add i t i ona l f l ui d  phys i cs 
research to estab l i sh a strong foundat i on for materi a l  
stud i es . The MPS program responded by i s sui ng 
App l i cat i on Noti ces ( ANs ) whi c h  requested research  
proposa l s  i n  th i s  area . Proposa l s  were sent d i rect l y  to 
NASA Headquarters and were se l ected based on 
successfu l l y  pas s i ng externa l peer revi ews . Successfu l  
proposa l s  were s ubsequent l y  ass i gned to  NASA F i e l d  
Centers for techni ca l  management . 

I n  l ate 1 983 . mi c rogravi ty research efforts were 
consol i dated by i ntegrat i ng the PACE and MPS act i v i ti es 
under the newl y formed Mi c rogravi ty Sc i ences and 
App l i cati ons D i v i s i on ( MSAD ) . The obj ect i ve of th i s  new 
organi zat i on .  wh i ch mai ntai ned PACE as an ent i ty wi thi n  
i t .  was to centra l i ze program management and to bri ng 
a l l the program part i c i pants i nto c l oser contact .  
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BEFORE 1 983 

OSSA 
OFF ICE OF AERONAUTICS 
AND SPACE TECHNOLOGY 

OFFICE  OF SPACE 
SC I ENCE AND APPLICATIONS 

o PACE PROGRAM o MPS PROGRAM 

- FUNDAMENTAL 
FLU ID  PHYSICS 

- MATERIALS SC I ENCE 
- COMBUSTION 
- BIOTECHNOLOGY \---------------

AFTER 1 983 

OFF ICE OF SPACE 
SC I ENCE AND APPLICATIONS 

o MICROGRAVITY SC I ENCES AND 

I 
APPLI CATIONS PROGRAM ( MSAD ) 

- METALS AND ALLOYS 
- ELECTRONIC  MATERIALS 
- GLASSES AND CERAMICS 
- COMBUSTION 
- BIOTECHNOLOGY 
- FLUIDS AND TRANSPORT 

PHENOMENA 
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I V .  CURRENT SC IENTIF IC  INVESTIGATIONS 

L i s ted be l ow are the Fundamenta l F l ui d  Phys i cs 
Experiments current l y  supported by PACE wi th i n  the 
Mi c rogravity Sc i ences and App l i cati ons D iv i s i on and , 
therefore , represent pure research  i nvest i gat i ons . 

PACE Program - Fundamenta l F l ui d  Ph�s i c s  

Experiment Aff i l i at ion Investi gators 

1 • Surface Tens i on Case  Western s .  Ostrach 
Dri ven Convect i on Reserve Y .  Kamotani  

Uni vers i ty 

2 .  Free Surface Uni v .  Ca 1 1 for- P .  Concus 
Phenomena n i a ,  Berkel ey 

Stanford Uni - R .  F i nn 
vers i ty 
Stanford Un i - B .  Hesse l  i nk 
vers i ty 
Ca l Tech D .  Col es 

3 .  Li ght Scatteri ng Nat i ona l M .  Mol dover 
Tests of Bureau of 
Fundamenta l Standards 
Theori es Uni vers i ty R .  Ga111110n 
of Transport of Maryl and 
Propert i es i n  
the Cri t i ca l  
Reg i on 

4 .  Prec i se Vi scos i ty Un i vers i ty R .  Ga111110n 
Measurements Very of Maryl and 
C l ose  to Cri - Nat i ona l M .  Mol dover 
t i ca l  Poi nts Bureau of 

Standards  

5 .  Spec i f i c  Heat Stanford Un 1 - w .  Fa i rbank 
of He l i um vers i ty J .  L 1 pa 
through the 
Lambda Poi nt 

6 . Cri t i ca l  Trans - Duke Uni ver- H .  Meyer 
port Phenomena s i ty 
i n  F l ui d. He l i um Ames Research  R .  Behri nger 

Center 
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PACE Program - Fundamenta l F l ui d  Phys i c s  - Conti nued 

ExperiMnt Aff i l i at i on Investigators 

7 .  E l ectrohydro- Pri nceton Un i - D .  Savi l l e 
dynami cs  vers i ty 

8 .  Surface Ten s i on Lewi s Research  A .  Cha i 
I nduced Insta- Center 
b i l i t i es ; Bena rd Un i vers i ty of E .  Koschmei der 
Prob . Texas 

9 .  Mass  Transport Un i vers i ty of K .  DeWi tt 
Phenomena To l edo 

1 0 . Test of New Nat i ona l G .  Morri son 
Thermodynami c Bureau of J .  Ki nda i d  
Model  o f  Impuri ty Standards 
Extract ion by 
Drop l ets 

In order to i l l umi nate the nature of these 
experi ments . I wou l d  l i ke to expand upon two 
representati ve efforts . The PACE experiment on •surface 
Tens i on Dri ven Convect i on . •  for exampl e .  i nvesti gates 
f l ows i nduced by surface tens i on grad i ents under 
mi c rog ravi ty cond i t i ons . 6-8 The Pri nc i pa l  
I nvesti gator.  S imon Ostrach o f  Case Western Reserve 
Un i vers i ty .  has i dent i f i ed these f l ows as extreme l y  
i mportant s i nce they domi nate many o f  the phenomena 
assoc i ated wi th mi c rogravi ty f l u i d  dynami cs  and because 
of thei r importance in the f i e lds  of materi a l s  s c i ence 
and combust ion . The proposed f l i ght experiments s ha l l 
i nvol ve an exami nat i on of the extent and nature of 
tran s i ent and steady-state thermocapi l l ary f l ows . a 
determi nat i on of the effect of heat i ng mode and 
magn i tude on the f l ows . and the establ i s h i ng of the 
temperature and ve l oc i ty d i stri buti ons a l ong the f ree 
surface and i n  the l i qu i d  bul k .  U l timate l y .  other 
important effects sha l l be cons i dered in  space 
experi mentati on such as vari abl e boundary 
cond i ti ons/contact ang l es .  end�a l l materi a l s .  and 
geometri ca l  con f i gurati ons . Add i t i ona l l y .  the 
i nvesti gati on wi l l  exami ne the pos s i b i l i ty that surface 
ten s i on dri ven f l ows are i nherent l y  unstab l e  owi ng to 
coupl i ng between the heat transfer mechan i sms and the 
res u l t i ng f l ow f i e l ds . 
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Pau l  Concus is  the Pri nc i pa l  I nvest i gator on the PACE 
experiment i nvo l vi ng • f ree Surface Phenomena . •9 . 1 0  I n  
mi c rog ravi ty .  the f ree surface o f  a l i qu i d  c a n  behave i n  
stri k i ng .  unexpected ways . For exampl e .  a f ree surface 
that i s  we l l  behaved under terrestri a l  cond i t i ons can 
ri se  to arbi trari l y  l a rge hei ghts or even fai l to exi st  
when gravi ty is  absent . The  primary obj ect i ve of the 
p l anned f l i ght experiment i s  to prov i de an accurate 
quanti tat i ve desc ri pt i on of the conf i gurati on of 
capi l l ary surfaces i n  mi c rog ravi ty .  The conf i gurations 
of primary i nterest are those near the mathemat i ca l l y  
pred i cted c ri t i ca l  poi nts wh i c h  govern the trans i t i on 
f rom exi stence to nonexi stence i n  mi c rogravi ty .  I n  
parti c u l a r .  the phys i ca l  nature o f  the recent l y  found 
type of d i sconti nuous behavi or represented by the 
trans i t i on to nonex i stence i n  cyl i nders of trapezoi da l  
c ross sect ion wi l l  be exami ned . For the case of 
trapezo ida l  c ross sect i on . a d i sti nct l y  d i f ferent type 
of d i scont i nuous behavi or can occur  as a c ri ti ca l  
conf i guration i s  traversed . The  importance of space to 
thi s  experiment i s  the l ong durati on of l ow gravi ty 
ava i l ab l e  wh i c h  i s  f ree of externa l d i sturbances . The 
conf i gurat i ons under study wi l l  be those whose exi stence 
is extreme l y  sens i t i ve to boundary cond i t i ons  and sma l l  
perturbati ons around these cond i t i ons . 

