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1. 1nI:rodiictioii 

Tl ic  ob jc ic t ivc  of t h i s  s t i t d y  i s  t o  c o n t r i b u t  c: t o  a inorc 
-I 

general  uude~:standirig of h n g m u i  r probe theory b y  fioi ng beyond 

cnter i n r o  the dctc:rminati.on of pnvti.c.3.c t r a j e c t o r i e s .  

t h a t  the former r e p r e s e n t s  a rrgjon i n  w!iich de tc l i~rn in is t ic  

t ra jcc tor i  e s  dominate w h j  1 e the  l a t t e r  i s  R reg ion  dcminatcrt by 

s t a t i  s 1. i CR 1 i n  I: cr a c t. i on  s 1 ai-.g e 1 y c on t r o 1. I ed I> y t 1 ic> c o 11 i s i oil 1 c s s 

s t a t i o n a r y  Ihltzmniin (VI ix;ov) e q u n t i o n .  
2. 

In the p r e s e n t  s tudy  a general s o l u t i o n  of this Coltzrnann 

equa t ion  w i l l  hc. g iven  and  its re1 a t i o n s h i p  t o  the problem o f  

s a t u r a t i o n  currclnt: dcusi  t y  i n  31) 1.7.i 7 1 be e l u c i d n t c d ,  

chanher  experiments condurtcd hy B. llclntryrc a t  the JSC environ-  
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long s t r i p  of c o n s t a n t  w i d  t!i d c t n i l c d  s p e c i f i c  cnl C U I  a t i o i i s  11n1~e 

been rcquircd f o r  t h i s  cast?. To t h i s  end s o l u t i o n s  s u j t a b l c  for  

t h i s  gcomctry linvr been stu(lj cd and a r c p o r t  of t h e s e  appronclics 

is j.ncludcd i n  ttic p r e s e n t  work. 

Y i n a l l y  tlic phys ica l  p i c t u r e  of t h c  problem of c u r r e n t  

col.lect::ion and cui:rent ” foc~iss inp ,”  (ani s o t r o p i c  c o l l e c t i o n )  i.s 

d i s c u s s e d .  

equa t ion  approaches ,  S~rcanl incd ver s io i i s  of t h e s e  ary,uments 

w i l l .  be initially g iven  bu t  j t vj.l.1 be found  that. i n t q r a l  

expressed  a s  averaging  theorems which redlice t o  the c l a s s i c a l  

results i f  t h e  i n i t i a l  vc1oC:i t ics  a re  zero.  

’It si iould he c l ea r ly  rca)y, i i ized t h a t  by i n c l u d i n g  an  i n i  t j a l  

v e l o c i t y  (see eq. ( 6 ) )  i n  t h e  problea we have opened t h e  poss- 

i b i l i t y  of two estreme s i t u a t i o n s  i n  which the v a l u e  of tfic vc l -  

o c i t y  magnitude a t  any p o i n t  i n  t h e  space charge r eg ion  may be 

dominated by t h e  c1ectrostat: ic poten t j -a l  f i e l d  c or 1)s the i n i t i a l  

v e l o c i t y  dependi i ig  upon t h c  si z c  of the l a t t e r .  

3. Plane  l’rabe 

For a p l a n e  probe (which is  a wall) which is n e g a t i v e  with 

r e s p e c t .  t o  an a d j o i n i n g  qilasiiwut ra1 pl2si;ia elect roils i c j  11 bc 
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removed fro;n a l.apcr nc::t t o  tlic probe because of t h e i r  prcatcr 

mobi1.it.y t han  the posi t i v c  ions;  T h i s  leads t o  thc d ~ \ ; e ' l ~ p ~ \ c ~ ~ t  

of c? d a r k  space coiitaininl: p o s i t i v c  t o n s  and t?iis space  of th ick-  

To dctermine t!le volto;l,ca a s  a f u n c t i o n  of pos i t - i r in  j n  the rc(:ion 

of  positjvc! spncc' r:?inrp,c: one procccds f ron  the I 'o isson equat ion  4 

i n  l.-dj mcnsional foi-ri 

given by 

where v is t h e  mnp,njtude of tlic vcxlocity of p o s i t i v e  ions dircicr.ctl 

from the plasma to~mrcl  the probe  and J has t?ic same d i r e c t i o n .  T h e  

cncri;y of  a n  i o n  j s  



wllcre tlie subscript  p r c f o - s  t o  tltr value a t  the sur face  s ( q +  

a r n t i n g  the qunsincutral plasma from the region of posiotivc 

c1iary:e derisj t y .  

the probe.  By t h e  substi t i s t fon  
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which at x=O ori the pro1)c gives 

theory. T h i s  nay a l s o  be expressed b y  squaring a s  

4 ,  Sphcrical I ' rolx 

T h e  T'oisson equa t ion  is 

( I  a )  

(15) 

one has a p p r o x i m a t e l y  

(SA) 
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an appropriate c o n s t a n t .  

G 

(1 9 )  

(%I) 

5 ,  Cyl ind r i ca l .  Probe 
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w i  t h  

w i t h  

so  t l1at :  

(26)  

and 



6 .  Probe of A r b i t r a r y  Shnp 

8 

this i m p l i e s  

. where v i s  v c l o c i t y  at shea th  houndnry and $$ j s  el.cct-1.0- 
P .  P 

s t a t i c  potcnt i81.  there. one has 

( 3 5 )  
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w h i c h  then corresponds t o  the 3 / 4  l.aw 

so t h a t  t h e  genera l  case j n c l u d c s  t l id  u s u a l  r c s u l  t by s p c c i a l -  

the plasma) 

0 
3 

R 
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o r  i n  tcrins of c l in r~ :c  d t s n s i  t y  

cons i: a n t 
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Tl i c  ~ : r n t l i r n t  is g iven  by 
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1.2 ' 

with solution 

( 6 4 )  

w it 11 

so t h a t  
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Al te rnaLive ly  the potcn t  inl .  may bc o l i t n i  ned by mnppinp, the  

-0 z-plahc by a Schwarrtz - C h r i s t  o f  f e l  t r a n s f o r m a t i o n .  Ncrppi ny, 

vhicli integrates to 

( 7.4 ) 

f o r  w = ti -+ iv and z = x f i y .  

s t r i p  problem I s  tlieu 

Thc p o t e n t i a l  f o r  the 1;ivcn 



w i t h  

c COSll  v 

so t h a t  

1 . 4  

, ( 7 6 )  

(79  j 

q u a d r a t i c  or c u b i c  in p r o v i d e  a more realistic d i s t r i b u t i o n  7 



r ~ h i c h  rroiilcl t h e n  linvc a L i n j  foi-111 chnrge clensi t.y 2A i n  I he darl: 

spacc, For morc. d c t a i l c d  s p c c i f  i c a t i o n s  Lc7gi'ang.i a i l  intcrpol- 

of an c l l i p t i c a l  t r a j e c t o r y  i n  the o b j e c t  p l ane  i n  x:liicll t h c 3  

s t r i p  has  becoiiic 8 c i r c l e .  

W one has  

Thus i f  the s t r i p  plnnc. he 1abelc:d 

( 8 2 )  

is the image of t h e  u n i t  c j . r c l r  . G L  
c o l l e c t i o n  t r n j c c t o r y  then  t-cprcscnts 

= 1 i n  t h r !  Z-plane. A 



ORIGINAL PAGE 1s 
OF ,POOR QUALIW 

1G 

r =  
Y ( 8 6 )  

f o r  c o l  l cc  1: t o n .  

The c1irr.c.tions of  thc mi t vrictors changc t: i t l i  t inc. d u r i n g  

a trajectory and t h i s  iliust h e  consjdcrctl t o  cnlculatc' tllc 

acccl.era t i o i i  
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Using these the a c c e l e r a t i o n  i s  f o u n d  t o  be 

whichgive t l ie7tand k.&kmnponmts of thc accclerat i o n  cxpl i c i t - l y .  

. -  
so one ha:; the e q u a t i o n s  of motion b e:: . 

wtlicli suggests t h a t  l i i t z  .\nsYtzc. 

( 9 2 )  
-I ca 

may be usc:tl i n  a v a r i a t i o n a l  1Iar.ijlton p r i n c j p l e  usiiig (91) .  

F i n a l l y  i t  i s  r e a d i l y  ca l cu la t ed  t h a t  the curvature of 

a trajectory any p o i n t  i s  g iven  by 
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11. Field of Charged 1icctang:ul.ar 1'1 a t e  a t  Constant I 'o tcn t ia l  

llcrc. the Laplace equat ion  j s i n  C a r t c s i a l i  c o o r d i n n t c s  

+o  
which by the Rcrnoui.lli separatj on nrgunent. and Fourier syn t l i c s i  s 

?]as so l .ur ions  of t l ~ c  form 

nimum a t  x = y = 0 t h e  Ansatz 1.3" 

is suggested because of the identity 14 
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T h e  p o l r e n t i d  r educ ing  to  &? on  the p l a t e  then become..; 
60 

It would be d e s i r a l J l c  t o  g c n c r a 1 . i ~ ~ ~  this so1ut:ion t o  i n c l u ~ l r  

t h e  e f f e c t  of a space charge of t h e  t y p e  t o  h e  e s p c c t c d  i n  t h e  

da rk  space about such a p l a t e ,  b u t  t h i s  h a s  no t  y e t  hceii accoi+ 

Eq ua 1: ion 

This equntioii  somctili1cs c r ~ l l e d  the Vlasov  equal i o n  i :; of 

the io1 1 owing f o m  

(103) 

(1.04 ) 

(105) 

over all p o s i t i o n  and vc'locit-y space'. 
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s p  c t ior i  t h a t  the gcncrnl s o l u t  i o n  o f  the c o l l  j sio~il c!ss s l  n t  . i onnry  

(1  07) 

For n c l a s s i c a l  tlici-inodpnai~ic gas f is taken t o  bc  o f  t ho  

u n l . i ~ i c ~ y  to  be in a 1iig11 cncrgy s ta te . ,   or w c ~ i  a gas e + =  o 
and a Giussian d is t r i lx i t ion  i n  v e l o c i t i e s ,  viz. t ~ i c  >1axve1 I - 
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is  then p r n p o r t i c m ~ l  t o  t lw vai-iancc? of t h i s  v e l o c i t y  d i  strj.- 

bu t ion .  

the  a c,l:unl vel oc i. t y {lis t r i but  .i on . 

at low v o l t a g e  l e v e l s  it is impor tan t  a:; n l i m i t i n g  s i t u a t i o n  

more closely approached a t  high  vol tap,:cs. Thercforc: it SC!C:P,S 

c o n d i t i o n s  nb rn in i .ng  a t  s a t u r a t i o n  a 1 1  p a r t i a l  tiire dc r iva t  ivcs  

w i l l  be  ZCTO and t:tre cqiint i o n s  becoriic 

T h e  s ta t ionary  (sa't-uration) state is t h u s  cha rac t e r i zed  by t l ic .  

scsis tencc of mi c l c c t l - o s t a t i c  p o t c u t i ; ~ ~  t'j v 7 i L h  
9 

t 
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SO t h a t  f o r  c o n s t a n t  p c r i n i t t i v i  ty  

(I 1.3) 

(114) 

of: a chart.,o 

(1 1s) 

and i t  i s  n o t  necessa ry  t o  use  thc Ampere c i . r cu i t a1  law t‘o 

calculntc c u r r e n t  d c n s i t y ’ J .  I f  chis result be used i n  the  
- 

p l  asma i:cgioii where the col  l i s i o u l c s s  s t a t i o n a r y  Bo1 tzmnnn 

* 
(106) i s  n d e t e r m i n i s t i c  r e l a t i o n .  If it be applied to an 

e s s e n t i a l l y  stochastic s i t u a t i o n  where t h c  expected vcl .oci ty  

is  zero (117) i m p l i e s  

*For the cxpectatiolt,”,$pto be d e t e c t a b l e  it iniist be larger  than  
F 

t 
d 

the thermal velocity which represents noise.This ho lds  at l o w  : > ,  
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the f a l l  of ,paytic Lcs i i i t o  the el l j p t i c a l .  f u n n e l  potrint io1 w & l l  

t h e y  arc! app~o; ,chi i ig .  

widen  31. flle t o p .  I h l c r  thcse contlit.joiis v cannot  be set  c c l u n l  

t o  zero ,  bi i t  l ~ c c a u s r  (106)  i s  c o n s t a n t  J 

.rJhich is tlie p e c u l i a r  p m p c r t y  of s a t u r a t i o n .  \Chat then d e t e r -  

1niiic.s 3 ? C l e a r l y  v a s  r7 f a c t o r  ou t s j t l e  the exponc~nLia1. 

t 
In f i lc t  a s  c.) increases  this funncl. w i l l  t 

t 
6- 

- 
no l o n g e r  depends on <I) 

-.. -- 

thc s ides  o c  thc 1 . ~ 3 1  nlong the c l c c f r i c  f i e l d  l i n e s  f o r  the 

s t r i p .  T n  the prest.ncc or i n i  t i  n l  v e l o c i t y  t h c y  i x n ~ l d  swi r l  

around i i l  L ? I C ~  funnc l  a s  t hey  f e l l .  All this i s  t rue  a t  n o t  t oo  

h i g h  (: ;att i i-a~Lon) vol t agc .  Ahovc? s a t u r a t i o n  v o l t a g e  the p a r t i c l e s  

behave as i f  tlicre wcrc no' potent. ia1 well. . I&ce they  s i m p l y  

move 3-11 tlic'fl.orr pat tcrn of uncharged particles about  the s t r j p .  

Thcrc i s  thus a t i - a n s i  L i o n  0.11 s g t u r a t j o n  from a problem of 

i o n i c  motion i n  an clcctrost  n t i c  f 3  c1.d t o  dne ',equivalent t o  a 

neu t r a l .  gas dynami'c fldw about an o b s t a c l e  ( s t r i p ) .  

14. Anisotropy of Current C o l l e c t i o n  CGp 3) 
'In J,anGmuj r prohe t!icory one i s  u s u a l l y  i n t e r e s t e d  on ly  i n  , 
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t o t a l  current c o l l e c t  cd. E n  turn1 1 y such a varj al1l.e c o n t a i n s  
. .  

no infoi:matjon ahout  Iiow the crlrrcnt: dcns5ty  i s  d i s t r i b u t e d  on 

i n  the s:mc s(mse. 'Sheii f o r  tct;71 current 7. c r o s s i n g  the sur- 

(119) 

or "focussing" on the s u r f a c e .  

15. Cur ren t  Focuss ing  f o r  a S t r i p  Col. lector  

Returning to (32) and ( 3 4 )  and u s i n g  c ~ l l i p t i c  cy1 R.iic1cr 

coordinntcs (58) one f i n d s  frorii (87)  curre11t clcnsit y crossing 

a p a r t i c u l a r  ellipse corresponding  t o  a s p e c i f i c  v a l u e  of P 

( 1  23) 



o r  
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(124) 

know 1 cd ge o f 7 1  a s  a f u n c t i o n  o f  . If t h e  p a r t i c u l a r  
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1 7 . q  
and i n  eithcr C ~ S C  a,? .;) Is d e t e r m i n e d  at t h e  str ip.  The 

0 

down t o  t h e  normal component 

Then integrating (7 0 ; )  d s  

(131.) 

cedure nuuieri.cally, 

For the purpose of g e t t i n g  bct tcr  i n p u t  i n fo rma t ion  on 

t h e  v e l o c i t y  o f  f Inr..7 i n t o  the p o t c n t i a l  (well) funnel .  

FI.019 i n t o  3 circrilar fuiiuc.1. : toil l  3 po in t  soul-cc i n  the 
*If no space charge viere present one could use t h e  i n i t i a l .  inform- 
a t ion  on location o f  entry point and T$i t h e  w-plane o f  Sec .9  
calculat ing iniagc: o f  impact p o i n t  and impact angle to f i nd  
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e 

(131) 

and the (coiuplcx) velocity is found from 
* v = f ' ( z )  

(137) 
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an i s o t r u p i c  sou rce  bu't x a t h c r  a f low i n t o  an  e l . l i p t i . ca l  f u n n e l  

from a d i p o l e  source.  7'0 gc t  th: is  the iiiappiiig from c i r c l e  i n t o  
3. 

el-l ipse may bc t i scd ,  

and maximum o r d i n a t e  a t  Z = i b .  To map t h e .  e x t e r i o r  of  the 

e l l i p s e  on to  ~ h c  e x t e r i o r  o f  the cii-c.1.c the a p p r o p r i a t c  invrarsc 

The complex Flow f u n c t i o n  from a d i p o l e  sou rce  a t  \a7 = i @ i n t o  

Subs f - i t u t ion  from (1 39) f o r  '(J then  y j e l t l s  t-lip r e q u i r e d  comp3ex 

f lo ig  f u n c t i o n  j n  t h e  z-plane.  From this t!ie v e l o c j t y  can  b e  

c a l c u l a t e d  at t h e  ell.ipse which  forms "tlie edge of the f u n n e l " .  

A gene>-nl i:elati,ons?1i p hetween c u r r e n t  dci is i  ty , v o l t a g e  

and f3ow v e l o c i t y  has becn obta ined  f o r  1,angiiiuir probes of arlli-2 

t r a r y  shape. Seve ra l  p n r ~ . i . c u l a r  c a s e s  (pl  anc ,  cy1 j n d r i c a l ,  

s p h e r i c a l )  have a l s o  bc~cn der ived .  The c l a s s i c a l  3/11 law i s  
recovered frorn the general case 
i f  i n i t i a l  flow v e l o c i t y  i s  zero. 

It: is  argued that  f o r  sufficiently h i g h  a p p l i c d  v.01 tn::c 

t h c r c  w i l l  be a s a t u r a t i o n  e f f e c t  i n  rihich c u r r e n t  d e n s i t y  
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bccomcs independent of f u r t l i c r  vol t n g e  i n c r e a s e s .  I'lic npiironcli 

t o  s a t u r a t i o n  then i n v o l v e s  a t r a n s i t i o n  from a flow p a t t e r n  

dominated by thc c l . c ~ c t - 1 - 0 ~ t i 1 t i ~  f i c l d  of  t h c :  c o l l c c t o r  t o  one 

s i m i l a r  t o  f low p a s t  ;in uncliai-f;cd ol)jcct:, 

is  handled by t r e a t i n g  t h e  c u r r e n t  d e n s i t y  as  a s t a t  istical 

d i s t r j . b u t i o n  on any s u r f a c e  su r round ing  the c o l l c c t o r .  The  

s t anda rd  dc>v.iat-ion of  t h i s  d i s t r i b t r t i o n  i s  t ! ; c ~ n  a measure 0: 
t h e  c o n c e n t r a t i o n  o f  c u r r e n t  a b o u t  t h e  mean entry l o c a t i o r l  on 
the sur lacc  and the d c t c r m i n a t j o n  of tliis stnndarcl  cicv.ixitioii as 

i? f u n c t i o n  of applicxl vol.tagc ~ K I U I  d so l  vc! the c u r r e n t  f o c u s s i n g  

problem, 

Argui:icn t s 1) car in p, 011 1. h e  n w ~ c  r i c a l  a pp r on cli e s to t ? I c 1') ro?) 1 c1:i 

a re  a l s o  g iven .  3 t j s  hc l i cvcd  tliaL tlic thc!orctic;iI afspccts 

his apprcciation t o  Iicrnnrcl McInty1-e f o r  many u s e f u l  discussions 
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ABSTRACT 

Th is  was a mu1 ti f a c e t e d  p r o j e c t  i n v o l v i n g  seve ra l  task s 

r e l a t e d  t o  an th ropomet r i c  da ta  c o l l e c t i o n  and comparison. 

Such da ta  o c c u r r e d  i n  v a r i o u s  forms, and i n c l u d e d  a c t i v i t i e s  

r e l a t i n g  t o  human f o r c e  and m o t i o n  c a p a b i l i t i e s .  I n f o r m a t i o n  

was ob ta ined  f rom a s t r o n a u t  cand ida tes  d o i n g  c e r t a i n  f o r c e  and 

mo t ion  a c t i v i t i e s .  These i n d i v i d u a l s  were s u i t e d ,  b o t h  i n  

one-G and i n  n e u t r a l  buoyancy o f  a wa te r  f a c i l i t y ,  and a l s o  

unsui ted,  i n  a one-G environment.  

A lso i n v o l v e d  was t h e  r e v  

o f  hardware used i n  quant 

ew and comparison o f  seve ra l  

f i c a t i o n  o f  t h e  da ta  c o l l e c t  

p ieces 

on. 

Th is  hardware i n c l u d e d  a CYBEX I1  f o rce  and to rque  machine, 

and a three-d imension camera system( AMs) f o r  measur ing range 

o f  mo t ion  envelopes. 

P r e l  i m i  na ry  comparison o f  c o l l  e c t i n g  techniques was made t o  

determine s i g n i f i c a n t  v a r i a b l e s  i n  t h e  a v a i l a b l e  data.  A lso,  

suggest ions a r e  o f f e r e d  f o r  s t a n d a r d i z a t i o n  o f  da ta  c o l l e c t i o n  

i n  an a t tempt  t o  b e t t e r  p r e d i c t  u s e f u l l n e s s  t o  v a r i o u s  groups. 
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INTRODUCTION: 

I t  has long been recognized t h a t  the science of measurement 
has been important in the history of c ivi l izat ion.  Even in 
our  present-day technology, we easi ly  forget t h i s  principle 
as i t  applies t o  the physical s ize  of a person and  his ab i l i t y  
t o  function in ou r  complex world. 

Early researchers into body s i ze ,  1 i ke B1 umenbach ( 1  752-1 340), 
reported f o r  the f i r s t  time the complete body measurements. 
A t  abou t  th is  same time the s t a t i s t i c i a n  Quetelet (1  796-1 874) 
carried out the f i r s t  large-scale body measurement study, a n d  
i s  recognized as founding the science and coining the term 
"an t h ro  pome t ry'l . 

Later, during the early p a r t  of the 20th century, extensive 
a n d  r a p i d  increases in anthropometric 1 i t e ra ture  occurred. 
A t  th is  time, d i f f i cu l t i e s  became evident as various 
investigators used differing terms in gaining measurements 
on the human body. More and more, knowledge o f  methodology 
became an important p a r t  o f  data interpretation a n d  evaluation. 

Today, w h a t  most people consider "normality" of body s ize  i s  
more accurately replaced with tables and charts of s t a t i s t i c a l  
values. I n  'anthropometry today, s t a t i s t i c a l  calculations are  
used t o  establish design c r i t e r i a  for specifying the range o f  
each body dimension o r  function for which a product i s  t o  be 
designed. 

These c r i t e r i a  will also determine the basis for selection 
standards used i n  screening a potential user population. This 
set t ing of anthropometric c r i t e r i a  or  l imits  i s  essential i f  we are 
t o  insure proper fi ' t  of the man-machine system. However, we must 
recognize t h a t  variables of human beings are  vastly different  t h a n  
those of machinery. 
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In b o t h  cases, too  t igh t  a tolerance excludes use by many, 
a n d  may well ra i se  the costs .  On the other h a n d ,  a design t h a t  
accommodates the ful l  range of  observed variations in the 
population, requires adjustments t o  the design, and  will also 
raise the costs. 

PROBLEM : 

As in many engineering problems of measurement, the most direct  
approach t o  movement a n d  range of motion capabi l i t ies  i s  t h a t  
of defining "final effects" .  A t  th is  level of the problem, the 
desired answer can be presented in a simple "yes" or "no" t o  
a question such as :  "can the individual reach and move a control?" 

Given no prior knowledge, the l ike ly  approach to  such a problem 
i s  t o  build a mockup of the s i tuat ion and t e s t  a sample of 
individuals t o  observe i f  they are able to perform the given task. 

This approach has i t s  obvious l imitations.  After the answer i s  
obtained, one s t i l l  has knowledge o f  only a s ingle ,  specific 
si tuation t h a t  may never be repeated. 

A t  the next leve l ,  a more general solution may be sought in terms 
o f  defining a reachable spatial  volume by determining i t s  Soundry 

surfaces, o r  i t s  envelope. Within th i s  defined envelope, several 
motion ac t iv i t i e s  are possible. 

Angular movement measurement i s  one of these, and  has much in common 
with measurement of l inear  dimensions. Here, a variety of types o f  
information regarding movement, may be obtained. These include 
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centers of rotation and angles as well as range of movement 
envelopes. 

I n  each of the foregoing, for angular movement, a consistent use 
of scales,  reference axes , planes and vectorial representation 
of links will reduce uncertainty and encourage consistency. 
These are important in t h a t  they will lead t o  more accurate 
design d a t a  a n d  the development of clear specifications for  
mobility requirements. 

I n  the cases involving dynamic recording and measurement of 
human movement , several measurement probl ems are  compounded. 
According t o  J .  A. Roebuck (1975) and others,  the following 
are  the minimum requirements f o r  exact and objective methods of 
recording human movement: 

1 .  Constant relationship a n d  precision to the given 
dimension chosen. 

2. Action of the subject must be unobstructed. 
3 .  The range and  sens i t iv i ty  of the equipment must be , 

suf f ic ien t  t o  record changes in body position. 
4 .  The d a t a  should be easi ly  interpreted.  

Further, as compared t o  anthropometric dimensions, strength d a t a  
generally have a much greater var iab i l i ty  between individuals. 
I t  also my be more easi ly  influenced by a change in e i ther  mental 
o r  physical s t a t e  o f  the subject. 

Therefore, i t  has been stated that  many of the published studies 
on muscular strength may suffer  from shortcomings involving 
fa i lure  t o  consider the biomechanical, physiological , a n d  the 
psychological aspects, as well as inadequate or improper 
instrumentation. This l a s t  de f i c i t  may also include fai lure  
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t o  r e p o r t  c l e a r l y  t h e  exper imenta l  procedures o r  s t a t i s t i c a l  

analyses . 

Indeed, one o f  t h e  most d i f f i c u l t  problems i n  t h e  assessment 

and a p p l i c a t i o n  o f  human s t r e n g t h  data i s  t h e  p r e s e n t a t i o n  o f  

t h i s  data.  

v a r i a b l e s  must be k e p t  cons tan t .  

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

such exper imenta l  c o n d i t i o n s  has caused t h e  r e s u l t s  o f  many s t u d i e s  

t o  be o f  ques t i onab le  v a l i d i t y  and use. 

For s t r e n g t h  da ta  t o  be v a l i d ,  a l a r g e  number o f  

T h e i r  s t a t u s  must be c l e a r l y  

CURRENT ANTHROPOMETRICS LABORATORY: 

Given the  b r i e f  background on an th ropomet r i cs  and some o f  t h e  

recogn ized problems assoc ia ted  w i t h  t h e  f i e l d ,  t h e  p resen t  .task 

a t  t h e  Johnson Space Center and t h e  Anthropomet r ics  Labora to ry  (AML) 

may now be under taken.  

.The p r imary  concern was a n a l y z i n g  t h e  use fu lness  o f  t he  AML f a c i l i t y  

i n  de te rm in ing  t h e  k i n d s  o f  problems t h a t  a s u i t e d  a s t r o n a u t  m i g h t  

encounter  i n  E.V.A. 

were: What i n f o r m a t i o n  i s  v i t a l ?  How can t h i s  i n f o r m a t i o n  be 

ob ta ined  q u i c k l y  and most a c c u r a t e l y ?  And, what p rocess ing  i s  

a v a i l a b l e  f o r  t h e  da ta  r e d u c t i o n  and a n a l y s i s ?  

Immediate ques t ions  wh ich  came t o  t h e  f o r e  

I n  o r d e r  t o  answer these and o t h e r  r e l a t e d  ques t ions ,  i t  became 

apparent  t h a t  t h e  t a s k  was m u l t i f a c e t e d .  

t o  be contac ted .  S u i t  f a c i l i t i e s  had t o  be seen. Var ious work 

s t a t i o n s  needed t o  be v i s i t e d ,  t o  unders tand how t h e  r e a l  w o r l d  

o f  t h e  E.V.A. c o u l d  be demonstrated. 

Other  researchers  needed 

Ques t ions  as those  above needed answers. 

f rom contac ted  l a b o r a t o r i e s  grew, t h e  ev idence became c l e a r  t h a t  

a l a r g e  number o f  researchers  were c u r r e n t l y  a p p l y i n g  themselves 

t o  t h e  problem o f  mo t ion  and f o r c e  a n a l y s i s .  

As t h e  l i s t  o f  "exper t s "  

(See Table 1 .0 )  
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It a l s o  became c l e a r  t h a t  seve ra l  i m p o r t a n t  d i f f e r e n c e s  were 

p resen t  as t o  techn iques  and approach t o  t h e  an thropomet r ics  

problem. Many such workers, i t  was d iscovered,  have unique 

needs and the re fo re ,  have des igned t h e i r  techniques t o  t h a t  

purpose. Spor ts  med ic ine  and p h y s i c a l  educa t ion  l a b s  which 

were con tac ted  had such a s p e c i a l  purpose. 

I n  a d d i t i o n ,  c e r t a i n  p r i v a t e  l a b  f a c i l i t i e s  f o r  an thropomet r ic  

c o l l e c t i o n  a r e  a v a i l a b l e ,  and w i l l  t a i l o r  t h e i r  techniques i n  an 

a t tempt  t o  f i t  t h e  needs o f  t h e i r  c l i e n t s .  

One research  u n i t  con tac ted  i s  u s i n g  t h e  method o f  s te reo -  

photogammetry t o  r e - c o n f i g u r e  t h e  a c t u a l  body p r o p o r t i o n s  o f  

an i n d i v i d u a l .  These dimensions a r e  then  recorded d i g i t a l l y  

t o  l a t e r  be d i sp layed .  

Several l a b s  across  t h e  c o u n t r y  a r e  u s i n g  two-dimensional and 

th ree-d imens iona l  approaches w i t h  16 mm cameras t o  r e c o r d  mo t ion  

a c t i v i t i e s .  Such f i l m  i s  l a t e r  analyzed fo r  angu la r  and reach 

changes, t o  be d i g i t i z e d  f o r  r e f e r e n c e  on t h e  t e s t  s u b j e c t .  

As no ted  e a r l i e r ,  t h e  s u i t  f a c i l i t y  was a v i t a l  f a c t o r  t o  f u r t h e r  

unders tand ing  o f  any mo t ion  a n a l y s i s  problems. A t  v a r i o u s  t imes 

th rough t h e  weeks, c o n t a c t s  and meet ings were h e l d  w i t h  i n d i v i d u a l s  

o f  t h i s  f a c i l i t y .  The a t t e m p t  was t o  g a i n  knowledge about  t h e  

c u r r e n t  s u i t  model, w i t h  p a r t i c u l a r  r e f e r e n c e  and a t t e n t i o n  t o  i t s  

f a b r i c a t i o n  and in tended  E.V.A. uses. 

Several days were spen t  obse rv ing  s u i t e d  a c t i v i t i e s  by a s t r o n a u t s  

pe r fo rm ing  tasks  i n  t h e  \JETF wa te r  tank.  Here, seve ra l  d i f f e r e n t  

as t ronau ts  were i n  t r a i n i n g  t o  a t tempt  a number o f  a c t i v i t i e s  on 

t h e  submerged s h u t t l e  cargo bay and a i r - l o c k .  P a r t i c i p a n t s  were 

i n  n e u t r a l  buoyancy t o  s i m u l a t e  zero-(; e f f e c t s .  General s u i t  
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f l e x i b i l i t y  and c u f f - r i n g  m o b i l i t y  was observed d u r i n g  these 

tasks  and a c t i v i t i e s .  

A t  p resent ,  t h e  c u r r e n t  model o f  t h e  E.V.A. s u i t  has had o n l y  

l i m i t e d  p i l o t  runs  o f  an th ropomet r i c  da ta  c o l l e c t e d  on it. 

One such c o l l e c t i o n  was made u s i n g  a two-dimensional reach on to  

a drawing board. Th is  was a reach t e s t  done i n  t h e  WETF water  

tank .  

A lso ,  a s i n g l e  demonst ra t ion ,  s u i t e d  and i n  one-G was run ,  us ing  

a th ree-d imens iona l  approach w i t h  T.V. cameras and a mic roprocessor  

ana lyzer .  

F i n a l  ly ,  whi 1 e seve ra l  u n s u i t e d  f o r c e  and to rque  measurements 

have been o b t a i n e d  u s i n g  a CYBE): f o r c e  machine, no such i n f o r m a t i o n  

i s  c u r r e n t l y  a v a i l a b l e  u s i n g  t h e  p resen t  model E.V.A. space s u i t .  

I t  i s  e v i d e n t  t h a t  t h e  a b i l i t y  t o  do work shou ld  be the  p r imary  

t o o l  t o  e v a l u a t e  any E.V.A.space s u i t .  

d i f f i c u l t  t o  r e l a t e  e lementary f o r c e  and t o r q u e  f u n c t i o n s  t o  t h e  

more complex m i s s i o n  maneuvers, da ta  from such e lementary movements 

may be a p p l i e d  t o  unders tand t h e  l i m i t s  o f  a g i v e n  space s u i t  

and t h e  occupant  w i t h i n .  

And, w h i l e  i t  i s  more 

The an thropornet r i cs  l a b o r a t o r y  (AML) a t  MASA-JSC i s  ded ica ted  t o  
t h e  t a s k  o f  g a t h e r i n g  v i t a l  i n f o r m a t i o n  on reach  and f o r c e  o f  

a s t r o n a u t s  i n  b o t h  u n s u i t e d  and s u i t e d  c o n f i g u r a t i o n .  To t h i s  end, 

t h e  Af4L has seve ra l  p r o t o t y p e  p ieces  o f  equipment des igned f o r  

such da ta  c o l l e c t i o n .  These i n c l u d e :  

1. Automat ic  j o i n t  ang le  measurement dev ice ,  
c o n s i s t i n g  o f  a v ideo  camera, l i g h t s  which 
a t t a c h  t o  t h e  s u b j e c t ,  and a mic roprocessor  
f o r  da ta  a c q u i s i t i o n .  Th is  system p rov ides  
fo r  d i r e c t  ang le  read ings  f rom a j o i n t ,  p l u s  
a ha rd  copy p r i n t  t h r u  an e l e c t r o n i c  t e l e t y p e -  
w r i t e r .  
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2 .  Automatic three-dimensional anthropometric 
video system, including 3 T.V. cameras, a 
l ighting system attaching t o  the subject, 
and  a microprocessor. Information gained 
from th is  system includes envelope of motion 
and velocity-acceleration. Data from th i s  
equipment i s  programed t h r u  computers for  use. 

3 .  A CYBEX I1  dynamometer a n d  recorder for force 
and  torque d a t a  collection. This machine allows 
analysis of the various body j o i n t  movement 
a n d  several types o f  motion d a t a ,  including 
strength,  torque, power endurance and other 
isokinetics.  

When ful ly  operational , the above equipment has the capabil i t y  
o f  collecting the many parameters of body movement and force 
data on b o t h  the unsuited and  suited individual. 

Used together, the CYBEX a n d  the three-dimensional system 
can give information on b o t h  envelope o f  motion A N D  the type 
and endurance of many tasks a t  various body positions. 

Clearly, one of the principle jobs i n  the study of dynamic 
anthropometry, i s  to  describe quantitatively the translocations 
a n d  rotations of the various body segments, and  t o  re la te  them t o  
the movement of the ent i re  body. To be adequate, any such 
description requires n o t  only that  these body movements be 
measured in three-dimensions, b u t  also tha t  veloci t ies  a n d  force 
be recorded and t h a t  the sequence of motion of various parts of 
the body be determined. 
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FUTURE SUGGESTIONS : 

The Johnson Space Center's AF4L i s  currently i n  the early 
functional stages t o  begin collection of useful d a t a  on suited 
and  unsuited functional reach a n d  force ac t iv i t i e s .  

A t e s t  plan outline has been received from the s u i t  f a c i l i t y ,  
and  discussion begun for the s t a r t  of a performance m a p p i n g  
profile on shut t le  SSA s u i t  a t  various pressure levels .  The 
general procedure wi 11 i ncl ude the fol 1 owi ng  : 

1 .  Establish baseline "nude body" range of movement 
measurements with selected subjects. Each subject 
will serve a s  his own control. 
a )  Use document No. ILS-J-SS-011 as a guide l i ne  

t o  determine 22 basic body motions required, 
and the technique for  deriving these 22 motions. 

2 .  Conduct sui ted,  pressurized mobility range 
measurements with three dimensional cameras, using: 
a )  above defined 2 2  motions. 
b )  shu t t le  space s u i t  a t  following P . S . I . :  4.0,  5.0,  

and 6.0 

3. Repeat steps 2a a n d  2 b ,  using shut t le  space s u i t  

4 .  The following cautions are  t o  be observed in each 
without thermal micrometeroid layer. 

of the above experimental conditions : 

a )  Each position t o  be r u n  three times, with average 
value of these taken as mean. 

b )  Care used not t o  degrade motions due t o  candidate 
.fatigue.  

c )  Refer to appropriate standard text  sources for 
defining each motion given. 

I t  i s  further suggested t h a t  the suited reach (envelope) information 
be formatted i n  the manner given below and adapted from Kennedy (1978). 
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Using AML t h r e e  dimension camera system, deve lop  reach envelope 

i n  t h e  p r e s c r i b e d  manner. Then, f o r  b e t t e r  da ta  a v a i l a b i l i t y ,  

determine t h e  o u t s i d e  boundry va lues o f  t h i s  envelope. Th is  may 

be done by s l i c i n g  150 h o r i z o n t a l  l a y e r s  and 150 v e r t i c a l  l a y e r s  

th rough t h e  reach envelope. By u s i n g  a s tandard  re fe rence  p o i n t  

(such as SCYE o r  s e a t )  reach numbers can q u i c k l y  be ob ta ined  

i n  15O i n t e r v a l s .  

To g a i n  f u r t h e r  knowledge about  a g i v e n  model s u i t ,  a d d i t i o n a l  

reach data must be o b t a i n e d  i n  n e u t r a l  buoyancy o f  WETF water  

tank.  A l t e r n a t i v e  methods a r e  suggested f o r  c o l l e c t i n g  such 

data.  

s i d e  and 90° each s i d e  would g i v e  more u s e f u l  reach da ta  from 

t h e  WETF tank  approach. However, genera l  fo rmat  must be 

compatable i f  these da ta  a r e  t o  be comparable w i t h  t h e  3-D 

sys tem. 

Perhaps placement o f  reach boards a t  f r o n t ,  a t  45O each 

' A d d i t i o n a l l y ,  f o r c e  and work i n f o r m a t i o n  i s  v i t a l  on each s u i t .  

These data must a l s o  be o b t a i n e d  i n  one-G and i n  s imu la ted  0-G 

e n v i  ronmen t . 

Suggestions a r e  a l s o  made t o  use L i f e  Sciences D i v i s i o n  f o r  

c o o r d i n a t i n g  e f f o r t s  f o r  o b t a i n i n g  B.T.U.'s used and thermal 

l oads  developed d u r i n g  s tandard  f o r c e  and work tasks ,  w h i l e  

i n  a g i ven  model s u i t  under  t h e  v a r y i n g  c o n d i t i o n s .  

A f i n a l  reminder  t h a t  da ta  bases must be developed us ing  as much 

s tandard i zed  procedures as can be o b t a i n e d  f o r  p roper  da ta  

comparison i n  t h e  f u t u r e .  



TABLE 1 .O 

L a b o r a t o r i e s  and I n d i v i d u a l  s 

I n v o l v e d  i n  Anthropometr ic  S t u d i e s  o f  

Mot ion and Force 

Ken Kennedy and 

Chuck C l  auser 

Anthropometr ic  U n i t  
Wr igh t  P a t t e r s o n  A.F.B. 
(87 )  775-5779 

Joe McDaniel 

( w i t h  Kennedy) 

W r i g h t  P a t t e r s o n  A.F.B. 

D r .  Do'n S h e f f e r  and 

Rober t  Herron 

U n i v e r s i t y  o f  Akron 
I n s t i t u t e  f o r  B ioMedica l  
Eng ineer ing  Research 
(21 6 )  375-3850 

D r .  Herb Reynolds and 

D r .  Howard S t o u d t  

Mich igan S t a t e  U n i v e r s i t y  
Eas t  Lansing, M I .  48824 
(87 )  375-4675 
(87 )  373-3200 

Date c o l l e c t i o n  on seve ra l  types 
o f  f l i g h t  s u i t s .  Have developed 
a reach dev i ce .  Have c o l l e c t e d  
s u i t  reach data.  Determined 
" reach rnobi l  i t y  f a c t o r "  o f  s u i t s .  

Has c u r r e n t  p r o j e c t  on body s i z e  
and s t reng th lendurance  t e s t i n g .  
Has s u i t e d  da ta  w i t h  SR 71 and 
U2 a n t i - G  garments. Data base 
from v a r i o u s  s u i t e d  c o n f i g u r a t i o n s .  
Data a v a i l a b l e  t h r u  s i m u l a t o r -  
computer programs. A lso t e s t s  r u n  
f o r  k i n e t i c  measurements p l u s  
f i x e d  mode. 

Have d a t a  on stereophotogammetr ic 
body c o n f i g u r a t i o n s .  I .B.M. cards 
r e c e i v e d  by  AML as sample o f  t h i s  
program. 

Reynolds i s  c u r r e n t l y  c o l l e c t i n g  
3-4 an th ropomet r i c  data,  u s i n g  stere:, 
X-ray technique.  Cadaver use i n v o l v e s  
placement o f  meta l  p e l l e t s  i n t o  j o i n t  
c a v i t i e s .  Computer f o r t r a m  program 
d i g i t i z e s  data.  A l so  do ing  3-D 
p o s t u r a l  da ta  on stewardressess. 



John McConv i l l e  

An t h r o  pomet r i  c Res ea r c h  
S tud ies  I n c .  
503 Xenia Ave. 
Yel low Spr ings,  OH. 45387 
(51 3 )  767-7226 

L1 oyd Laubach 

U n i v e r s i t y  o f  Dayton 
P.E. Dept. 
(51 3 )  229-4225 

John A. Roebuck 

Space D i v i s i o n  
Rockwell  I n t e r n a t i o n a l  Corp. 
1224 Lakewood B lvd .  
Downey CA. 90241 
( 8 7 )  (213) 594-3078 o r  3311 

Jaime Cuzzi 

I n s t i t u t e  f o r  R e h a b i l i t a t i v e  
Re search 
B a y l o r  U n i v e r s i t y  
1330 Moursund 
Houston, TX 77030 

D r .  John Cooper 

I n d i a n a  U n i v e r s i t y  a t  
B1 oomi ng ton.  

(81 2 )  337-7302 

Has done e a r l y  s t u d i e s  on volume 
and c e n t e r  o f  g r a v i t y  o f  v a r i o u s  
body components. ( u s i n g  cadavers) 
P r e s e n t l y  do ing  moments o f  i n e r t i a  
on body segments ( cadavers ) .  Has 
r e f e r e n c e  t o  U.P.A.F.B. l a r g e  da ta  
bank, raw da ta ,  and v a r i o u s  d i s p l a y  
programs f o r  such data.  

C u r r e n t l y  t e a c h i n g  o n l y .  
Has had i m p o r t a n t  p a s t  invo lvement  
i n  an th ropomet r i cs  s t u d i e s .  

Pub1 i c a t i o n  and f a m i l  i a r i t y  w i t h  
one and two camera approach on 
stereophotogammetry. Has no da ta  
base on these  techniques.  C u r r e n t l y  
on space se rve  p r o j e c t  a t  R . I .  

Exper ienced w i t h  3-0 body c o n f i g u r a t i o n  
da ta  c o l l e c t i o n  techn iques .  He1 p,ed 
des ign  program f o r  da ta  c o l l e c t i o n .  

E a r l y  work u s i n g  s i n g l e  movie camera 
f o r  d e t e r m i n i n g  moments o f  i n e r t i a ,  
v e l  o c i  t y  , accel  e r a t i  on and angl  es . 
C u r r e n t l y  u s i n g  two camera (16mm) 
movies, w i t h  frame-by-frame a n a l y s i s  
and d i g i t i z a t i o n .  Considerable 
exper ience  w i t h  program w r i t i n g  . 
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Dr. Carol Wi dul e Past  work w i t h  Dr. John Cooper. 

Purdue  Universi ty  a t  
West Lafaye t te ,  IN. 

Current ly  working w i t h  2-D cameras 
on1 y . 
f o r  d i g i t i z a t i o n  from f i lm frames. 

Col 1 ec  t i  ng  k i  nemati c information 
(31 7 )  494-3675 

Using  both 2 and 3-0 16 mm movie 
data  on motion. 

Dr. Mary Dawson 
Western Michigan Universi ty  
Kal amazoo, MI. 
(87)  383-1 338 

Dr. Barry Bates 
Biodynamics Inc.  
Box 3157 
Eugene, OR. 97403 
(87)  (503) 428-4118 

Has three l a b s  across  country;  Dallas 
and Chapel H i l l ,  N . C .  S p e c i a l i t y  i n  
sof tware;  data  on s p o r t s  medicine and 
j o i n t  motion a c t i o n  w i t h  CYBEX.  

"Sports  t r a i n i n g  expe r t " .  Gideon Ariel  
Cot0 SDorts Research Cent. 
. ( w i t h  Vic Braden) 
22OOP1 ano Trabuco Canyon Rd. 
Trabuco Canyon Rd. CA 92678 
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Introduction and Statement of Problem 

In order to ascertain the magnitude of the effect of power 

loss through the medium surrounding a large voltage-biased 

conducting object in Low Earth Orbit, experiments were conducted 

by Konradi, McIntyre and Potter in Chamber A ,at the Johnson Space 

Center. 

This particular experiment involved measurements of current 

drain to rectangular metal panels maintained at negative bias 

potentials of up to 24910 volts. The ambient plasma was supplied 

by a Kaufman thruster using Argon gas. 

These I-V data were obtained while varying the ambient plasma 

density (thruster parameters) and the externally applied magnetic 

field between runs, using three different panels. 

It is desired to qualitatively codify the effects of 

different plasma densities and panel sizes as well as the 

relevence of magnetic fields on the I-V characteristics of these 

collectors. 

Characterization of Raw Data 

The three panels used as collectors were approximately .lm x 

lm (Panel C), .32m x 3.16m (Panel B), and lm x 10m (Panel A). 

.They were suspended verti'cally in the center of the chamber. 

The external magnetic field was supplied by coils surrounding 

Chamber A. .Data was taken with three different values of 

magnetic field; ambient and with currents.of 210 amp and 612 amp. 

This resulted in field magnitudes of -29 Gauss (small), .73 Gauss 

(medium), and 1.59 Gauss (large). These values were deduced from 
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current-field calibration experiments by A. Konradi utilizing an 

RF discharge technique, Using these magnitudes, the results of a 

magnetometer survey by J. McCoy, and the assumption that the only 

appreciable component of field produced by the external coils is 

axial, it was determined that the magnetic field is directed an 

angles of 27' (small field), 11' (medium field), and So (large 

field) with respect to the vertical. 

Electron density determinations were made via a cylindrical 

Langm'uir probe (suspended vertically near the center of the 

Chamber) for each I-V data run. 

The computed electron densities for each run, indicating the 

attendent conditions, are given in Figure 1. A general 

observation is that the resulting density, for given thruster 

parameters, varied.significantly with respect to the magnetic 

field present. 

Additionally, instances occurred whereby spontaneous arcing 

or discharge limited t h e  maximum applied bias potential. For any 

of the three possible magnetic fields this breakdown occurred at 

lower potentials for greater densities. This effect was more 

pronounced for the largest panel ( A ) .  This occurred as low as 

5flflv for panel A with the large field. However it always 

happened for other panels and fields when at least 2480V was 

applied. 

It was also observed that panel current was not linearly 

proportional to n and depended on bias potential and magnetic 

field. This facet complicated attempted comparisons of only one 

parameter at a time. 

e 
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Density Scaling and Data Comparisons 

In order to make panel, magnetic field, and bias potential 

comparisons it was necessary to somehow scale the data to some 

common electron density. From Figure 1 it can be seen that the 
5 overlapping region is about 3.5 (10 to 5(lf15) C~TI-~, ergo 4.2 

5 (1fl ) cm-3 was chosen as the reference.value. 
I 

The first qttempt involved a simple linear extrapolation to 

find a multiplicative factor to scale the panel current at each 

bias potential from the I - V  run "nearest" in density. However, 

in most of the cases this resul.ted in values of panel current 

much smaller tfiat was realized. This 'followed basically because 

this form of extrapolation assumes that the panel current goes to 

zero as n approaches zero. This is clearly not true for the e 
range of densities exhibited by this data. 

The second attempt involved examining the panel current at 

bias potentials sufficiently low so that non-linearities could be 

avoided. Since the average plasma potential was about -2V, bias 

potential of this value was chosen. The panel currents at 

negative 2V bias for each run are plotted vs. n '  is Figs. 2.1, 

2.2, and 2.3 for small, medium and large fields respectively. 
e 

Superimposed on these figures are the linear least square fits. 

A t  this. point a n  attempt is also made to account for the non- 

uniformity of the density over the extent of the panels. Scaling 

according to a Gaussian Distribution over the chamber, the ratio 

of average densities of the panels is;- 
I 

kc 
: kg: kA = 1 : . 94 :  . 8 6 .  

evaluated at 4.2 ( l e  )/ki CITI-~ (i = A ,  R, or C), yielding the 

These straight line functions were then 
5 
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scaled panel currents at negative 2V bias. These intercepts are 

indicated by the arrows on Figs. 2.1, 2.2, and 2.3. The ratio of 

this current to the actual panel current (at -2V bias) of the run 

"nearest" 4.2 (la ) cm-3 yielded the scale factor g .  5 Such a 

scale factor was obtained for each panel-field combination and 

are listed in Table 1. 

Table 1 Scale factors for each panel-field combination: 
Panels A ,  B, and C and small ( S ) ,  medium (M) and 
large ( L )  fields. 

Panel 

A 

8 

C 

A 

B 

C 

A 

B 

C 

Field 

L 

L 

L 

M 

M 

M 

S 

S 

S 

Scale Factor q 

1.20 

1.28 

.97 

1.29 

1.14 

1.019 

1.RQI 

1.0QI 

1.00 

The adjusted current f o r  a given panel-field run is then 

obtained by multiplying the measured current of the "nearest" run 

by the corresponding scale factor. Plots of the adjusted current 

vs. bias potential for each panel field combination are given.by 

Fig. 3a (In1 vs VI, Fig. 3b (I vs. V), and Fig. 3c (In1 vs. 1nV). 

In order to assess the relative rate of increase of the 

curves, the ratio of the adjusted current to its value a t  



5 

negative 1V bias (Reference current) was computed for each 

combination, This ratio is plotted vs. bias potential for each 

panel on Figs. 4.1, 4.2, and 4 . 3  for small, medium, and large 

fields respectively. 

In order to more readily perceive the effect of magnetic 

field on a given panel, this ratio (adjusted current/reference 

current) is plotted vs. bias potential for each field on Figs, 

5.1, 5.2 and 5.3 for panel C, panel B ,  and Panel A respectively. 

The computations required to generate the adjusted current 

and the ratios of adjusted current to reference current was 

facilitated by a FORTRAN program FILENT, a listing of which is 

provided in the appendix. 

A general characterization being that the ratio increases 

more slowly for larger fields and larger panels, but that the 

reference current is larger for these cases, resulting in larger 

c-urrents for larger 'fields and larger panels. 

Further comparisons of the I-V run characteristics are made 

by examining the ratios of adjusted currents betwe.en panels for 

the same field and those values from the same panel for different 

fields. The computations required to generate these ratios at 

each bias potential for each run was facilitated by the FORTRAN 

program IVDMAS (I-V Data Massage), a listing of which. is given in 

the Appendix. 

Plots of the ratios of adjusted currents between,panels vs. 

b i a s  potential are given in Figs. 6 . 1 ,  6.2, and 6 . 3  for small, 

medium, and large fields respectively. In all cases, the ratios 

decrease with increasing bias. However this follows from the 



fact that the current from the smaller panels increases faster 

with increasing bias. 

Plots of the ratios of the adjusted currents between 

different fields vs. bias potential are given in Figs. 7.1, 7.2, 

and 7 . 3  for panel C, panel R, and panel A respectively. It can 

be noted that for panel A ,  this ratio increases sharply as the 

breakdown or arcing condition is approached. This is consistent 

with panel A current increasing at a greater rate. 

Interpretation and Discussion 

One possible additional phenomenon which is not capable of 

direct observation in this experiment is that of secondary 

electron emission. Those electrons which escaped through the 

sheath would simulate collected ions. Subsequent experiments ( a s  

yet not analyzed) observing identical gold and stainless steel 

collectors should provide considerable insight into this aspect. 

The fact that the angle between the magnetic field and the 

axis of the panels varied with the magnitude of the field 

presents an additional complication which cannot be clarified 

from the data. It is to be expected that this orientation would 

be relevent in the sheath formation for these asymmetrical 

collectors. 

Uncertainty also exists in the interpretation of the orhit- 

limited "regime" of Langmuir Probe theory in a magnetosheath. 

Theoretical investigations were undertaken by Szuszczewicz and 

Takacs' in order to account-for Langmuir Probe data. from a 

spinning scientific rocket payload. They observed that the 

electron density (through its control of sheath size) is 
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important in determining the effect of magnetic fields on 

electron-current collection. They chose the ratio of sheath 

thickness to the characteristic Debye length as a measure of the 

relevence of magnetic effects. They designated three 

characteristic regions: strong-magnetosheath (ratio <<1), 

transition-magnetosheath (ratio order of 1) and weak 

magnetosheath (,ratio >>1). Because the sheath expands and 

contracts as plasma densities fall and rise, the ratio of 

gyroradius-to-sheath thickness varies and modifies the probe 

response in a non-linear way. They conclude that weak- 

magnetosheath conditions must be guaranteed before assuming I = 

(constant) ,* ne at constant bias. 
dependence of the probe response with the-field, they observed a 

e 
By monitoring the angular 

sharp decrease in the current at a fixed bias as the angle 

between the axis of the probe and the field decreased, causing a 

density dependent modulation. 

Takacs': 

(2uoting from Szuszczewicz and 

e '  "We note the modulation increases with decreasing n 
a parametric .dependence not shown in current theories 
involving thick sheath conditions." 

That reasonable levels of measurement integrity can still 

be maintained in weak magnetoplasmas has been indicted by 

Miller2 and Laframboise and Rubinstein3. Their works 

indicate that accuracy is improved in cylindrical probe 

measurements when the angle between the probe and the 

magnetic field is large (>= GOo). 

The analysis of the data from these rectangular plates 

seems to imply that sheath thickness variation and its 
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effect on I-V characteristics with respect to bias. 

potential and density variations are present here in a 

manner analogous to that encountererd by Szuszczewicz and 
1 Takacs . The uncertainty with the relevence of the angle 

between the axis of symmetry of the collector and the 

magnetic field could be circumvented by using spheres. 

Aspects concerning the dependence of sheath growth on 

collector shape could be assessed by using other shapes 

(e.g., cylinders). Both of these aspects should be 

clarified when analysis of later experiments which did use 

multisized spheres and cylinders of different materials 

are concluded. 

The qualitative,trends exhibited by the scaled I-V 

characteristics presented in this report s h o u l d  provide 

references or guidelines for evaluation of the validity of 

computer-aided simulations of sheath structure and growth 

being carried out by Parker (. 

4 

Acknowledgements 

The author wishes to thank the JSC and contractor 

personnel of the Space Environment Office, Division of 

Planetary and Earth Sciences, particularly Drs. A. 

Ron.radi, A. Potter, E, Reyna and Mrs. Mary Petrovics for 

their cooperative attitude and his acceptance as a 

colleague while participating as a NASA/ASEE Summer 

Faculty Fellow. 



9 

References 

1. Szuszczweicz, E.P. and Takacs, P . Z . ,  "Magnetosheath 
Effects of Cylindrical Langmuir Probes". Pliys.  
Fluids - 22, 2424 (1979). 

Effects in Cylindrical Probe Measurements", J. 
Geophys. R e s . ,  77, 2851 (1972). 

Cylindrical Probe in a Collisionless Magnetoplasma", 
Phys. FLuids, _. 19, 19qn (1976). 

Large High-Voltage Space Structures", Space Systems 
and Their Interactions with Earth's Space 
.Environment, ed. by Garrett and Pike, A I A A  N e w  York, 
NY 1980. 

2. Miller, N . J . ,  "Some Implications of Satellite Spin 

3 .  Laframboise, J. G, and Rubinstein, J., "Theory of a 

4 .  Parker, L. W . ,  "Plasmasheath-Photosheath Theory for 



APPENDIX 

F i g u r e s :  
1. I n d i c a t e d  d e n s i t i e s  f o r  e a c h  I - V  r u n ,  g r o u p e d  
a c c o r d i n g  t o  p a n e l  s i z e  ( A - l a r g e ,  B-medium, a n d  C - s m a l l )  
a n d  m a g n e t i c  f i e l d .  

2 . 1  C u r r e n t  a t  2V b i a s  v s .  d e n s i t y  f o r  s m a l l  f i e l d  w i t h  
l i n e a r  l e a s t  square  f i t .  

2 .2  C u r r e n t  a t  2V b i a s  v s .  d e n s i t y  f o r  medium f i e l d  w i t h  
l i n e a r - l e a s t  s q u a r e  f i t .  

2;3 C u r r e n t  a t  2V b i a s  vs .  d e n s i t y  f o r  l a r g e  f i e l d  w i t h  
l i n e a r  l e a s t  s q u a r e  f i t .  

3a .  A d j u s t e d  c u r r e n t  v s .  b i a s  p o t e n t i a l  f o r  a l l  p a n e l s  
a n d  f i e l d s  ( I n  (I) v s .  V ) .  

3b. A d j u s t e d  c u r r e n t  vs. b i a s  p o t e n t i a l  f o r  a l l  p a n e l s  
and f i e l d s  (I vs .  V ) .  

3c .  A d j u s t e d  c u r r e n t  v s .  b i a s  p o t e n t i a l  f o r  a l l  p a n e l s  
a n d  f i e l d s  ( I n  ( I )  vs. l n ( V )  . ) .  

4 . 1  R a t i o  of a d j u s t e d  c u r r e n t  t o  r e f e r e n c e  c u r r e n t  a t  
s m a l l  f i e l d  f o r  a l l  p a n e l s .  

4 .2  R A t i o  o f  a d j u c a t e d  c u r r e n t  t o  r e f e r e n c e  c u r r e n t  a t  
medium f i e l d  f o r  a l l  p a n e l s .  

4 . 3  R a t i o  o f  a d j u s t e d  c u r r e n t  t o  r e f e r e n c e  c u r r e n t  a t  
l a r g e  f i e l d  f o r  a 1 1  p a n e l s .  

5.1 R a t i o  o f  a d j u s t e d  c u r r e n t  t o  r e f e r e n c e  c u r r e n t  f o r  
p a n e l  C a t  a l l  f i e l d s .  

5.2 R a t i o  .of a d j u s t e d  c u r r e n t  t o  r e f e r e n c e  c u r r e n t  f o r  
p a n e l  B a t  a l l  f i e l d s .  

'5.3 R a t i o  o f  a d j u s t e d  c u r r e n t  t o  r e f e r e n c e  c u r r e n t  f o r  
p a n e l  A a t  a l l  f i e l d s . .  

6 . 1  R a t i o s  o f  a d j u s t e d  c u r r e n t s  b e t w e e n  p a n e l s  vs. b i a s  
p o t e n t i a l  f o r  smal . l  f i e l d .  

5.2 R a t i o s  o f  a d j u s t e d  c u r r e n t s  b e t w e e n  p a n e l s  vs. b i a s  
p o t e n t i a l  f o r  medium f i e l d .  

6 . 3  R a t i o s  o f  a d j u s t e d  c u r r r e n t s  b e t w e e n  p a n e l s  vs. b i a s  
p o t e n t i a l  f o r  l a r g e  f i e l d .  
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7.1 R a t i o s  o f  a d j u s t e d  c u r r e n t s  f rom p a n e l  C v s .  b i a s  
p o t e n t i a l  f o r  a l l  f i e l d s .  

7 . 2  R a t i o s  o f  a d j u s t e d  c u r r e n t s  f r o m  p a n e l  B vs. b i a s  
p o t e n t i a l  f o r  a l l  f i e l d s .  

7.3 R a t i o s  of a d j u s t e d  c u r r e n t s  f rom p a n e l  A v s .  b i a s  
p o t e n t i a l  f o r  a l l  f i e l d s .  

P rogram FILENT,  l i s t i n g  and  sample o u t p u t .  

P rogram I V D M A S ,  l i s t i n g  a n d  s a m p l e  o u t p u t .  
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Fig, 2,l Current a t  2V bias vs. density for  small f ie ld with linear least  square f i t .  
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Fis. 2.2 Current a t  2V bias VS. d e w i t y  for medium f ie ld  with lfnear l e a s t  square fi:. 
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Fig. 3a. Adjusted current VS. bias potential for all panels and fields. 
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Fig, 3b. Adjusted current VS, bias _ _  potential for all  panels and f ie lds .  
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Fig.-3c. Adjusted-current VS. bias potential for all panels and fields. 
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Fig.-4.1 Rat io  of  adjusted current to reference current a t  small field for all panels. 
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Fig. 6.1 Ratios o f  adjusted currents between panels v s  b ias  potential for small f i e l c  
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Fig .  6.2 Ratios o f  adjusted currents between panels VS.  bias potential for medium f i e l l .  
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An Analytic Solution to the Classical 
Two-Body Problem with Drag 

Don Mittlaan* 

Don Jezewski** 

Abstract: 

An analytic solution to the two-body problem with a specific 

drag model is obtained. The model treats drag as a force pro- 

portional to the vector velocity and inversely proportional to 

the distance to the center of attraction. The-iolution is expressed 

in terms of known functions and is of a simple and compact form. 

The time-of-flight is expressed as a quadrature in the "true anomaly". 
. 

*Department of Mathematics, Oberlin College,Oberlin, Ohio 44074 

**Mission Planning and Analysis Division, NASA Johnson Space Center, 
Houston, Texas 77058 
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Introduction: 

to the classical two-body problem with drag. 

a closed-fom solution in canonical variables of the motion of an art- 

dfical satellite in the gravitational field of an oblate earth including 

There are few solutions, either analytic or in closed-form, 

Brouwer and Hori [ll developed 
t 

first-order corrections due to a spherical atmosphere and a velocity 

square law in drag acceleration. 

Danby, [2I proposed an alternative drag model in which the resistance 

is proportional to the vector velocity and inversely proportional to 

the square of the distance to the center of.the attracting mass. This 

-model leads to a Scalar inhomogeneous 2nd-order linear differential 

equation. He uses a perturbation technique to obtain the solution to 

the differential equation assuming that the constant of proportionality 

in the resisting force is small and that terms involving powers of this 

'constant greater than one may be neglected. 

Initially, we start with a general linear 2nd-order vector differential 

equation with arbitrary scalar coefficients. We then develop a 2nd- 

-order vector differential equation in which the dependent variable is.a 

Anit vector in-the direction of the radius and the independent variable 

Is the true anomaly. 

c 

9 (1 

We show that this differential equation includes 

as special cases the classical Kepler solution and Danby's model. 

By-analyzing the coefficients in this vector differential equation, 

-we are-able to obtain an analytic solution to the model originally 

proposed by Danby. 

coefficient go& to zero. 

Our solution is shown to include his when the resistive 

Using this analytic solution, the vector differenti.al equation for 

this drag model reduces to the differential equation for the vector har- 

monic oscillator, 

in a simple compact form. 

The general solution to the problem is then expressed 

We were not able-to integrate the time-of-flight equation, the analogue 



. . _. 

. _.. . - .. - 
.. . . - .. . -- . .  

2 -  
- 
. _ _  

? - - __ - _  _ _  
=of Kepler's equation, in a finite number of terms of known functions. ._ 

The time-of flight, however, is readily expressed in'terms of a quadrature. _-- _ _  
Details of the computational procedure and characteristics of the - . _ -  

- I 

functions used in the solution are included in appendices. Graphs 

.-illustrating the general characteristic of these functions and the 

solutions are also. included. 
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Statement of the Problem 

The two-body problem may be expressed by the vector differential 

equation 

(1) 
where R is the radius vector from the center of mass of the attracting 

body to the particle, Pce,6) and gt%) are arbitary scalar coefficients 

and dots denote differentiation with respect to the independent variable, 

time. To retain as much generality as possible, we refrain from spec- 

r a t  this time. P and 
We first transform equation (1) by introducing a p6far angle, 0 , 

which we shall refer to as the true anomaly, as the independent variable. 

where the prime, denotes differentation with respect the angle 8 .  
Equation (1) then becomes 

Classically, it has been found useful to introduce the unit 

a vector' F = rr) . With this definition, . 
equation (2) becomes: 

r 

v i '  g"+ (zr'iL+*e+pd)f: ( P i L + Y ' B + p V l i  +Yr=)f.Cl - 
(3) 

Paralleling the classical procedure, we let 

*E=L r'=- 4 & lf i C U P  
t C +  u' ' us u3 

r"t - 1 f ,-- 
Lcf 

and equation (3) becomes: 



4 

Equation (4) may simplified if we let 

Particular Solution 

We are motivated at this point by the solution to the classical 

and, r= 2 and where i s  the gravitational P o  Y3' .P Keplerian problem, 

constant. For these values of and , the conservation of angular 
momentum impliest)= 0 . We refrain from so specifying P and 
explore the possiblity that p= 0 .  Equation ( 5 )  becomes: 

P 
, but do 

1 
r 

and recalling that u = -? 

L.' 
(Note, if p 0 0 ,  the Keplerian angular momentum I' @ = constant.) Equation 

(7) readily admits another integral if where oc is 

a constant. This integral is 

\ is a constant of integration. 
WithYsU, equation (6) reduces to: 

In retrospect, it is clear that p i s  equal to zero in at least two cases, 

(1) when no drag is present and (2) when the drag is proportional' to l/r 2 
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It should be noted that any perturbation having an effect directed 

along the position vector can be reflected in our choice of y 

Thus, Y C O  removes any coupling between the unit vectors in the 

direction of R and its derivative with respect to 

. 

8 . 
The simplist problem we can solve that includes a drag term is 

to choose x=pU 3 . For this choice, equation ( 9 )  becomes, using 

equation (8) to eliminate 6 ,  

Classically, when 4 =  0 , i.e. no drag present, the coefficient 

of ; when set equal to 1, produces the differential equation for 

the Keplerian conics. 

coefficient of 

With drag present, i.e. d # O ,  setting the 

equal to 1, produces the differentia2 equations 

/ 

and 

Equation (llb) is given by Danby, page 231. 

Solution of equation (llb) 

Danby, chapter 11, studied this equation with 4 # 0 . His method . ,  
of solution assumes that is small compared to unity; he 

expands the right-hand side of (llb) in powers of 

but first order terms in 

4 and neglects all 

4 . The solution 60 this problem, however, for 

arbitrary O( can b e  obtained in terms of known functions. 
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4 Knowing the solution of the homogeneous.equation, & 44 'L 0 , 
a particular solution can be obtained using the method of variation of 

parameters, 'We chose, however, to use the inverse Laplace transform 

bl. 
demonstrates an alternate procedure for solving a class of differential 

equations. 

independent variable by letting z = &- e ' . 
Equation (llb) is now rewritten as: 

Aside from simplifying the algebraic manipGlations, this method 

For convenience of notation, we temporarily change the 

.L 

If & is the Laplace transferm of u , then taking the inverse Laplace 
transform of equation (12), we obtaiu 

so that 
< P-- W = -  T'+r 

The Laplace transform of this equation is 

Using the 

For details concerning this function, see appendix (A) .  

The general solution for & l e )  is: 

.where (?oand 8, are constants of integration. Hence, the equation 

for radius, P, is 

P r =  
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It can be shown (see Appendix A) that 

td-7 0 
and this is recognized as the solution to the classic Keplerian two- 

body problem, 

The solution for the position vector R, as function of e , is 
obtained from equation (lla), 

where A and B are arbitrary vector constants and vis given by equation 
(16) * 

Looking at the solution as given by equations (16) and (17), 

these are nine constants of intergration, 

A and B. 

, e, eo, and the vectors 
hO 

Since the original problem calls for the solution of a second- 

order vector differential equation, only six of these constants are 

independent. The relationship between them.is developed in Appendix C. 

The Time-of-Flight Equation 

The only relationship involving time occurs in equation (8), which 

Since f indicates how the magnitude of the angular momentum changes. 
' .is expressible as function of 6 by eq;ation (16), the time-of-flight 

between two values 6= 8, and 8 = 6% is given by the quadrature 

Since we are dealing with a perturbed Keplerian problem, the standard 

transformation from true anomalyto eccentric anomaly does not yield an 
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integrand that is integrable in terms of elementray functions. 

standard quadrature formula, e.g. Romberg integration 1 4 1  , may be used 
Any 

to evalute the integral. 

Graphical Illustrations 
a 

Figures (la) and (lb) illustrate the effect of drag, OC on equation 

(16). The values of the constants h andpwere chosen equal to 1 and the 
0 

constant e was taken as 0.01. Comparing the two figures, it is apparent 

that the drag effect is more pronounced as d goes from 0,005 to 0.05. 

Figures (2a) and (2b) are similar to (la) and (lb) except-that the 

constant e was increased to 0.5. 

Conclusion 

We have obtained a closed-form, analytic solution to the two-body 

problem including drag that generalized the classical Keplerian two-body 

problem and subsumes the Damby perturbation method. 

Twoserendipitous results are: 1) the development of a vector diff- 

erential equation that permits the analysis of an infinite numbers of grav- 

itational and drag models, and 2) the obtaining of the solution of a linear 

differential equation using the inverse, rather than the direct method of 

Laplace transforms. 

- ... - . - .. - _.______ 
a 
We gratefully acknowledge the assistance of Eleta Malowitz and Jerry Yglesias 
o f  Barrios Technology Inc., for their aid in obtaining the graphical data. 
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Appendix A 

s 

The following is 

A) In equation (14), 

10 

The Function g(z) 

an amplification of  material taken from [SI. 

the function g ( z )  was given as 

This function may also be expressed in terms of sine and cosine 

integrals. If we denote 

&A+) = - - ClT 
ant? 

then, 

f 

For Q L ~ + (  , the sine and cosine integrals may be expressed in 
terms of the following expansions. 

is the Euler constant: I f  = 0.5773 IS 6 6 4  9 0 /S3 rta 6 0 4  - * *  

Clearly the two infinite series coverage rapidly for 131 6 I . 
For I $ z < m ~  e an asymptotic expansion is available. 
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Also for this domain of z ,  rational approximation have 

been determined; e.g. 

Ic(z)f<3X 10” 
&= 42.242855 b i z  48.196927. 

ba = 4 82 -485984 302.75786 5 
. %=352.018498 b,= 11 14.978885 
a4= 21.821899 b4= 449.690326 

The graph of g(z) is given in Fig ( ). 

B) It has been shown that g(z) satisfies the differential equation: 

If we define 

then, f(z) satisfies the differential equation 

Also, 

Corresponding to (A2), 2 
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An asymptotic formula for 'f(z) is: 

For 1 2 400 , rational approximation to f(z) is given by: 
l j x < w  

JC(Z)l<5 x io-' 
a,= 38.027264 bl= 40.021433 
01=265.187033 b3=322.624911 
%=335.677320 b3=570.236380 
fi= 38.102495 b,= 157.105423 

The graph of f(z) is given in Fig. ( ). 

6 )  We asserted in the text that the 

From theasymptotic expansion for g ( z ) ,  

where R is bounded for small 6 . Thus, 6 

= I  



13 

Appendix B 

Computation of the constant d 

We propose three 

cases, we assume that 
0 .  

*&R,R)R where&,& 

1) The constant 

basic methods for computing 4 . In all 
there exists a drag model given by 

is a scalar function of the vectors R and R, 

o( may be computed'from the initial conditions, 

a&*, *k0 
2) The second method uses an averaging technique. 

4L 
a (yk) d e 

e,- e * 
where R, and R are the position and velocity vectors determined from 

the Keplerian orbit having the same initial conditions. 

3) A variation of (2) for longer flights would,be an iteration 

on the trajectory. The first step is to calculate an d,, assuming 

a Keplerian orbit. Using d, in the drag model, a drag orbit is 

determined. 

calculate 04,.  The process is repeated. 