The •surface Tens i on Dri ven Convect i on Experiment • by 
Dr . Ostrach and the • f ree Surface Phenomena• experiment 
by Dr . Concus are very c l ose to i n i t i at i ng f l i ght 
hardware deve l opment . A th i rd f l ui d  phys i cs experiment . 
•spec i f i c  Heat of He l i um th rough the lambda Poi nt . • 
Pri nc i pa l  I nvest i gator .  Wi l l i am Fai rbank of Stanford 
Un i vers i ty .  has undergone a thorough s c i ence revi ew and 
i s  c urrent l y  i n  the conceptua l des i gn phase . The • ti ght 
Scatteri ng Experiment at the Cri t i ca l  Poi nt•  by Robert 
Gammon of the Uni vers i ty of Maryl and and M .  Mo l dover of 
the Nat i onal  Bureau of Standards  wi l l  a l so undergo a 
conceptua l des i gn revi ew i n  1 985 . 

As stated earl i er .  MSAD supports experiments i n  both 
f undamenta l and app l i ed s c i ences . The fol l owi ng l i st 
encompasses representati ve experiments of MSAD whi ch 
fa l l outs i de of the PACE program i n  f undamenta l phys i c s  
and are .  therefore . more appl i ed i n  nature . 
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Mi c rogravi t� Sc i ences and ARRl i cati ons D i v i s i on 
ARRl i ed F l u id  Ph�s i cs 

EXReri Mnt Aff i l i at ion I nvestigators 
1 .  Convection Duri ng Nat i ona l S .  Cori e l l 

Uni d i rect iona l Bureau of R .  Schaef fer 
So l i d i f i cat i on Standards G .  Mc fadden 

2 . Mode l l i ng Di rec - C l a rkson w .  Wi l cox 
ti ona 1 So l i d i - T .  Paptheodorou 
f i cat i on 

3 .  C rysta l Me l t  MIT  H .  Greenspan 

4 .  Trans i ent Heat Nat i ona l P .  Gi arrantano 
Transfer Bureau of v .  Arp 

Standards 

5 .  Thennod 1 f fuso- Un i vers i ty R .  San i 
capi l l ary Mi gra- of Co l orado 
t i on 

6 .  Stabi l i ty of Northwestern s .  Dav i s  
Thennocapi l l ary Uni vers i ty 
F l ows $ tanford Un i - G .  Homsy 

vers i ty 

1.  Stud i es of Wet- Nat ional  M .  Mol dover 
t i ng and Mu l t i - Bureau of J .  Schmi dt 
l aye r Absorpti on Standards J .  Cahn 

R .  Kayser  

8 .  So l uta l Convec - MIT R .  Brown 
t i on and Its A. Wi tt 
Effects on Crysta l  
Growth and Segre-
gat i on 

9 .  F l oat Zone Energy Ari zona State P .  Nei tzel 
Stabi l i ty Ca l cu- Uni vers i ty 
l at ions 

1 0 .  F l u i d  F l ow i n  MIT  R .  Brown 
C rysta l Growth 

1 1 . Transport Pro- Pri nceton Uni - D .  Savi l l e 
cesses Resea rch  vers 1 ty 
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Mi c rogravi tY Sc i ences and ApPl i cati ons Di v i s i on 
Appl i ed F l ui d  Phys i c s  - Conti nued 

Experi��ent 
1 2 .  Mathemat ica l  

Mode l s  o f  Con
t i nuous F l ow . 
E l ectrophores i s  

Aff i l i ati on 
Pri nceton Un i 
vers i ty 

1 3 .  Transport Pro- Lewi s Research 
cesses i n  So l u- Center 
t i on Crysta l 
Growth 

1 4 .  Morpho l og i ca l  Uni vers i ty of 
Stabi l i ty and Utah 
F l u i d  Dyna11i cs  
of  Vapor C rysta l 
Growth 

1 5 .  Surface Tens i on Oh i o  State 
Stud i es of L iqu id  Uni vers i ty 
Meta l SysteiiS 

1 6 .  Dyna11i c Osc i l l a- Jet Propu l s i on 
ti ons of Rotati ng Laboratory 
Drops 

1 7 .  Geophys i ca l  F l u i d  Uni vers i ty of 
F l ow Col orado 

Marsha l l Space 
F l i ght Center 

I nvesti gators 
D .  Savi l l e 

A .  Cha i  

F .  Rosen 
berger 

D .  Stroud 
W. Shi h  

T .  Wang 

J .  Hart 

W .  Fow1 1 s  

Th i s  l i st i s  a representat i ve samp l e .  I t  was deri ved 
by the author based upon the MPS B ib l i ography provi ded 
by USRA . As can be seen , most of the research  top i c s  
are re l ated primari l y  t o  materi a l s  sc i ence . The 
experi ments on Rotati ng Drops by T .  Wang , and 
Geophys i ca l  F l u i d  F l ow by Drs . Hart and Fowl i s ,  f l ew 
aboard Space l ab 3 i n  Apri l ,  1 985 . 