. 
The values of R and R on this orbit are then used to 

4) A third possibility is to segment the total trajectory and 

e( for each segment using any of the above methods. compute an . 
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Appendix C 

. -  
Computational sequence. 

* 
and V1 = R1 1 Given initial position and velocity vectors R 

at a given t and a resistive constant p<. , what steps are 1 
necessary to compute R and V at a time t 3 

2 2 2' 
The initial value of the magnitude of the angular momentum is 

Is,& \I, I - Thus, we may calculate ($'e,)  = \Q, x ~ , I  
The angle e, is computed from the inital position and 

velocity vectors using the Keplerian transformation to orbital 

elements. The constant h .  is then determined from 
0 

From equations (16) and its time derivative we may write: 

Be squaring and adding we get 
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By dividing, 

where 

cm (e- 0.) 

- -  
- I  - 

.. 

-. . 

. 
From equations (C2) and (C3), ,evaluated at R1 and R1, the constant 

e and 80 , 0 @" < zT  are determined. 

-.-From equations (17) and its 

vector-constants A and B, 

-- 
.. 

time derivative, we determine the 
I 

It may readily be shown that A and B are orthogonal unit vectors. 
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A FAST VARIABLE STEP SIZE 

INTEGRATION ALGORITHM 

SUlTABLE FOR COMFUTER SIMULATIONS 

OF PHYSIOLOGICAL SYSTEMS 

Larry Neal, Ph.D. 

Tennessee Technolopical University 

Supervisor: 

Wilber Boykin, Ph.D. 

Data Systems Manager 

Life Sciences Project Division 

Abstract: A simple numerical algorithm has been developed for use 

in cornpilter simulations of systems which are both stiff 

and stable. The method has been implemented in 

subroutine form and’applied t o  the simulation of 

physiological systems. 
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A Fast Var iab le  Step Size Tnteqrat ion Alqor i thm 

Su i tab le  For Computer Simulat4ons O f  Phys io loq ica l  Systems 

Due t o  physioloqical’homeostasis, the  maintenance o f  a constant o r  s t a b l e  

i n t e r n a l  environment, mathematical models o f  phys io log i ca l  con t ro l  systems a re  

t y p i c a l l y  character ized by s t a b i l i t y  matr ices.  The m a t r i x  A i s  sa id  t o  be a 

s t a b i l i t y  m a t r i x  i f ,  and on ly  i f , . each  eiqenvalue o f  A has a negat ive r e a l  

p a r t .  SincP pbys io loq ica l  c o n t r o l  i s  o f ten  complex, w i t h  sonro var iah les  

SUbjeCt t o  con t ro l  b y  more than o w  rncchanisnl, matbematical ciodels o f  phvs io-  

l o g i c a l  con t ro l  usual 1 y r e s u l t  i n  s t i f f  systems o f  d i f f e r e n t i a l  equations. A 

system o f  d i f f e r e n t i a l  equat ions i s  sa id  t o  he s t i f f  i f  the  absolute values o f  

i t s  eiqenvalues d i f f p r  by orders .o f  maqnitude. Mathematical models i n  phys io-  

logy f requent ly  r e s u l t  i n  non- l inear  systems o f  d i f f e r e n t i a l  equations, due i n  

P a r t  t o  the complex i n t e r a c t i o n  between var ious c o n t r o l  systems. Thus, t he  

mathematical modeling o f  complex ph.ysiologica1 c o n t r o l  o f t e n  leads t o  a s t i f f  

system of  non- l inear  d i f f e r e n t i a l  equations charac ter ized  by a s t a b i l i t y  

. ma t r i x .  

Recause i t  i s  u s u a l l y  very  d i f f i c u l t  t o  so lve non- l inear  sys tem of  

d i f fe ren t . ia1  equations b y  a n a l y t i c  techniques, mathematical models o f  .complex 

phys io loq i ca l  con t ro l  systems are usual Iv  solved us inq nurnprical i n t e q r a t i o n  

techniques and h iqh  speed coriputers. The nuner ica l  s o l r r t i o i  o f  a s t i f f  lif- 

USinrl Qunerjcal i n t P q r a t i o n  techniques? Sb?-ipiti? and Grir f l ]  discuss  t h ?  

prohleni a t  length.  They p o i n t  out  t ha t  e x p l i c i t  numerical methods f a i l  @rl 
I! 

1 
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s t i f f  problems .because of  t he  severe ly  r e s t r i c t e d  step size. When 1'2ry small 

s tep s izes  a re  used throughout a computer s imulat ion,  e f f i c i e n c y  s u f f e r s  due 

t o  the  l a r q e  number o f  computations requ i red  and. accuracy may, be l i m i t e d  due 

t,o roundof f  e r r o r  r e s u l t i n g  f r q m  many computations. I m p l i c i t  numerical 

methods permi t  l a r g e r  step s izes,  bu t  usual 1.y requ i re  many computations per  

step t o  e i t h e r  i n v e r t  a m a t r i x  o r  t o  i t e r a t e  i n  order  t o  f i n d  a s u i t a b l e  

s o l u t i o n  a t  each step. Aqain, e f f i c i e n c y  and accuracy ma,y he sac r i f i ced .  

I n  t h e  modelinq o f  many phys io loq i ca l  con t ro l  systems, h iqh  order 

accurdcy i s  riot. requi red s ince t h e  values o f  many o f  the  pdrameters a r e  not  

known w i t h  great  p rec is ion .  It i s ,  there fore ,  des i rab le  t o  have an e f f i c i e n t  

numerical i n t e g r a t i o n  method f o r  use i n  phys io loq i ca l  s imulat ions.  The order  

o f  accuracy o f . t h e  method i s  n o t  o f  pr imary importance. The method should he 

easy t o  implement i n  a coiiiputer s imu la t ion ;  hence, a subrout ine t o  do t he  

numerical i n t e g r a t i o n  i s  des i rab le .  The method should be capable of recoq- 

n i z i n g  and fo l l ow ing  r a p i d l y  changinq t r a n s i e n t s  wherever they occur and 

should be capable o f  us ing  a l a r q e  s tep s i ze  when the  system i s  a t ,  o r  very 

m a t r i x  i nve rs ion  a t  I near steady s ta te .  E f f i c i e n c y  Drecludes i t e r a t i o n  and/or 

each step. 

A s i n p l c  va r iab le  step s i z e  method based upon E u l e r  n teq ra t i on  which 

possesses a l l  o f  the  above t r a i t s  has been devised f o r  use i n  a l a r q e  c lass  of 

s imula%ions of rhys io roq ica l  c m t r o l .  Th is  mnettiod i s  developed i n  the 

2 
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Consider the  i n i t i a l  value problem 

where A i s  a s t a b i l i t y  ma t r i x .  The case where elements of A vary  w i t h  t i n e  

i s  not  excluded i n  t h i s  cons idera t ion .  

Let A = A - d l  + r l I  where d i s  .a sca la r .  Then = ( A  - r l T  + r l I ) * v .  

Def ine  a h y b r i d  Euler  method which has both e x p l i c i t  and i m p l i c i t  p a r t s  by 

The i m p l i c i t  p a r t  i s  conf ined t o  the  main diaqonal .  Since d i s  a sca la r ,  

i t e r a t i o n  i s  not  necessary t o  so lve  f o r  .yn+l. 

( I  - h d I )  Y , , ~  = ( I  + hA - h d I )  Yn  

3 



I f  r = in+l/.in, then (1)  hecorns t h e  i m p l i c i t  E u l e r  method which p e r m i t s  l a r g e  

s t e p  s i z e s ,  b u t  i s  n o t  very  accura te  d u r i n g  t r a n s i e n t s .  We seek t o  improve 

upon t h i s  choice o f  r. 

Consider a s i n g l e  v a r i a b l e  .y f o r  a moment, r a t h e r  than a l a r g e  system. 

L e t  us say t h a t  y i s  approachinq s t a b . i l i t y  when t h e  graph o f  y i s  e i t h e r  

decreasin(1 anti concave i i n  o r  i n c r e a s i n q  and concavcr d w n .  S i m i l a r l y ,  s ? v  t h a t  

y i s  approac t l i nq  instability wten t h e  qrar ih  o f  y i s  i ~ c r ~ a s i n q  3nrl c m c d v e  

up or decreasinq and concave down. I f  y i s  approaching s t a b i l i t y ,  then r 

must he between 0 and 1 f o r  accuracy. I f  y i s  approaching i n s t a b i l i t y ,  then 

r must be g r e a t e r  than 1 f o r  accuracy. When y i s  no t  changing, r 

should be I .  The diagrams on t h e  nex t  pacle i l l u s t r a t e  how r should he 

chosen. L e t  r = (z,bn + ( 1  - Z ) . G ~ + ~ ) / ~ ~  ( 0  < z < .5) Then - -  

,yn+1 = , Yn + h(z3j, + ( 1  - z)zn+l) (2 )  

A t  any p o i n t  i-n t ime,  can be expressed a s  a l i n e a r  f u n c t i o n  o f  v. That i s ,  

= a+hv, 

a 



Yn+'hY, 

I 

y (t) 'approaching instability 

I 

,? h-, : 
I 

t j r h  n 
r> 1 

t Jh tn n 

y (t) approaching stability 

tn+rh tn+h 

O <  r<l 

n t 

5 
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Solv ing  f o r  yn+l, 

Ynt1 = (v, + h(a  + zb.yn))/(1 - (1 - z)hb) 

which becomes our i n t e q r a t o r  equation. It i s  i n t e r e s t i n g  t o  note tha t  when 

z = 0, ( 4 )  reduces t o  Y , + ~  = yn t (1/(1 - h b ) ) h i n  

So d i n  sq i ia t ion ( I )  i s  t h e  s x i c  a s  h i n  ~ r i v a t i o n  ( 3 )  when z = 0. 

I f  z = .5 ,  t t l f P  1 hod i s  t t w  f a m i l i d r  t r d p ~ z ~ i d d l  rule.  I f  z = n, tht.  

method i s  t h e  i m p l i c i t  Eu le r  method. It seems t h a t  we have t raded the  prohlenl 

o f  s e l e c t i n g  r f o r  the problem o f  s e l e c t i n q  z. The f a c t  t h a t  z rrniains 

unknown should be viewed as oiir oppor tun i ty  r a t h e r  than a problem. We should 

c h o s e  z i n  order t o  opt imize.accuracy dur ing  t r a n s i e n t s  and e f f i c i e n c y  a t  

o r  near steady s ta te .  That i s ,  z should be .5 when y i s  chanqinq r a p i d l v  

and z should be zero near steady s t a t e  t o  permi t  lar r le  step sizes.  Thus, z 

depends on h, which depends on the  magnitude-of  .;. I f  z = .fjexp(kh) f o r  

*some k < 0, then z behaves as desired. We must now se lec t  k. 

I f  one examines a t y p i c a l  s o l u t i o n  equat ion i n  a s t i f f  system, one f i nds  

t h a t  i t  i s  u s u a l l y  connosed o f  two o r  nnrr tpr r is ,  one o f  which soan ceasos t o  

c o n t r i b u t e  t o  t.he o v e r a l l  so lu t i on .  Rui ( 7 )  provides the fo l l ow ino  simple 

exampl e. 

f i  
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L e t  = Ay wi th y ( 0 )  = [2,1), - 1IT where 

21  

-40. I 40 

w i t h  a n a l y t i c  s o l i l t i o n  

Y , W  = - exp ( -4 !k )  (cos/lOt - s i n 4 o t )  

Note t h a t  exp ( - 4 f l t )  i s  a f a c t o r  i n  a t e r n  in  a t  l e a s t  one of t h e  s o l u t i o n  

equat ions.  T h i s  i s  t y p i c a l  o f  s t i f f  d i f f e r e n t i a l  systems. A f t e r  t has 

‘ i nc reased  s u f f i c i e n t l y ,  exp ( -4n t )  i s  n e g l i q i b l e ,  y e t  t h e  presence o f  t h a t  t e r n  

con t inues  t o  r e s t r i c t  t h e  s tep  s i z e  i n  e x p l i c i t  methods. Hhen a s t e n  o f  s i z e  

r k d r  S t e d d y  s t a t e ,  h shou ld  h p  l a r q e  and  exrl ( - 4 f l ( t ,  + h ) )  s h o u l d  he 

zero. I f  k i s  chosen t o  be equal t o  t h e  most n e q a t i v e  real nart. o f  a n v  

p i c l e n v a l w  of t he  svstcm, the  i n t p q r a t o r  equa t ion  d s f i n d  ir, ( d l  w i t 6  

7 
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t h i s  repor t .  A l s o  i n  the  appendix, the proper c a l l i n s  sequence i n  a sirnu- 

l a t i o n  i s  i l l u s t r a t e d  as i s  the  proper arrangement o f  arqurnents f o r  SURROIlTINE 

TNTGRL. SURROUTTNE INTGRL has th ree  arquments, a,  h, and y ,  where y i s  the  

va r iab le  t o  be i n teqra ted ,  a i s  t h a t  p o r t i o n  o.f { which i s  c o n t r i b u t e d  hv 

o f f -d iaqona l  elements o f  the  m a t r i x  A which defines = Ay,  and I-I i s  the  

diagonal  element o f  A which represents the  c o e f f i c i e n t  o f  y i n  the 

c a l c u l a t i o n  of i ,  

I.! i t h 

.Yn+l = (Vn + h(a + zb.vn))/(3 - ( 3  - z )hb) ,  0 z .5, and h > 0 ,  

there  i s  a p o s s i b i l i t y  f o r  d i v i s i o r l  hv zero i f  h i s  pos i t i ve . ,  I f  t h e  

diaqonal elements o f  the m a t r i x  A are a l l  negat ive,  there  i s  no problem w i t h  

d i v i s i o n  by zero .  I f  one o r  more o f  the  diagqonal elements of A are  non-neqa- 

t i v e ,  the  step s i ze  h i s  l im i ted .  Some s t a b i l i t y  matr ices possess non- 

negat ive diaqonal elements. I f  ,a non-neaative element appears on t h e  n a i n  

’ diagonal of m a t r i x  A ,  one should f i r s t  seek t o  interchanqe equat ions t o  ob ta in  

on ly  negat ive diagonal  elements. This i s  no t  always possible.  Work cont inues 

t o  f i n d  rl s t i i t d h l c  method o f  s o l v i n q  t h i s  nrrj5lev. 

R 
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. I  

The mode of generation and t he  fate of the energy released i n  oxygen-atom re- 

combination reactions are of c ruc ia l  importance i n  the  operation of NASA's JSC- 

Houston's arc-Jct tunnel f a c i l i t y ,  and are of paramount concern i n  t h e  continuing, 

mission-by-mi3sion performance of the Space Shuttle Orbiter during i t s  upper atmo- 

sphere reentry.' Oxygen atoms generated by high frequency shock wave vibrat ion 

behind b o w  shock of 

of t h e  low-density, 

whose surface a t a s  

of these atoms i n t o  

t h e  Orbiter recombine on the  reaction cured g lass  (RCG) surface 

96% silica, 4% boron silicide-coated thermal protect ive '  t i l e s ,  

catalyze, i n  an apparent first order reaction, t h e  ,recombination 

diatomic molecules. I n  so doing, these "cr i t ica l"  t i l e s  absorb 

a fract ion of the  recombination energy, result ing i n  extreme Orbiter t i l e  surface 

heating, w i t h  temperatures of about 250OoF and heat fluxes of 2-10 B!PU/ft 

t a i n  key area:) of t h e  spacecraft underside. Although these temperatures and heat 

fluxes have bcrn nnpped, simulated and predicted by complex, state-of-the-art en- 

iineering and cmputer-solved models or  "codes", which now include contributions 

2 on cer- 

f r cn  energy ,lwt through grey-body radiat ive emission, subs tan t ia l  a rc - je t  tunnel  

data and recent lirzited actual  f l i g h t  data suggest t ha t  the heat flux t o  the  t i l e s  

s t i l l  falls &.wt of t h e  amount predicted by the current heat flux models. 

The result ing Xcwcr accomodation of energy observed f o r  these T i l e  TPS species may 

be.more adeqtmtru explained by the  release of a s ignif icant  portion of t he  pro- 

2,394 

duct molecule:; i n  the  form of e lectronical ly  excited species o r  "excitions", which, 

'A 0 and 0 These excitons are a l l  higher lying f o r  oxygen, Irrclude 

energetic form of molecular oxygen, capable, i n  theory, of carrying away 20% or 

more of thc t,,>t n l  recombination energy. 5'6 

3 
O2, g 2 g 2' 

Some of the i r  charac te r i s t ics  are enu- 

. nerated i n  TabIs I. Furthermore, at  the low pressures( .l-10 t o r r )  and high t e m -  

peratures( 1.50r)")h) encountered. by the  t i l e  surfaces during the  reentry s tage,  one 

d these specled, 'A 0 or singlet de l t a  oxygen, has a considerable rad ia t ive  
g 2  
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. 
lifetime of 

surfaces t o  

'A 0 have 
452 

around a second. That oxygen at- recombine on sil iceous and other 

produce excited species has already been established, both Cu O2 and 

been generated i n  t h i s  fashion.'l .These species, among others, have - 
3 . I. 

been identified in upper-atmosphere phenomena such as a F o r a  and nightglows, which 

are found i n  the regions tha t  the  Orbiter has been found t o  experience its greatest 

thermal s t ress  %wing reentry. 899 Apparently, emission from these excitons and those 

of nitrogen has actually been observed by STS-1 Shuttle pi lots  beginning a t  63 Km. 

altitude.1° Recently, ' 3Zu 02, one of the most energetic excitons, has been identi- 

fied i n  glows i n  the upper atmosphere and also found t o  be a 4% recornbaation 

/ .  

In t h i s  report, I propose a mechanism and model fo r  the surface-catalyzed 

oxygen-atom recornhination reaction sequence which is consistent with data obtained 

through computcr-assisted, band-specific emission spectroscopy of excited oxygen 

molecules and pressure-differential analysis of oxygen-atom concentration, a t  a 

&ety of temycrntures (25-30OoC) and pressures. ( .l-2.3 t o r r ) ,  conditions s i m i l a r  - 
The mechanism - t o  those expericnccd by the Shuttle during i t s  crucial  reentry phase. 

proposed includes malysis of kinetics,  energetics, reaction orders and recombina- 

t i on  or deexcit:ktixm coefficients for  each of the three important surface-assisted 

phenomena, i n c h , ?  itis atom adsorption and recombination leading t o  desorption of 

oxygen mo-leculcs 

major excited n p x i e s  produced, 

'A o and zU o,,, Since o 

all types, atom recombination and desorption leading t o  the 

1 -  
g .  

A 

is  formed i n  a steady s ta te ,  energy pooling reac- 

02, and the surface catalyzed deexcitation of 

3 
4 3 2  L R 2  - 

1 t i on  from A O , ,  its characterist ics could not be determined at t h i s  time.12 In 
g -  

addition, we prcscnt a reevaluated picture of the surface-adsorbate profile,  and 

from it, and p w v f , ~ u s  arc-jet tunnel data, have attempted t o  more closely quantify 

the energies and entropies of activation for  oxygen atom recombination and 'A 0 

3 2,3,11. . In addition, we have deter- 
8 2  

id C 0 desctikation on the t i l e  surface. u 2  



3 

1 mined what we believe are only t h e  second set of 

c ien ts  

imentally and through in te rpre ta t ion  o f f e r  conclusions about t h e  oxygen-recombination 

and deexcitation phenomena on RCG-coated t i l e  surfaces,  and has allowed us t o  for- 

mulate i n i t i a l  idcss &aut t h e  analogous atom and exciton pehnomena involving 

A molecule-deexcitation coeff i -  
g 
The.nuuibers obtained both exper- ' and y', f o r  this par t icu lar  e x c 2 t 0 n . l ~  ' yw t - 

, 

nitrogen, which we hope t o  be able to study. 

11- .-_. . Model Assumptions and Reaction Mechanism: 

Previous dnta published on oxygen-atom recombination react ions i n  t i l e - l i k e ,  
t 

s i l i ceous  surfaces, are a l l  consistent w i t h  t h e  model assumptions t h a t  we have 

adopted and enumerated below. 

1) Oxygen-utm recombination reactions are apparently first order i n  oxygen 
concentration at  low pressures, but develop a second order component a t  higher gas 
pressures or flow veloc i t ies ,  indicat ive of a marked change i n  surface s i te  popu- 
la t ions .  We hiivc observed t h i s  effect i n  c e r t a i n  of our experiments. 14 

2) Oxygc-n atoms recombine on s i l i ceous  surfaces t o  form a predominance of 
molcculcs, but  a fract ion of exci ted species have been produced as qround st t 

Jell. 11 ,i!$ ,f6 

3) Oxygen-ntom recombination is very rap id  when compared with surface cata- 
lyzed exciton dcsxcitation, leading t o  the expected result tha t  a s ign i f i can t  amount 
of recombination energy may be carried away in t h e  form of excited species. 

4) Oxygen ntcm reconibination i s  extremely fast when compared w i t h  oxygen- 
exchange w i t h  ~ 1 ~ : ; s  surface B-0 or  Si-0 u n i t s ,  

5 )  CalculriLcd low energies of ac t iva t ion  ind ica te  that  no s t rong bonds are 
broken i n  the  rate determining reaction s t eps ,  but  t he  rather la rge  and negative 
calculated entnyies of ac t iva t ion  indicate  t h a t  surface or ien ta t ion  is  important 
i n  t h e  rate-detcrmining ~ t e p s . 2 ~ 1 7  

6) T'4g surface modelled is a uniform, typ ica l ,  s i l i ca t e - l i ke  medium with 
1015 t o  101 Sl..I?Si "sites"/cm2, and i s  rather sparsely occupied by adsorbate 
atoms and nolc.rulcs zinder t h e  conditions of low pressure and high t e  perature 
charac te r i s t ic  ef Shxt t le  reentry.  Xo mult i layer  adsorption exists. ;P7 

7) The ItCG sites are behaving i n  the Polyani sense as a repuls ive surface,  
%.e., ground s t a t c  a?d exci ted state O2 molecules are leaving with high r e c o i l  
energy, and hctrw, h p a r t s  the RCG surface material with a r e l a t i v e l y  low value 
of the  energy ucccxdistion coeff ic ient ,  B e l 8  



The following 

reconibination Bata 

reaction mechanism is consistent with all previous oxygen atom . .  
and with our initial excited species determination data.2,3' .. 

We hope to supplement it with microcalorimetric recombination data in the near 
* 

future, 

I. Atom Adsorption: 

I n  a rapid, equilibrium-controlled adsorption step, oxygen atoms are weakly 

chemisorbed (AH = 6-10 Kcal/mol.) onto surface sites, which are oxygen atoms in 

Si-O'Si linkages, and electron-rich. 

recombination rates, an appreciable fraction of all possible surface sftes are 

At lower temperatures, and hence at slower 

so occupied, or are occupied by other product molecules. This condition is also 

met under conditions of higher gas pressures: 

I n  such a process , since An 
g 

negative entropy contribution to the reaction kinetics. 

= -1, and AHab = (-) , we would expect a moderate and 
- 

During shuttle reentry conditions, as well as under early flow conditions in 

our experimental :tipxratus, and especially at the lower temperatures where surface 

coverages are hig!wr and effective recombination rates are lower, atom recombination 

can be appreciabb slowed by competitive site occupancy by product molecule species: 

As such, K (early) = k"/[Oo], or the reaction rate is held up or depends on 1/[00], a 
and the reaction h.ss 8 second order component, At later flow conditions in our 

experimental appnrstus, or at very high temperatures and/or low pressures, when 

[00] <<< [S 1, thrrc are more free sites than occupied ones, and the rate is not 

controlled or held up by site occupancy. 

are  consistent ulttr this behavior.2y13 When [So] >> [ O  1, then [So] =[IS ]-[S-O]], 

At this point the rate of reaction ceases to depend on 

0 

The experiments of Scott and Myerson 

0 0 

Is-0 1 
Keq 'nTMz7qa+] x ] - 

0 
1/[ O,], but foltows the typical &first order, logarithmic behavior. Certain of our 
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3 data is consistcnt..with t h i s  apparent order change with coverage change, f o r  as 

oxygen exciton concentration as measured by in tens i ty  of emission drops, t he  second 

order dependence on concentration is  replaced, at E surface-glutted t r ans i t i on  point, 

C 

. 
by a first ordcr dcpendence. 

deexcitation coeff ic ients  observed f o r  oxygen on si l iceous surfaces are consistent 

W e  believe t h a t  the apparent l o w  recombination and 

with an inabi l i ty  of t he  "glutted" surface t o  rapidly catalyze recombination of 

atoms, and hence, an i nab i l i t y  t o  accept E re la t ive ly  large portion of t he  poten t ia l  

recombination energy carr ied t o  it by oxyg& atoms and excitons. 
t 

II(a). 

Adsoprbate Atoms: 

Direct, Rate-determining Reaction of Gas-phase Atoms with Surface-fixed . 

I n  a slower, rate-determining reaction, it is po&ible t h a t  gas-phase oxygen 

atoms next strike t he  atom-occupied surface sites, and recombination occurs immed- 

. iately w i t h  fornotion of surface-bound adsorbed ground state molecules and excitons; 
- 

depending on thc surface site dis t r ibut ion:  

S a 2  (s), etc .  kR W o r %  t 0 ( g )  + s-0 (s) - 
In  such a proccss, s ince An = -1, and AH = (-), we would expect a la rge  and negative 

entropy contribution. This process would also be favored under t i l e  conditions of 
6 

high temperature and low pressure, where recombination rates would be high and 

surface occup:mcy by adsorbed products and other molecules would be s m a l l .  

rate expression for t h i s  reaction is: 

A sui table  

rate = d[O]/dt = \ [Oxl[S-O] 
4. 
b 

A t  high [O]  concentrations, or under our apparatus conditions, at ea r ly  reaction, 
2 since [S-O] K [ O  ][[S 1-[S-011, t h e  r a t e  = k K %fO I2[{S ]-[S-Olf o r  a[Oxl . 

CQ Q 0 Rt e5 zt -3 

. But, a t  lower [ d ]  concentrations, since [S-01 = K [S ][[Ox!-[S-O]], t h e  rate exp- 
o 
1 

iession becmcs @ k K [Ox1[SQ1[[OX1-fS-O]], or = I O ]  . Our experimental results rT eq 
are in accord w i t h  t he  order change predicted f o r  a surface of varying occupancy. 
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II(b). Ratrr Determining Surface Migration of Adsorbate 0-Atoms: 

h o t h e r  reasoasble recombination step involves on-surface recombinat ion 

of oxygen atoms bx migration: 

s-o(s) + ::-o(s) k~ ~ ( s )  + (SI, - etc.  ’ 

/ 
8, 

I n  such a proccm, since An 

t he  adsorption energy is l o s t ,  the entropy change would be expected t o  be relat ively 

modest, or  even positive, since there has been no decrease i n  the number of moles 

of gas nor no haeresse in  surface ordering. 

= 0 and AH = (-), but less negative, since half of. 
g 

Since [S-01 = K [S ] [ I O  l,-[S-O]], the  eq 0 0 

rate of the r\roccss might be expected t o  follow the  l a w :  

and hence, wuld be independent of [O]  concentration. Since our 

at t h i s  time, st;pprt t h i s  ra te  phenomena, and the data of Scott 

. 

data does not, 

and Myerson is 

also not consistent with it, we tentatively propose tha t  step I I (b )  is  much 

less important t?mn the gas surface al ternat ive I I ( a )  . 
t o  metallic surfaces hss  been reported, but involved rather large activation ener- 

gies.19’20’21 

Energetic for s w h  surface-adsorbate atom jumps are  on the order of 3-22 Kcal/mole, 

comparzble w i t B  the oxygen atom energies of activation found by Scott. It i s  

possible that both surface-surface and surface-gas recombination phenomena are  

Migration of atoms bonded . 

::uch processes were followed using f i e ld  ion microscope measurements. 

2 ’  

occurring shalt ancausly, 

111. 

In the final step, product ground state and excited molecules are  desorbed i n  

Xquilibriuxwcntrolled Desorptisn of Recombined Molecules : 

an equilibritm reaction frcm the surface. A t  higher temperatures and low gas 

concentrations, this process should approach 

control the rate o f  formation of products i n  

an equilibrium, and should not 

any fashion: 

K = k& 3 



1 3 In o w  experiments, where A 0 and C 0 (ground state) are approximately con- 
\ g 2  g 2  
stant at any tube posit ion,  and *C O2 i s  generated in.steady-state fashion, we 

g 
can estimate voluco of K f o r  each of these species, as: 3 

A t  ear ly  apparatus conditions, o r  under t h e  conditions of low temperature and/or 

high gas pressure, t h e  k 

binat'ion reaction, but at la te  apparatus conditions, o r  under typ ica l  Shut t le  f l i g h t  

conditions of low oxygen concentration, high temperature, and lower pres'sure, there  

reverse react ion w i l l  tend t o  impede the  forward recom- 
' -3 

will be no rate rct.ardation, and recombination should follow typical f irst  order 

kinetics.  Our work is consistent with t h i s  model, and Scot t ' s  data on arc- je t  

recombination e:w be interpreted i n  t h i s  fashion. 

Melin and K'adis, neted t h a t  y values increase with an increase i n  temperature, 

consistent with more rapid desorption rates f o r  product oxygen molecules, leaving 

sore surface .an*;i :ivailsble f o r  recombination at  higher temperatures and hence a 

larger expestcd i.ccc~rnbination eff ic iency and energy a c c ~ m o d a t i o n . ~ ' ~ ~  The react ion 

path - vs. e n e r a  y ro f i l e  pictured i n  Figure 1, is consistent with t h e  observed ener- 

Following t h i s  bedavior Scot t ,  

0 

getics and entropics and our proposed mechanism. 

I I ( a )  abore ~ ~ n . ~ l ~ - t - d ~  it is l i k e l y  t h a t  t h e  surface can accept up t o  one-half of t h e  

available recor.bJn:rtion energy, r e su l t i ng  i n  a B-value of less than, o r  a t  most equal 

With a rate-determining s t ep  l i ke  

to, 0.5. 

t h e i r  stuaies cf oq-gen-atom recombination on m e t a l  surfaces.15 

Thio premise is based on s i m i l a r  conclusions drawn by MeUn & Madix i n  

W e  have not, as of 

August, 

but  i n  a cocti!iutn& series of calorimetric experiments, due f o r  completion t h i s  

1981, rl\tatrtified the  energy accomodation by t he  surface f o r  excitons 

. coming y e s ,  vibl  dctermine a B-value f o r  t h e  energy accomodation f o r  deexcitation 

1 of .& 0 
g 2' 



. 
11x0 -Surface Madal, Adsorption Phenomena, and Energy aad.Entropy Considerations 

For OxyRan Recoms5nat ion' and beexcitation: 

One of the mJor problems for a person i n  developing a mechanism for ~ ~ X X U  

recombination on S h u t t l e  Tps RCG t i l e  materials involves the nonuniform, irqe- 

producible nature of the  t i l e  surface itself. The species' surface has been 

heretofore assumed t o  have many of the characteristics of quartz and other sil- 

iceous materials, I L ~  extrapolated from i t s  physical properties and from its 96% 

silica, 4% boron s i l i c i d e  composition, although, contrary t o  quartz &d many 

other glasses, it has been shown by electron diffraction and scanning electron 

micrography t h s t  the t i l e  surface undergoes alteration( through apparent oxidation) , 
when 

t 

exposed t o  oxygen at .elevated temperatures for  extended periods of time, 

To suggest tha t  it is a uniformly cat lyt ic  substance over all regions is more than 

a gross assumption, but  one tha t  we were forced t o  make. 

we can be s a x  thcre are, on the  average, about 10l5 t o  10 

23 Interaction of p-r em a d  tbc  Furface, i n  general, resembles other s i l i ca tes .  

From previous calculations, 

surface active "sites" 16 

2 

O-atas ~-5th qurlrtz and other s i l i c a t e  surfaces such as RCG are presumed t o  occur 

t h r w  rather wc.sWg chemisorption interactions, OB the  order of 6-20 Kcal/mole, 

while i a b q t i o n  ef' ground state oxygen or its higher-lying excitons are presumed 

to occw *roc& C w n  weaker, Fhysisorption interactions, on the  order of the en- 

thal334 02 a8s0r3?ticnS of 2-6 Kcal/mole. 

interecthns .  

These resul t  i n  widely spaced adsorbate 

t o  lo-' of the  potential  s i te  It has been estimated tha t  only 

-10 area I s  covered nt ac;y. time, with available mole s i te  spacings of I' = 10 t o  
2 35 

mles/cm I n  a y  case, exchange of adsorbed 0-atoms o r  O2 molecules with 

oxygen bound in rurface Si-0-Si units proceeds prohibitively slowly men compared 

with atom recazibf tmticri or exciton deexcitation. 

takes place at crnly a fraction of the possible or potential  surface si tes.-aids in 

emlaining the-few values observed for  y, y, and 8 for  these systems, These low 

reaction and cnora  recombination and energy acemodation coeff ikhnts  contrast 

That recombination or deexcitation 

I 

*.._ - 



strongly with 

,d the  other 

surface atoms 

deexcit at  ion, 

surfaces kave 

Y 

those previously determined for platinum; s i lver ,  copper, nickel, 

trcusit ion metals. l5*I6 There it is assumed tha t  nearly all of the  

may serve as a template for  recombination or f o r  exciton-specific 

with concomitantly higher y,y', and 8 values. 13,14~15 These m e t a l  

also been shown t o  be readily poisoned or  deactivated catalytically 

by introduction of foreign 8tom layers, which usually adopt well-ordered surface 

positions atop the regular m e t a l  l a t t i ce ,  and as such, can be rather precisely 

located u s h g  low energy electron diffraction techniques(LEED Spectroscopy) 

One might a prior i  expect that  introduction of the  boron s i l i c ide  B 

in to  the RCG surface region t o  cause the surface t o  have a considerably lower 

catalyt ic  recaibinstion coefficient than quartz o r  other siliceous materials, bu t  

i n  fact, the reverse has been sham eo be true. 2 

27,28 

t 
Si 

3.2 3 subgroups 

It xes beyond the capabilities of our research team t o  closely define, elucidate, 

f i ~  even approximate the average na ture  o f  the RCG surface. 

o r  recombination data must be discussed i n  terns of an iaaginary average surface 

with approximate kinetic, energetic, and entropic parameters. In  theory, when a 

reaction such as recombination takes place on a nonuniform surface, i n  which there 

is a variation i n  site-tmes, both the resultant s i t e  adsorbate populations and 

t h e i r  energies of activation for a particular reaction are d€fferent.17 It is even 

Thus, any deexcitation 

conceivable that  the sites differ in enough respects t ha t  different products may be 

preferred from them. 

equally but sysrsely(1072 t o  10 

A s s d n g  tha t  a l l  of the  different s i t e  types are more or  less  

) occupied, then the kinetics and energetics may be 
-4 

averaged, and the reaction rate expressed as: 
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In our flow apparatuo experiments, we k d e  the very simplistic assumption that  there 

Y -e only two typca of si tes ,  V, or  Pyrex, and t, or RCG t i le.  

values showed that the t i l e  si tes are nearly chemically indistiguishable from the 

glass sites. In tho f i o w  experiments, with t h  tiles absent, c1 = cw 

the t i l e s  were prmcnt, c1 = c = .663 and c2 = et = .337. 

arbitrary s i t e  typce as uniform, with the fu l l  understanding that they could each be 

Our l a t e r  deexcitation k 

1.0, and when 

We analyzed each of these 
W 

further subdivided, nnd with the knowledge that  the RCG t i l e  s i tes ,  st least ,  were 

constarhly being modified by oxygen atoms at the elevated teqeratures of our ex- 

periments . 
Adsorption Times and Eaui l ibr ia :  

t' 

Forthe first nnd last  steps of the proposed recombination process, we assume 

that  these reactions are governed by typical, physisorption phenomena. If there were 

no attractive forcca at all between oxygen atoms or molecules t o  surface s i tes ,  the 

residence t h e  f would be expected t o  be on the order of a single molecular vibration, 

*--ch, for 0 m u l d  be f = seconds. The interaction energy Q and energy 

accomodation coefficient B would both be essentially zero for t h i s  "hot" atom and 
O2 29 

cold surface and tlic particle woad s t r ike the "cold" surface and rebound with a l l  

of i t s  energy, with none transferred t o  the surface, and no chemical reaction there 

would have t ine t o  occur. However ,  since cculombfc or electrostatic or electronic 

attractive forces nrc present, 8 nonzero energy of interaction results. This value 

of Q is on the ordcr of the enthalpy-of adsorption, and results in a measurable 

accomodation coefficient 8, since more chemical energy is thus transferred t o  the 

surface. The time of surface residence is expressed as: 

0 
'tw = r e  'lilT T = Kelvin, R = ,001987 Kcal/mole 

0 

As expected, the reaidenee time of adsorption decreases w i t h  an increase i n  tern- 

p-ature. As ac?sart?ate species gain the needed activation energy (E% or EaUI in  
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Figure le), they arc able t o  escape the i r  sitrface s i t e s  and free them for other 

spehies. It is crafe t o  assume that when TX is as large as several vibrational 

oriods, that rather strong chemisorption has occurred, and a considerable amount 

of cnergg is accmodsted by the surface. 

oxygen by surface s i tes ,  it has been calculated that  only about 1 o f  40,000 sur- 

face-exciton collisions possesses a long enough residence time for deexcitation 

In our study of deexcitation of delta 

. 

t o  

t o  

in 

i n  

15 , 38 occur. 