V .  FLU IDS AND TRANSPORT D ISC I PLINE WORKING GROUP 

The Mi c rogravi ty Sc i ences and Appl i cati ons D i vi s i on has 
organi zed i ts program i nto s i x  maj or subd i vi s i ons i n  an 
attempt to del i neate the i ndependent d i sc i p l i nes 
i nvo l ved i n  mi c rogravi ty research . Meta l s  and Al l oys , 
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E l ectron i c  Materi a l s ,  G lasses and Cerami cs , Combust ion , 
and Bi otechnol ogy represent f i ve of these d i s c i p l i nes . 
A s i xth i ndependent d i sc i p l i ne ,  F l u ids  and Transport 
Phenomena , has a l so been establ i shed wi th a dua l  
obj ecti ve o f  conduct i ng research  o f  i ntri ns i c  i nterest 
to f l u i d  dynami c i sts and a l so to conduct research  
i nvest i gati ons c ri t i ca l  to  the other f i ve d i s c i p l i nes , 
recogn i z i ng that f l ui d  dynami cs  p l ays an important ro l e  
i n  each of them . In  a l l of the aforement i oned 
d i s c i p l i nes , a D i s c i p l i ne Work � ng Group has been 
estab l i shed to prov i de program coord i nat i on and promote 
i nterd i sc i p l i nary communi cati on . The primary goa l s  of 
the F l u ids  and Transport Phenomena D i s c i p l i ne Work i ng 
Group are to : 

a .  Def i ne the key thrust areas wi th i n  the f l u i ds and 
transport d i sc i p l i ne 

b .  Estab l i sh the important sc i ent i f i c  quest ions to 
be answered by space experimentat i on 

c .  Def i ne and promote the impl ementat i on of a sound 
ground-based s c i ence program that wi l l  l ead to 
important mi c rograv i ty space experiments 

d .  Evo l ve the l ong-range p l ans for f l i ght resea rch . 

To achi eve these s c i enti f i c  goa l s ,  part i c i pation of 
the research  s c i ent i sts f rom the academi c ,  government , 
and i naustri a l  communi ty has been sought . The present 
members h i p  of the F l u i ds and Transport Work i ng Group i s  
as fol l ows : 

J u l i an Szeke l y/MIT/Cha i rman 
Thomas labus/leRC/V i ce-Cha i rman 
Sam Cori e l l /Nat iona l Bureau of Standards 
Wi l l i am Fowl i s /MSFC 
Thomas Hanratty/Un i vers i ty of I l l i noi s 
John Hart/Un i vers i ty of Co l o rado 
Wi l l i am lang l oi s/IBM 
John l i pa/Stanford 
Franz Rosenberge r/Un i vers i ty of Utah 
Dud l ey Sav i l l e/Pri nceton 

I nd i v i dual  members of the commi ttee have been 
ass i gned the respons i bi l i ty of i nteracti ng wi th the 
other d i s c i p l i ne work i ng groups wi th i n  the NASA 
Prog ram . The F l u ids  and Transport D i s c i p l i ne Worki ng 
Group met twi ce  i n  1 984 to comp l ete the i n i t i a l  • draft•  
of thei r charter and to deve l op a deta i l ed l i st of 
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thrusts to be pursued . The charter and i ts spec i f i c  
obj ect i ves must be approved by the D i rector o f  the 
Materi a l s  Sc i ences and App l i cati ons D i v i s i on at NASA 
Headquarters , R i chard E .  Ha l pern , pri or to forma l 
acceptance .  The fol l owi ng are the current d i s c i p l i ne 
thrusts i nc l uded wi th i n  the worki ng groups charter :  

a .  Cooperati ve Phase Trans i t i ons - Thermodynami c and 
transport propert i es , and the compl ex non l i near 
phenomena whi ch occur  when f l ui ds undergo phase 
trans i ti ons i n  the c ri t i ca l  reg i ons . 

b .  Superf l ui d  Behavi or - Spec i f i c  heat o f  hel i um 
through the Lambda poi nt . Test of cooperat i ve 
trans i t i ons i n  renormal i zat i on g roup theory .  

c .  Capi l l ary Phenomena - Equ i l i bri um shapes of f l u i d  
masses part i c u l a rl y  those whose 
exi stence-nonexi stence i s  extreme l y  sen s i t i ve to 
boundary cond i t i ons , capi l l ary-domi nated surface 
waves , d rop l et formati on and coa l escence , and 
thi n  f i lms . 

d .  Surface Ten s i on Dri ven F l ow - Surface ten s i on 
grad i ent i nduced f l ow due to vari ati on i n  
temperature/concentrat i on .  Inc l udes f l ow wi th 
grad i ents d i rected a l ong norma l to the l i qu i d -gas 
i nterface . Stabi l i ty l imi ts , onset of 
osc i l l atory moti on , and f ree surface shapes to be 
determi ned . 

e .  Stabi l i ty of Growth Interfaces - Interface 
morpho l ogy under we l l  characteri zed growth 
cond i t i ons . Re l at i ve importance of the transport 
of heat and sol ute . Cri teri on for i nterface 
i nstabi l i ty ,  dendri t i c  growth . 

f .  Doub l e  D i ffus i ve F l ow - Thermosol uta l convecti on 
and processes i n  wh i c h  f l u ids  are substant i a l l y 
i nf l uenced by the mo l ec u l a r  d i f f u s i on of two or  
more components i n  a mi xture ,  as we l l  as by 
thermal and momentum d i f f us i v i ty .  I nc l udes 
effects of osc i l l atory accel erat i on f i e l d .  

g .  Mu l t i phase F l ow - Dynami c s  and transport of heat 
and mass for l i qu id- l i qui d ,  l i qu i d-gas , and 
l i qui d-so l i d  pha se i nc l ud i ng mu l t i component 
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syste.s . Adi abat i c  two-phase processes d i rected 
toward bubb l e  dyna•i cs  ( format i on , coa l escence )  
and f low hyd rodyna.i cs .  Nonad i abat i c  processes 
on nuc l eate boi l i ng ,  forced convect ion ,  
evaporation , and condensat i on .  

h .  E l ectro-ki net i c  Transport - Charged f l ui d  
i nterfaces wi th thei r d i f fuse l ayer o f  space 
charge i nc l udes moti on due to imposed e l ectri c 
f i e l ds ( e l ectrophores i s ,  e l ectroosmos i s )  or 
mechan i ca l  force ( e l ectrov i s cous ef fects ) .  
I ncreases concentrated on behavi or of 
concentrated suspens i ons , • non-homogeneous •  
buf fers and the behavi or of f l u id-f l u i d  
i nterfaces . 

i .  Magneto/E l ectrohyd rodvnami c s  - Ef fects of 
thermoel ectri c and/or thermomagnet i c  body 
forces . Fundamenta l i nterest centers on f l ow 
reg imes and stabi l i ty systems under the i nf l uence 
of magnet i c  f i e l ds wi l l  be exami ned too . 