Langruuir dcvcloped relatioships that connect the process of chemisorption 

ordinary kinetic parmeters, expressing the rates of adsorption and desorption 

terms of molecular properties, 
t 

The rate  constant for desorption, important . 
28 steps I end I11 or our mechanism, is related t o  the adsortion time TO as: 

-Q /RT -8 ’m and k (0 molecules) =. 1 / ~  e O2 k (0-at-) = l / ~ ~ -  e 3 2  0, -1 L - 
-12 Assuming T~ and t t o  be ‘10 sec, and Q t o  be 10 Kcal/mole and Q t o  be 6 Kcal/nrole, 

O2 0 O2 
k and k nay be cbtained, essuming a tenrperature of 300%. These results are: -1 3 - 

T = 1.9 x 10-5 sec 4 
“1 6 0 5.2 x 10 /sec - 4.3 x 10 /sec = 2-35 1 0 % ~ ~  T 
k3 O2 -3 

The rate constat8 f o r  adsorption, or the reverse reaction, may be expressed as a 

function of the nucber of particles s t r iking the  catalyst surface, which is considered 

t o  be a 2-dimcnsio1:ciZ box of site are cr 28 which f o l l m  the relationship: 
0, 

t NO 1(2nKRT)1’2, i n  cm 2 /rcole-sec 
ka 0 

2 Solving this cxprcrsioc at 3OO0K and assuming values of Uo = l O I 5  sites/cm for  0- 

atom and 5 x 10” sites/= for O2 molecules, gives r i se  t o  the adsorption cons- 

tants, ssstorlng 1 torr t o t a l  pressure, 27% 0 atoms, 73% 0, zolcules: 

2 

should 

2 
CU = 6.1 x d3 atoms*sec 18 atom-sec 

Kes cm2 
kl(O-etans) = 3.3 x 10 cm2 

k ( 0  wlccules = 3.2 x d8 mlecul,es=sec IS3 = 7.4 x 10” molecules- sec 2 
2 cm cm -3 2 

be stmnply p i n t e d  out that changes i n  u area, by occupancy of the limited 
0 
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rider of surface a i t e s ,  can strongly alter the  values of IC 

i 

and K3. as18 
eq 

tufb the equilihria i n  these steps. Such predictions, f ind support i n  our early- 

reaction tube, high-pressure, low temperature second order effects noted for  

both deexcitation rcactions. 

Energy and Entropy of Activation, Oxygen Recombination: 

Previous work by Scott2 and Melin and E r , d i ~ ' ~  showed tha t  ow*gen atom and 

nitrogen atom recombination coefficients at  elevated temperatures exhibited temper- 

ature dependencies indicative of smll energies of activation for  the recombination 

processes. 

. 
% 

In addition, each term conteined a smallpreexponential term which could 

be factored i n t o  a teqerature dependent col l is ion Frequency parameter and an entropy 

of activation, SA, or  surface orientation parameter. 

tr ibutors t o  a Given reaction kinetic expression are: 

In general, the  various con- 

17 

2 9 
SL ,t s data fit tkc recombination expression: 

-102?l/Tw yl0 = 16 e , where the value of Tv was about 1525OK. 

From the well-knexxi expression relat ing the forward reaction 

-10271/~ 
W 

1 /: = (kT/2m? yt0  = (k~/zfim)1/2-16 e kw 
Xow, using the val\ia of kw assumed by Scott, 1040 m/sec for 

and assuming that thc enthalpic term has mity coefficient, 

0: 
velocity t o  y '  

Shuttle flight reentry, 

Ea = +20.4 Kcal/mole and 

Sa = -41.4 cal l% r\t. 1525%. k'orking f r c m  a different direction, assuming no specific 

value for kvs 'bg eqmting the  two expressions for  Q, and then substi tuting into the 

well. known eqreaaion for y' 

tal/% are obtnlncri, 

proposed surface-cat dyzed  Eechanism, with a rete-determining s tep i n  which there 

with constant Ea at 1525%, Sa values of about -45.3 
0' 

These laree and negative values for Sa are a l l  consistent with the 

is 

e: 

adsorbed on the surface on limited s i tes .  

of activation for pecLzbination and deexcitation reactions for oxygen and nitrogen, 

er a decline In the num'ber of moles of gas, and/or i n  which a gaseous species is 

Table I11 sunmarizes energies and entropies 
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. .  Apparatus Et Procedures: . 

Determination of t h e  i d e n t i t i e s  of ,  concentrations of, rates of formation of,  
1 and A O2 excitons i n  3 1 

3 
u '29 Cg '29 g 

rates of dccxcitation o r  quenching of C 

presence of one another and i n  the presence of ground state owgen and ?P oxy- 

atoms, over a temperature range of 25 0 0 t o  550 C and a pressure range of 0.1 

to 2.28 t o r r ,  is a t i c k l i s h  procedure, and required construction and constant 

modification of a ccmplex apparatus. 7*12,29,30,31 W o w - g g n e r o u s  support of NASA, 

under contract #NAS-g-16254, and through Murray S ta te  University's Committee on 

- Ins t i t u t iona l  Studies & Research, under grant #CISR-777, along with other needed 

equipment and microcomputer hardware and software furnished by our Collegiate 

Dean abd Vice President f o r  University Services, we fabricated and/or assembled 

t h e  components of t h e  discharge-flow, band-specific emission spectroscopic, com- 

puter assisted reactor-detector apparatus f o r  excited oxygen species,  pictured 

in Figure 3. h r e ,  ground state oxygen w a s  first precooled t o  remove conden- 

s ib l e  impurities such as water vapor, which  w e r e  known t o  "quench" o r  deexcite 

oxygen excitons, 11'32'33 The gas was  then pressure pumped'and vacuum pulled 

through a gas-flohmster i n t o  the discharge region, at  pressures of 0.1 t o  3.0 

t o r r ,  and using flow rates of 2 t o  20 cm /see (at STP). 3- The gas stream so 

developed had avcrage forward ve loc i t ies  of 100 t o  0'00 cm/sec. 

typ ica l  gas flou parameters are l i s t e d  i n  Table 11. 

Some of the 

I n  t h e  12 mm quartz discharge 

tube region, the oxygen flow stream w a s  excited and p a r t i a l l y  dissociated in to  

atoms. 

determined by pressure drop messurements, w e r e  common. 

using 2450 b!H: mfcrowzve radiat ion from a Raytheon power source and microwave gen- 

Conversions w e r e  i n  t h e  15-40% range, although 26-27fb dissociation , as 

Dissociation w a s  accomplished 

. erator,  operstitrg a t  pover r a t i o s  of 70 t o  120 w a t t s .  29'31 The radiat ion w a s  

carefully tuncil using 8?3 air-cooled t e f l o n  tuning bar, w a s  monitored with a 

aackmeter, and rrtticlded *om operating personnel i n  an aluminum housing. 



. . 14 

Wter passage ttirou@ the  discharge system, the  gas stream was  passed through a 

series of l ight  traps t o  cut down any vis ible  l i gh t  from the discharge region 

f r o m  reaching ttic detector; The gas stream could be par t ia l ly  saturated with 

mercury vapor, which could cause recombination of oxygen atoms when the i r  

presence i n  the dctector w a s  unwanted, 

reaction, a condcnsor was  also placed i n  the l ine ,  i n  which mercuric oxide, HgO, 

oceaSionally formed: 

-- ' 
In  order t o  remove the products of t h i s  

The gas stream was then passed by a stopcock tha t  led  t o  

gas reservoir, whose contents could be used to "ti trate".the amount of atomic 

a nitrogen dioxide 

oxygen present jn the mixture, by the reaction: 2 4 2 5  

3 * 
2 0 (3F) (g) + NO2 (g) 4 O2 ( Cg, G.S.) - + NO2 , emits 

!l%e pressure w;ili monitored at t h i s  point, and a t  several other convenient places, 

by use of a Varinn vacuum gauge, as an al ternate  measure of 0-atom concentration. 

The gas stream vas then passed into a 4.61 cm i.d. pyrex reactor/detector tube 

set  firmly i n  tu) insulated, circulating oven, of which a 1 cm viewing s l i t  was open 

t o  the photmult.iplier detection system. The photomultiplier tube w a s  powered 

by a variable tijgh-voltage power source operating at typical voltages of 1400 t o  

1800 volts. It was necessary t o  use narrow band f i l t e r s  with each photodetectar, 

i n  order that  t tw radiation detected by i n  a relat ively narrow range, of about 

100 angstrczs. 

exciton by =.ea::nrirG the intensity of i t s  most intense, radiative band. 

1 3 t he  6340 angstrom enission for  A 0 and the  2800-4000 complex for  

Although 

I n  t h i s  way it w a s  possible t o  detect the presence of a particular 

We used 

O2- g 2' 
1 

C O,, could be detected using a near infrared photodetector at 7619 an 
6 .  - 

stroms, since I C  vas constantly being replenished i n  the gas phase from 'A 0 
L i 3 2  

in an energy p o , l l r ~  reaction, it was not measured, for  it WRS generated in steady state. 
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The complete visible emission spectrbn for  diatomic oxygen is presented i n  Figure 

4. 
. .  

The photosultiplier tubes were mounted on a "car" driven by a gear chain and 

a stepping motor, and could be driven i n  e i ther  direction along the 43" or 109.2 

cm of the  viewinf; s l o t  of the detector tube so that  a radiation prof i le  with a 

distance parameter, i n  em., could be obtained. 

rameter by the gas f l o w  rate, a reaction time vs, tube position could be obtained. 

By multiplying the distance pa- 

Assumptions made i n  t h i s  extrapolation included laminar flow by the gas, .canstant 

tube-diameter, and 831 average gas flow r a t e  calculated by the expression: 

- 
or  u = .12V, i n  cm/sec 2 - 

u = V/.SmR 
t- 

- 
where u was the average gas flow velocity corrected for  temperature and pressure, 

V. was the averwe gas flow volume, corrected for  temperature and pressure, and R 

was  t he  constant radius of the tube, 2.305 a. The flow profile was  assumed t o  

follow the l s n i n a r  pattern pictured in Figure 5a. 34 The detector could be driven 

either manually or by a computer. TYpicaZscan rates  used -58  -/step and 250 

steps/minute. 

or any part  of one, i n  order t o  obtain nore accurate slopes f o r  analysis. 

Q n r t  speed variation a l l o w e d  spreading or  attenuating a spectrum 

As 

data w a s  taken at each point, it w a s  also plotted on a cathod ray screen through 

operation with 0-u 48K Apple I1 Plus microcozputer and peripherals. 

Applab plott in& progrm w a s  uti l ized, 

tored at three points within the reactor profile,  at 0, 25 and 75 cm, and another 

A modified 

Gas pressure and temperature were moni- 8 

pressure reading bras available after the 63s passed out of the reactor tube. 

After dctccticn and nearly t o t a l  recmbination and/or deexcitation, the often 

hot gas streax writ. pumped through a flbv-limiting f i n a l  stopcock. Experience 

showed us t h a t  thc o-sygen released from the reactor had t o  be cooled before it 

was passed i n t o  ttrc Duoseal f i l l e d  vacuum pump. A Dewar flask f i l l e d  with dry 

ice/acetone vas uz-cd for t h i s  purpose. One of the mador early problems encountered 



in the pro3ect was getting the number of molecules or mass of oxygen passed through 

jl order t o  get good vis ible  emission from thes  excited species. This w a s  f inally 

accomplished by using a pump of 500 liters/minute pumping capacity, and constantly 

changing the o i l  i n  the pump. One of the easiest  measurements t o  obtain w a s  the 

gas flow volume per uni t  time, for  during a run, all exit gases pumped from the 

reactor could be collected by displacement a t  a given temperature, and using the 

ideal gas relationship; the amount of material could be very accurately determined. . 
Runs were obtained at different pressures and temperatures, with o r  without 

t i l es  present i n  the apparatus. It 

8 h ~ i W l i n ~ i c ~  . shape, could be 

a fashion that they f i l l e d  s l ight ly  

1 
was found that eight 1.6'' x 6" tiles, cut to 

placed contiguously in the  chamber, i n  such 

less  than one-half of the tube and had an 

effective surface fraction i n  the tube of 0,337. 

tube w a s  then normalized t o  a slightly smaller cylinder, and the gas f l o w  average 

velocities vere calculated from the relationship = .179V c#/sec. Particular 

excitons could be attenuated by the use of Co or  Ag m e t a l  coils,  and mercury 

vapor could be used t o  remove oxygen atoms, although it tended t o  reduce the amount 

of C O2 as ucl l .  These different experiments allowed collection of enough data 

t o  obtain rather good kinetic parameters fo r  two of the exciton species, as well 

as a temperatwc dependence of r a t e  constants for  deexcitation, and calculation of 

energies of activation. 

t ion  rates  were proportional t o  gas velocity as well, 

coefficients, 1' , were also obtained. 

"he modified D-shape of the 

3 
U 

In addition, we found tha t ,  at l a t e  tube conditions, reac- 

Estimates of deexcitation 

w 
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V. R e s u l t s  & Diacussion: 

The filtered radiaiion 

terms of a current, and was 

detected by 

measured at 

ORIGINAL PAGE IS 
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the photomultiplier tube was expressed in 

each tube position(x, cm) and recorded. 

It was assumed t h a t  the radiation intensity WES exactly proportional t o  the number 

of atoms undergoing radietive decay, and that  the decay 2rocess was  at least 10 

16'38) than the, w a l l  or  t i l e  deactivation times slower(gucoses of 10 have been made 

process. 

and particle number was everywhere linee-, and followed Beer's Law i n  the fashion: 

3 

4 

The further assumption made was that  the relationship between intensity 

I 1  X ['Ae 02]$ 
Ix = ['A 0 ] a, where a w a s  a proportionality constant f2 = 

g 2 x  x 1% 0 I 2 
In order that  intensity always re f lec t  a given number of delta particleg, &f5 

photomultiplier shut ter  opening and the photozultiplier voltage were kept constant 

throughout a series of runs, averaging 5x11 and 1600 volts fo r  the 6340 angstrom 

3 A 0 de tednn t ions  and 5 mm and 1400 volts for the C "green glow" determina- 
g 2  U 

tions, respectivcu. 

tube opening dititmce . 
conditions were i n  force scon a f t e r  the emission had begun, 

Ty-pical dccRv profiles of intensi ty  vs. tube position, em., are shown i n  

A l l  spectra were recorded over the en t i r e  43" or 109.2 cm 

It was assumed tha t  ti=-distance steady-state reaction 

Figures 6 and 7. 

40 rams have bcen €.de t o  date (August 17, 1981). 

'A 

quickly as LU 02. 

tha t  at tube w a i t i o n s  of 50 cm or  greater, in a "downstream" sense, t ha t  good 

rirst order kinetic plots fiere obtained for the decay of each exciton. 

these are given i n  Figures 8 and 9.  

>!are data of t h i s  typz are available upon request, since over 

The results indicated tha t  

is desctl\-ated or  quenched on p;~rrex or t i l e  surfaces only about 1/5 as 0 
g 2  

3 Plotting the intensity data on semilogarithmic paper indicated, 

Ejtamples of 

These plots vere corrected for reproducible 

"equipment varleticns", such as the  enhanced(=.- apparent decay) tube regions 

shovn in Fierce  6 find 7 at about 35-50 cm. The regions where the discrepancies 

occurred coincide& v t th  entxy. ports used for pressure measurements and other oper- 

atioas. 
e 

ThC plot8 of distance v8. loglo intensity were analyzed i n  typical fashion 
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to give first order position rate constants, K, /a. 

welocity dependent, but Omore o r  l e s s  independent of pressure. They were reminiscent 

These were temperature and 
. .  

of the types sl" rate constants determined by Winer and Bayes by a different ,  chemical, 

assay methd. Values for A 0 were .004 t o  .008/cm, while values for the more 

reactive % 
could be multiplied by the average gas velocity z, i n  cm/sec, to 'give a =ore Univer- 

30 1 
8 2  

0 were -017 t o  ,012. It was found t h a t  each position rate constant K 
8 2  

sally u s e w  the-dcFendent rate comtant, k, /cm. The ra te  constants obtained by 

th i s  method for both excitons are enumerated in Tables V. andVI, 

Each plot hod an interesting region i n  which the reaction rate l a w  bas rapidly 

changing. It averqcd out t o  an order of about [I]:*4, snd the "early" part  of 

the tube regizce f o r  each exciton displayed a region in which a second order reaction 

was occurring, This region was in the first 25 cm of the tube. The next 25 cm 

was one of mixed rote, and by the time 50 cn: had been reached, the regular, first 

order rate law tias observed. Figure 10 shows a plot  of early tube position vs l/[I]x. 

.e second order behavior wes clear,  These "early" tube effects were consistent 

with several possible causes: 

(1) 
were rapfay ctxmlging and eddying caused by entrance effects w a s  enhancing the 
rate, 

(2) 
reghe of the f l e w  epparatus, where the species density was higher and enhance 

for it. 

Lauinar flou had not yet  fully developed, so t h a t  surface-normal velocities 

That nn exact second order effect  should result was puzzling, 

There wcrc s i p i f i c s n t  gas-gas deactivation reactions occurrfng i n  t h i s  

'nent  of a tbm-body reaction was expected, as might be a second ortier behavior 

(3) In this region of higher concentrations of undeexcitcd excitons, there was 
a prepondcrancc of stom- or exciton-filled surface sites, leading t o  surface 
"glutting", and causing 8x1 expected l/[I], rate dependence, as discussed on pp. 
4-6. 

This second orecr effect could be attenuated and even qparent ly  removed by three 

techniques; 

(1) by i ~ c r c m i n g  the tenperature of the gas stream 

(2) 

(3) 

by dccre(uiG the gas f l a w  rate t o  near or below 100 cm 3 /min(STP) 

by s cozblnation of (l)*ana (2) 



The second order 

J mentioned by 
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effect was more or less independent of pressure. This effect  
38 Bayes and Miner , who evaluated it i n  t e r n  of gas-gas phase 

recombination. 

experimeuts. 

responsible for the behavior, we decided t o  see i f  the "early part" of the  

In order t o  test the i r  hypothesis, we perfonned 8 series of 

Firs t ,  i n  order t o  determine i f  any special entry effects  were 

apparatus was i n  any flow-sense unique. We calculated at  what length 2, 
surface or eddying effects should have been loinidzed, that  is, when the 

boundary layer position fo r  laminar flow had reached .the midpoint of the 

reaction tube. 
a 

Since our Reynolds diameter numbers for  different flows were 

in  the  range of 20 t o  300, there vas no doubt t ha t  8 rather early laminar 

flow would be obtained. 

determined by B l a s i u s  and Schlichting 

W e  used the fonmila for boundary thickness, as 
34 : 

8 (bound- layer thi&.;e-cs, f't . ) = 5(  u&/G)1/2 

?re w a s  the average velcc5t3 and u vas the  kinmatic viscosfw. It v w  assumed 

that the viscosltyr of the txiiftas was s i m i l a r  t o  that of ground state 02. 

length of tube 1, that c.=r-xe=pds t o  the nidpoint, was set at t h e  tube inner 

radius 8 = 2,305 a, and t h e  e % - t i o n  5-e.s par t ia l ly  solved and rearranged t o  give: 

The 

- 

By changing the  pressmdclrd~)and flow rate,  a serles of values of L were obtained. 

These are disp lqed  in Ta?Lk IY. The results indicated that  while there was a small 

prelaminar re&$= i n  which the bcrzndary layer was less  than the tube radfus, the 

values obtained for I x e r e  much smaller than the  break point of 25-50 cm., being 

mre on the order of 0.2 t o  2.55 cm. Lsminar effects were essentially constant 

throughout the tube regime. 

Since the second oreer or  "ea* tube" effect  was diminished by both an increase 

temperature snd a decrease in flow rate, we assuuied that  it vas 'due to a stte- 

Melin and Madix have discussed s i te  f i l l i n g  or adsorption change in t ha t  region. 



coverage as an explanation for  low energy accomodation Ouring recombination 

a,dxcitation of oq-6enB and the i r  explanation is applicable here.15 Ogryzlo 

and 
16 

38 and E l i a s ,  and Winer and Bayes and Vallance-Jones and Harrison39 have all shown 

gas-gas deactivation t o  be much too slow at exc3ton concentrations much below 

3 x 1015 moleculcs/cm3, and we were operating on the edge pf t h i s  concentration 

regime. ' 

Enhancement Effect: 

When mercury vapor XELS not present in the system, and 0-atoms were allowed 
1 

t o  pass into the detector t a e ,  enhanced and non-first(or second) order intensity 
1 3 was observed for both h O2 and C O2 emission. The rate of appearance of ad- 

8 U 

ditional intensity'showed a poor first order factor, and gave an approximate 

value of k 

arrive at a Frofile sidlar t o  the intensity pattern observed, since much of 

+- - change was t&ing place in the "early" par t  of the reaction apparatus. 

of about 0.14. However, no adequate curve f i t t i n g  expression could 
*h 

I n  

case, the rate  of con7iersion of 0-a tas  t o  excitons was at l ea s t  five.times faster 

than the C 0 deactivation and 25 times faster than the A 0 deactivation. We 

are continuing to  s t u e  this  O-atom enhancen;ent effect ,  

3 1 
u 2  € 5 2  

I * 
Calculation of Reaction hectivation 

Following the analysis of Viner  and Bayes, we calculated y 

Coefficients, yh and yc : 
I I 
and yC values for  

b 
the two exciton8 cn  lass surfaces, 

u s d l y  about 905 of tkose cf the Pyrex system, they were essumed t o  give similar 

Since the reaction rates for  t i l e  surfaces were 

deactivation 

played by 0-atam rccofiirstion coefficients on glass and rcetal surfaces(f5gure 2.) 

The results 6rc disylqe8,  vhcn plotted 85 logl0 y '  ys. 1/T, i n  Figures 11 and 12, and 

were calrmlatcd f2ma the tire-dependent first order rate constants, k, /sec, by 

p-uverting tbese ?nto the reaction rate velocity by multiplyingthemtimes a tube- 

ckuac ter i s t .3~  c%acnsicn, C, characterietie of the tube dimnsioa u n i t  area: 

cocfflccierts. Each shoved a temperature dependence similar to t h a t  dis- 



U 

These recombinntian \%lues, w e r e ,  as expected, about 10 times larger than the energy 

accomdation and di?trcit8tion 30 values reported by Winer and Bajres, W e  m u s t  a w a i t  

refinement of our technique and determination of 6, the accomodation coefficient, 

from our soon t o  be priormeO microcalorimetry measurements. 

values of 8. dl1 &llm us to predict, with confidence, the y, catalyt ic  ehergy deex- - 

. 
These inCependent measured 

citation coefficients for each of the two excitons , and hence be able t o  predict t he i r  

contributions to tile(and shut t le)  heating. 

coeff idepta ,  are &ivcn in Tebles V. and VI . ,  and plotted with 1/T OK x 10 

Values of the two reaction deexcitation 

3 i n  Figures 

11 and 12. 

Variation of R k and kz with Temperature: -----&k-A~ 

As might he c q y c t e d  Aam t he i r  great difference fn electronic energy and struc- 

ture, the two cxcftons gwe quite d i f fe ren t  temperature rate constant behavfor. 

When-tbe temperature of the 1 A O2 stream was increased, only a small ra te  enhancenect 
g 

vas observed for K /a, and a s m a l l ,  but larger, as expected increase for kA, /see 8' 
ascr ibedto  an fncrcsse in g.=s velocity. 

calculated over *A rnther Kide temperatFe range, 25 t o  280 ?C, and was  calculated using 

!he small change i n  activation energy was 

the  Arrhenius I,awr 

1 The result  s-na a WIT low energy for  A 0 deactivation of 0.34 t o  1.1 KcdL/n;ole, 
g 2  

which indicated thht the  rezction mechenism is not enhanced by kinet ic  energy, but 

is probably doMI natod by an electronic parameter i n  the spin-forbidden reaction: 



Evidently the rurface is not able t o  provide spin crossing for the system. 

3 As expected for the spin-allowed conversion of 0 t o  ground state, 3~ 0 we 
u 2 .  g 2, 

noted a much greater t eqera ture  dependence for t h i s  process, with an energy of 

activation i n  the 6.7 t o  8.6 Kcal/mole range. 

3Z 0 intensity would fall t o  near zero at very short tube position when the temp: 

erature is raised only 100°C. In t h i s  deactivation process, which proceeds without 

spin change, the  tile or pyrex surface need not interact electronically with the 

excitok, wbich can release i ts  energy i n  8 quite exothermic and spin-allowed reaction: 

The reaction was so facile t ha t  the  

8 2  

AS = 0,  
t 

AH = -103.2 Kcal/mole 

W e  predict that when energy accomodation coefficients for each exciton are obtained, 

t ha t  t h e  A 0, state w i l l  have a very low value when coxcpred with Zu 02. Plots 

of loglO(deactivation positioc-dependent or time-Cependent rate constants ) for the  

t w o  excitons with chnnC;e i n  teqera ture  as 1/T OK x 10 

3 3 ,  14, 15 and 16, and the data is arranged i n  Tables V and VI. 

1 3 

3 are displayed i n  Figures 

Attemted FImlEnticn of Oxyen Atom ReconMnation Retes by Pressure Difference: 

It was noted ern&- on that  the totrrl gas pressure, vhen measured at the pump 

end of the  reaction tube, o r  at a port 75 cin or about 3/4 of the way down the tube, 

was about 13-355 l,?tier than the value rnessured prior t o  gas entry into the reaction 

tube. 

with surface shear, and calculations showed tha t  t h i s  shear could amount t o  no more 

It was suqweted that  this pressure drop was not a f low property, dealing 

than 1% of the obacrve0 gressure drop. 

derived fron rscmbicetion of ow6en atom in to  excitons end/or ground s t a t e  O2 

over the  distance o f  the tube. 

The pressure drop was then believed t o  be 

As expected, when (?-atom were "scavenged" by the 

use of mercury m p r ,  no detectsble pressure change was &served i n  the ent i re  tube 

regime. 

reaction( s !: - 

The diwp in pressure, then was due t o  the loss of one mole of gas by the  



The following presaure differential  method and attendant rate l a w  was worked out 

t o  test  on the prearrure drop data: 

Let the change i n  pressure o f t h e  recombined oxygen at  pos. x = -ax, where 

p is the difference i n  pressure between the oxygen atoms before recombination and 
X 

t he i r  products, which are a l l  O2 molecules, ground state or excitons. 'O0  - px = 'Ox (1) 

P 
Ox, A t  tube position 0 ,  l e t  the pressure of oxygen atoms be ' O 0 ,  at position x, 

and at  the end of the tube, when a l l  recombination has occured, '0, = -0. 

Let PT = the t o t a l  pressure at  any time or  position; 'T i n i t i a l  t o t a l  measured 

the pressure at any tube distance x, a; and Tm, the pressure pressure ; 

measured at the end o f t h e  t ~ e  after all oxygen recombination has occurred. 

t 

0,  
P 

Tx9 

For a second-order recombination reaction: 5 = reconhination rate constant 

Since a l l  production of recorrbination from 0-atoms results i n  

P 
2( To - 'T,) 

a drop of pressure equal 

(L: 1 

Substituting (1) into (2): 

the f i n a l  expression: How, substituting p, = 'T -'TX i n to  ( 6 )  effcrds 
0 

It is clear that  the pressure need only be-measured at  three positions t o  give a value 

+%r %, at the tube entrance, exit, and at some measured point x. The curve generated 

from the varfaus vulues which % may assume is asymptotic with t k - v e r t i c a l  axis. Although 
L 

we do not have e gmd value tor at t h i s  time, we believe we can obtain one soon. 



The RCO thermal Drotective t i l e '  system coatings catalyze oxygen atom recom- 

dination through equilibrium, fast formation of a chemisorbed, site-specific, non- 

contiguous atom ceating, with gas surface energies in  the range of 6-20 Kcal/mole., 

and an activation energy fo r  recombination of about 20 Kcal/mole at typical  shuttle 

conditions, low pressures and about 1500%. 

process are larw and negative, indicative of a strongly adsorbed surface-catalyzed 

recombination rcactiod. 

led process, independent of the reaction rate ,  and'give r i s e  t o  ground s t a t e  oxygen 

as the mador product. 

3E 0 on the tilc-&ss surface, and the intensity measurements indicated tha t  

a growth of 4% or the concentration of t h i s  exciton w a s  consistent w i t h  at leas t  

12% conversion of 0-atoms t o  it. This particular exciton, 3 ~ u  02, w a s  found t o  

rather rapid& desxeite on t i l e  surfaces, with a first-order r a t e  constant of 

The entropics of activation for the 

Product molecules are released in an equilibrium control- 

1 

A t  least one experbefhuwas consistent with the  formation o f .  

u 2' . 

-bout * g i ~ - ~ ~ 2  /en at gas velocit ies i n  the 300-400 cm/sec range. 

activation fo r  t.lafs Process was found t o  be about 7-8Kcal/mole. 

exciton, 02, 

rate decqy col;~t.w;. of about .006 /cm at gas velocities i n  the 100-600 cm/sec 

range at ne.= :RAW ttxqerature. 

prvess, of & w t .  0.34 t o  1.0 Kcal/mole, indicating that  the,glass o r  surface t i l e  

The e s e g y  of 

The other 

not deexcited as rapidly by the tiles, with a first-order 
6;. 

There was only a small activation energy for  the 

deexcitatica ?;ext tk \ ;J .  does not involve strong ordering or  bond formation. 

O2 is only slowly deactivated on the t i l e s  is consistent with the f ac t  tha t  any 

reaction inrolvlng a change i n  spin, as from A 0 t o  C 02, i n  the  ground s ta te ,  

m u s t  t ransfer apln t o  8 t h i rd  body. 

i n  which suel; a ppin t ransfer  does not take place readily. 

"hat 'A 
g 

1 3 
g 2  g 

Evidently the tile-'.b 0 interaction is one 
g 2  

The mast th te t r s t ing  result obtained vas the change i n  order fo r  each of the 

'?eexcitation reaetfms, from second order t o  first order. Since the process w a s  
* ;+f==. 'e 
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found t o  be diminished at  10; pressure, higher temperature, and lower flow rate, 

it was assumed t o  be dFe t o  a site-coverage effect discussed in t he  mechanism. 

But other postulates, including non-laminar flow i n  t h e  ear ly  reactor  tube, gas- 

gas recombination or  deexcitation, and an unusual tube regime i n  the  first o r  

ear ly  par t  of the tube could a l so  explain t h i s  result. 

It is yet to e a r l y  t o  predict  what f rac t ion  of t h e  deexcitation energy or  

reconibination energy leading t o  excitons is ac tua l ly  accepted by t h e  t i l e  sur- 

face and results i n  heating. 

calorimetric studies .  

recombine t o  yrcduce about 4 4 2 %  %, O2 and a comparable amount of \ g  02, obviously 

only a s m a l l  fraction of the  t o t a l  recombination energy is converted in to  exciton 

These evaluations must a w a i t  our soon-to-be-performed 

But, following Ogryzlo's obskrvation that  oxygen @toms 
S 

U 

electronic  encrfi)., However, with t h e  low deexcitation rates on g lass  and the RCG 

t i l e  surface, ceupled with the  very modest rate enhancements expected f o r  processes 

of such low e n c r ~ v  of act ivat ion,  there  is good evidence, t h a t  once formed, oxygen 

excitons can carry a f rac t ion  of recambinstion e n e r a  away from the t i l e  surface. 
- 

I n  addition, :it the higher temperatures charac te r i s t ic  of Shuttle reentry condi- 

t ions,  it is expected t h a t  the higher lying e lec t ronic  states might be i n i t i a l l y  

be more highbe pepulated, and W i l l  a lso  include s ignif icant  contributions from 

vibrat ionsl  :uid m t s t i o n a l  ststes. One intr iguing poss ib i l i ty  remaining t o  be 

explored is the poss ib i l i t y  of defining t h e  populations of higher lying vibrationally,  

rotation-, and electronical ly  excited oxygen states. Even more importantly, 

a study of the e m r s  pa r t i t i on  of excited species produced from nitrogen, the  

major cocpxwtt ut the atmosphere, and with t he  l a rge r  share of the  recombination 

energy t o  be acconabted, could give f r u i t f u l  resu l t s .  Nitrogen excitons i n  

higher b-kq eIec,tronic and vibrat ional ly  excited states have been detected, and 

have been fc:u\d to have s i g n i f i c a t  radiat ive lifetimes. 35'36'37 W e  had proposed 

future e q e r i a e n t 8  qddressing these problems i n  an unsol ic i ted proposal t o  NASA, 

and hope to be able t o  study them. These new experiments, 'coupl6d with our on- 



. 
going excited oxyean work, including, our upcoming calorimentric studies,  w i l l  

expand our growiw recombination mdel ,  and w i l l  allow us t o  more closely define 

the heat flux impact of excited species, which are produced by or  deexcited by 

surface reactions on the Orbiter TPS t i l e  materials. 
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IX. Nomenclature.: 

ares-dependent proportionality constant 

energy of activation, Kcal/mole 

Planck's constant 

enthalpy of reaction, Kcal/mole 

emission intensity, arbitrary units 

Bolt-awn's constant 

first order reaction rate constant 

equilibrium constant, surface adsorption-desorption 

chnby in number of moles 

oxydcn atoms 

Pressure, a t m .  

Encra difference between ground s t a t e  and 

radius of reaction tube, cm, 

reaction cured glass 

Rcnolds number, dimeter 

exciton s ta te ,  Kcal/ mole 
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Romencdture: (csnt ) 

8 

Sa 

T 

TPS 
0 

U 

V 

[ I  

silicate surface s i te  . 

entropy of activation, cal. /de&. 

Temperature, K 0 

Thermal Protective System 

bulk-overage l inear  gas flow ra te ,  cm/sec 
I 
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root mean square gas molecuhr velocity, cm/sec 

gas volume. flow rate, cm /sec 

concentration, moles/cm 

3 

3 

8 enerGy accomodation coefficient 

y' recombination coefficient 

r 
A delta oxygen electronic state 

K first order ra te  constant, /sec 

u kincmut i c  viscosity, lbm/ft-sec 

P density, g/cm 

T adsorption "sticking" time, sec 

2 molar s i t e  surface coverage, moles/cm 

3 

Subscripts : 

l ,2,3 .... chrirscteristic of reaction 1,2,3 .... 
8 adsorption 

D dcact ivation 

g gas cttnte 

0 zero ( i n i t i a l )  tube position 

0 a';y.G.cn at.- 

w p a  malccule O2 

R mc-bination 
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Subscripts: (cont..l . .  
%$ 
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S surface species .e% 

T t o t a l  ! .*; 

t t i l e (  rcsction cured glass coated) 

W w a l l (  pyrex tube) 

I . tube position, cm. 

OD end( inf inity)  tube position 

Figure 1. Reaction Profile vs, Energy Consistent with Observed Energetics for 
Owgcn Atom Recombination. 