VI . CONCLUS IONS 

The current structure of the Mi c rog ravi ty Sc i ence 
Prog ram is the res u l t  of the recommendat i ons and 
accumu l ated knowl edge gai ned f rom severa l  years of 
s upporti ng research  i n  the f i e l d . Contri but i ons f rom 
key members of the s c i ence commun i ty have been i nfused 
th rough seve ra l  overs i ght commi ttees , i nc l ud i ng the 1 978  
STAMPS commi ttee . 

The content of the program i s  a l so the res u l t  of 
h i stori ca l  gui dance . Our earl y efforts to exp l ore 
l ow-g ravi ty phenomena to add res s then urgent 
techno l og i ca l  needs has grown to encompass  a l a rge pure 
and app l i ed research  prog ram a imed at expand i ng our 
understand i ng of natura l processes . I n  the area of 
f l u i d  dynami cs , much  of the prog ram content is a res u l t  
o f  ques t i ons that were ra i sed by ea r ly  mi c rog ravi ty 
i nvest igat i ons . But an equa l l y  important pa rt of the 
program i s  represented by the research  top i c s  wh i ch have 
been i dent i f i ed through i nteract i on wi th other 
d i s c i p l i nes such as the materi a l  and b i o l og i ca l  
s c i ences . The i nherent va l ue of  such  commun i cati on i s  
ref l ected i n  the organ i zat i on of the news Materi a l s  
Sc i ences and App l i cati ons D i v i s i on a t  NASA 
Headqua rters . By encourag i ng the i nte ract i on between 
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d i s c i p l i ne groups , the strength of the overa l l program 
i s  greatl y  enhanced . Mi c rogravi ty research  efforts 
supported by NASA have a l ready l ed to some important 
successes as i nd i cated by the attached Append i x  of 
pub l i shed papers . Th i s  i ni t i a l  work has started the 
deve l opment of a sound foundati on for conduct i ng future 
fundamenta l and app l i ed f l ui d  dyna•i cs  research . 

The estab l i sh.ent of MSAD must be v i ewed as a 
c ri t i ca l l y  impo rtant mi l estone to ens uri ng the success 
of f uture mi c rogravi ty research . Of equa l s i gn i f i cance 
is the c reat ion wi th i n  MSAD of the F l u i ds  and Transport 
Di s c i p l i ne and i ts respecti ve work i ng group wi th a 
cha rter encourag i ng extens i ve i nvesti gat i ons i nto the 
pure and app l i ed s c i ences . Thi s  structure acknowl edges 
the importance of f l u i d  phys i cs as a d i st i nct enti ty 
whi l e  a l so demonstrat i ng an awareness that f l u i d  
processes p l ay a c ruc i a l  ro l e  i n  other d i sc i p l i nes a s  
we l l .  Members of the work i ng group wi l l  be faced wi th 
the d i f f i cu l t  task  i n  the upcomi ng year of pri ori t i z i ng 
the research i n i t i ati ves i nto a workab l e  program p lan . 
Once thi s  task i s  compl eted , the f uture success of 
mi c rogravi ty f l u ids  research  wi l l  be assured . 
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1 5 .  LAMBDA TRANSITION FLIGHT PROGRAM 

J .  A .  L i pa 
Stanford Uni vers i ty 

Stanford , Ca l i forn i a  94305 

INTRODUCTION 

Fol l owi ng the deve l opment of the renonmal i zat i on g roup 
( RG) theory of cooperati ve phase trans i t i ons pi oneered 
by Kenneth Wi l son1 i n  the 1 970s , i t  became 
i nc reas i ng l y  c l ear  that hard-core , def i n i t i ve 
experimenta l tests were l ac k i ng . Many experiments 
i nd i cated approxi mate conf i rmat i on of the pred i ct ions of 
the theory , but few cases exi sted where a strong 
confrontat i on cou l d  be made . Indeed , some tests wh i ch 
wou ld  be expected to be the most def i n i t i ve ,  gave 
s i gn i f i cant d i s c repanc i es .  For exampl e ,  the exponent 
characteri zi ng the d i vergence of the heat capac i ty near 
the l ambda-trans i t i on of l i qu id  hel i um ( at 2 K) under 
pressure was about three t i mes the pred i cted va l ue-�e l l 
outs i de the apparent range of experimenta l uncerta i nty . 
In  1 97 5  we began cons i deri ng new ways to perform much  
more def i ni t i ve tests of  the  theoret i ca l  pred i ct ions 
than have been made previ ous l y ,  and conc l uded that 
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a study of the nature of the l ambda trans i t i on under 
reduced gravi ty cond i t i ons offered the greatest 
potent i a l  for advanc i ng our experi menta l knowl edge i n  
thi s area . 

Centra l  to the study of cooperat i ve trans i t i ons i s  
the i dea of asymptoti c  behavi or of va ri ous thermodynami c 
propert i es i n  the l imi t as the temperature i nterva l f rom 
a tran s i t i on i s  reduced to zero . Most c urrent 
theoret i c a l  pred i ct ions are made i n  th i s  l imi t .  Thus , 
i t  i s  necessary to expl ore the propert i es of the system 
under study wi th extreme l y  h i gh temperature resol uti on . 
For examp l e ,  the asymptot i c  representat i on of the 
propert i es of hel i um does not become suff i c i ent l y  
accurate for theory test i ng unti l one i s  wi th i n  a 
mi l l i deg ree or so of the l ambda poi nt ,  whereas 
convent i onal experimenta l l i mi tati ons set in at the 
mi c rodeg ree l evel . On the other hand , i n  space , the 
l ambda trans i t i on i s  expected to show no i ntri ns i c  
round i ng to the l eve l of l o-1 0  deg o r  so . The 
experiment descri bed here i s  des i gned to expl ore the 
submi c rodeg ree reg i on of thi s tran s i t i on u s i ng new 
thermometry technol ogy wh i ch pushes the resol ut i on of 
temperature c l ose to the f undamenta l l imi ts set by 
stati sti ca l  f l uctuat i ons . Th i s  wi l l  open up a who l e  new 
reg i on ,  never before exp l ored , for test i ng of the 
theori es of cooperat i ve trans i t i ons . The tests that 
wi l l  be performed wi l l  be more than an order of 
magni tude more stri ngent than any performed so far and 
wi l l  s hed new l i ght on a maj or area of condensed matter 
phys i c s . 

One of the propert i es of most f undamenta l 
s i gn i f i cance near a cooperati ve trans i t i on i s  the heat 
capac i ty of the system and i ts temperature dependence . 
Th i s  parameter i s  pred i cted to exh i bi t  a c usp-l i ke 
s i ngu lari ty at the l ambda poi nt , wi th a we l l -def i ned 
c urvature . We p l an to meas ure th i s  funct ion over the 
wi dest pos s i b l e  temperature range cons i stent wi th 
reasonab l e  accuracy in the res u l ts , and wi th c l osest 
pos s i b l e  approach to the trans i t i on .  From these data we 
wi l l  determi ne the c urvature by standard curve-f i tti ng 
techni ques for compari son wi th theory . Si nce the 
maximum pos s i b l e  reso l ut i on i s  des i red , we wi l l  be 
operat i ng at the l i mi t of the performance of the 
temperature sensors , and a l a rge amount of the t i me  
ava i l abl e f o r  t h e  experiment wi l l  b e  devoted t o  noi se 
reduct i on by i nteg rat i on .  The measurement of other 
quant i t i es of i nterest ,  such  as the vari at i on of the 
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order parameter wi th temperature , wi l l  be l eft for 
pos s i b l e  future f l i ghts . 

The experimenta l package cons i sts of a samp l e  of 
l i qu id  hel i um attached to a pai r of h igh  resol uti on 
thermometers ( HRTs ) and suspended wi th i n  a spec i a l l y  
devel oped thermal control system . Thi s assemb l y  wi l l  be 
i nsta l l ed i n  the Jet Propu l s i on Laboratory Superf l ui d  
He l i um Fac i l i ty ,  t o  be f l i ght tested o n  a Space l ab-I I 
earl y next year ,  and wi l l  operate at a temperature of 
about 2 K .  The experi ment wi l l  be contro l l ed by a 
mi c roprocessor system whi ch wi l l  i nterface wi th the 
Shutt l e  to a l l ow  b i d i rect iona l data transfer . The 
experi ment wi l l  take advantage of l ow  acce l e rati on 
peri ods on the Shutt l e  to take the h i ghest resol uti on 
data mi n imi z i ng the tran s i t i on round i ng .  We expect to 
f l y  the experi ment i n  the mi d-1 988 t ime f rame . 

BACKGROUND 

The most advanced tests of the RG pred i ct i ons for 
cooperat i ve trans i t i ons are currentl y  f rom experiments 
performed near the l ambda trans i t i on of he l i um .  as  i s  
we l l  known , thi s trans i t i on has a number of experimenta l 
advantages not found e l sewhere ; s i nce the system i s  
superf l ui d  be l ow  the trans i t i on ,  thermal re l axat i on 
t i mes are short ,  and even above the trans i t i on 
temperature ,  the thermal conduct i vi ty d i verges . A l s o ,  
s i nce  i t  i s  a f l u i d  system , the prob l ems wi th stra i ns 
and c rysta l defects encountered wi th sol ids  are 
avoi ded . The trans i t i on temperature i tse l f  i s  
conven i ent l y  access i b l e  and i n  a reg i on where h i gh 
resol ut i on thermometry i s  we l l  deve l oped , and where the 
advantages of superconduct i v i ty can be read i l y  app l i ed .  
In  contrast to the behav ior  nea r a c ri t i ca l  poi nt , the 
d i vergence of the compres s i bi l i ty i s  very weak , 
mi n imi z i ng gravi ty round i ng from th i s  effect ; and no 
spec i a l  care i s  needed i n  sett i ng the samp l e  dens i ty .  
These advantages have fac i l i tated the col l ect ion of a 
wi de body of acc urate data extend i ng to t - l o-6 , 
where t i s  the reduced temperature i nterva l f rom the 
trans i t i on ,  on whi ch tests of the RG pred i ct ions have 
been made . To date , the data sets most usefu l  for 
accurate exponent determi nat i on have been obta i ned by 
Ah l ers and co�orkers : these i nc l ude i sobari c thermal 
expans i on coeff i c i ent data , 2 heat ca�ac i ty 
measurements at the vapor pressure , and superf l u 1 d  
dens i ty measurements . 4 Al so o f  maj or importance are 
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the heat capac i ty meas urements of Gaspari n i  and 
Hol doverS as a funct i on of 3He concentrat i on ,  x .  
Many other experiments have been reported , but genera l l y  
these have ei ther been ana l yzed i n  a restricted way , or 
are of l ower accurac y .  These experiments a l l ow the 
determi nat i on of two exponents , u and c .  
characteri z i ng the l ead i ng s i ngu l ari t i es o f  the heat 
capac i ty and the superf l ui d  dens i ty ,  respect i ve l y :  

A -o( 6 Cp  = � 1 + Dt + • • •  ) + 8 

:s = AptC( l  + Dpt6 + . • •  ) 

where p and Ps are the tota l and s uperf l u i d  dens i t i es , 
respect i ve l y .  In  add i t i on ,  i nformati on on the l ead i ng 
coef f i c i ents and other pa rameters i n  these express i ons 
i s  obta i ned . 

( 1 ) 

( 2 )  

The R6 ca l c u l at i ons  g i ve pred i ct ions6 for the 
exponents u, c. and 6 ,  the coeff i c i ent rat i os A/A 1 , 
D/0 1 , and o • to ,  and the d i f ference B - a • , where the 
primed quant i t i es refer to Equati on ( 1 ) be l ow the 
trans i t i on .  A l s o ,  the uni versa l i ty hypothes i s  pred i cts 
that the above quant i t i es wi l l  be i ndependent of 
• i rre l evant• vari abl es , in th i s  case the pres sure and 
3He concentrat i on ,  and scal i ng pred i cts that u = u • . 
In  Tab l e  1 5 . 1  we l i st the theoret i ca l  pred i ct ions for 
the above quanti t i es , a l ong wi th the experimenta l 
resu l ts . 

The most prec i se determi nat ion of a l ead i ng exponent 
reported to date i s  f rom the superf l u i d  dens i ty data . 
Th i s i s  because Equat i on ( 2 )  does not conta i n  a 
parameter equi va l ent to B i n  Equat i on ( 1 ) ,  eas i ng the 
c urve f i tt i ng task , and a l so because Ps has been 
determi �ed f rom very prec i se second sound ve l oc i ty 
meas urements . The ag reement wi th theory shown i n  
Tab l e  1 5 . 1  i s  very good , and recentl y  Ah l ers7 has 
reported that even better agreement can be obta i ned i f  
Equat i on ( 3 )  i s  mod i f i ed by rep l ac i ng A wi th 
Ao + A1 ( p) t .  I n  th i s  case , wi th 6 = 0 . 5 ,  he obta i ns 
c = 0 . 67 1 6  ± 0 . 0004 , wh i ch i s  wi th i n  the range of 
uncerta i nty of the theoret i ca l  esti mate . At face va l ue 
thi s appears to be very strong s upport for the R6 
pred i ct i ons , but on c l oser exami nat i on there are some 
rema i n i ng d i f f i c u l t i es . These stem f rom the use of 
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second sound to detenmi ne Ps · The bas i c  re l ati onsh i p  
for the convers i on i s  