- 

# [transition complex], S--0---0, lower 6 (a) 

Energy 

s-0 + s 
or 

2 s-0 

or S-0---0---S, greater B 

AH(recomb) = D 

b t 
Stcp 3.  Step II.(a or b) Step 111, 
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2,14915 Figure 2; Vsrlation in the Recombination Coefficient, y ,  of Oqgen  Atoms 
on (a), silica; 
Note the similarity i n  form t o  Figure 12. 

(b), HRSI; (c), silver metal; and (d) copper metal. 
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. Figure 3. Lcpcnb. 
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2. 
3. 
4. 
5.  
6. 
7. 
8. 

- 9. 
10 . 
11. 
12. 
13. 
14. 
15 
16. 
17 - 
18 . 
19. 

Oxygen Cylinder 
Oxygen Regulator 
Precoolin6 Both 
Flow Stopcock 
Gas Flowmeter 
SJ Clamps 
Utility Ruck 
Microwave Discharge Region 
Microwave Tuning Cavity 
Quartz Diochsrge Tube 
Microwave Bockmeter 
Coaxial Cable . 
Microwave Power Source 
Light Traps 
NO2 Reservoir 
In-line Condenser 
Oven Power ControL 
Reactor/Dctcctor Tube 
Pressure/Dctector Ports 

20 . 
21 * 
22. 
23. 
24. 
25 
26 . 
27 
28. 
29. 
30. 
31 . 
32. 
33 . 
34. 
35 
36. 
37 
38 . 

Pressure/Vacuum Gauge 
Dewar Flask 
Post-cooling Trap . . 
Vacuum Pump of Capacity 500 litershin. 
Photomultiplier Tube Car or Carriage 
Photomultiplier Tube Power Supply 
Oven for Reactor/Detector 
Oven Circulating Fan Motor 
Photomultiplier Tubes & Filters 
Stepped Chain Track 
Stepping Motor 
Stepping Motor Control Box 
Stripchart Recorder 
Apple I1 Plus 4 8 ~  Microcomputer 
Disk Drive & Diskette I 

CRT (color) 
Printer 
Digital Thermal Analyzer 
Oven Thermoregulator 

. 

Figure 4. Complete Assigned Visible and Near-visible Oxygen Emission Spectrum. 
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F i g k e  5 .  Laminar Flow Profile Assum'id for Empty Reaction T&e( a) ; T i l e -  - 
Fi l led  Tube(b); and Normalized T i l e  F i l l e d  fibe(c). . 

. -  
u u  I \  '\ I cylindrical f l o w  path 

or ua rm/sec ,= 
. .12v/ : 

I 

hemicylin.d,l-icd 
f l o w  path norm- 
'al ized t o  

cylindrical 
f l o w  path, 

u = . l79V 
''0" = 3.778 cm. 

- 



1 'igure 6. Typical Double Tube Scan at 6340 Angstroms, for A O2 Intensity w i t h  
Tube Pmltton, x. Double Large Arrows Indicate "&e Irregularities. 
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Figure 8. Variation in log I with Tube  position,.^ cm. note Data Break Point 
near 40 cm.. Mea%r&ent for 6340 angstrom 'A O2 "pink glow". 
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Figure 9. Variation i n  108 I w i t h  Tube Posit on, x cm. Note D a t a  Break Point 

P in 40-50 cm. Rad?. % e a s u r e m e n t  for 3 c "green g l o w " .  

0 13 20 30 40 50 60 70 80 90 100 end(109.2) 
\ 

tube pdsition, x 



. .  
3 Figure 10. Variation of LU "green glow" Intensity, 1/I with Early Tube 

X' Position x. 
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Figure 12. Ywtation i n  loglo yz with 1/T, Temperature in O K e l v i n .  

3.22 3.21 3.26 3.28 3.k 3.52 3.34 3.35 



4L 

ORIGIRAL PAGE IS 
OF POOR QUALITY 

2.00 2.25 2.50 2.75 3 .OO 3.25 3 .  j0 



. *a . -  

. '. . _ _  
! -. 

0 Figure 14. Variation in k,' /set, 'A 0 (pink glow) , w i t h  i/T, Kelvin. 
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Figure 15. Variation i n  K /A, (green glow), with l/Ts OKelvin: 
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AGSTRACT - A mathematical model is formulated and a computer 
program developed which describes the transient priming 
characteristics o f  a dual passage heat pipe. In addition, 
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the KC-135 Zero-g Aircraft, to be used to verify the 
modeling predictions. 
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1. INTRODUCTION 

A t  present the primary means for  re ject ing heat from orbit ing spacecraft 

is through a space radiator  system composed of f lu id  loops w h i c h  c i rcu la te  

f lu id  t h r o u g h  radiator  panels rejecting heat t o  the space environment. 

current system uses a mechanically pumped coolant c i r c u i t  t o  t ransfer  heat 

throughout the radiating surface. T h i s  r e su l t s  i n  a system whose long 

mission r e l i a b i l i t y  is  low and which is vulnerable to  complete f a i lu re  due 

to  penetration by a single meteoroid. 

the use of redundant plumbing, pumping, and valving hardware. 

causes a la rge  increase i n  system weight. There is  a need for  s ignif icant  

technical improvements i n  the development o f  a long l i f e  heat-rejection system, 

sui table  for  long duration h igh  power missions, t h a t  can be constructed and 

deployed on o rb i t .  

The 

Rel iab i l i ty  can be increased through 

However, this 

One solution to  this problem is the development of a large modular 

radiator system tha t  can be assembled on o rb i t  from a number of standard 

components. ThSs space-constructable radiator  system would f u l f i l l  the needs 

and demands o f  large long-lived heat rejection systems and would allow 

systems to  be b u i l t  u p  t o  any desired heat load capabili ty.  

The key component of th i s  concept is an innovative, high-capacity, 

dual-passage heat pipe design. 

would be “p\ugged i n ”  t o  contact heat exchangers providing heat removal 

from a centralized heat transport  loop. 

T h i s  heat pipe w i t h  radiator  fins attached 

T h i s  type of system would be 

insensitive to  complete f a i lu re  due to  micrometeoroid puncture, w i t h  the 

puncture of any single heat pipe result ing i n  only the loss  of t ha t  module’s 

2-kilowatt capacity. The damaged segments could be removed by the Orbiter 

and replaced or  repaired a s  necessary. 



The basic design of this improved high-performance dual-passage, heat- 

p ipe  consists of two large axial  channels, one for  vapor flow and another 

for l i q u i d  flow (see figure 1). 

"monogroove" s l o t  which creates a h i g h  cap i l la ry  pressure difference and 

causes l i q u i d  t o  be pumped f r z i  the  l i q u i d  channel t o  the circumferential 

grooves i n  the vapor channel. 

and radial heat-transfer phases t o  be handled independently resul t ing i n  

h i g h  axial heat-transport capabi l i ty .  

These two channels a r e  separated by a small 

T h i s  configuration permits the axial t ransport  

The i n i t i a l  e f fo r t  i n  the development of this heat pipe has been concen- 

t ra ted on a f e a s i b i l i t y  denonstration of the  dual -passage concept. 

a limited amount of investigation is  being done on the priming capabi l i t i es  

and behavioral charac te r i s t ics  o f  the 1 iquid-vapor interface configuration 

d u r i n g  subjection to  a zero-g environment, 

dynamic behavior of this 1 i q u i d  vapor interface i s  necessary t o  answer ques- 

t ions involving time to  prime both i n i t i a l l y  and a f t e r  dryout and the  e f f ec t s  

of sudden accelerations on f l u i d  configuration and 1 i q u i d  vapor interfaces.  

Presently, 

Knowledge of the s t a t i c  and 
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2. OBJECTIVES 

The specific objectives of the Summer Research Program as  discussed a t  

the outset were: 

1. 

2. 

3.  

Determine i f  the Grumman monogroove heat pipe design would i n  fact 

prime as required for  proper operation i n  a zero-g environment 

regardless of i t s  in i t ia l  orientation w i t h  the g r a v i t a t i o n a l  f ie ld  

encountered prior t o  entrance i n t o  zero-g. 

Develop a mathematical model t o  determine the time necessary for 

p r iming  i n  zero-g. 

Design an experiment t o  demonstrate proper priming i n  a zero-g 

environment. 

These objectives are fa i r ly  independent and as such are  addressed 

individually i n  the following text. 



3. ANALYS IS 

3.1 Background 

The capi l lary head i n  a saturated heat pipe wick a r i ses  a s  a dynamic 

phenomenon. 

curved 1 iquid-vapor interface.  

I t  i s  due t o  the existence of a pressure difference across a 

Capillary pressure can be defined as  

(3.1) Pc = P, - PI 

or  from the Laplace and Young equation . .. 
I + -  I 

R2 
(3.2) Pc = o - 

R1 
where R1 and RE a re  the principle rad i i  of curvature o f  the meniscus 

and u is the surface tension of the l i q u i d .  

T h i s  pressure difference, which  fo r  concave menisci r e su l t s  i n  a 

depression of the l i q u i d  pressure w i t h  respect t o  the  vapor, ex i s t s  a l l  

along the heat pipe wick. 

necessary for i t  t o  be greater a t  the evaporator than a t  the condenser. 

In order t o  obtain a net capi l lary head, i t  is 

In 

a heat pipe under load, this i s  exactly what occurs due t o  changes i n  the 

interface curvatures. 

the menisci t o  recede into the wick result ing i n  a decrease i n  rad i i  of 

Vaporization of the  l i q u i d  i n  the evaporator causes 

curvature while condensation i n  the  condenser has the opposite e f fec t .  

Therefore, the capi l la ry  pressure is no t  constant. 

a passive phenomenon which automatically adjusts  t o  meet the flow 

requirements. 

Capillary pumping i s  

For a hemispherical surface the forces acting around the surface 

Fc = 2 3 R ~  must balance the pressure acting across the surface Fs = sR2AP. 

2aR u T h i s  yields 
AP = x z  = ZU/R 



For capillary r i se  i n  a tube of circular cross-section (see figure 2 ) .  

or in a zero-g environment 

for a single cylinder of radius r with surface tension Q 

_ -  

r 

I 
I 

I 

! 

h 

Figure 2 



3.2 Minimization of Free Surface Energy 

Investigations o f  capi l l  ary and zero-g behavior have suggested t h a t  

the solid-liquid-vapor system will tend t o  assume a condition of minimum 

free surface energy when removed from a gravitational f ield.  Experiments 

i n v o l v i n g  drop tower zero-g simulations have. attempted to  confirm this. 

In a l l  cases the liquid-vapor surface tended toward a configuration i n  which 

the total  energy of the system was a t  a minimum. 

heat pipe is  analyzed by minimizing the f ree  surface energy i n  the l i q u i d  and 

vapor channels we can a r r ive  a t  the theoretical  geometric configuration 

tha t  the liquid-vapor interface would assume i n  a zero-g environment. 

If the Grumman monogroove 

AR 

The f ree  surface energy can be equated a s  

AS = (Force) (Mistance)  

or 

Since an increase i n  As r e su l t s  i n  a decrease i n  AS 



Equating Av = AV yields 

(3.6) r2 - ( r  t Ar)2 = (R t A R ) ~  - ~2 

or 

r + AR (3.7) A R  = R 

Adding  equations (3 .4)  and (3.5) and substituting (3.7) 

(3.8) AS + AS = -4mLcoso(Ar- 7) r+Ar 

(3.9) or 

As t AS = -4mLcoso(l-r/R) 

where As and AS represent the free surface energy of the liquid and 

vapor channels respectively. 

The premise t h a t  the l iqu id -vapor  system will seek a configuration 

o f  m i n i m u m  total surface energy requires that the sum o f  the energy changes 

As t AS, be negative or zero. T h i s  condition will be met w i t h  the above 

equation (3.9) i f  the product of (L, a, cos0 and (1-r/R) is  positive. Thus ,  

f o r  a wetting fluid (cos0 is  positive) the l i q u i d  will move in to  the liquid 

channel if r < R and move o u t  of the channel when r > R. When r = R the 

fluid w i l l  be a t  an equilibrium state.  



3.3 Calculation o f  P r i m i n g  Time 

Presented herein a r e  two mathematical models which describe the 

priming phenomenon of the Grumman monogroove heat pipe design. 

methods a re  accompanied by a computer r u n ,  

f l u i d  i n  bo th  the l i q u i d  and vapor passages vs. time. 

Both  

comparing the height of the 

The f i r s t  method is  a simplified approach which equates the system w i t h  

two parallel  cap i l la ry  tubes o f  different  diameters drawing f l u i d  from a 

common reservoir. The second method presented, which is similar t o  work 

done by Grumman, i s  a more complex approach and r e f l ec t s  the decreasing 

cross-sectional area i n  the monogroove t h r o u g h  which  the f l u i d  passes 

from the vapor t o  the l i q u i d  passage. 

Although the  two methods d i f f e r  i n  some ways they both assume fu l ly  

developed flow and the principle o f  minimization o f  f ree  surface energy. 

Vapor passage 

rA 

- A  

I 
~ 

L i q u i d  passage 

A-A 

Figure 4 



3.3.1 Method I 

I n i t i a l l y ,  the  f lu id  leve ls  are not the same b u t  vary d i r ec t ly  

w i t h  the diameter (see figure 4).  

in one-g 
1 AP1 = e g h l  = Z K O S +  rl 

1 
APy = t g h v  ZUCOS- 

r V  

and the net cap i l la ry  height difference 

i n  zero-q 
1 
rl 

1 AP1 = Z O C U S ~  APv = 2ocosQ- 
r V  

and t h e  net cap i l la ry  pressure difference 

Calculation of In i t i a l  Charge 

I n i t i a l  charge = ( L i q u i d  i n  L i q u i d  Channel) i- ( L i q u i d  i n  Monogroove) 

+ (Liquid t o  F i l l  Wall 
Groove) 

MIC = A t  h t  + A,,, h t  + A,,,g ( #  Threads per inch) h t  

Rearranging and taking i n t o  account % charge 

(3 )  MIC = C ht(A1 + + (Awg)(TPI)(Zrrv)) 



Figure 5 

Computation of i n i t i a l  height o f  l i q u i d  i n  b o t h  the l i q u i d  and vapor 

channel. 

Ah = funct. (angle the longitudinal ax is  makes w i t h  the  
gravitational f i e ld  (a); and difference i n  
cap i l la ry  h e i g h t  Ahc) 

Ah due to  t i l t  

(4)  ( h i  - h v ) t i l t  = ( rv  +a + r l )  tana 

Ahc due t o  capi l lary head 

2a 1 1 from (1) (hi - hv)c = - (- - -1 g rl r v  

Ahtotal = A h t i l t  + A ~ c  

2a 1 1 = (rv + 6 + '1) tan a + -  (5 - -1 
(5 )  Ahtotal 9 r V  

2u 1 1 + - (- - -) (sa) o r  hv = h l  - (r, + 6 + r l )  tan 

(6) M I C  = (hl(rr1 2, + hv(zrvz)) 

9 rl rv 

combining ( 5 )  and (6) and rearranging 



Assuming v i s c o u s  flow p r e s s u r e  d r o p  a n d  f u l l y  d e v e l o p e d  flow i n  t h e  

l i q u i d  c h a n n e l .  

From t h e  P o i s e v i l l e  e q u a t i o n  for p i p e  flow 

d h  - r2 & v = - - - 
d t  811 h From (2 )  

dh  '12 2oCOSQ (- 1 - -) 1 
r1 r v  (9) v = - = d t  rn 

r e a r r a n g i n g  a n d  i n t e g r a t i n g  

- ( l l a )  t = 2phr2  rv 
rl ccosB(rv - r l )  



3.3.2 Yethod I1 

The l i q u i d  must flow from the vapor passage t o  the l i q u i d  passage 

through the monogroove s l o t  a t  a r a t e  

- d; = vf  
d t  

Assume f u l l y  developed flow i n  the l i q u i d  channel 

from the Laplace and Young equation 
1 1 
rl r V  

AP = Q (-- - -) 

combining (3) - (2 )  

if  the pressure difference between the l i q u i d  and vapor passages var ies  

l inear ly  from 0 to  hv 

h (5) PIv(h) - Pi l (h)  = CPlv(hv) - P l l ( h v ) I  (G) 

integrate  [I] over 0 5 h 5 hv 

Now equating (7) and (4) and rearranging 



0 

Eq ( 8 )  can be regarded as a quadratic equation i n  m ( w i t h  instantaneous 

quasi-steady flow) ;ad 

(9) = -b + d E  
In a f u l l y  charged p i p e  w i t h  C = % overcharge and approximating full 

charge as  tha t  amount needed t o  f i l l  the l i q u i d  channel. 

(1 0) CM = A\ht C = A l h l  + Avhv 

w h i c h  rearranges to  

since 

where 

then  
hv = - htAl (C-B) 

A t  

32 whtA1 2 1 1 c = 1 7  a 4  ( -) ( - - -11 (c-f3)2 = d(C-B)2 
A t  *1 0, 



6 - -  ’d d e  = - 8(C- 8)2+(C- SI[ P(c -  S ) 2 + ( 7 ) 1 %  
a d t  

(1 5 )  

with an overcharge of zero or C = 1 

- ‘6  as B + I  
d t  



Computer programs for both Method I and Method I1 have been developed. 

Program listings a r e  shown i n  Appendix Band Appendix C, respectively. These 

programs compute the time t o  prime and plot the l i q u i d  h e i g h t  i n  both the 

l i q u i d  and vapor passages vs .  the time. 

Test runs of b o t h  models were made u s i n g  the following i n p u t  parameters: 

Length of Pipe 60" 

Diameter of Vapor Passage 0.5270" 

Diameter of L i q u i d  Passage 0.3050" 

Width of Monogroove 0.01 00" 

Depth of Monogroove 

I n i t i a l  Charge 

0 0500" 

120% 

- Angle w i t h  Respect to  Gravity 0.0 degrees 

Surface Tension 1.43 X 10'3 1 b / f t  

Density 1.1810 s l / f t 3  

Viscosity 2.87 X 10-6 sl/ft-s. 

A five-foot t e s t  l e n g t h  was selected since t h a t  is  the length 

originally selected for the zero-g f l i g h t  t e s t  described i n  Section 4. 

Figure 6 shows a comparison of heights of the l i q u i d  and the vapor 
- 

passages a t  various times a s  calculated by the two methods. These values 

show a close correlation for  t o t a l  priming time b u t  vary s ignif icant ly  a t  

intermediate p o i n t s .  T h i s  discrepancy can be a t t r ibu ted  t o  the  difference 

i n  the two methods. 

sectional flow area between the l i q u i d  and vapor passages. 

The second method considers the decrease i n  cross 

Naturally a s  

the f luid level i n  t he  vapor passage f a l l s  this area o r  l i q u i d  interface 

decreases causing an increased f l o w  velocity through a decreasing area. 

The first method does not consider t h i s  b u t  takes in to  account the posit ive 

pressure rise i n  the vapor channel and monogroove which  decreases the  overall 

pressure rise i n  the l i q u i d  channel. 
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The anticipated -results of  the actual f l i g h t  tes.t are discussed i n  

Section 4.4. Briefly however, i t  is anticipated that  the  models are accu- 

rate i n  their  overall time t o  prime prediction w i t h  the intermediate times 

occurring a t  some p o i n t  w i t h i n  the region resulting from the lack of  coinci- 

dence of; the paths plotted by the two methods (see figure 6) .  Tables 1 

and 2 l i s t  the intermediate values of h i  and hV. 

20.0 

10.0 

TIME (SEC) . .  

Fi.gure 6 - Comparative Results o f  
Method I and Method I1 
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4. TEST PROGRAM 

4.1 Test Objectives 

I .  Demonstrate t h a t  priming w i l l  occur i n  a zero-g environment. 

a )  Determine the e f f e c t  o f  various i n i t i a l  l i q u i d  or ientat ions 

on priming capab i l i ty .  

b) Confirm expectations o f  proper priming of the l i q u i d  passage. 

\ 

11. Provide data f o r  cor re la t ion  o f  the mathematical model. - .  



4.2 Test Description 

Three heat pipe elements will be tested i n  a zero-g environment 

Various i n i t i a l  representative of tha t  experienced i n  low earth o r b i t .  

test pos i t i ons  will be evaluated t o  determine the e f fec t  of l i q u i d  loca- 

t i o n  i n  the heat pipe upon entry t o  a zero-g environment. In addition, 

data on the reprime charac te r i s t ics  i n  the event localized dryout does 

occur can be obtained. 
/ 

The basic heat pipe design dimensions a re  a function o f  the  type 

In this par t icular  t e s t  of f luid and amount of heat t o  be transported. 

since the primary investigation involves capi l lary pumping and p r iming  

actions b o t h  s t a t i c  and dynamic, there are  no plans f o r  any data i n v o l v i n g  

heat transport  o r  heat re ject ion capabi l i t ies .  

4.3 Test Setup 

Three separate t e s t  a r t i c l e s  w i l l  be prepared; Test Art ic le  #1 and 

Test Article #2 will b o t h  be two-foot sections o f  the Grumman monogroove 

heat pipe design. 

t a i n i n g  the monogroove w i d t h  of 0.0100". 

TAl w i l l  be machined lengthwise (see figure 7 )  main- 

TA2 will  a l so  be machined lengthwise b u t  i n  this case only enough 

material will be removed so tha t  a gap approximately 1/2" i n  w i d t h  and running 

the fu l l  length of the  t e s t  a r t i c l e  vapor passage will be achieved (see 

figure 8). The machined surfaces on both TA1 and TA2 will be covered w i t h  

a plexiglass sheet which will enclose the  l i q u i d  and vapor channels. The pipes 

should then be charged and capped. 

TA3 will consist  of a two inch  l o n g  section of the Grumman mono- 

groove heat p i p e  charged and capped on both ends w i t h  plexiglass. 

may prove necessary t o  use a coloring agent on the f l u i d  i n  the  heat pipes 

i n  order that  the f l u i d  w i l l  be more easi ly  distinguished from the vapor 

space. 

I t  



Figure 7 - Test A r t i c l e  #i (TAI) 

Figure 8 - Test Article #2 (TA2) 



Figure 9 - Test Art ic le  # 3 (TA3) 

Figure 11 shows the  method for provid ing  a seal between the heat 

pipes and the plexiglass covers for a l l  three test a r t i c l e s .  I t  s h o u l d  

be noted tha t  the  groove- i n  w h i c h  the heat pipes r e s t  should be%005" 

less  than the heat pipe i t s e l f  i n  order t o  provide a positive sea l .  A 

brief stress analysis was r u n  u s i n g  the configuration'shown and a deflection 

o f  approximately 0.008" w i l l  occur i n  the v ic in i ty  of the monogroove. 

small additional wid th  of the monogroove should  prove insignif icant  when 

T h i s  

detemfning the priming tendency b u t  may af fec t  the time t o  prime 

c harac t e r i  st i cs . 



c 
c 
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'NUM TUBING 

CAMERA FOCAL LENGTH 2 FEET 

- FIGURE 12 TEST APPARATUS 



APPENDIX A 

NOMENCLATURE 

A 
C 
F 
9 
h 
Q 
M 
P 
Q 
r 
R 
V 

a 

B 

w 

U 

lJ 

e 

SYMBOLS 

AREA 
% OF CHARGE 
FORCE 
ACCELERATION OF GRAVITY 
HE1 GHT 
MASS FLOW RATE 

MASS OF CHARGE 
PRESSURE 
HEAT TRANSFER 
RAD1 US 
RADIUS OF CURYATURE 
VELOCITY 

c CAPILLA 

m MONOGROO 
r RISE 
t TOTAL 

v VAPOR 

ANGLE BETWEEN LONGITUDINAL AXIS AN 

DEPTH OF MONOGROOVE 
WIDTH OF MONOGROOVE 
DENS I TY 
SURFACE TENSION 
V I  S COS1 TY 
WETTING ANGLE 
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APPENDIX D JSC-17385 

duced rawity Aircraft 

FI ight Operations Directorate 
Aircraft Operations Division 

May 1981 

National Aeronautics and 
Space Administration 

Lyndon 6. Johnson Space Center 
Houston. Texas 



1.0 PROGRAM DESCRIPTION . 

The Reduced Grav i ty  Program, operated by the National Aeronautics and 
Space Administrat ion (NASA) Lyndon B. Johnson Space Center (JSC) i n  
Houston, Texas, provides a "weightless" environment s i m i l a r  t o  the 
environment o f  spacef l ight  f o r  t e s t  and t ra in ing  purposes on a cost  
reimbursable basis. The program w i l l  operate i n  accordance w i th  
NASA's establ ished safety procedures (NASh Safety Series 1700.1, Volumes 
1 and 3, JSC Safety Manual, 1700B), inc lud ing the requirements of t h i s  
document, t o  assure safe and e f f i c i e n t  f l i g h t  t e s t  operations. 

2.0 SIMULATION DESCRIPTION 

The reduced g r a v i t y  environment i s  obtained with a spec ia l l y  modified ' 

KC-135A j e t  t ranspor t  f lown over a parabol ic arc t o  produce shor t  periods 
of less than one "g" accelerat ion force. 
i n i t i a t e d  and terminated w i th  a pul l -up and-pul l-out o f  1.8 t o  2.0 g's 
( f i gu re  1). 
g leve l  requi red f o r  the spec i f i c  test .  
of various maneuvers: 

This parabol ic maneuver i s  

The length o f  these reduced-gravity periods depends on the 
Below are l i s t e d  t yp i ca l  lengths 

15 seconds Negative g (-01 9 )  

Zero g (0 9) 
. #  

Lunar g (1/6 9) 30 seconds 

Martian g (113 9) 40 seconds 

These maneuvers may be flown consecutively, ro l le r -coas ter  fashion, o r  
separated by enough time t o  a l t e r  the t e s t  setup. A normal mission i s  as 
follows: 

a. 2 t o  3 hours' duration. 

b. 30 t o  40 maneuvers. 

c. F l i g h t s  o r ig ina te  and terminate a t  E l l i ng ton  A i r  Force Base, 
Houston, Texas. 

Changes t o  the  normal mission can be made t o  insure more ef f i c ien t  t es t i ng  
operations. 

3.0 FACILITIES PROVIDED 

The KC-135A a i r c r a f t  i s  equipped t o  provide e l e c t r i c a l  power, breathing 
a i r  o r  n i t rogen sources, comnunications equipment (intercom) overboard 
vent system, and photo l i gh ts .  (See section 6 f o r  de ta i led  descr ip t ion 
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of the aircraft .)  NASA/JSC will provide photographers, 16 mm movie, 35 nun . 
slides, and prints, as required for  t e s t  documentation purposes. 
space is  available on the ground for  bui ldup  and checkout of t e s t  equipment 
t o  insure i ts  operation before installation i n  the airplane. 
Directors from the Reduced Gravity Office will supervise testing opera- 
tions i n  f l ight  and will review the test documentation submitted by the 
using organization to  insure the inherent safety of the hardware and test 
procedures. All necessary r i g g i n g  and moving equipmer)t for heavy o r  
large equipment i s  available. 

Work 

Test 

1 

4.0 U S E R  REQUIREMENTS 

4.1 Test Request Procedure I 

Requests for reduced gravity test support  must  be submitted i n  writing to: 

NASA Johnson Space Center 
CA/Director of F1 i g h t  Operations 
Houston, Texas 77058: 

The request should be submitted no less  than 6 months prior t o  the desired 
f l i g h t  date for incorporation i n t o  the long-range a i r c ra f t  f l igh t  schedule. 
The f l ight  schedule i s  determined a t  the Reduced Gravity Semiannual Users' 
Conference, normally held each May and 0ctobe.r. T h i s  conference allows the 
users t o  meet and discuss past  testing experiences w i t h  the other users, 
enhancing the development of testing techniques, and to  discuss future 
f l igh t  requirements. 

The in i t ia l  t e s t  request should contain general information describing the 
following: 

0 Test objectives. 

0 

0 

Desired schedule (Exact f l igh t  dates will be determined la te r . )  

Brief description of the t e s t  and associated t e s t  equipment. 

0 Number of test personnel required f o r  f l i g h t .  

0 Special support o r  constraints. 

0 Identifiable hazards. 

0 Names, addresses, and phone numbers of contacts. 

Contact will be established by the Reduced Gravity Office with the request- 
ing  organization to  formalize the test program. 

4.2 Test Equipment Fabrication Requirements 

I t  i s  important fo r  the users t o  design and construct their t e s t  equipment 
i n  accordance w i t h  the following guidelines.  

2 



4.2.1 Structural - A l l  test equipment provided by t h e  using organiza t ion  must 
be s t r e s s e d  for t h e  u l t ima te  g r a v i t y  f o r c e s  given below: 

0 Forward - 9 g ' s  ( eyeba l l s  o u t )  

0 A f t  - 2 g ' s  ( eyeba l l s  i n )  

0 Latera l  - 3 g ' s  

0 Up - 2 g ' s  ( eyeba l l s  up) 

0 Down - 6 g ' s  ( eyeba l l s  down) 

These f o r c e s  should be c a l c u l a t e d  for  the test equipment i n  i ts  take-off and 
landing conf igura t ion .  
fo r  a p o s s i b l e  2.5-9 force a t  maneuver e n t r y  and exit. 

Floor Loading - The fo l lowing  maximum f l o o r  load ings  should be considered 
i n  the design of tes t  hardware: 

The i n - f l i g h t  test c o n f i g u r a t i o n  should be designed 

I 

4.2.2 

- 0 Concentrated floor load o f  25 pounds p e r  square  inch. 

0 

0 

Contact p re s su re  load o f  200 pounds p e r  square  f o o t .  

Loads above these limits m u s t  'have shor ing  underneath (e .g . ,  
plywood s h e e t s )  t o  spread the loading .  

0 
.. 

Rigid test fixtures longe r  than  10 feet must be designed so a s  
t o  not  i n t e r f e r e  w i t h  the normal flexure o f  the a i r c r a f t .  

F.-& 2.3 Electrical Power and I n t e r f a c e s  - The fo l lowing  e l e c t r i c a l  power i s  avail - 
a b l e  i n  the tes t  s e c t i o n  of the a i r c r a f t :  A% 

i. 

28 v o l t  DC 80 amps 

110 v o l t  AC, 400 Hz, single phase * 50 amps 

110 v o l t  AC, 400 Ht, t h r e e  phase 50 amps 

110 vol t ,  AC, 60 Hz 20 amps. 

E l e c t r i c a l  wi r ing  and in te rconnec t  cab1 ing  w i t h  the a i r c r a f t  m u s t  be f a b r i -  
ca t ed  and i n s t a l l e d  with good workmanship s tandards .  Each Fiece of tes t  
equipment should be se l f -p ro tec t ed  wi th  an incorpora ted  c i r c u i t  breaker  o r  
other cur ren t -1  i m i  t i n g  . device  t o  p r o t e c t  a g a i n s t  electrical s h o r t s .  Normal 
a i rcraf t  v i b r a t i o n ,  high humidity, handl ing r a t e s ,  and higher-than-1-9 
loads  should be considered i n  connector and wir ing  s e l e c t i o n .  
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. The a i r c r a f t  electrical. tes t  power i s  d i s t r i b u t e d  t o  five power d i s t r i b u -  
t i o n  panels evenly spaced along the lower s ide .wa l1  of the- tes t  section. 
Moveable power boxes connected t o  the power d i s t r i b u t i o n  panels  con ta in  
c i r c u i t - p r o t e c t e d  te rmina ls  mounted on bus bars .  
l eads  from test  equipment should be 20 feet long w i t h  #8 ( -163 i n c h  d iameter )  

- spade  lugs  a t  the end. 
wh ich  w i l l  u t i l i ze  the s tandard  three-prong plug. 

All power and ground 

The except ion t o  this i s  the 60 Hz AC power l e a d s ,  

4.2.4 Equipment Mounting - A l l  test  equipment should be mounted on basep la t e s  
w i t h  3/4-inch holes  d r i l l e d  t o  match the 20-inch cen te red  g r i d  p a t t e r n  of 
.nu tp la tes  i n  the f l o o r  of  the a i r p l a n e  ( s e e  f i g u r e  2 ) .  
suppl ied  by JSC, a r e  used t o  secure t h e  basep la t e s  t o  the f l o o r  o f  the a i r -  
plane.  

-2.5 Free-Float Packages - Per tu rba t ions  of the a i r p l a n e  can cause small g f o r c e s  
during a zero-g maneuver (t.02 9) .  
test package can be free-fi-oated i n s i d e  the cabin ,  p revent ing  c o n t a c t  w i t h  
t h e  wal l s ,  c e i l i n g ,  o r  f l oo r  of the a i r c r a f t .  
f l o a t  time, the package t o  be f l o a t e d  should be as  l i g h t  and compact a s  
poss ib le .  

--down suppor t  equipment, i t  should be a t  l e a s t  30 feet long t o  allow for  
- d r i f t i n g  of the f l o a t i n g  package. 
ax i s  of the package ( i n  i t s  f l o a t i n g  c o n f i g u r a t i o n )  should be mounted using 
3/4- inch tub ing  approximately 18 inches above t h e  package f loo r1  ine . 

Aircraft type b o l t s ,  

Sui t ab le  handles and holes  are needed around the basep la t e s  f o r  
I '  

- f o r k l i f t  arms o r  J-bars.  
f 

I f  a p r e c i s e  zero g is requ i r ed ,  the 

To provide the maximum free- 

If an umbil ical  is used between the f l o a t i n g  package and t i e d -  

Handles t h e  l e n g t h  of the long i tud ina l  

4.2.6 Hazardous Mater ia l s  - Avoid hazardous l i q u i d s  and gases  where p o s s i b l e ,  
, , i nc lud ing  h i g h  p re s su re ,  t o x i c ,  co r ros ive ,  o r  exp los ive  m a t e r i a l s .  I f  such 

- m a t e r i a l s  are required for  a tes t ,  the proper  c o n t a i n e r  must be used (e.g. ,  
' . high p res su re  gases  are s t o r e d  i n  c e r t i f i e d  K b o t t l e s ) .  

- - r e  approved for  use a t  the JSC safety review, p rov i s ions  f o r  dumping and 
If such m a t e r i a l s  

----purging i n  f l i g h t  will be required.  

4.2.7 Miscellaneous Guidel ines  . 

. 0 -.Avoid sharp corners on a l l  test equipment. 

11 -Avoid electrolyte type  b a t t e r i e s  ( d r y  cells are permi t ted) .  . 

0 Avoid flammable materials 

-. - 0 Consider  equipment o r  -procedural failures. Provide backups o r  
-workarounds t o  prevent  such cond i t ions  from r e s u l t i n g  i n  hazards  

.to personnel o r  a i r c r a f t .  

0 Consider t h e  a c t i v i t i e s  r equ i r ed  dur ing  t h e  2-9 and zero-g 
po r t ions  of t h e  f l i g h t .  
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4.3 -7est  Equipment Data Package 

- Four weeks pr ior  t o  the f irst  tes t  flight, the appropriate documentation mus t  
be submitted f o r  review and approval. T h i s  documentation, the t e s t  equip- 
m e n t  data package, includes the tes t  plan,  engineering drawings and schematics 
structural analysis,  electrical load analysis, and an analysis of any 
identifiable hazards. The test.plan contains the following: 

0 Test objectives. 

0 Test description. 

1 0 In-flight tes t  procedures. 

. _- . 0 Parabola requirements, number, and sequencing. 

- - *  0 Test support. requirements, ground and fl ight.  

. -- - 0  - Data acquisition system. - - -  

0: -Test operating limits or restrictions. 

0 Test personnel requirements. 
_.. .: 

-.  0 . --Photographic requirements. 

-4.4 Test Personnel 

All flight personnel 'must provide certification of a current f l i g h t  physical 
. (Air Force Class 111 or  FAA Class 11) and physiological t r a i n i n g .  
- o f  personnel will be he ld  t o  the min imum required for  the safe and efficient 
conduct of the test: Upon receipt of certification of the physical and 
physiological training, the Reduced Gravity Office will obtain the required- 
invitational boarding orders for each individual. Approximately 2 weeks is 
needed t o  obtain these boarding orders. 

The number. 