+ • • • ( 3 )  

where U2 i s  the second sound ve l oc i ty ,  Pn � p -
Ps • and S i s  the entropy . Th i s  equat i on i s  based on 
two-f l ui d  mode l  of He I I ,  and i s  assumed re l i a b l e  to the 
order of 0 . 1  percent . I ndependent veri f i cat i onS by 
a l ternati ve measurements of Ps shows ag reement to a 
l eve l of about 1 percent over a restri cted temperature 
range , but no measurements yet exi st wh i ch fu l l y  s upport 
thi s assumpt i on ;  nor have d i spers i on measurements been 
made near T1 . More i mportant , even i f  Equat i on ( 3 ) 
can be shown to be correct to the requ i red accuracy , the 
determi nat i on of C f rom the ve l oc i ty of second sound 
i nevi tab l y  requi res a knowl edge of the heat capac i ty 
s i ngu lari ty v i a  the quant i ty Cp . The ve l oc i ty data of 
6reywa l l and Ah l ers was converted to Ps us i ng a 
l ogari thmi c fonm for Cp , wi th o 1 = 0 .  as  i s  now we l l  
known , o 1 i s  s l i ghtl y negat i ve and may we l l  be as l ow as 
-0 . 026 . Si nce Cp i s  a mu l t i p l i cat i ve factor i n  
Equat i on ( 3 )  the exponent C i s dependent on o • , no 
matter how acc u rate l y  the exponent of U2 i s  
determi ned . We have reana l yzed these data us i ng the 
best f i t  funct ion to our recent ly  obta i ned data wi th 
o • = -0 . 01 3 ,  and f i nd a s h i ft of C of 0 . 005 , more 
than ten t imes the stati st i ca l  uncerta i nty quoted by 
Ah l e rs . Another seri ous probl em occurs when we use the 
Josephson sca l i ng re l at i on to test the i nternal 
cons i stency of the data by obta i n i ng o • f rom c :  the 
va l ues obta i ned are i ncompat i b l e  wi th the i nput va l ues 
used in Equat i on ( 3 ) . For exampl e ,  i f  the i nput o • i s  
-0 . 01 3 ,  then the output va l ue i s  -0 . 030 , i n  c l ear  
d i sagreement wi th experiment . These d i f f i c u l t i es wi th 
the ana l ys i s  of the second sound data i mp l y  that the 
determi nat i on of C must be subord i nated to the pri or 
determi nat ion of o • to a much  greater extent than has 
been acknowl edged prev i ous l y .  

Prec i se determi nat i ons of the heat capac i ty exponent 
have been made by three d i fferent methods : d i rect heat 
capac i ty measurements at the vapour pressure ,  i sobari c 
therma l expan s i on coeff i c i ent measurements as a f unct ion 
of pressure a l ong the l ambda l i ne ,  and heat capac i ty 
meas urements as a funct i on of 3He concentrat i on .  The 
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res u l ts obtai ned are s ummari zed in Tabl e  1 5 . 2 .  A qui ck  
l ook at the  tab l e  revea l s  an i nteresti ng effect : a l l 
measurements at the vapor pres sure g i ve exponent va l ues 
c l ose to -0 . 01 7 ,  whi l e  those at h i gher pressures or i n  
the mi xtures g i ve va l ues c l ose to -0 . 025 . Some aspects 
of th i s  effect have been d i sc ussed by Gaspari n i  and 
Gaeta . l O They demonstrated that wh i l e  the exponent 
d i fferences are not l a rge compared wi th the standard 
errors , the vapor pressure heat capac i ty data3 , 5  are 
c l earl y i ncompat i b l e  wi th the optimum va l ues of the 
uni versa l  parameters f rom the thermal expans i on 
data . 2 When the constra i nts o = o 1 • -0 . 026 , A/A 1 = 

1 . 1 1  and 0/0 1 = 1 . 1 1  were app l i ed to the heat capac i ty 
data , marked systemati c  dev i at i ons were observed , 
i nd i cati ng a pos s i b l e  breakdown of uni versa l i ty a l ong 
the l ambda l i ne .  The pos s i bi l i ty of l a rge uncontrol l ed 
systemati c  errors i n  the data seems to be d i s c ri mi nated 
aga i nst by the con s i stency of the many experimenta l 
res u l ts l i sted i n  Tab l e  1 5 . 2 .  If , for some as yet 
undetermi ned reason , there i s  a weak breakdown of 
uni versa l i ty at the l ambda trans i t i on ,  f urther 
d i ff i c u l ty i s  encountered wi th the s uperf l u i d  dens i ty 
res u l ts . Si nce the exponent c was obta i ned f rom data 
taken over a range of pres sures , con s i stency requi res 
that the convers i on f rom U2 to Ps be performed us i ng 
the expans i on coef f i c i ent res u l t  for o • , exacerbat i ng 
the probl ems desc ri bed earl i er i n  th i s  sect ion . 

It  i s  unfortunate that the vari ous h i gh resol ut ion 
measurements show sma l l  but pers i stent departures f rom 
the pred i ct i ons , weaken i ng the support for un i versa l i ty 
and the R6 resu l ts i n  genera l . It wou ld  appear to be of 
very h i gh pri ori ty to attempt a reso l ut i on of these 
d i s crepanc i es between theory and experi ment , and it i s  
c l ear  that on ly  the l ambda trans i t i on has s i gn i f i cant 
potent i a l  for improvi ng the experimenta l res u l ts , 
because of the uni que propert ies of th i s  system . By 
performi ng new meas urements at h i gher reso l uti on , 
pos s i b l y  approach i ng t - l o-l l i n  space , i t  wi l l  be 
poss i b l e  to s i mu l taneous l y  probe much  deeper i nto the 
asymptoti c  reg i on and to extend the dynami c range of the 
meas urements . Improved thermometry wi l l  a l so a l l ow more 
accurate measurements over the who l e  range , f urther 
i nc reas i ng our knowl edge of the asymptot i c  form of the 
s i ngu l ari ty .  
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TRANSIT ION ROUNDING 

In  a gravi ty f i e l d , the temperature , Tm , at whi ch the 
maxi mum spec i f i c  heat occurs , i s  g i ven by 

-1 
T� - Tm • pgh (dP/dT )

� 

where h i s  the hei ght of the sampl e ,  p i ts dens ity ,  g 
the gravi tati ona l accel erat i on ,  and ( dp/dt) � the s l ope 
of the �-l i ne .  At th i s  temperature ,  the rel at i ve 
devi at i on of the spec i f i c  heat from the gravi ty-f ree 
va l ue i s  g i ven by 

6C • ( -tn t + const) -l 
c 

assumi ng a l ogari thmi c d i vergence i n  c .  
At t - l o-7 , 6C/C - 5 percent , and th i s  may be 

app l i ed as a correct ion to the data . Thi s correct i on 
can be expected to be accurate to 20 percent or better ,  
so that the uncertai nty i n  the corrected data i s  l ess 
than one percent . 

Near T� the coherence l ength , r ,  d i verges as 

r - ro l t J -213 , 

where r0 = 2 x l o-8 em . For a samp l e  whose hei ght 
i s  much  l ess than i ts other d imensi ons , a f racti on of 
the vol ume 6V/V = 2r/h i s  wi th i n  one coherence l ength of 
the contai ner wa l l s .  I f  the re l at i ve d i stort i on of the 
spec i f i c  heat in th i s  surface l ayer i s  f ,  then the 
re l ati ve error i n  the measurement of the tota l spec i f i c  
heat i s  

6C - 2fr ,  
c h 

Thus i f  f = 10 percent then for h > 20r 
l t l -�/3 the re l at i ve d i storti on wi l l  be Yess than 
one percent . Note that i f  the other d i men s i ons  of the 
samp l e  are made equa l to h ,  th i s  cond i t i on becomes 

h > 60r0 l t J -213 . 
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Thi s l eads to an opt imum samp l e hei ght , h0 , for a 
g i ven acce l erati on g g i ven by 

wi th a correspond i ng 

On Earth , h0 = 0 . 046 em and t0 = 2 . 6  x l o-B . 
Tab l e  1 5 . 3  shows the correspond i ng va l ues for other 

accel erat i ons , g/g0 where g0 i s  the va l ue on Earth , 
but assumi ng that a l l samp l e  d i mens i ons  are equa l to h .  
Thi s  l atter cond i t i on i s  necessary for an experi ment i n  
space s i nce the d i rect i on o f  the res i dua l accel erati on 
i s  not f i xed . Onboard the Shuttl e ,  cond i t i ons do not 
appea r to be s i gn i f i cant l y  better than 1 0-3g0 for 
any extended peri od , a l though pos s i b!r 1 0-4g0 cou l d  
be  reached for  a few mi nutes . At  1 0  g0 , the 
optimum samp l e  hei ght i s  3 . 5  em and the reso l ut i on t0 
-2 x 1 o-1 0 for one percent accuracy . To perform th i s  
experi ment , a thermometer wi th a resol ut i on and nu l l 
stabi l i ty of the order of 4 x l o-1 2 K i s  ca l l ed for ,  
whi ch for many systems is  c l ose to  the  stati st ica l  noi se 
l imi t .  

HARDWARE DEVELOPMENT 

At the commencement of our hardware deve l opment prog ram 
the h i ghest resol uti on thermometry ava i l ab l e  was wi th 
german i um sensors and room temperature res i stance 
bri dges . These systems have a resol uti on of about 
1 o-7 deg for an i nput power of 1 0-8 w .  To go 
s i gn i f i cant l y  beyond thi s ,  to the 1 o-1 0 deg range or 
better ,  a new dev i ce  was needed . We des i gned and tested 
a pa ramagnet i c  sa l t  thermometer wi th a d . c .  
s uperconduct i ng readout system wh i c h  has now reached the 
sens i t i vi ty l imi t set by thermal f l uctuat i ons i n  smal l 
systems . The pri nc i p l e  of the dev i ce  and some of i ts 
c haracteri sti c s  are desc ri bed bri ef l y  be l ow .  
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The operati ng pri nc i p l e  of the new thermometer i s  the 
de measurement of the temperature dependent magneti za
t i on of a paramagneti c  sa l t  in a constant externa l 
f i e l d .  The devi ce  cons i sts of a s i ng l e  c rysta l of 
pa ramagneti c  materi a l  t ight l y  coupl ed to a 
superconduct i ng pi ck-up coi l connected to a SQUI D  
magnetometer ,  and l ocated wi thi n  a l ong n i ob i um tube 
wh i c h  s i mu l taneous l y  mai ntai ns a constant appl i ed f i e l d  
and s h i e l d s  effect i ve l y  agai nst externa l f l uctuat i ons . 
A c ross sec t i on of the ther.ometer i s  shown i n  F igure 
1 5 . 1 . The 1 00-mg sa l t  pi l l  was c rysta l l i zed f rom 
aqueous sol ut i on onto a bund l e  of ename l ed copper wi res 
to a l l ow  thermal contact to an experiment . The thermal 
re l axat i on t ime of the thermometer was l ess  than 2 sec 
at 2 K .  

After c rysta l l i zati on , the sa l t  was ground i nto 
cyl i nd ri ca l  form and a ten-turn coi l of 
0 . 005-cm-di ameter n i ob i um wi re was wound d i rect ly  on i ts 
surface . Thi s coi l had a se l f -i nductance of about one 
mi c rohenry and formed the l ower ha l f  of a pa i r  of 
astat i c  wi nd i ngs . The l eads f rom the wi nd i ngs were 
t i ght l y  twi sted and passed through a smal l 
superconduct ing tube to a SQUI D  magnetometer l ocated i n  
the hel i um bath . The astat i c  coi l s  were centra l l y  
l ocated i ns i de a ni obi um tube wi th a l ength-to-d i ameter 
rat i o  of 1 8 ,  wh i c h  provi ded a shi e l d i ng factor aga i nst 
externa l noi se  in  excess of 1 07 . F i e l d s  of up to 500 
gaus s were trapped i n  the n i obi um tube usi ng a sol enoid  
l ocated in  the  hel i um bath . 

We i nsta l l ed three thermometer assembl i es i n  a 
four-stage thermal contro l  system for measurements over 
the range 1 . 5 to 5 K .  One thermometer was operated 
wi thout a sal t pi l l  to measure background dri ft and to 
test for the presence of excess noi se i n  the system . 
Two d i fferent sa l t  materi a l s ,  Mn ( NH4 ) 2 ( S04 ) 3 : 
6H20 ,  MAS , and Cu ( NH4 )2Br4 : 2H20 ,  CAB , were 
used i n  the remai n i ng assemb l i es .  