-4.4.1 Physical and Physiological Tra in ing  

-90th  physicals and physiological training are available a t  JSC, a1 though 
- nonlocal personnel may f i n d  i t  easier t o  obtain them elsewhere. 

i s  conducted in two parts; i.e., laboratory and doctor's examination, w i t h  
an approximate 2-week interval between the visits. The physiological t r a in -  
ing is a day and a half class and altitude chamber run .  The physicals can 
tie obtained from any Federal Aviation Adminis t ra t ion (FAA) f l ight  surgeon, 
and physiological t r a i n i n g  classes are offered a t  several Air Force and 

4.4.2 Familiarization F l i g h t  - Depending on the nature of the tes t s  and duties 
planned for  the test personnel , a familiarization f l i g h t  for people inexperi- 
enced i n  reduced gravity fliahts.may be required. Therefore, when the actual 
f l i g h t  tes t  of their  equipment occurs, the test personnel will be aware of 
the sensations, body responses, in- f l igh t  test procedures, etc. 

The physical 

Navy installations.  . -- --- 
. _  - -  
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3 Shipping . 

The tes t  equipment should be received a t  least one week prior  t o  the f i r s t  
flight. The address t o  use fo r  equipment shipment is: 

NASA Johnson Space Center 
Transportation Office, Bldg. 420 
Houston, TX 77058 
A t t n :  Zero Gravity Office 

. Ellington Air Force Base, Hangar 990 

4.6 Preflight 

The buildup and checkout of tes t  equipment is  solely the responsibility of 
the u s i n g  organization. 
provided by the user. A JSC safety review will be held prior t o  installa- 
t ion o f  equipment i n t o  the aircraft  t o  determine i f  a l l  necessary requirements 
have been met. 
whereby the tes t  personnel wil l  demonstrate normal and contingency in-flight 

All tools and checkout equipment must also be 

A simulated ground r u n  may be required dur ing  this review 

. procedures. An emergency egress briefing will be given t o  a l l  f l ight  
-personnel who have not previously flown on the aircraft .  

- personnel will attend the preflight briefing where t h a t  day ' s  f l ight tes t  
plan will be discussed. 

-suits and boots, which  can be provided on loan from JSC. 

All f l ight  

All f l ight personnel will wear approved fl ight 

7 Flight Phase 

-All personnel on 'board  the aircraft  will be under'the direction of the ai r -  
craft  f l i g h t  crew and Test Director, both for normal and emergency conditions 

-personnel will be rigidly enforced. 
plan must  be discussed with the Test Director before implementing. 

- -and f o r  t es t  operations. Strict  adherence t o . t h e  au thor i ty  of these 
Any deviation from the f l ight  tes t  

4.8 Post Flight 

A p o s t - f l i g h t  debriefing will be held immediately af ter  l a n d i n g  t o  review 
any problems t h a t  occurred d u r i n g  the f l ight  and to  discuss possible altera- 
t ions  t o  the test. Upon completion of the test phase, the equipment will 
be downloaded and prepared for shipment by the user. 

-data will be maintained in a reduced gravity reference library for  use by 
.other interested parties. 

Two copies of the 
- finalized test  report shall be sent t o  the Reduced Gravity'Office. This 

5.0 AIRCRAFT DESCRIPTION AND PROVISIONS 

5.1 Environment 

Cabin pressure is controlled between sea level (14.7 ps ia)  and 11,000 feet 
(9.7 psia) dur ing  the parabolic maneuvers. Loss of cabin'pressure would 

6 



5.2 

5.3 

. -5.4 

--.-result i n  a pressure as low as 2.7 psia, whlch m u s t  be considered i n  the 
:design of test equipment. 

I - f l i g h t  normally. 
. .a i rplane s i t s  on the ground. 

Cabin temperature varies from 50" to  80°F i n  
The temperature i n  the cabin is  not  controlled while the 

I f  necessary, a portable ground a i r  conditioner 
is available dur ing  preflight operations. 

Dimensions (See figures 3 t o  5)  

- Approximately 60 fee t  of the compartment l e n g t h  i s  available for test 
-purposes and stowage of a limited amount of a i r c ra f t  equipment. 
=.cross sections a t  three locations are  shown i n  figures 3 t o  5. 

- hatch, through which the equipment is loaded, i s  75 inches h i g h  by 118 inches 
- -  wide. Eighteen inches of width near the top is unusable because of the 

-.-Crew Provisions 

-There are 24 seats provided a f t  o f  the .test section for test personnel. 
- .Parachutes, emergency oxygen, smoke masks, 1 ife preservers, 1 i f e  rafts,  

f irst-aid equipment, and other emergency equipment are provided on board 
-:the aircraf t ,  

The interior walls o f  the cargo compartment a re  covered w i t h  foam padding 
-for the protection o f  personnel and equipment. 

. Typical 
The cargo 

. .  door  actuating mechanism. 
. - .  

Test Provisions 

. ~ -a. 

b. 

d. 

- e. 

Interphone - An interphone system i s  provided for  t e s t  communi- 
cations. The number of personnel on the interphone will be 

. -controlled t o  assure c lear  and e f f ic ien t  comnunications. 

Electrical Power - See section 5.2.3. 

. Gas Supply System -. A cryogenic storage and supply system is 
available t o  provide a source of breathing a i r  o r  nitrogen. 

-High Pressure Gas System - A h igh  pressure bottle rack for  a 
supply of inert gases, 

-Overboard Vent System - Plumbing is avai-lable t o  allow venting 
,of l i q u i d s  and gases overboard i n  f l i g h t .  

Photography - Photographic l igh ts  a re  installed i n  the a i rc raf t  
test section. These a re  sufficient t o  suppor t  photography of 
most open tests. Additional lighting equipment is available 
t o  suppor t  enclosed tests o r  special photography. 
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6.0 FUND I NG 
# 

The Reduced Gravity Program is  cost reimbursable w i t h  the f l i gh t  hour charge 
ra te  based on an annual f l igh t  hour projection versus costs of operating 
the airplane. 
i n  the minutes of the Reduced Gravity Semiannual Users Conference. 

Reimbursement costs are computed semiannually and published 

8.0 CONCLUDING REMARKS 

The degree of detai l ,  r igor ,  and formality required i n  the development and 
.conduct of a reduced-gravity t e s t  depends on the complexity,. hazard, and 
uniqueness o f  the test, Communications with  the Reduced Gravity Office are 
required early and often t o  eliminate any l a s t  minute  surprises which will 
cause delays. The personnel of the Reduced Gravity Office w i l l  review and 
comnent on preliminary drawings and plans a t  any stage o f  development. 
I t  should be noted t h a t  a test w i l l  be conducted only a f t e r  cognizant NASA 
personnel have been assured that  a safe, well organized, and productive 
f l i g h t  can be achieved. 
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Abstract - The statement of the problem ar,d i t s  re la t ion t o  the 
. <  

0rbi.ter's enhancement program i s  presented. An ana lys i s  o f  

avai lable  experimental and ana? y t ica l  data psr ta ining t o  

t he  problem i s  given. A computational technique 5rcposed is  

discussed. Limitations o f  t hz  procedure are present&. The 

result of applying the  technique t o  one set of.cperating 
I 

condit ions f o r  the heaters i s  presented. 
i 
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1, STATEMENT OF THE PROBLEM 

The fuel cell system o f  the Orbiter uti l izes oxygen and hydroaen as 

reactants. These reactants are supp l  ied from pressure vessels which a t  

present, are loaded while the vehicle i s  on the ground and prior t o  i t s  launch. 

The 'location o f  these tanks can be seen i n  Figure 1 which shows the Power 

Reactant Storage and Distribution System CPRS9) of the Orbiter. 

the tanks which supply the oxygen a re  pressurized t o  a nominal value o f  30Q 

psia. 

the tanks a re  f u l l y  loaded. 

the oxygen i s  i n  the supercrit ical  pressure region. 

In par t icular ,  

T h i s  is  accomplished by hydraul i ca l ly  pressurizing tbe reactants a f t e r  

T h i s  pressurization assures t h a t  the s t a t e  of 

blhile on-orbit, and a s  the oxygen is consumed i n  the fuel c e l l s ,  thz 

pressure i n  the t a n k  i.s mafntained by the use of a set o f  heaters immersed 

i n  the f lu id  i n  the t a n k .  

below the c r i t i c a l  pressure, the f l u i d  is  kept supercritical and the heat 

t ransfer  processes occurring a re  those related t o  a single phase component. 

The location of the heaters and other detai , ls  of the oxygen t a n k  can be seen 

In Figures 2 and 3 ,  

However, since the pressure i s  not allowed t o  f a l l  

As part of the enhancement program for  the Orbiter, the fo l lowing  concept 

has been proposed: 

about 2000 pounds of residual l iquid oxygen rennin i n  the Orbiter i n  the m a i n  

propulsion system 1 ines. A t  present, this 1 i.quid oxygen i s  dumped overboard. 

a f t e r  the external t a n k  separates from the Orbiter, 

To u t i l i z e  i t ,  and t h u s  be able t o  reduce the launch weight of the Orbi.ter, 

i t  has been proposed to  t ransfer  part of this l i q u i d  oxygen t o  empty PRSA 

t anks  which have been previously prechil lcd t o  approximately 163OFi d u r i n g  ncrmal 

ground servicing operations. 

(of about  1 psia) prior t o  the l i q u i d  oxygen transfer.  The Grbiter would be 

pf tched  a t  a 2 degree/second r a t e  t o  ensure settling of the l iau jd  oxygen i n  

the main propuls ion system 17-inch manifolds.  

These tanks would be vented t o  a low pressure 

To carry o u t  the  transfer of 
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the fluid,  the manifolds would be pressurized and a nonvented f i l l  of the 

PRSA tanks would take place. 

be dumped overboard. 

Liquid oxygen remaining i n  the l ines would then 

Figures 4 and 5 show schematically the proposed procedure. 

After the transfer of the l i q u i d  oxygen t o  the tanks, i ts  pressure and 

temperature has been estimated t o  be 45 psia and i 7 2 O R ,  respectively (for a 

completely full tank). 

state. 

about 900 ps ia  the se t  of internal heaters would be used. T h i s  means b r ing ing  

the substance from a subcritical s ta te  t o  a supercritical one. A t  present, 

t h i s  process i s  unique since it has never been carried o u t  before i n  a space 

environment. 

T h i s  corresponds t o  a s l ight ly  subcooled and subcritical 

To b r ing  the pressure i n  the tank t o  the system operating pressure of 

T h i s  study is  related to  th i s  process. It t s  desired t o  predict 

the performance of the heaters while br inging  the s t a t e  of the substance from 

the subcritical s ta te  t o  the supercritical one, while i n  o r b i t .  

i t  i s  desired t o  predict the time the pressurizati.on process will take and 

the temperature of the heater as  the process proceeds. 

t o  carry. o u t  Ithe pressurization process safely since there are materials 

w i t h i n  the tank which could achieve i g n i t i o n  temperatures if the heaters were 

allowed t o  exceed the safety limit of 350 F. 

In particular, 

The l a t t e r  i s  important 
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I I. THEORETICAL CONSIDERATIONS 

From a thermodynamic p o i n t  of view, the process t h a t  a closed system 

undergoes i n  brir,ging i t  from a subcritical t o  a supercritical s ta te ,  is one 

o f  constant average density for  the system as  Figure 6 shows. The f i r s t  law 

appl ied t o  a closed system yields. 

Q = U , -  u1 0 1 

where Q is the heat i n p u t  and U1, U2 are the i n i t i a l  and f ina l  internal 

energies of the substance d u r i n g  the process. 

the pressure increases from p1 t o  p2 a s  the process i s  carried out.  

ins tan t  of time, a knowledge of how much energy has been transferred i n t o  

the f l u i d ,  would provi.de the value of i t s  pressure. 

As can be seen from the figure, 

A t  any 

While thermodynamics deals w i t h  the to t a l  energy content of a f l u i d ,  

it does n o t  provide information as  t o  the rate a t  which these energy exchanges 

will occur. 

Thus, one has t o  refer t o  heat transfer theory t o  ob ta in  information about  

the rate of  energy transfers and thus on time requirements for the processes 

i nvol ved. 

The mechanism for the energy transfer i n  the form of heat are those of 

conduction, convection, and rad ia t ion  and those found on multiphase processes 

such as b o i l i n g  and condensation. The study of these processes i n  reduced 

and zero gravity environments has been promoted since the middle 1950's by 

the development of the space technology and research. However, the studies, 

and the correlations derived from them, has a l i m i t i n g  factor, the inaccuracies 

associated w i t h  the experimental production of reduced gravity. 

main limitation of the techniques avaliable on earth t o  produce a reduced 

gravity environment is  the short tes t  time. 

the only way t o  f ina l ly  determine the long-term performance of these processes. 

The probable 

Tests i n  a space s ta t ion  may be 
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Based on the s t i l l  limited knowledge that we have a t  present, an analysis 

of the performance of the heaters i n  the oxygen tank of  the PRSD system was 

undertaken i n  this study. 

Ini t ia l ly ,  before the heaters are turned on, b o t h  the heaters and the 

f l u i d  can be assumed t o  be a t  the same temperature. What occurs a f te r  the 

heaters are turned on can be described i n  the following manner. 

of the f l u i d  is one of a s l i gh t ly  subcooled l i q u i d ,  a t  f irst ,  the electrical 

energy supplied t o  the heaters and converted as  heat by them, will be used t o  

If the s ta te  

br ing  the l i q u i d  adjacent t o  the heaters t o  i t s  saturation temperature a t  the 

exi.sting pressure a t  that moment. The addition of more energy will increase 

the temperature of the heaters above the saturat ion temperature of the f l u i d  

-adjacent t o  it, and bo21ing will s ta r t .  

Figure 7 shows a typical boi. l ing curve. It is a representation of heat 

flux versus excess temperature, where the excess temperature, (Tw - Tsat) ,  i s  

the difference between the surface temperature of the heater and the saturation 

temperature of  the Ffu id  adjacent t o  the heater. 

Various regimes are indicated i n  the figure. Tha t  of nucleate b o i l i n g  

refers t o  one i n  which a vigorous bubble formation a t  the heater's surface 

is  observed. 

The in i t ia l  portion of the fi lm boiling regime is one i n  which bubbles 

form so rapidly that they prevent fresh f l u i d  from movi.ng i n  close to  the 

heater's surface. Individual bubbles tend t o  coalesce and form..a film of 

vapor on the surface of the heater. 

and disappears, this portion of the film bo i l ing  regime is yery unstable. 

Because the f i l m  i.nterm1ttently forms 

The regime of stable f i l m  b o i l i n g  i s  one i n  which. the film on the heater 

surface is stable. Due t o  the increased thermal resistance of this layer, the 

heat f l u x  is reduced as the excess temperature increases. 

and as  the excess temperature continues t o  increase, radiant heat transfer 

I t  reaches a min imum,  
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becomes predominant and the heat flux increases again.  Po in t  A of the curve is  

called the cri t ical  or maximum heat flux while P o i n t  R i s  called the minimum 

heat flux. 

calculations invoiving i t  are mzde from empirical correlations. 

Due t o  the  complexity of the b o i l i n g  process, most engineering 

There are several factors t o  consider for the boiling processes i n  reduced 

gravity environments. One must consider how the nucleate boiling heat transfer 

flux i s  i.nf1uenced as  gravi ty  i s  reduced. 

of the nucleate boiling flux regi,me (known as the criti.ca1 heat flux) i s  also 

important since the la t ter  determines when t rans i t ion  from nucleate t o  film 

boiling will occur. 

Gravity effect on the upper limit 

Gravity effect on the film boiling regime is also o f  

i.nterest 

Roillng wi.11 take place until the pressure o f  the fluid goes above the 

cri.ti.ca1 pressure. 

phase component. 

From this p o i n t  on, the fluid will behave 8 s  a sinule 

These regimes will be considered i n  more detail as follows. 

An energy balance on the heaters a t  any ins tan t  of time yields the 

following equation, 

(rate of energy i .nput  - rate of energy o u t p u t ) - -  = rate of increase in the i n -  
ternal energy o f  the heater. (2)  

The rate of energy i n p u t  term refers t o  the r a t e  o f  energy i n p u t  as 

electrical energy t o  the heater, while the rate of energy o u t p u t  term refers 

t o  the heat transfer process or processes which a t  t h a t  instant are con- 

trolling the rate of energy o u t p u t  from the heater. The change t n  internal 

energy of the heater causes a change i n  i t s  temperature. They are related 

through the equation, 

rate of change i.n internal = (heat capacity of the heater) x (3 1 
(rate of chan e of the temperature 
of the heater 3 energy of the heater 
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i . e . ,  

where 

A u  AT - =  AT (mc) (G) 

m - mass o f  the heater 

c - specific heat of the heater 

T - time 

Consider now the above relations in the case when the ' f l u i d  adjacent t o  the 

heater is in i t i a l ly  subcooled and i s  going t o  be brought  t o  a saturated liquid 

s ta te  by the conversion of electrical energy i n t o  heat energy i n  the heater, 

while i n  a low-g environment. In this case, i t  is  assumed t h a t  heat conduction 

into the layers of fluid adjacent t o  the surface of the heater is  the primary 

mode of heat transfer. 

Gravity reductions primarily affect the convective heat transfer mode 

since this mode is dependent upon buoyancy forces , which sre  correspondingly 

reduced as the gravi ty  f ield i s  reduced. 

that the contribution t o  the heat transfer by radiation i s  negligible. 

solve such a system the temperature gradient should be known o r  assumed. 

the problem under consi<deration a 1 -inear'. temperature gradi\ent was assumed and 

an i terative technique was uti.1 fzed t o  determi.ne the variati.on wtth ti.me of  

the temperature a t  the heater's surface. 

Temperature differences are such 

To 

In 

The amount of heat added tothe fluid 

was calculated and from i t ,  the corresponding pressure r ise  o f  the systen;. 

Properties of the f l u i d  were evaluated a t  the particular pressure and temper- 

ature 

fluid was eljaluated a t  the temperature of the heater's surface while the 

occurring a t  a given i n s t a n t  of time. The thermal conductivity of the 

density and specific heat were calculated a t  the mean temperature of the fluid 

i n  which conduction had taken place. 

mean temperature and u s i n g  the bulk temperature was determined t c j  be insignificant 

and the arithmetic mean temperature was used i.n thi.s study due t o  i t s  

simp1 ic i ty. 

The di.fference between using the ari.thmeti.c 
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The i terative model used for this portion of the heating process is 

described i n  Appendix A. 

amount of energy converted by the heater i n t o  heat energy i n  a u n i t  of time. 

T h i s  heat energy raises the temperature of the heater above the temperature 

of the fluid which surrounds' i t ,  and t h u s  establ ish.es a temperature gradient. 

Due t o  this temperature gradient heat flows in to  the fluid. A balance is  

sought between the amount of heat which flows through conduction from the 

The i terative process begins by determining the 

heater i n t o  the fluid and the energy stored dur ing  t h a t  instant i n  the mass of 

f l u i d  which has been affected by this energy transfer. The energy which flows 

i n t o  the f l u i d  is subtracted from the in i t ia l  energy generated a t  the heater 

and the one which will be generated i n  the next period of time i s  added t o  

determine what amount of energy w i l l  be available t o  i.ncrease the heater's 

temperature a t  the beginning of the next un i . t  of time. The available energy 

i s  related to  the heater's temperature increase by the relatlon Q = mc(&T) 

from which AT = Q/mc. The product mc i s  the heat capacity o f  the heater. 

Men the temperature a t  the heater's surface reaches the saturation 

temperature of the fluid a t  the prevailin9 pressure, boiling begins. 

model then, although following the same energy accounting procedures, changes 

t o  account for the multiphase processes involved. 

The 

Experiments where nucleate boi l  ing  has been studied i n  reduced gravity 

fields indicate t h a t ,  w i t h i n ' t h i s  regime, the wall heat flux (Q/A) a s  a 

function of the difference between the wall temperature and the saturation 

temperature of the f l u i d  (Tw - Tsat) do not  vary appreciably from the 

experimental data obtained a t  1-g,zs qravity is  reduced. T h i s  can be observed 

i n  Figure 8 where the data for b o i l i n g  liquid nitrogen a t  a 1-g and a t  a 

1Oe2g levels is shown. The same phenomena is reported for  nucleate b o i l i n g  

i n  increased gravity f ie lds  (1,2)*. Some authors (2 )  have 4ioncluded that  

* Number i n  parenthesis refer t o  the reference number. 
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''buoyant forces are not of prime significance i n  the process of nucleate 

boil9ng. ' The role of inertia forces resulting from bubble growth appears 

*o have the principal influence i n  the process." 

' 

On the other hand, the experimental data shows that the maximum heat 

f lux ,  .Le . ,  the heat f l u x  a t  which the transition from nucleate b o i l i n g  to 

film b o i l i n g  occurs, as well as the minimum heat f l u x  and the film b o i l i n g  

regime i t se l f  are strongly dependent upon gravity levels. T h i s  effect can 

a l so  be observed i n  Figure 8. 

For the pool nucleate b o i l i n g  regime, the following equation i n  gener- 

al  iZed Stanton Number form was selected, ( 2 )  

Re = F ( p )  

(stla ( P r P  

I t  can be expressed as 

where 

a =  

b =  

I n  the above relations, 

P -  
A -  
9 -  
AT - 
Tw - 

10/3 

6.5/3 

pressure, psfa 
area, f t 2  
normal gravitational acceleration, ft/sec* 

wall temperature, OR 

(Tw - Tsat), OR 
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Tsat - saturation temperature, OR 

c - specific heat capacity of the saturated 
p1 l i q u i d ,  BTU/ l b m - O R  
go - conversion fac tor ,  32.2 lbm-ft 

P1 - density of the saturated l iquid,  l b m / f t 3  
pV - density of the saturated vapor, lbm/f t3  

Pr - Prandtl number 
F(pf - pressure function 

Re - Reynolds number, properties measured a t  Tsat 
St - Stanton number, properties measured a t  Tsat 
,,I - viscosity o f  the l i q u i d  

lbf-sec2 
CT - surface tension, l b f / f t  

hfg - l a t e n t  heat of vaporization, BTU/lbm 

The heat f l ux  i n  this regime was assumed independent of cj level a s  

previously explained. 

Kutateladze correlation (2), was selected,  which state t h a t  

GJhen considering the p o i n t  of maximum heat f lux,  

In this equation, the parameters a re  the same as  previously described. 

However, a represents the gravitational acceleration 1 eve1 while g re- 

presents the normal (32.2 ft /sec2) earth gravitational acceleration. 

T h i s  equation postulate tha t  as a/g approaches zero, the heat f lux goes 

t o  zero. 

maximum heat f l u x  by a 0.013 factor  while a t  an a/g level of  10-3 (the 

one prevail ing dur ing  a p i t c h  maneuver of the Orbiter a t  a rate of 2 

degrees/second), i t  would be reduced by a 0.178 factor.  

perimental data deviates from the expected (a/g)& behavior. 

i n  Figure 9 taken from reference 2. 

of a/g, (a/g - o ) ,  the maximum f l u x  is about 40 t o  60% of the value f o r  an 

a/g = 1. 

A t  an a/g level of 10-6, the (a/g)k factor  would reduce the 

However, the ex- 

T h i s  is  shown 

The figure shows t h a t  a t  low values 

The meaning of the reduction i n  maximum heat f l u x  a s  a/g * o is t h a t  

the f lu id  goes into the film boil i n g  regime much sooner and for  a small value 

- o f  the excess temperature (Tw - Tsat). 
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The p o i n t  of maximum heat flux a t  a particular pressure was shown i n  

Figure 7 as  p o i n t  A. 

As shown i n  this figure, the init ial  portion o f  the A-B portion o f  the curve 

corresponds t o  an unstable film while the final portion corresponds t o  a 

stable film. 

t ransi t ion bo i l ing .  

b o i l i n g  regime. 

p o i n t  o f  minimum heat flux In the f i l m  boiling regime. From this p o i n t  on, 

radiation contributes t o  the film boiling and m u s t  be taken i n t o  consideration. 

For this study the correlation o f  Zuber (2 )  was selected to  determine the 

I t  separates the nucleate boiling from the film boi l ing .  

As pointed out  before, i t  is considered t o  be a region of 

Litt le study has been done on this portion of the film 

Considering now p o i n t  B of the curve, it represents the 

_ _  .- . .  - - ._- 

minimum heat flux. I t  is given as - . - - . _- 

The (a/g)& dependence has been confirmed by certain experimental data  for 

a t  least (a/g) > 0.10. 

relation will hold. 

fluxes and the heat transfer from the heater would probably be highly dependent 

upon radiat ion because of the resulting high surface temperatures. 

However a t  very low values, i t  is  not  known i f  the 

In this case i t  would predict low film boiling heat 

For the calculation o f  heat fluxes i n  the- fi,lm boili.ng regime, the 

method proposed by L. A. Bromley (3)  was used i n  this study. The heat 

flux would be given by 

where, hr, the rad ia t ion  con t r ibu t ion  is given by 

- 
' w  'sat  

For hc, Breen and Westwater correlation was used (2). Their correlation is 

= (0.59 + 0,069 &) F2 A, -% 
hc 



where, A =  

F2 = 

I 

hfg 
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In the above relations, cr - i s  the Stefan-Boltzmann constant 

E - emissivity o f  the surface 

Do - outside diameter of the heating element 

Vw subscript Y refers t o  the vapor and the additional subscript f ,  indicates 

that  vapor properties are taken a t  the mean film temperature, Tf = (Tw + Tsat)/2. 
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111. DEVELOPMENT OF AN ANALYTICAL PROCEDURE 

Figure 10 shows the heater used i n  the oxygen PRSA t a n k .  Two heaters 

are used per t a n k ,  The f i r s t  t a sk  was t o  model the heater by a sui table  

geometry. 

The heating elements are soldered t o  the inside o f  a cylindrical p ipe  

o f  inside diameter 3.46 inches and 0.020 inches thick.. The length of .the 

cylinder i s  27 inches. The set  of heating elements have a total length o f  

312.75 inches and an outside diameter of 0.187 inches. 

The geometry selected t o  model the heater was t h a t  of a cylindrical 

pipe of the same outside and inside diameters, b u t  with an outside area 

which accounted fo r  the holes i n  the wall of the actual heater. The area, 

of the heating element on the inside o f  the actua7 heater was considered 

as equivalent t o  t h a t  of a finned surface so t h a t  on the model the inside 

area was considered t o  the sum of the net fn.si.de area of the actual 

cylindrical surface, and the surface area o f  the heating elements. The l e n g t h  

of the cylindrical surface of  the model was assumed t o  be the-same as. t h a t  

o f  the actual heater. 

T h i s  model was used for the f i r s t  pa r t  of the heating process while the 

liquid adyacent t o  the heater surface was being brought t o  a saturated 

liquid condition. The surface area of the heating elements was used as 

the heat transfer area duri.ng the boi%ling process. 

capacity of the heater (mc) was determined from tests carried out on the 

tanks and described i n  Report No. BR16369 (8). 

were turned on while the insideof the PRSA t a n k  was held under vacuum. The 

heaters were started from ambient temperature and the time requi.red for them 

t o  reach a temperature of t3500F was noted. Usin9 the information provided 

by the temperature - time histories, the heat capacity was determined to 

be 1.1 BTU/OR. 

The value of the thermal 

In these tes ts ,  the heaters 
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The next task wzs to  develop a simple iterative procedure based on an 

energy balance t o  describe the heat transfer phenomena while the l i q u i d  was 

being brought from a subcooled state t o  a saturated one. The worst-case 

possible was conceived, i .e., one i n  which. neither convective motion nor 

radiat ion assist the rate of heat loss from the surface of  the heater. 

Conduction in to  a f l u i d  surrounding the heater was the only mechanism considered. 

Details of the procedure are given i n  Appendix A . 
The following task was t o  select appropriate correlations t o  determi.ne 

heat fluxes dur ing  the various regi.mes of the. b o i l i n g  phenomena, while the 

fluid was being brought from a subcritical condition to  pressures above the 

cri t ical  pressure. These were t o  be used i n  an iterative proceduve similar 

t o  the one already mentioned above. 

of the heat fluxes were di.scussed i n  a previous section o f  this report. 

The correlations used for the determination 
- -  
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I V .  WORK ACCOMPLISHED 

The first aspect o f  the work consisted of becoming oriented w i t h  

the problem and the de t a i l s  of the tank, heater, ete. This'was followed 

by a l i t e r a t u r e  survey on aspects pertinent to  the task, 

As already mentioned, an i t e r a t ive  technique based on an energy 

balance a t  the heater was devised and used t o  devised and used t o  describe 

the phenomena occurri.ng while the f l u i d  was being brought from a subcooled 

state t o  a saturated one. 

the i terat ions.  Several subroutines were prepared to interpolate the 

A computer program was prepared t o  carry o u t  

values for the properties a s  given i n  the tables  i n  a manner sui table  

t o  the requi,rements of the equations used. 

program for the nucleate and film boili .ng regimes of the b o i l i n g  curve 

Similarily, a computer 

was also prepared w i t h  the proper subroutines t o  evaluate the values of 

the properties. 

Figures 11 and 12 for  power i n p u t s  o f  0.58 kw per heater (the two 

Partial  resu l t s  from the computer ou tpu t s  a r e  shown i n  

heating elements of the heater on) and 0.29 kw per heater (one heating 

element of the heater on). 

They show t h a t  if the tank i.s completely fu l l  of l i q u i d ,  the  

pressurization process takes about 15 mi,nutes f o r  the case of f u l l  power 

suppli.ed t o  the heater and 30 mfnutes for  the case of half power. 

temperature of the heater fol lows closely above the saturation temperature 

of the f l u i d  a t  the par t icular  pressure prevailing a t  a given instant  of 

time. The temperatures dur ing  heater operation were well below the safe  

operating 1 imit 350°F. 

The 

Figure 13 shows the  r e su l t s  from the computer output for  the case 

of 90% f i l l  by mass. 

t o  collapse the bubble  of vapor. 

Most of the energy suppl ied  ( a b u t  90%) was used 

I t  took about 110 minutes t o  collapse 
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the bubble and an additional 15 minutes t o  pressurize the system t o  

the cr i t ical  s ta te  pressure. The maximum temperatures d u r i n g  heater 

operation were a l so  well below the safe operating limit of 350OF. 
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V .  LIMITATIONS OF THE PROCEDURE 

The assumption of a linear temperature gradient d u r i n g  the f i rs t  portion 

of the heating process, when the fluid i s  being brought t o  sa tura t ion  was done 

arbitari ly.  

the process turned o u t  t o  be small (%0.15) SO t h a t  the assumption is  

just i f i ed . 

However, the thichness of the layer of liquid involved d u r i n g  

The heat f l u x  rates for the boi l ing  regimes (and t h u s  their  correlations] 

By t a k i n g  small intervals of ti.me one expects are for steady s ta te  conditions. 

t o  approximate the actual process by a quasi-steady one. 

Experimental data  on heat transfer a t  low a/g levels i s  limited, specially 

a s  a/g -+ 0. 

The valuesof the heat capacity as well a s  'the emissivity of the heaters 

were assumed constant. 

I t  i s  recognized t h a t  the heat capacity o f  the heater will be a function 

of temperature. 

throughout the range of temperatures of interest. 

A refinement t o  the procedure would be t o  include i t s  v a r i a t i o n  

A l t h o u g h  emfssivity i s  a lso a function of  temperature, analysis of the 

results indicated the process d i d  not  involve a range of temperatures i n  which 

radiation is  as mayor contributor. 

Volumetric changes o f  the t a n k  and heat leak were not considered. 
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V I .  CONCLUSIONS AND RECOMMENDATIONS 

The results of th i s  work indicate t h a t  the pressurization of l i q u i d  oxygen 

from a subcritical t o  a supercritical s ta te  by the use o f  the heaters of the 

PRSA tanks while i n  a low-g environment i s  feasible. 

The heat transfer rates observed d u r i n g  the analysis were so h i g h  t h a t  

modeling o f  the heater as  a cylindrical pipe as explained previously could be 

modified. T h i s  model assumed t h a t  the heat would be conducted to  the cylindrical 

pipe o f  the or ig ina l  heater as the hea t ing  elements were turned on and from 

this surface i n t o  the fluid. The other extreme case would be t o  consider t h a t  

the heat flows from the heating elements i n t o  the fluid and t h a t  the cylindrical 

structure t o  which they are welded be considered just as a suppor t ing  structure 

and not a s  a heat transfer area. 

be adopted and the results compared w i t h  the previous one. 

t h a t  the actual behavior l i e s  between these two extremes: 

It is recommended t h a t  thistype of model 

I t  i s  most l ikely 

I t  is recommended t h a t  the analysis be extended t o  consider f i l l  percen- 

tages less  t h a n  100%. 



APPENDIX A 31 

Analytical Model for the Conduction Dependent Heat Transfer Phenomena 

While a Subcooled Liquid i s  Brought t o  a Saturated State Under a Low-g Environment 

Consider a section of cylindrical pipe w i t h  a f l u i d  i.n contact w i t h  

the outer and inner surfaces a s  shown i n  Figure 14. Let ri and ro be the inner 

and outer r a d i i  respectively, of  the pipe. 

of convective motion and radiation heat transfer negligible so that the heat 

transfer between the surface and the fluid is  essentially through conduction. 

Assume tha t . a t  time t = 0, the pipe and the fluid are a t  the same temperature, 

To. Consider that  from time t = 0 on, heat is generated i n  the pipe a t  a 

r a t e  P by sending an electr ic  current th rough  the pipe. 

w i t h i n  an'interval of time t urou1.d be P t .  

Consider the fluid to be free 

The heat generated 

If .we assume that i n i t i a l ly  this 

energy goes i n t o  raising the heater's temperature by an amount  AT^, then 

where m i s  the mass of the heater 

h denotes heater. From the above 

T h i s  increase in temperature 

c i t s  specific heat, and the subscript 

equation 

of the heater above the temperature of 

the surrounding f l u i d  w i l l  establish a tmeperature gradient throughout  the 

f l u i d  close t o  the heater and heat w i l l  flow from the heater in to  the fluid 

as shown i n  Figure 15 . The amount of heat flowing into the f l u i d  is given by 

MO (9) t 
xo 

for the external surface of the heater. 

the thiccness o f  the layer of  l iquidinto which heat has been able t o  flow 

dur ing  the interval o f  time under consideration. (ATh/xi) represents 

Ao is  the external area and xo i s  
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' I  B 

F I G U R E  14. Cross section o f  the cylindrical  
pipe and f lu id  cores. 

L I Q U I D  HEATER -WALL 

F I G U R E  15. Temperature gradient w i t h i n  the 
1 i q u i d .  
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the temperature gradient w i t h i n  the layer  and i t  has been assumed 1 inear 

a r b i t r a r i l y .  

multiplied by the  thermal conductivity of the f lu id  evaluated a t  the temperature 

of the  heater surface and by the external area of the heater will give the amount 

o f  heat t h a t  flowed through conduction in to  the layer of f l u i d .  

The $emperature gradient a t  the wall of the heater,  when 

If this energy 

i s  subtracted from the energy generated by the heater d u r i  

of time, i -e . ,  

the inverval 

this energy, i n  addi t ,an t o  the one generated i n  the next , ,iterval o f  ,ime will 

be avai lable  to  increase the heater ' s  surface temperature i n  the next 

interval of time. 

To determine the thickness x o 3  an energy ba3ance between the heat flowing 

through condudtion i n t o  the layer  and i t s  energy content can be writ ten as :  

energy i n  the layer  = to ta l  heat t h a t  has gone i n t o  the layer from time 

t = 0 t o  the  time interval i n  consideration 

The energy i n  the layer  is g iven  by 

mfCf ATf 

P '  where the subscript f refers t o  the li uid'in the  layer.  ' T h e  mass- m i s  given by 

where rxo i s  the radius of  the external limit of the layer  in to  w h i c h  heat 

energy has gone, L i s  the length of the heater and pf i s  the b u l k  density of 

t he  f l u i d  i n  the layer.  T h u s ,  the energy i n  the layer  is g iven  by 
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From this balance, rxo can be determined. 