We ca l i brated the h i gh resol ut i on thermometers over a 
wi de range of temperature aga i nst a german i um thermometer 
measured wi th a four-termi nal  ac res i stance bri dge . The 
sens i t i v ity of the MAS thermometer was proporti ona l to 
1 /T2 as expected , wh i l e  the CAB thermometer exh i bi ted 
a sen s i t i v i ty maximum near 1 . 8 K due to the magnet i c  
phase tran s i t i on i n  zero f i e l d . The peak sens i t i vi ty of 
th i s  devi ce was found to be 9 . 5t0/�K . where t0 
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i s  the quantum of f l ux .  The correspondi ng nms noi se 
l evel was about 8 . 4 x 1 0-4 g i v i ng a maximum temperature 
resol ut i on of 8 . 8  x 1 0-1 1 deg , i n  a 1 -Hz  bandwi dth . 
For compari son the nms thermal f l uctuat i on noi se 
6Tnms E ( kt2/Cs ) l l2 , where k i s  Bol tzmann ' s 
constant and Cs i s  the heat capac i ty of sa l t ,  i s  
approxi mate l y  l o-1 0 deg . The uncertai nti es i n  th i s  
estimate and i n  the effect of the thermal response time 
on the  noi se are at present l a rge enough to  cons ider the 
d i s c repancy between these numbers un important . At 4 K 
the sens i t i vi ty of the CAB sa l t  i s  O . l t0/pK and 
the noi se spectrum i s  i ndi st i ngui shab l e  f rom the empty 
devi ce . On the other hand , the MAS sa l t  has a 
sens i t i v i ty of about 0 . 3t0/pK , and s i gn i f i cant 
noi se i s  vi s i b l e .  Unfortunate l y ,  the heat capac i ty of 
MAS at 4 K i s  not we l l  known , g i vi ng a l a rge uncerta i nty 
i n  the f l uctuat i on noi se esti mate . At 1 . 8 K ,  the no i se 
and the sens i t i vi ty of the CAB sa l t  i nc rease 
substanti a l l y  and the noi se i s  comparab l e  wi th that 
expected f rom the rma l  f l uctuat i ons as noted above . For 
the MAS sa l t  at 1 . 8 K, the resol uti on was 8 . 2  x 1 o-1 0 
deg . 

It i s  c l ear  f rom the above observati ons that we have 
constructed a devi ce  wi th the potent i a l  of resol vi ng the 
l ambda poi nt to the fu l l est extent ava i l ab l e  on the 
Shuttl e .  The bas i c  des i gn of the devi ce  i s  very rugged , 
wi th no movi ng parts , gi vi ng us confi dence that i t  wi l l  
perform we l l  i n  the Shutt l e  envi ronment . We have est i 
mated the effect o f  the rad i at i on f l ux o n  the dev i ce and 
conc l ude that wh i l e  it may be detectabl e ,  i t  s hou l d  not 
s i gni f i cant l y  i nterfere wi th the measurements . 

I n  add i t i on to the thermometry ,  we constructed a 
thermal contro l  system to house the experiment wh i c h  
had a temperature stabi l i ty more that two orders of 
magn i tude better than prev i ous devi ces . Th i s  was 
necessary to contro l  the heat i nputs f rom the 
suround i ngs of the samp l e  of hel i um duri ng h i gh 
resol uti on heat capac i ty measurements . For the f l i ght 
experiment we need to mod i fy th i s  system to provi de a 
cag i ng mechan i sm for the experiment . Th i s  system wi l l  
be used duri ng the ground-ho ld  and l aunch phases to 
protect the experi ment . To mai nta i n  operati ng 
cond i t i ons  nea r the l ambda poi nt duri ng f l i ght ,  the 
c ryogen i c  i nstrument assemb l y  wi l l  be housed in the J PL 
Superf l u i d  He l i um Fac i l i ty wh i c h  wi l l  be f l i ght-tested 
on Space l ab I I .  
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PROGRAM PLANS 

Si nce the f l i ght i nstrument d i f fers s i gni f i cant ly  f rom 
our l aboratory test apparatus , we p l an to bui l d  both a 
prototype and f l i ght uni t .  Thi s  approach shou l d  gi ve us 
suff i c i ent earl y feedback of the des i gn suitabi l i ty to 
mi n imi ze the cost and ri sks assoc i ated wi th the f l i ght 
uni t .  The prototype test i ng i s  expected to be compl eted 
i n  the next 1 8-20 months wi th the f l i ght occurri ng i n  
mi d -1 988 . A number of fol l ow-on f l i ghts are bei ng 
cons idered that take advantage of our technol ogy 
deve l opments to study other propert i es of i nterest . 
Pos s i b l e  cand i dates i nc l ude a norma l  hel i um therma l  
conducti vi ty experiment , a study o f  the temperature 
dependence of the corre l at i on l ength i n  the superf l ui d  
phase near the l ambda poi nt , and searc h  for the ana l og 
of Josephson effects i n  l i quid  hel i um .  
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Tabl e  1 5 . 1 . Compari son of Paramete r Va l ues at the Lambda Poi nt Pred i cted by 
the RG Method wi th Those Obta i ned Experimenta l l y  ( Quant i t i es i n  Parentheses 
Represent Constra i nt s )  

Parameter 

RG pred i ct i ons 

Ps data 

I sobari c ex-
pan s 1 on data 

3H' - 4He 
m xtures 

�( =o ' ) 

- . 008 
;t. 003 

- . 026 
;t. 004 

- . 022 

A/A ' X 

0 . 521  
1 . 03 ;t. 006 

. 5  :t . 1  

1 . 1 1 2  
;t. 022 ( • . 5 ) 

1 . 088 ( = . 5 )  

DID ' B-B '  ' D ' /D p 
. 669 . 1 5  

1 . 1 1  0 ;t. 002 ;t. 1 8  

. 6749 - - ;t. 0007 - . 1 1  

1 . 29 ( =0 )  
;t. 2 5  - ;t. 04 

- ( •0 )  

N .... 
a" 
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Tab l e  1 5 . 2 .  Experi menta l l y  Observed Va l ues of Heat 
Capac i ty Exponent G at the �-poi nt 

Group Parameter G 

BF & K Csat 0 . 0  ± . 05 

Ahl ers CSat 0 . 00  � G � - . 026 

Ah l ers CSat - . 01 63 ± . 001 7 

MAP expans i on - . 026 ± . 004 
coeff i c i ent 

G & M  Csat - . 01 98 ± . 0037 

6 & M Mi xtures - . 025  

T & W CSat - . 01 7  

T & W Mi xtures - . 024 
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Tabl e  1 5 . 3 .  .Optimum Samp l e  Si ze , a0 ,  and 
Correspond i ng Temperature Reso l uti on ,  t0 as a Functi on 
of Res idua l  Accel erat i on ,  g/g0 

g/go to a0 ( em) 

1 s . o x l o-8 . 088 

1 0-1 1 . 3 x 1 o-8 . 22 

1 0-2 3 . 2  x l o-9 . 56 

l o-3 1 . 9 x 1 o-1 0 1 . 40 

1 0-4 2 . 0  x 1 o-1 o 3 . 5  

1 o-s s . o x 1 o-1 1 8 . 8  

l o-6 1 . 3  x 1 o-1 1 22 . 2  

l o-9 2 . 0  x l o-1 3 351 . 
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F IGURE 1 5 . 1 . Paramagneti c  sa l t  thermometer .  
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