- ro xo = rxo 

In the procedure one has t o  i n i t i a l l y  assume a value of  xo for the conduction 

equation. xo is determined from the above equation and if  different from the 

assumed one, an i terat ive procedure is used t o  correct for i t .  

xo t o  be Used for each cycle of the i teration can be determined from 

xo is  then, 

The value of 

1 - 
''01 d 

X = x  4- bo 
'new '01 d obtained 

2 

u n t i l  the difference between the assumed xo and the given xo is  l e s s  than a 

predetermined amount. 

i n  the layer adjacent 

A similar method can be used t o  determine the energy 

t o  the inside surface of the heater. In t h i s  case 

On each cycle, i .e.,  every time a new interval of time i s  considered, 

the pressure and other properties of the fluid a re  evaluated from the 

internal energy of the system. 

total  internal energy of  the system which is given by the i n i t i a l  internal 

energy of the f l u i d  plus AU where the fact  that  two heaters are supplying 

energy must be considered. Thus  

In th i s  case i t  i s  necessary t o  consider the 

As an example of how the procedure works, consider that  i n i t i a l l y  

the fluid i n  the tank as  well as  the heaters (which are  off)  are a t  a 

temperature of 172OR and a pressure of 45 psia. Assume t h a t  a t  time t = 0 

the two heating elements on each heater are turned on and that  the electr ic  

power supplied t o  one heater i s  0.58 kw. Consider a time interval of  1 second. 
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The energy converted to  heat i s  this  second is  where ro = outer radius 

o f  heater = 1.75 inches. 

and where pf and cf are evaluated a t  To + % = 172.25'R 

Solving for xo gives 

L = 1eng;h of heater = 27/12 fee t  

xo = 1.76 inches 

and 

xo = rxo - ro = 1.76 - 1.75 = 0.01 hches 

A new xo is selected t o  repeat the procedure 

Repeating the .above 

- - + ("obtained ''as sumed ) 

= 0.04 + ( 

= 0.02 inches 

''new - "assumed 

''new 

''new 

procedure w i t h  the new value yields a 

kAo (ATh) t  = 0.010 BTU 

xo = 1.77 - 1.75 = 0.02 inches 

0.01 - 0.041 

with rxo = 1.77 inches 
xo 

which checks w i t h  the assumed one. 

transfer tothe fluid a t  the inside surface of the cylindrical pipe i s  

determined t o  be 0.016 BTU w i t h  xi. = 0.026". T h i s  energy when m u l t i p l i e d  by 

2 (due to the fact  that  there ace two heat.ers) represents the increase i n  

internal energy o f  the fluid w i t h i n  the tank and i s  used t o  determine the  

pressure existing a t  that  i n s t an t  and the corresponding saturation tmperature. 

The energy remaining i n  the heater for the next period of time, from the energy 

generated i n  the period under consideration is 

By the same procedure, the energy, 

0.55 - (0.010 i- 0.016) = 0.52 BTU 

T h i s  amount added t o  the 0.55 BTU which will be generated i n  the next 

period gives atotal o f  1.07 BTtt available to  raise the temperature of the 

heater t o  a new Th from i ts  in i t ia l  value of To. If one now considers a ,  
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period of two seconds, the energy available t o  r a i s e  the heater temperature 

would be 1.07 BTU giving a ATh = 1.1 - - 97 BTU/OR, a heater temperature Th = 

To + ATh = 172.0 + 0.97 = 172.97'R, and a f l u i d  b u l k  temperature = To + 

5Th/2 = 172.5R. With a gradient ATh/xo, the heat flowing from the outer surface 

of the heater d u r i n g  the second interval is determined t o  be 0.009 BTU 

w i t h  an xo of 0.025". 

6TU w i t h  an x i  = 0.034". 

interval t o  the f lu id  is  0.009 + 0.011 = 0.020 BTU. T h i s  amount added t o  the 

one o f  the f i r s t  interval gives a to ta l  of 0.04 BTU w h i c h  represents the increase 

i n  internal energy of the mass of f lu id  u p  t o  t h a t  instant .  The process 

i s  repeated u n t i l  saturation conditions exist  for the f lu id  adjacent to  the 

heater . 

Similarily,  fo r  the inside surface, theheat flow is  0.011 

The to ta l  energy conducted d u r i n g  the second 
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Abstract 

The first part  of t h i s  report  consists of a f e a s i b i l i t y  study on &a. 

ut i l iza t ion  o f  nricro-carrier beads i n  a fluidized bed. Preliminary 

estimates indicate tha t  HEK m i g h t  be successfully grown on 150 micron beads 

near the upper range of f lu id iza t ion ,  about 30-50% terminal velocity. 

Studies a lso indicate shear ra tes  a t  approximately 0.1 dyne/cm2, Stokes 

Law governing,and Sherwood numbers o f  about 2 .  

The second par t  o f  t h i s  report  i s  an analysis of the diffusion 

equation for incompressible flow w i t h  f i rs t  order chemical reaction fo r  a 

spherical she l l .  The boundary conditions are peculiar t o  the problem. 
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Preliminary Estlmate as  t o  t h e  Feasibil i ty of F lu id i z ing  Spherical Microcarriers 

Consider 1 5 0 ~ 1 0 - ~  in diameter beads o f  density 1040 kg/m3 i n  a f l u i d  o f  
3 2 viscocity l ~ l O - ~  kg/m-s aiid a density of 1000 kg/m a t  a "g" of 10 m/s . 

Then 
2 

U t  = 9 (P, - P I  Dp / ( 1 8 d  = 

-6 12 
= 5.,x  IO-^ m/s 10 m/s2 x (1040-1000) kg/m3 x (150x10 m 

18 x l ~ l O - ~  .kg/m-2 
D u p  checking Re p t 

v 

- - 1 5 0 ~ 1 0 - ~  m x' 5 ~ 1 O - ~  m/s x 1000 kg/m3 
1 x l  0-3 kg/m-s 

= ,075 s u p p o r t i n g  the Stokes Law assumption a t  u t .  Also, the 

velocity of incipient f lu id iza t ion  Vm = ut/91.7 = ~ x I O - ~  m/s 9 91.7 : 

5 ~ 1 0 - ~  m/s then the maximum shear s t r e s s  ( a t  ut) = 2 - V U t  sin o 
R 

= 3 x (1x10- 3 ! 3  rn-s) x ( ~ x I O - ~  m/s) sin goo 
- 

150 x m 

= 0.01 N/m2 = 0.1 dyn/cm2 , hence there i s  

probably no problem w i t h  shear i n  t h i s  range. 

Now l e t  us analyze shear stress @ vom i n  a fluidized bed.ref: U n i t  

Operations of Chemical Engineering - McCabe and S m i t h  (1976) 3rd Edition, from 

Fig. 7-9 

= 1 5 0 ~ 1 0 - ~  m x 39.37 in/m = 5 . 9 1 ~ 1 0 - ~  i n ,  say 0.006" 
DP 

then cm = 0.45 and - r AP = 9, ( 1 ' ~ ~ )  (p - p )  
9, P 

- 10 rnls! (1.-.45) (1040-1000) lis = 220 N/m3 
3 

- 
m 1 k  m 

f??s7 
2 2 i f  S = X-section m and A = surface area of par t ic les  m . Assuming 

t h a t  a shear stress dis t r ibuted equally over the surface area of the 

par t ic les  suspends them, and t h a t  the pressure drop is due t o  the viscous 
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dissipat ion to  the particl eLthen 

weight o f  bed = frictional force 

consider the volume V = LS then 
3 V nn D 

6V 
1 - c  =,= p 

where n i s  the number of spheres then 

6 (1'Cm) 

DPJ 
; = -  

* R  x I [ D 2  = - and 6 ( 1 ' ~ ~ )  I[ Dp2 6 ( 1 ' ~ ~ )  - 
P n D 3  DP 

i i v  
P 

A Since A = p (LS) 

Y 

and T = (- fi .&' = 220 N x 150~10'~m 
m 

2 = 0.01 N/m2 = 0.1 dyn/cm 

same a s  max @ ut 

i n  fact  a rangc of 5 ~ 1 0 - ~  t o  5 0 0 ~ 1 0 - ~  m/s seems practicable, now l e t  us 

consider O2 supply. 

Use H,O a t  300K w i t h  a o f  1 cp pO2 = 1.14 g/cc re Lange 9 t h  E d i t i o n  then 
d 

from eq 22-24 McCabe arid Smith 
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-9 2 = 2.05~10 m /s 

From Fig. 22-6 McCabe and Smith 

w;(E = 4 t v  lJ 

Irs = n x ( 1 5 0 ~ 1 0 ~ ~ m ) ~  x 1000 M3 x 5 ~ 1 0 - ~  m/s 

3 ! 9 -  1x10- m-s 

= 1 .33x1Oo3 - LOW 

consider data fo r  single pa r t i c l e  only evaluating the Schmidt number we get 

D G  3 

1 x l  0-3 kgjm-s 
150x10-% x 5 ~ 1 0 - ~ m / s  x 1000 kgjm 

= 7 . 5 ~ 1 0 ~ ~  R e =  p = 

Sh = 2t.6 Re 'I2 Sc1I3 = 2+.6 ( ~ . ~ x I o - ~ ) ' / ~  x (488)'j3 t 2.13 

t a k i n g  a conservative stance,  we will estimate on the basis o f  the 

assymptotic condition o f  2.00 over the entire range t h e n  

k 
1 = 2.0 

2.0 p 0, 

0,ii 
and k = 

P 2.00 x 1000 kg/m3 x 2 . 0 5 ~ 1 0 - ~  m2/s - - 
1 5 0 ~ 1 0 - ~  m x -018 kgjmol 

mo 1 
= 1.52 -S 

V 
number o f  particles i n  5 g = 1 

v" 
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6 
i= 2.72~10 p ~ x I O - ~  kg 

1040 kg/m3 x 
n 

x ( 1 5 0 ~ 1 0 - ~  m)3/p 

area of 5 g of pa r t i c l e s  

= 2.72~10 6 px n D = 2 . 7 2 ~ 1 0 ~  p x n(150x10 -6 m )  2 /p  P 
-1 2 = 1.92~10 m conservatively. 

Base absorption on c a r r i e r  surface.  

Using data from Cell Culture and i t s  Application, Acton and Lynn, 

Academic Press (1977) p. 592 f o r  l iver ( in  v i t ro )  O2 consumption is (Q) 

= 4.81~10-* molls 

Assume re above reference PO2 i n  = 135T Po2 (per ice l lu la r )  = 84T)and tha t  the 

ef fec t ive  d r i v i n g  force is 10% of  the entrance d r i v i n g  force,Then Ap = 0.1 
(135T - 84T) = 5.1T, u s i n g  H = 5.18~10 4 atm/mf (Perry 3-98) = 3.94~10 7 T/mf 

t h e n  

i n  t h i s  d i lut ion one may assume tha t  mol f ract ion and mol r a t i o  a re  nearly 

equal and 

-1 2 mol 
NO2 = 1.52 z s  x 1 .92~10  m x 1 . 3 0 ~ 1 0 - ~  

= 3 . 7 9 ~ 1 0 ~ ~  mol/s 

this is close cnough t o  4 . 8 ~ 1 0 ~ ~  molls to  be con idered fo r  f e a s i b i l i t y ;  i f  

necessary, compensation can be made l a t e r  by not innoculating a l l  the beads. 

Conservatively estimating tha t  the d r i v i n g  force of the ef f luent  l i q u i d  

i s  nearly the average, the Po2 ( ex i t )  = 84T + 5.1T say 90T then the PO2 loss 
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i n  the l tqutd  stream i s  

135T .. 90T 45T 

and the niol f ract ion change i s  

45T/3.94x107 = 1 . 1 4 ~ 1 0 - ~  = mol r a t i o  

t h e n  

mol H20 mol 07 
N H20 4 . 8 1 ~ 1 0 - ~  S = 4 . 2 2 ~ 1 0 - ~  s 

mol O2 
1 . 1 4 ~ 1 0 - ~  mol H20 

or  

mol H20 .018 kg H20 3 
mol H20 1000 kg H20 X 

S 
QH20 = ' 4 .22~1 O-' 

-7 3 * 7.60~10 m /s 

100 cm 60s 
= 7 . 6 0 ~ 1 0 - ~  m3/s ~(7) x 

3 = 45.5 cm /min i n  range o f  pump.Velocity i n  2.5 8 cm t u b e  is  Q/S 

T h i s  is again borderline i n  nature, we can s t i l l  t r y  the experiment i n  the 

range 5 - 5 @ @ ~ \ 0 - ~  m/s. The chances tha t  a l l  the conservative assumptions come 

to  fruitlon simultaneously i s  s l igh t ,  and we st i l l  have the option o f  not 

innoculat.ing a l l  o f  the beads. 

the problm. 

I t  w i l l  require experimentation t o  resolve 
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Symbol Definition 

A Tota'i area of  par t ic les  i n  bed 

SI  Units 

m 2 

2 m Area of individual par t ic le  
AP 

Par tic1 e d i ame t e r  DP m 

m2/s D" Volumetric d i f fus iv i ty  

2 kgjm -s G Mass r a t e  

m/ s2 9 Acceleration of  gravity 

kg-m 
2 N-s 1 1  

kq-m ; 
2 N-s 

N/m2 H Henry's constant 

2 m o l l m  -s k Ma s s - t r a  ns fer coe f f i c i e n t 

L Length o f  bed m 

- 
M Average molecular mass kg/mol 

NH20 Molar flow of water mol /s  

Molar flow o f  oxygen N02 mol /s 

N/m2 Part ia l  pressure of oxygen p02 

m3/s QH20 Volumetric flow o f  water 

R Radius o f  par t i c l e  m 

Re Rcynol ds  number none 



S Cross-sectional area o f  empty pipe 2 m 

Schmidt number none 

Sh Sherwood number none 

Terminal sett l ing velocity Ut 

V 

- 
Vom 

3 m Volume of bed 

Velocity o f  incipient  f luidizat ion 

3 m Volume occupied by par t ic les  vP 

3 m Volume of individual sphere 

N/m2 Pressure drop -AP 

Ax mol f ract ion difference none 

Porosity a t  incipient f luidizat ion 
velocity 

none m E 

Viscosity kg/m-s 1.1. 

n 3.1416 --- none 

Density o f  f l u i d  P 

Density o f  par t ic le  

Shear stress 

Latitudinal spherical coordinate 

pP 

T 

e rad 
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Steady-state Radlal D i f f u i i o n  w i t h  First-order I r reversible  Chemical Reaction 
I n  a Spherical Shell for Dilute i n  Compressible media . .  

Let us consider: 

a 'a 2 - + (v,vC,) = Dav C, + Ra a t  

a then at 0 because of the steady s t a t e  constraint ,  d i l u t i o n  forces 

k (v.vC,) t o  zero and A 4  B requires Ra = -kCa. Since Ca = Ca(r) only 

and 7 Da d ( r  2 r)  dCa -kCa = 0 
r 

ca 
'a1 

r and $I = - 

l e t  0 = f ( x \ : ' x  

l d  d (PI 
then 7 (x2  dx ) - = 0 

df  
2 ( X d x )  - f )  - x =  f O  

2 (k 
X 

and 7 x< 

d i  f ferent la  t I ng 
.4 

d f  d f  f 
dx dx x 

1 d;'f 
-+tT + - - - ]  - = o  
X dx' 

2 
F -  F = 0 ,  x # 0 solving ZT 

( 3 )  



and f = C1 exp ( x )  + c2 exp (-X) 

exp (-x) 
then fl = c - + c 2  X 

6C:l 

BC:2 
!I!! 

@ x = X2, dx = 0 

. imply ing t h a t  no A crosses R2 boundary 

d9 
dx 

-x exp (-x) - exp (-x), 
2 

- = c1 [X exp 
X 

2 
X 

2 

(13) 

(14) 

then 0 = C1 [exp (X2) f [X2-1]  - C2 [exp ( - X 2 ) ]  [X2 + 13 

x2 + 1 
1 - c2 

cl - q $7 
s u b s t i t u t i n g  i n t o  (15) 
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subst i tut ing I n  (20) 

or  

Now l e t  us consider CbS 

'a d 2 dCa 2 a' (r - ) - kCa = 0 
r dr 

Db 2 s  dr  r 
(,- 2 -) dCb + kCa = 0 

then - Da d 2 -) dC a = -  'b d 2 dCb 
'3 a7 ( r  d r  2 d r  ai-) rL 

and mult iplying by x2 we get  



implying tha t  iiii B crosses the R1 boundary. 

A material balance a t  steady s t a t e  then requires tha t  

or 
" / x = X ,  - - x2 

'1 dx 

= c j  
c3 

- p p = o , - -  X1 + c4 

hence 

-Q1 - P  
c3 c4 - 
X1 

The ra te  of production i s  then 

N 4n Rl 2 Da dCa-] r = R1 
a1 

4 '  

(43) 
c) ( ~ 1  exp X1-exp x1 (-x1 exp(-X1 )-exp(-X1) 

X1 
4n hL Da Cal [ C1 + c2 

= -__ *.. 

= 4130 c C1 C x p p  xl-exp x 1 3 +  c2 [-x, e x p ( - ~ ~ ) - e x p ( - ~ ~ ) ]  
a al -- - _y_ 

Nal 
(44) 
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C],  c y  CQ’ c4 

‘a 

‘b 

Da 

Db 

d 

f 

k 

N 

Na 

al 
N 

Nb 

Nb2 

Ra 

R1 

R2 

R 

X 

x1 

. Constants of integration 

Concentration of A,  mol/L 3 

Ca Q r=R1 

Concentration of B ,  rnol/L 3 

Volumetric d i f fus iv i ty  of A,  L 2 /T 

Volumetric d i f fus iv i ty  of B ,  L 2 /T 

Total d i  f ferenti a1 opera t o r  

XB 

First order r a t e  constant, T-’ 

Molar flow, rnol/T 

Molar flow o f  A ,  mol/T 

N, @ r=R1 

Molar flow of  B ,  rnol/T 

Molar flow of B @ r = R2 

mol Generation o f  A, - 
L3 T 

Inside r a d i u s  of spherical shell  

Outside radius of spherical shell 

Rad ius 

c 



x2 

a 

8 

5 
P 

n 

Partial differential operator 

1 "del" operator, L- 

'b/'a, 

8 [r = R,] 

Da'Db 

3.14 --- 
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Abstract : 

I propose that anorthosite massifs developed approximately 1.4 to 1.5 billion 
years ago along an arch whi& developed parallel to a zone of conticental separa- 
tion a s  a block which included North America, Europe, and probably Asia separated 

from a Llock which included parts of South America, Africa, India, and Axstralia. 

Anorthosite massifs also f m x e d  at the same time along a belt which runs through 
the continents which comprise Gondwanaland (South America, Africa, India, Australia, 

and Antarctica. 
subsequently became a zone- of continental collision about 1.2 billion years ago. 
The northern anorthosite be lz  also parallels an orogenic belt which was active 
between 1.8 and 1.7 billion years ago. 

building period helped in the formation of the anorthosites. 

There are several other times in earth history when mountain building was followed 
by continental rifting, but no large anorthosite massifs developed during these 

times. 

of heat from an outside source. 

approach to the earth 1.4 Ea 1.5 billion years ago. 

I propose &at this was a zone of continental separation which 

Perhaps heat generated during this mountain 

The formation of arnarsthosite massifs may have required an additional input 

It has been suggested that the moon made a close 
This approach may have been 

the time of capture of the m n  by the earth, or more likely represented the time 

when the IT~OOR'S orbit changed from retrograde to prograde. 

solid earth by the moon when it was within a few tens of e.arth radii of the earth 

may have provided additional beat required for the formation of anorthosite massifs. 

Tidal heating of the 
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An anort , ,os  te massif m’s a l a r g e ,  ‘intrusive body consisting of  more than 90% 
p lag ioc la se  f e ldspa r ,  and  w h i c h  g e n e r a l l y  has the following proper t ies :  

a )  I t  has few i f  any compss j t iona l  layers - (Wiebe ,  1978). 
b) The p l ag ioc la se  ranges  $Tom An45 t o  An65- (Anderson, 1968). 

c )  Their s i z e  ranges from l e s s  than 100  sq. km t o  30,000 sq. km (Anderson, 1968). 
T h i s  paper will first descrdk the tectonic environment of emplacement o f  the mas- 
sifs,  t h e n  d iscuss  the possa’b3e r e l a t i o n s h i p  o f  the emplacement o f  anor thos i t e  
mass i f s  to  the cap tu re  of t k  moon, and f i n a l l y  will descr ibe my current thinking 
on the formation o f  a n o r t h a s t t e  massifs. 

Tectonics  of Emplacement o f  Anor thos i t e  Massifs: 

empl acemnt of massifs, 
A number o f  d i f f e r e n t  &ctonic environments have been proposed for the 

These i ncfude: 
a)  Adjacent t o  subduictian mnes (Emslie, 1973; Dewey and Burke, 1973) 
b)  Along an orogenic  b e l t  fo l lowing  t h e  peak of metamorphism and deformation 

(Bridgwater and Mindley, 1973) 

Bridgwater -- e t  al ,  1974) c o n t i n e n t a l  r if t .  

(Ems1 ie, 1978) 

Some of the d i f f i e u l t f s  wi th  the above environments f o r  the emplacement of 

* c )  Along an abor t ed  (Morse, 1981) o r  i n c i p i e n t  (Berg, 1977; Wynne-Edwards, 1976; 

d )  Pa ra l l e l  t o  a zone o f  c o n t i n e n t a l  s epa ra t ion  p r i o r  t o  the ac tua l  separa t ion  

e )  P a r a l l e l  to a zone o f  m t i n e n t a l  s epa ra t ion  during t h e  ac tua l  separa t ion  

a n o r t h o s i t e s  a re :  
a )  There i s  no evidence for t h e  presence of  a subduction zone during the time 

of ernplacement o f  most a n o r t h o s i t e s  (approximately 1.4 b i l l i o n  years  ago 
as will be d i scussed  ’IatZer). 
Labr i ev i l l e ,  Quebec anar&tiosite) are much t o  K-rich, 
content, and have too high an Fe/Mg r a t i o  t o  be r e l a t e d  t o  ca l c -a lka l ine  
magmatism (Emslie, 19?8]. 

b)  Anorthosi tes  occur  i n  fxm great b e l t s  when they a r e  p lo t t ed  on a Pangaea-type 
recons t ruc t ion  o f  t h e  m n t i n e n t s  (Herz, 1969). 
b e l t s  runs f r a m  S o u t h e r n  California through the Adirondacks, southeas te rn  
Ontario,  Quebec:, and Labrador  t o  Norway and the Ukraine o f  southern Russia 

Furthermore, some anor thos i t e s  (such a s  t h e  
have too high a TiOp 

The more no r the r ly  of  these 

(Fig. 1). 
( t h e  Penokean fold b e l t  and  i t s  equ iva len t s )  (Fig. 2).  

Th i s  belt  parallels a 1.7 t o  1.8 b i l l i o n  year  o l d  orogenic  be l t  
However, there is a 
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large area between t h e  Swpert’or and Slave provinces and w i t h i n  the Labrador 
trough (both par t  of the C h u r c h i l l  Province) which was also par t  of a 1.7 
to  1.8 b i l l ion  year omgenic belt,  and this area contains no anorthosite 
or related rocks. 
be l t  may have ass i s ted  i n  the formation of anorthosites, there must have 

This indicates t h a t  while a recently act ive orogenic 

been some additional f a c t o r  o r  fac tors  controlling the emplacement of the 
anorthosite massifs. 
An aulacogen i s  one type of aborted o r  incipient  cont inentalr i f t .  Aulacogens 
generally in te rsec t  a continental margin a t  a h i g h  angle, usually a t  a plume. 
Igneous a c t i v i t y  along aulacogens, therefore, is generally along l inear  
be l t s  which may p a r a l f d  eachother, b u t  which would not parallel  the edge 
of the continent. 
which para l le l s  the edge o f  the  continent formed by separation of North 
America and. Europe from andwanaland (discussed below). Anorthosite massifs 
could have formed parzf la l  t o  a zone along which  a continent attemped to 
rif t ,  b u t  as will be discussed below, r i f t i n g  d i d  occur either during o r  
just  a f t e r  emplacement of the anorthosites. 
and e) I t  i s  very clWficult  t o  determine w h i c h  of these migh t  be correct ,  , 

b u t  I believe tha t  one o f  the two represent the environment i n  which anortho- 

However, anorthosite massifs appear to  be i n  a be l t  

s i t e  massifs were ernpfaced. 

A-comparisori of a p p a r e e  polar wander (APW) paths f o r  North America and 
Gondwanal and recalculated for a Pangaea-type reconstruction’ of the continents 
( F i g .  3) . indicates  t ha t  North America and Gondwanaland were i n  contact w i t h  
eachother 1.8 b i l l ion  years ago and began to  separate between 1.7 and 1.4 b i l l i on  
years ago (Seyfert and Sirkin,  1979). 
ration i s  not possible to  detmnine f r o m  paleomagnetic studies because o f  the 
scarc i ty  of paleomagnetic data i n  t ha t  time interval.  

The exact time of the beginning of sepa- 

When two continents b e g h  t o  separate from eachother, sediments a re  deposited 

i n  geoclines bordering those continents. The sedimentary rocks of the Grand Canyon 

Sequence may have been deposited i n  such an environment when North America and Gon- 

dwanaland began t o  separate. The oldest  sedimentary rocks i n  the Grand Canyon Se- 

quence a r e  approximately 1.4 b i l l i o n  years old, T h i s  date probably provides a 

minimum date f o r  the beginna’ng of separation of North America and Gondwaland. 

(Seyfert and Sirkin, 1979). 
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This date is consistent w i t h  paleomagnetic data, and i t  is close t o  t h a t  of most 
anorthosites (Table 1). 
continents approximates the time of emplacement of most anorthosi 
possible a t  this time, however, t o  determine if the anorthosit 
just  p r i o r  t o  o r  d u r i n g  r i f t i n g  apar t  of  the continents, 

Support f o r  the idea tha t  the separation of North America from Gondwanaland 
was associated w i t h  the emplacement o f  anorthosite massifs comes from the observa- 
t i o n  t ha t  the northern be l t  of anorthosites paral le ls  the zone along which these 
continents were presumed t o  have separated. 

Thus ,  i t  i s  evident tha t  the time of 

Direct evidence of the location of 
the zone along which the continents separated is  very d i f f i c u l t  to  obtain. 
However, because the continents were joined together again following their  
separation, the zone of col l is ion produced by their j o i n i n g  will approximately 
parallel  the zone along which  the continents separated. 
rocks deformed d u r i n g  the Grenville Orogeny as  the continents collided (Seyfert, 
1980) is located along the northwestern boundary o f  the Grenville Province 
(Fig.  4 ) ,  wh ich  -is more o r  less coincident w i t h  the Grenville Front. 
be l t  of anorthosite massifs approximately para1 lels this boundary and i t s  contin- 
uation i n  Europe ( F i g .  5.). 
Radiometric Dating of Anorthosite Massifs: 

The boundary between 

The northern 

.Radiometric dates on anorthosite'massifs range from 540 m i l l i o n  years t o  1650 
million years (Table-1). However, i t  i s  quite l ike ly  tha t  a number of these dates 
do not r e f l ec t  the actual time of emplacement of the anorthosites. A'large-number 
of the anorthosite massifs are located w i t h i n  the Grenville Province, a broad band 
of rocks which was metamorphosed and deformed about 1200 million years ago 
(Seyfert, 1980). 
and.were recrystall ized and granulated i n  some areas. Other areas, par t icular ly  
w i t h i n  the larger  bodies, show Titile i f  any affects  of the deformation. I t  i s  
possible tha t  the anorthosites were emplaced d u r i n g  deformation (see e.g. Michot, 
1968), b u t  I believe tha t  i t  is more l i ke ly  t h a t  the anorthosi tes  were emplaced 

r to  the Grenville Orogeny (Emslie, 1978; Bridgewater and Windley, 1973; 
Stockwell, 1964). We1 1 dated anorthosites i n  the Nain Structural Province 
have dates averaging approximately 1430 million years, b u t  anorthosites which 
appear t o  be par t  of the same belt, b u t  which are  located i n  the Grenville Pro- 

the time of i n i t i a l  empl cement o f  the anortho- 
ater heating. 

These anorthosites were apparantly affected by this deformation 

dates, averaging about 1100 million years. I t  seems 

sites, b u t  repres However, the date on the Mealy 
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Mountains Anorthosite i n  Labrador 
Province) i s  older than the other  

(this anorthosite i s  located w i t h i n  the Grenville 
anorthosites w i t h i n  the Grenville Province, and 

i t  is  older than the other massifs outside of the Grenvil 
(Table 1) .  I t s  date of 1650 could be older t h a n  i t s  emp 
d i f f i c u l t  to  understand how this mi-ght  occur. 
the dating was inherited from i t s  wall rock. Anorthosites and related rocks 
a re  notoriously hard to  date by 'the whole-rock rubidium-strontium method, so 

as  well 
t i t  

Possibly ziron which was used i n  

the 1650 million year old date by tha t  method on $&,&#& Mountain8 $nortkozg$e 
m i g h t  not be too rel iable .  

S associa e w i  
I t  i s  interest ing to  note tha t  the_anorthosites o f  

# \  

the Larimie Range g i v e  a 1430+20 - million year old date using the uraniurb-lead 
method on zircon (which  agrees w i t h  o ther  dates on associated rocks - see Table l ) ,  
b u t  the rubidium-strontium whole-rock dates on the monzonites range from 1290 
to  1950 million years (Table 1) .  Radiometric dates on European anorthosites 
from Norway may well have been affected by an orogenic event correlat ive w i t h  
the Grenville . .  Orogeny (Table 1) .  However, anorthosites i n  areas not affected 
by Grenville deformation (such as the Nain region, Larimie Range, and Chilka 
Lake India) a l l  seem to give consistent dates of 1430 million years. 
my belief t ha t  anorthosite massifs were a l l  emplaced w i t h i n  a very narrow 
time range a t  about 1430' million years. 
a broader time range, say 1200 to  1650 million years, i t  i s  s t i l l  very d i f f i c u l t  
to understand why anorthosites massifs were n o t  emplaced before o r  a f t e r  t h a t  
time, a time res t r ic ted  t o  the Widdle Proterozoic. 

I t  is  

Even i f  they were emplaced over 

The Southern Anorthcsite Belt: 
. A be l t  of anorthosites i n  

America across southern Africa, 
Australia (F ig .  6)  on a Pangaea 
l i ke ly ,  the anorthosite belt  i n  

the Southern Hemisphere extends from southern South 
Antarctica, Madagascar, and India to  central 
reconstruction of the continents. I f ,  as i t  appears 

the .Northern Hemisphere formed a s  a result of I 

continental separation which  was followed by a continental col l is ion,  the anorthosite 
b e l t  i n  the Southern Hemisphere may have had a similar o r ig in .  I propose t h a t  a 
zone o f  separation of the continents ran through the southern anorthosite belt ,  and 
t h a t  the separation occurred approximately 1430 mil 1 ion years ago, a t  the same -time 
as the anorthosite bel t i n  the Northern Hemisphere. This age agrees well w i t h  
the date on the Chilka Lake Anorthosite (Table 1 )  o f  1404 million years. 

of the ocean formed as  a r 1 t of #is continental separation occurred 
years ago judging by radiometric da tes .  

g this belt  (Craddock, Geologic Map of  Antarctica; Seyfert  
Presumably, a mountain belt formed along this zone a t  about and S i r k i n ,  1979). 
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the same time as  t h e  GrenviBBe Orogeny i n  the Northern Hemisphere. I t  should 
be poin ted  out, however, t h a t  there is no t  suf f ic ien t  paleomagnetic data from 
the southern continents to  liest the hypothesis of an opening and clcsing 
of an ocean w i t h i n  Gondwanaband dur ing  the Middle Proterozoic 1430 to  about 1150 
miltion years ago. 

Re1 ation of Anorthosite Mass-ii'ds ' to  Lunar Capture: 

a unique event i n  geologic k k t o r y .  
publication of his paper i n  31969 {Table 1 )  has l en t  further support t o  his proposal. 
I f ,  as has been suggested by Einslie (1978), anorthosite massifs were emplaced i n  
association w i t h  a r i f t i n g  
massifs so res t r ic ted  i n  th&? Why were they only emplaced dur ing  the Middle 
Proterozoic d u r i n g  a time im-rval las t ing  a t  most 450 million years (10% o f  geologic 
time). 

Herz (1969) suggested that the emplacement of anorthosites represented a 
unique cataclismic event or a thermal event restricted t o  the Precambrian. He 
proposed tha t  the b i r t h  of the earth-moon system or a ser ies  of meteorite impacts 
may have triggered the rise of anorthosites. I propose tha t  the u n i q g e  event was 
caused not by the b i r t h  of tfhe earth-moon system, b u t  a close approach of the  
earth and moon as  the moon's orbit changed from retrograde to prograde. 

Gerstenkorn (1955), based on a careful study of the moon's present o r b i t  
and calculating what its p a s t  arbit must have been, proposed tha t  t h e  moon was 
once o r b i t i n g  the earth i n  at retrograde o rb i t .  Such an o rb i t  would require tha t  
the moon spiral  into the e a r t h  as a consequence o f  t i d a l  interaction between the 
earth and moon. 
i n  inclination as  it approached t h e  ear th  and t h a t  i ts  orbital  plane became inverted 
a f t e r  becomming vertical  with respect t o  the ec l ip t ic .  This  " f l ip"  of the moon's 
orbi ta l  plane would result ii'xs a change o f  the moon's o rb i t  from retrograde to  
prograde. 

Goldreich (1968) showed sow flaws i n  Gerstenkorn's original calculations, 
and Gerstenkorn (1968; 1964) made new calculations indicating the posibi l i ty  of 
capture from a polar o r  even a prograde o r b i t  w i t h  very small perigee. S inge r  
(1968; 1970) made similar calculations w i t h  similar results.  However, Alfven and 
Arrhenius (1976) state that "formal objections to  Gerstenkom's original model do 
n o t  necessarily mean tha t  a i i s  is less l ike ly  t o  describe the general type of 

evolution A'' (p. 461) 

Herz (1 969) proposed t h a t  t b e  emplacement of anorthosite massifs represented 
Radiometric dating of  anorthosites since the 

rt of two continents, why then  a re  anorthosite 

. 

Gerstenkom calculated tha t  the moon's orbital  plane increased 

Alfven and Arrhenius ($976) predict  t ha t  i f  a sp in -o rb i t  resonance is  established 
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between the earth and moon, the moon will not reach the 
have resulted i n  the disruption of the moon. Rather, a 

Roche limit, which might 
spin-orbi t--resonance - 

would result i n  a m i n i m u m  earth-moon distance of about 7 earth radi i  (Alfven and 
Arrhenius, 1976, p. 463). 

The effects  of such a close approach between the earth and moon would almost 
cer ta inly be evident on the earth.  Some of the effects  expected would be an i n -  
crease i n  igneous ac t iv i ty  (due t o  t idal  heating of the sol id  ear th)  and a strong 
increase i n  ocean t ides .  The generation of anorthosite massifs may have resulted 
from t idal  hea t ing  by the moon dur ing  i t s  close approach t o  the ear th .  There are 
a number other examples o f  igneous ac t iv i ty  a t  approximately the same time as the 
emplacement of anorthosite massifs. 
this same time, and these show evidence of having been emplaced into areas w i t h  an 
unusually h i g h  geothermal gradient (Saxena, 1977). Th i s  h i g h  geothermal gradient 
may have been produced, a t  l e a s t  i n  part ,  by the close approach of the earth and 
moon. 
i n  a belt extending from Arizona to  western Ohio (Herz, 1969; Seyfert  and S i r k i n ,  
1979). What i s  remarkable about these gran i t ic  rocks is tha t  they were emplaced 
into an anorogenic environment (Silver -- e t  a l ,  1977). Almost a l l  bathol i thic  
s i ze  gran i t ic  bodies are'emplac'ed i n  orogenic environments, either a t  o r  near 
a p la te  margin, o r  where two continents col l ide.  
S t .  Fkancois Mountains of central Missouri, very large volumes of rhyol i te  
were ex t ruded  a t  the'same time (1400 t o  1500 million years ago) as t h e  anorogenic 
granites and anorthosites were emplaced. 

There a re  no well-dated sedimentary sequences known anywhere i n  the world to  
have been deposited between 1400 and 1500 million years ago (Seyfert and S i r k i n ,  

rlany large charnocki tes  were intruded a t  about 

Furthermore, a very 1arge.number o f  large granite bodies were intruded 

In a t  l e a s t  one area,  the 

1979). 
close approach may have prevented accumulation o f  sedimentary rocks on the conti- 
nents. 
deposited i n  the deep ocean basins. 
f a i r l y  good evidence f o r  unusually h igh  tides dur ing  the Cambrian. 
western Wyoming, there are  large thicknesses o f  flat-pebble (limestone) conglo- 
merates i n  Middle to  Late Cambrian deposits. These may have been produced a s . a  
result of h i g h  tides churning up recently deposited limestone beds. 

large moons i'n the so la r  system have probably been captured- The evidence comes 
from the retrograde rotation of a number of moons of the giant planets. In the 
so l a r  system, there are  six retrograde s a t e l l i t e s  (Alfven and Arrhenius, 1976). 

I t  is  possible tha t  very large t ides  produced by the moon d u r i n g  its 

I t  may be tha t  most sediment was simply swept off the continents and 
I t  is interest ing to note t h a t  there is 

In north- 

I may be worth mentioning here tha t  there is excellent evidence tha t  
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These include Jupiter 8, Jupiter 9,  Jupiter 11, Jupiter 12, Phoebe, and Tri ton.  
Tr i ton  has a mass of 135 x grams, almost twice the mass of the e a r t h ' s  moon. 
However, i t  should be pointed o u t  t h a t  Neptune>about which Tr i ton  o rb i t s ,  is much 
l a r g e r  than the e a r t h ,  and the re fo re  i t  would be much e a s i e r  for Neptune t o  have 
captured Tr i ton  than the e a r t h  t o  have captured its moon. 

Formation o f  Anorthosi tes :  
I have done a cons iderable  amount of  reading on the o r ig in  o f  anor thos i t e s  i n  

ihe hope t h a t  their  o r i g i n  might be o f  he lp  i n  the understanding o f  what s o r t  of 
hea t ing  the moon m i g h t  have produced on the e a r t h  during the c lose  approach of the 
e a r t h  and moon. In this regard,  I have been only p a r t i a l l y  successfu7. I t  soon 
became ev iden t  t h a t  there was not  the s l i g h t e s t  b i t  o f  consensus on the o r i g i n  of 
anor thos i t e  i n  ano r thos i t e  massifs .  
o f  t heo r i e s  on their  o r i g i n  a s  o f  1968 (Fig.  7 ) .  

I will n o t  review here the various theories f o r  the o r ig in  of anor thos i t e  
massifs, b u t  w i l l  refer t o  the publ ica t ion  o f  the papers presented a t  the Second 
Annual George H.  .Hudson Symposium held i n  P l a t t sbu rg ,  New York i n  1966 (Isachsen,  
1968) and t o  severa l  recent  reviews (Duchesne and Demaiffe, 1978; Emslie, 1978; 
Ashwal and S e i f e r t ,  1980; Morse, 1981) .  

To give some idea o f  the various poss ib l e  o r i g i n s  f o r  anor thos i t e s ,  I have 
prepared a 1 i s t  of "Problems a s soc ia t ed  w i t h  anor thos i tes  . I '  (Table 2 ) .  The number 
o f  poss ib l e  combinations of f a c t o r s  wh ich  make up the formation o f  anor thos i t e s  is 
very l a rge .  
bu t  I would like t o  present my c u r r e n t  th inking  on the or igin af anor thos i t e  
massifs. I have found t h a t  i t  corresponds very c lose ly  t o  the ideas  o f  Buddington 
(1968). 

I be l ieve  t h a t  a n o r t h o s i t e  massifs o r ig ina t ed  by p a r t i a l  melting of the lower 
c r u s t .  T h i s  view c o n t r a s t s  w i t h  t h e  views o f  most o f  the geologis t s  working on 
anorthosites, b u t  i t  i s  i n  agreement w i t h  Buddington's (1968)' views. 
o f  this o r i g i n ,  I would po in t  o u t  t h a t  the Sr87/Sr86 r a t i o s  f o r  anor thos i t e  massifs 
a r e  i n  the range f r o m  .703 t o  .706 (See e.g.  Heath and Fairbairn,  196%). 
values a r e  higher  than one would expect  f o r  mantle rocks of  chondri t i c  composition 
evolving f o r  approximately 3 b i l l i o n  yea r s  (the age o f  the e a r t h  minus  the age of 
a n o r t h o s i t e s ) .  
b f  magma o f  mantle o r i g i n  a s  a way of increasing*the S r  / S Y * ~  r a t i o s .  However, a 

There were a t  l e a s t  10 d i f f e r e n t  groups * 

I will no t  a t tempt  t o  descr ibe  o r  discuss  the various p o s s i b i l i t i e s ,  

Some of  the observat ions support ing my views a r e  given i n  Table 3 .  

In suppor t  

These 

T h i s  l e d  Ashwal and S e i f e r t  (1980) t o  suggest  c r u s t a l  contamination 

The i n i t i a l  

ratios of rocks from the upper crust would probably have been higher  than 

i n i t i a l  87 

u n t  of c r u s t a l  contamination would have to  have been involved. 
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anorthosite massifs, b u t  i t  is  qui te  l ike ly  tha t  the lower crust  had a lower i n i t i a l  
ra t io .  One problem w i t h  a crustal  origin fo r  anorthosite massifs i s  tha t  the Rb 
continent of most anorthosites i s  very low, too low i n  f a c t  t o  have produced an 
i n i t i a l  r a t io  of .703 to  .706. The low Rb contient m i g h t  be explained by removal 
of a gran i t ic  component from the lower c rus t  before formation of the anorthosites. 
The gran i t ic  component must have, remained in the lower c rus t  long enough t o  have 
increased the i n i t i a l  strontium r a t i o  to  i t s  observed value. 

The Marcy Anorthosite has an f Nd of +5 (Ashwall and Nooden, unpublished manu- 
s c r i p t ) .  A posit ive f Nd indicates t ha t  the anorthosite was derived from a source 
which was depleted i n  l i g h t  rare  earth elements (DePaolo, 1981). 
Nd data i s  consistent w i t h  the model suggested here of depletion of the lower 
c rus t  i n  a g ran i t ic  component, a component w h i c h  would have been relat ively enriched 
i n  l i g h t  rare  earths.  
lower mantle is  h i g h e r  than tha t  of the upper crust, i t  is generally assumed tha t  
the lower mantle is  r icher r in  iron:and magnesium than the upper crust .  
l ike ly  t h a t  i t  go2 tha t  way as a result o f  the removal o f  a gran i t ic  component. 
In f ac t ,  the intrusion o f  grani t ic  batholiths into orogenic belts i s  a very common 
event, and i t  i s  l ike ly  t h a t  these granites were derived from the lower c rus t  by 
par t ia l  melting. I t  should be pointed out, however, that  the i n i t i a l  S r  /Sr  
ra t ios  o f  many grani t ic  rocks indicat?s t ha t  they were not formed by the par t ia l  
melting of old crust ,  b u t  the ra t ios  are  compatible w i t h  par t ia l  melting of sedi- 
mentary and volcanic rocks which were subducted shortly before par t ia l  me1 t i n g  
of these deposits. The grani t ic  rocks of the Klamath Elountains and the Sierra  

Therefore, the 

I t  should be pointed ou t . t ha t  because the density of the 

I t  is quite 

87 86 

Nevada Mountains i n  California a re  excellent examples of granites formed i n  this 
way. Presumably, the lower c rus t  beneath these grani t ic  rocks has been depleted 
i n  a gran i t ic  component and has been enriched i n  iron and magnesium. I t  i s  a lso 
l ike ly  tha t  the lower c rus t  would be enriched i n  calcium and aluminum i f  the 
original c rus t  (before par t ia l  melting) was rich i n  plagioclase, such as would be 
the case i f  the protol i t h  were largely composed of metamorphosed graywackes. 

Crystals of plagioclase i n  many anorthosite massifs a re  ben t  and broken. Anortho- 
si tes i n  the Grenville Province may have been brecciated and sheared d u r i n g  the 
Grenvil le Orogeny, b u t  this character is t ic  texture i s  also present i n  unmetamorphosed 
anorthosites, 
broken i n  par t  d u r i n g  emplacement o f  the anorthosites. 
was largely c rys ta l l ine  d u r i n g  i t s  emplacement. 
mush, a widely accepted model fo r  anorthosi t ic  magmas. 

I t  is qui te  l ike ly  tha t  the plagioclase crystals  were bent and 
This  suggests tha t  the magma 

Separation o f  crystals  from 
The magma may have been a crystal  

l i q u i d  magma m i g h t  occur d u r i n g  rise of a crystal  mush by a process of flow d i f -  



ferent ia t ion (Bhattacharji and Smith,  1964). 
fractionation by f loatat ion of plagioclase crystals  occurred w 
pr io r  to  rise of the anorthosit ic magma. A t  pressures of the 
mately 10 to  1 2  kilobars f o r  the c rus t  i n  which the anorthosite m 
generated), plagioclase of composition AntiO is considerably l e s s  
gabbroic l i q u i d .  A t  a pressure o f  10 kb, plagioclase o f  An5-, has a density of 

about 2.61 g/cc, while a t  the same pressure, a basal t ic  melt has a density of about 
2.74 g/cc (Kushiro, 1980). 
gabbroic o r  gabbroic anorthosite composition. 
phase associated w i t h  a rising anorthosit ic diapir  composed largely of plagioclase 
c rys ta l s  . Gabbroic intrusions associated w i t h  anorthosites may a1 so represent 
l i q u i d s  squeezed out o r  separated by flow different ia t ion from a rising anorthositic. 
diapir .  Most workers now believe tha t  the associated grani t ic  and syeni t ic  rocks 
commonly found w i t h  anorthosites a r e  not genetically related to  the anorthosites , 
but ra ther  were generated by par t ia l  melting of crustal rocks as  a result of heating 
by the anorthos i t-i c magmas (see e .g . Buddington , 1968). 

I t  is also l ikely tha t  considerable 

Many anorthosites have a margin (often ch i l led)  of 
These rocks may represent the melt 

Summary and Conclusions : 

of rocks previously depleted i n  a gran i t ic  component. 
suffi 'cient t o  melt such depleted rocks i s  rather  uncommon i n  ear th  history,  
cer ta inly on the scaYe represented by anorthosite massifs. A un ique  heating event 
was needed, and this event was a close approach between the ear th  and moon. 

I believe tha t  anorthosites form w i t h i n  the lower cryst  by par t ia l  melting 
Heating of the lower c rus t  

T h i s  close approach produced t i da l ly  induced heating, which may have been concen- 
t ra ted  a t  the crust-mantl e boundary (Ashwal ,. personnal communication). 

i n  e i t h e r  the me1 t i n g  o r  empl acemen: o f  the anorthosite massifs. An additional 
fac tor  may have been heat generated dur ing  the orogenic event 1700 t o  1800 million 
years ago, assuming tha t  i t  takes more than about 300 million years f o r  the 
heat from an orogenic event t o  be completely dissipated. 

The magma generated i n  the lower crust was e i ther  an anorthosit ic gabbro o r  a 
gabbroic anorthosite. 
the magma was i n  the. lower c rus t  produced a magma of gabbroic anorthosite o r  anor- 

R i f t i n g  of North America and Europe from Gondwanaland may have somehow assis ted 

Fractionation by f loatat ion of plagioclase crystals  while 

composition. The-magma was largely crystal l ine as it began t o  rise, and 
n by flow d i f  rentiation on the way up.  When 
hos i te reache the s i te  o f  emplacement, i t  was 

largely c rys ta l l ine ,  bu t  i t  was surrounded by a more mafic border which was largely 
l i q u i d  on emplacement. 



I 









ORlElNAL PAGE II 
OF POOR QUAUTY 



FIGURE CAPTIONS 

Figure 1 - Anorthosites i n  the Northern Hemisphere. From Herz (1969). 

Figure 2 - Anorthosites, rapakivi gran i tes ,  and re la ted  rocks i n  the Northern 
Hemisphere. From Emslie (1973). 

Figure 3 - Apparent polar wander paths for Iaorth America and Gondwanaland recalculated 
From Seyfert  and S i r k i n  (1979). for  a Pangaea reconstruction of the  continents.  

Figure 4 - Geologic Provinces f o r  Ancestral North America. From Seyfer t  and Sirkin 
(1979). 

Figure 5 - Reconstruction of the continents showing t h a t  the be l t  of anorthosi te  
massifs pa ra l l e l s  the Grenville Front and i t s  equivalent i n  Europe. The 
suture along which the continents o f  North America and Europe were joined 
t o  Gondwanaland 1.2 b i l l i o n  years  ago is assumed to paral le l  this f r o n t .  
I t  i s  fur ther  assumed t h a t  this suture is  essent ia l ly  coincident w i t h  the 
zone along which the.cont inents  of North America and Europe separated from 
Gondwanaland about 1.4 b i l l i o n  years  ago. After Emslie (1973). 

Figure 6 - Reconstruct ion of  Gondwanaland showing the Middl e Proterozoic anorthosi te  
massifs along w i t h  the locat ion of a proposed suture formed when the northern 
half o f  Gondwanal and joined (col l ided w i t h )  the southern half  of Gondwanaland 
1.2 b i l l i on  years ago. 
c ident  w i t h  the zone along w i t h  northern and southern Gondwanaland separated 
f r om eachother about 1.4 b i l l i on  years  ago. After Seyfert and Sirkin (1979). 

I t  is assumed t h a t  t h i s  suture is e s sen t i a l ly  coin- 

Figure 7 - A summary of  some of the principal theories  proposed fo r  the formation 
of anorthosi te  massifs. Frm Anderson (1968). 



Fig. 1. Anorthosites of ik Northern Hcmisphcre plotted on the North Atlantic recon- 
struction of Bullard and &hers ( 2 ) .  Anorthpiites referred to in the text: 1. Korosten, 
Ukraine; 7,  Korsun-Normemirgorod, Ukraine; 3,  Suwalki, Po1:ind; 4, lltsjobi, Finland: 
5, southern Nors~ay ;  6 ,  Lwrh Hitrris, OUKer €IebriJcs: 7, Gnrtlar, Grwi1:iad: 8,  Kigln- 
pait-Nain, Labrador: 9, hEi2iniLamau. Lablaclor; 10. Lac St. Jcan, (lucbcc: 11.  Arfiron- 
dacks, h'ew York; 12. I-fil.nlybraok. Pennsylvanin; 13, R o d a n d ,  \'irginh; 14, Duluth 
Minnesota; IS. Carnbridyc Arch, Nebraska; 16, Lnramie K:ing.c. Wyoming; 17. Bitter- 
root Range, bioni:lna: I L  Boehls Butte, St. Joe, Jd;iho: 19, Snn Gntriicf Range, Cnli- 
fornia; 20, Orocopia R n n s ,  Ci~lifornis; 21, Pltrrn:t Hidalgo, Oaxaca, hlcxicu; and 22. 
Sierra de Sanla Marta, C&mibia. 





FlGURE 9.4 Apparent polar wander (A.P.W.) curves for North Amerlca, Gondrvanaland, and Europe arc 
iecalculated for a Pangasa reconshcticn of the continents by moving ihese continents along with their A.PVJ 
curves to the positions which they occitpied prior to the beglnnrny of separation of the continents during the 
Mesozoic: [a) Cornparson of the ~scaictilated A.P.W. curves based m samples !.15 to 0.2 billion years olc 
from North America and Gondvvw-dad indicates that thnsp continsis were togeiher (or at least were no: 
widely separalad) 1.55 b;ii!on years a ~ o ,  separated soon thereafter, a& were re!oined about 400 miliion year: 
ago. (b) Cornparison of the recalmlared A.P W. CUFVSS based on samples 1.7 to 1 .I 5 billion years ago fior 
North America and Gorld;mnalax& indic2:es that these contments WZ:E ;oined toge!her (or at least were not 
widely separated) 1.7 bii’ion years ago, separated soon thereafter, and were rejoined about 1.2 biilion years 
ago. (c) Comparison of recalculated A.P.W. curves based on samples 2.75 to 1.7 b:ilion years old from Noilh . .  . -  . . . . .~ . .. . _. 

I .i’-age of paleopole in +- North ARE-- North America- e * billions of yean Supzrior & r i x  combinsd provinces 
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FIGURE 9.9 Geologic provinces of Ancestral North America. 
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Areas which haw been 0 $;,~:nc~frt; iaTt 1200 

Areas atfrcted by dcforniation 
brfwcen I 150 dnd 450 
millton years ago 
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FIGURE 7.15 MEching of geologicai provinces in South Americawith those in Africa. (Afier Hurley, Ref. 12 
Copyright @ 19-62 ,by Scientific American, Inc., all rights resen/&.) 



. I  

ORIGINAL PAGE IS 
OF POOR QUALiTll 



1 

r' 

. 



Table 1. Age determination5 on anorthodcs and relaicd rock,  my.. million years. 
-.--- --------- 

NOlB - Site Age (m.y.) 

India (24)  

Austraiia (25) 

AIdan shield, > 1550-1600 

Musgruve Ranges, 1390 e 130 
Siinovoi Regiou (26)  < !800-2000 

Siberia (26) 
Dzhugilzhur Massif, 2250 C 150 

Siberia (27) 

Southern Angola (’2) 

Upangwa, 
Tanzania (23) 

Jlfiica -A& - Australia 
1260~90 By NicoIay\en on muxoyite in peg- 

. .  matite with RbfiSr. Considcred 
minimiim age for anorthosite. 

K/Ar date on inuswrite (1720; and 
biotite (1705) from leucocraii: 
gneiss at lgnu-a; considered cor- 
rdatrve with Uiiendian. Anoitho- 
site comp!:x about 100 km away 
is also part of Ubendian system. 

. Dating i, thus tenuous. 
Eniplnccmrnt of ch~rnockites using 

whole-rack Rb;Sr ages. 
Nine pyroxene granulites for Rb/Sr 

isochron. 
Intmsion of anorthosites and syen- 

ites. 

1712 r4 70 

Anabar Massif. 
Siberia (28)  

St. Joe (Boehls 

San Gabriel Ran$=. 

Laramie Range. 

Butte), Idaho (29) 

California (30) 

Wyoming (31) 

Cambridge Arch, 
%. Nebraska (6) 

Duluth Gabbro Cornpiex, 
Minnesota (32) 

Canada (33) 

Adirondacks, 

Roseland. 
New York (34) 

Virginia (35) 

Michikamau. 
Labrador (36) 

Kiglapait, 
Labrador (37) 

Sierra de Santa Marta, 
Colombia (38)  

Ckrdar. 
Greenland (39) 

and (40) 

South Harris. Outer 
Hebrides (41) 

Southern Norway (42) 

Pod1.wiz re-jon. 
. P0:aIld (43) 

sorusten Comptex, 
Ukraine ( 4 4 )  

Kor\iin-Novomir~orod, 
Ukraine (44 )  

1734 , 

Pb9’/Pbm on two apatites fxom 
anorthosite, 2?60 and 2240 m.y.; 
P b ” / P ,  1580 and 1650 m.y.; 
Pb=:/W, 19011 and 1930 m.y.; 
2250 my. is from Concordia 
plot. 

K/Ar on hornblende from gabbro 
anorthosite Irkutsk. . 

North America - Sotcth America 
1200 Age of sill .mphibolite considered 

comagmabc with anorthosite. 
3 1200 

> 1335 2 30 < 1715 -i- 60 

> 1170, < 1700 
prob. 1300-1360 

1115 st 15 

1370 

1125 -C 10 

1100 

1400 & 80 

1480 -c 50 

1380 

1150-1335 

1250-1 300 

Europe 
1450 zk 30 
1530 t 30 

> 1000 
13O-t350 

1750 

1300-1500 

Pb/U on zircon from crosscutting 
pegmatite. 

Sherman granite (1335) intrudes 
anorthosite which in turn intrudes 
gneiss complex (171s). %%ole- 
rock Rb/Sr isodxrons. 

1170 is age of cataclasis, 1700 is age 
of basement rok, 1300-1360 is 
thermal event. . 

Pb/U concordia on Jrcon wncen- 
tratez. 

Date of E h n i a n  orogeny and an- 
orthosite emplacement. - ’ 

Pb/U ages on zircon. 

. 

. Date on charnockitic mck about 
110 km northeast of Roseland, 
conxIdered equivdeat to chamock- 
ite a t  Roseland (16). Pb/U ages 
on  zircon are from 1070-1150; 
Rb/Sr and IC/& on biotite are 
890 and 800. 

K/Ar on biotite in cross-cutting 
granite gave 13Mft80 and 0x1 
intruded metasedimentary rocks 
15202 85. 

K/Ar on biotite in grvlodiorite 
intrusive. 

Rb/Sr isochron on DibuUa gneiss, 
granulite facies. 

K/Ar on biotite from granite and 
on phlogupitc-talc from ultra- 
basic rocks. 

Anorthosite xenoliths in N a m q  
gabbro of Mid-Gardar period of 
dike formation. horthosite itself 
gave 1025 on K/Ar in biotite and 
1075 on K/Ar in augite which 
represents a later thermal event. 

Date is Sr/Rb on biotrte from peg- 
matite intrudink metagabbro 
about 300 rn from metagabbro- 
anorthosite gneiss contact. 

Emplacement of para-anatectic 
anorthosites mnd cctigenrtic rocks. 

Charcocbitic localities not given, 
but this L same region as the 
awrthositc of Sua&i. 

Gabbro and rapakivi granites; 
“Labradorites” grade into both. 

Alkaline gabbro and granite. “Lab- 
rtdoriic~’’ grade into monzonites 
and gabbros. 



TABLE - 2 

PROBLEMS CONillECTEO WITH ANORTHOSITE EIASSIFS 

1 )  Where d i d  they come from? 
a )  Crust 

1 ) Anorthositic primary crust  
2 )  Mafic lower c rus t  
3)  Anorthositic gabbro primury crust  
4) Gabbroic anorthosite primary crust  
5)  Garnet-pl agiocl ase-pyroxene granulite residue from . part ia l  melting 

1 ) pyrol i t i c  1 herzol i t e  (such as garnet peridotite,  spinel peridotite 
b )  Mantle 

A )  Garnet periddti t e  
B )  Spinel per idot i te  
C )  P1 agiocl ase Peridotite 

2)  Eclogi t e  (garnet-pyroxene) 
A) Total melt forming basal t ic  l iquid 
B )  Partial  melt forming l ’ iqu id  of composition 

I )  Anorthositic gabbro 
11) Gabbroic anorthosite 
111) Anorthosite 

“ * u 

2) What was the composition of the parent liquid? 
a) Basal t i c  (gabbroic) 
b) Anorthositic gabbro 
c )  Gabbroic anorthosite 
d )  Anorthos i t e  

3)  t o  what degree was there ’ 

due t o  crystal s e t t l i ng  near the s i t e  of melting (o r ig in )  
a )  Extensive 
b) Moderate 
c )  Minor 
d )  None 

fractionation 

.4) To what degree was there factionation due t o  differing amounts o f  part ia l  meltiiig 
near the : s i t e  of melting (or ig in)  

a )  Extensive 
b) Moderate 
c )  Minor 
d )  None 

5) To what degree was there fractionation due t o  crystal settling betiqeen the s i t e  
o f  melting and the s i te  of empaacement (such as a t  tne crust-mantle boundary) 

a )  Extensive 
b)  Ploderate 
c )  Itinor 
d)  Hone 

6) To what degree was there fractionation due to 
the s i te  o f  melting and sidx of emplacement 

f 1 ow di f ferentia tion between 

a) Extensive 
b)  Moderate 
c) Minor 
d )  None . 



7) To what degree d i d  the formation of  anorthosite (more than 90%) Plagioclaae) 
form as a resu l t  of fractionation by crystal settling a f t e r  emplacement? 

a )  Extensive 
b )  Moderate 
c )  Minor 
d )  None 

empl acemen t 
8) g What was the composition o f  the l i q u i d ,  sol id ,  or mixture immediately a f t w  

Basattic (gabbroic) 
Anorthositic Gabbro 
Gabbroic anorthosite 
Anorthosite 

i s  the tectonic environment 
Rift zone 

of  emplacement of anorthosites? 

1 ) Aul acogen associated with continental separation 
2)  Interconti tiental r i f t  n o t  connected w i t h  continental separaqion 

Subduction Zone - on the margin o f  a s h r i n k i n g  ocean 
Above a plume, below a h o t  spo t  
Rift zone parallel  t o  a developing continental margin 
formed as two continents separate 
Coll isional zone where two continents are  coll id ing  

10) Why are anorthosite massifs res t r ic ted  t o  the Middle Proterozoic (1.7 t o  1.2 
b i l l i o n  years ago) for the most part  - T h i s  is 10% of geologic time 

a )  Related t o  close approach of  the moon t o  

b )  Higher heat flow d u r i n g  the Precambrian and therefore a thinner lithosphere 

the earth fo l lawiny  lunar 
capture 

. c)  Other 

11) What i s  the depth o f  emplacement o f  anorthosites? 
10 20 30 ' 4 0  50 60 70 km 

what crus ta l  1 eve1 are anorthosites emplaced? 
Upper crust  
Mi ddl e Crust 
Lower Crust 

13) What is the re1 ationship between anorthosites and:these associated rocks: 
a )  Grani te-Charnocki te rocks 

b )  Syeni te-Monzon4te-Mangeri t e  

1 ) Anorthosites fractionated from Granite 
2)  Grantites fractionated from Anorthosite 3) Anorthosites caused me1 ting of g r .  

Anorthosites fractionated @-om syenite $3 Syenites fractionated from anorthosite 
3)  Anorthosites caused me1 t i  ng o f  syenites 

1 ) Anorthosites fractionated from gabbro 
2 )  Gabbro diractionated from anorthosites 
3) 
4)  Gabbros caused me1 t i n g  of  anorthosites 

c )  Gabbro-Troctol i te-Plortte 

Anorthosites caused me1 t i n g  of gabbros 



TABLE - 3 

IMPORTANT "FACTS" TO CONSIDER WHEN WORKING ON . ORIGIN, EMPLACEMENT ETG.OF ANORTHOSITES 

L )  The average composition of anorthosite massifs i s  e i the r  an anorthosite (An48) 

2 )  Chilled margins have been reported fo r  some massifs - sometimes composed of gabbroic 
54 1 or gabbroad anorthosite (An 

anorthosite or anorthosi t ic  gabbro?? 

3) Litt le layering (compositional layering) i s  present, and cryptic layering i s  
general4y (always?) absent 

4) Crystals of plagioclase and pyroxenh are  often very large - up to 1 meter across 

5) Crystals o f ,  plagioclase a r e  often bent and broken , apparently d u r i n g  emplacement 

6)  Crystals of plagioclase often show a strong preferred orientation ( fo l ia t ion)  

7) Anorthosite massifs a re  often very large up t o  20,000 or 30,000 

8) Ti  and Fe/Mg patios do not resemble 

sq km 

cal c-a1 kal ine andesites 

9) Many massifs a re  1.4 to  1.5 bi+?on years old 

10) Rapikivi gran.Ites a re  associated i n  time and space w i t h  anorthoBite rpassifs 

11) There was no known orogenic (mountain b u i l d i n g ,  deformation, metamorphism) 
Most are  1.4 to  1.5 b i l l i o n  years old - Many rapikivi granites a re  very large 

episode 1.4 to 1.5 b i l l ion  years ago 

12) Anorthosites generally contain only anhydrous mafic minerals such as 
pyroxene and 01 ivine. 
as ol ivine gabbros) a re  also anhydrous 

cer ta in ly  higher than a grani te  - T h i s  i s  important i n  the r a t e  of r i s e  of 
1 i q u i  d o r  crys ta l  / l  i q u i  d m i  xtures 

Furthermore, the apparently l a t e  d i f fe ren t ia tes  (such 

13) The density of l iquid and/or sol id  anorthosite will tend t o  b e  f a i r l y  h i g h  - 

14) The Marcy Anorthosite has an 6 Nd of +5 

15))Typical anorthosite massi fs  have an i n i  t i a l  87Sr/86sr o f  .703 - .706 
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Introduction 

This r epor t  desc r ibes  t h e  problem of  comparing two methods of combining 

Landsat da ta  with ground enumerations t o  improve t h e  p r e c i s i o n  of c rop  area 

estimates. T1m United S t a t e s  Department of Agricu l ture  (USDA) has  proposed 

a regression estimator obtained by regress ing  ground t r u t h  d a t a  a g a i n s t  Landsat 

derived area estimates. 

severa l  s t a t e s  sugges t  t h a t  the var iance  of th i s  e s t ima to r  i s  2-3 t imes smaller 

than t h a t  of the ground-enumerated estimator.  Working wi th  USDA, National 

Aeronautics and Space Administration (NASA) r e sea rche r s  have experimented w i t h  

s t r a t i f i e d  crop area es t imators ,  where again Landsat d a t a  is used t o  increase  

t h e  prec is ion  of an ord inary  ground survey estimator.  

Experimental r e s u l t s  obtained w i t h  t h i s  approach over  

While some comparisons between t h e  two e s t ima to r s  have been done experi- 

mentally, an i n s u f f i c i e n t  amount of t h e o r e t i c a l  i n v e s t i g a t i o n s  h a s  been done 

t o  understand. the fundamental c h a r a c t e r i s t i c s  of t h e  two approaches. A good 

understanding of t h i s  problem should b e  a s i g n f i c a n t  s t e p  forward i n  deciding 

how b e s t  t o  nsc satel l i te  d a t a  i n  domestic crop acreage surveys. 

I n  t h e  p re sen t  work t h e  problem is formulated mathematically and some 

theorems are presented  which relate t o  the  var iance  of t h e  two es t imators .  

addition, t h e  two methods are compared i n  terms of c e r t a i n  e a s i l y  computed 

parameters i n t  a p a r t i c u l a r  set of da ta .  

I n  

1 

This t s  a pre l iminary  study, and much a d d i t i o n a l  work w i l l  be  done on t h i s  

h nwdcl can  be  formulated which w i l l  al low comparison of t h e  strati- problem. 

f i e d  and r eg res s ion  es t imators .  

t h a t  v a r i o w  s fmula t ion  s t u d i e s  w i l l  con t r ibu te  numerical i n s i g h t .  

should reveal lmportant d i f f e rences  and similarities between t h e  two estimates 

and thereby mot iva te  f u r t h e r  t h e o r e t i c a l  i nves t iga t ions .  

This model can b e  implemented on a computer so 

This approach 

Statement rrf- -the Problem 

Suppme that w e  have a l l o c a t e d  pI one-square-mile segments , each segment 

Fur ther  consider t h a t  n of c o n t a i n i w  m ~>iscls t o  t h e  region t o  b e  sampled. 

these  segments \rave been enumerated by a ground observer; i.e., f o r  t hose  

segments we know t h e  class i d e n t i t y  of each p ixe l .  

smaller that\ - N, 

'The da t a  & e t  w e d  c o n s i s t s  of t h i r ty - th ree  segments i n  Northern Missouri. 
is f u r t h e r  Jewt ' ibed  i n  Amis, et al., 1981a and 1981b. 

- _  - 

W e  assume t h a t  n is  much - 
& L-- 

It 



Each sclgrnetrt is c l a s s i f i e d  
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by c lass i fy ing  t h e  p ixe ls  i n  a segment as being 

of crop 1 (the crop of i n t e r e s t )  o r  of crop 0 (not the crop of i n t e re s t ) .  

fo r  those 9 ecgmcnts t h a t  have been observed from the ground w e  h z w ,  i n  f a c t ,  

t h a t  each pixel is a crop 1 o r  a crop 0 pixel.  

using a simple random sample a l loca t ion  rule .  

Also, 

The segments have been al located 

Keeping t h i s  sampling frame i n  mind, l e t  us  introduce some formal notation. 

Le t  X be a random va r i ab le  of Landsat observations on a p ixe l  contained 

within some segment. 

using Landsat from a given p ixe l  as being a r ea l i za t ion  of the  random var iab le  X. 

W e  denote an observation ( rea l iza t ion)  on X as X(w)=x, where x is  vector  valued, 

Le., X E ~  

That is, w e  consider t he  mult ispectral  measurements obtained 

A 
k 

L e t  H be a random va r i ab le  of crop class labe ls .  W e  denote a pa r t i cu la r  

l a b e l  as @(w) 
an associated lubel, @(w), i.e., we have the  pa i r  (X(w), @(w)). 

can always ohecrve X(w), but  w e  cannot always observe @(w). 

are only known Erom f i e l d  observations, i..e, they are known i n  t he  - n one-square- 

m i l e  segments which have been enumerated by a ground observer, but not elsewhere. 

8 E 10, l I .  Whenever w e  have an observation X(w) , w e  a l s o  have 

However, w e  
The values @(w> 

W e  assumc t h a t  w e  have a c l a s s i f i e r  t h a t  can c l a s s i fy  each p ixe l  as e i t h e r  

crop 1 or  c rop  0. 

0(x) E 10.1). 

observations. 

W e  denote t h a t  c l a s s i f i e r  by the  s p b o l  0. Given x w e  have 

Wc can th ink  of @(X) as an estimator of @ based on Landsat 

W e  arc now i n  a pos i t ion  t o  formulate our estimators of t he  proportion of 

crop 1 i n  tlw sampling frame. 
A 

tr'e will c a l l  the  estimator denoted Ps the  pos t s t r a t i f i ed  estimator,  s ince  

s t r a t i f i c a t i o n  t:\kc.s place a f t e r  se lec t ion  of the segments of the  s i m p l e  random 

sample. 

segments and glven the sample X j=l, 2, ..., N including the  rest of t he  

segments, let  

Given thc sample (Xi, Bi), i=l, 2, ..., n from the  ground observed 

j' 



n -m 1 
c Qi( l  - @(Xi)) N-m 

ill .- c (1 - ! N x p  N em j-1 n-m + 
c (1 - O(X,)) 

A 

a i-1 

where A(w).= 1 when @(X,(w)) = 1 fo r  some i and @(Xi(w)) = 0 f o r  some i, 

i = 1, 2, ..., nom 

0 otherwise, 

Here the random n r i a b l e  A is intended t o  take care of the  case where the  c lass i -  

f ica t ions  are ell e i t h e r  1 or 0 .  Those are the cases where w e  have t o  redefine 

our estimator because our s m a l l  sample (of s i z e  n) a l l  f e l l  i n t o  one strata o r  

another. 

l a rge  sample will c rea t e  two nonempty strata. 

'We w i l l  call the  estimator denoted P 

- 
We shall assume E is so l a rge  t h a t  t he  c l a s s i f i e r  working on t he  

A 

the  regression estimator,  and w e  R 
develop i t a  formuls as follows. Given the  n segments which have ground observa- 

t ions ,  lot 
1 

8,. Q k m  Gbppl k = 1, 2, ..., n 

where we haw introduced the addi t ional  index - k t o  keep t rack  of t h e  segment. 

For the k t h  segment, Q represents t h e  proportion of t ha t  segment t h a t  is the  

crop of ititorest using f i e l d  observations. W e  can consider Qk, k = 1, 2,  ..., n 

as an independent ident ica l ly  d is t r ibu ted  ( i id)  sequence of random variables.  

k 



Similarly def ine  

m 
C $(Xck), k = 1, 2, ...* n. 
apl 

1 Sk - - 
For the kth segment, S represents the estimate of t he  proportion of t h a t  K 

segment tha t  is the  crop of i n t e r e s t  using the c l a s s i f i e r .  

Thus fo r  each ground observed segment w e  have the  p a i r  of random variables  

(Qk, Sk) a k = 1, 2,  . . . , n where Q 
i n t e re s t  and S 

is t he  exact proportion of the  crop of K 
is the  c l a s s i f i e d  proportion of t he  crop of i n t e re s t .  k 

We s h a l l  assume t h a t  the following l i nea r  regression model holds. 

Qk- a i- bS 4- €k, k = 1, 2, ..., n (2) 
n n 

k 
L e t  3 and where ck % N(o,a2). 

- b respectively (computed over the  ground observed segments.) Then w e  def ine 

the estimator of t h e  proportion of crop 1 in the  sampling frame t o  be 

be the usual least squares estimators of 5 and 

n n n ,  N 
P R = a + b L  t=l C st. (3) 

n h A 

Note tha t  P 

formed from just t h e  ground observed segments. 

is formed by summing over a l l  of the  segments, and a, and b are R 

Questions of ' I n t e r e s t  

Now tha t  t h e  statement of t h e  problem has been mathematically formulated, 

here arc some of the questions of i n t e re s t ,  
n A 

1. Arc the  estimators P and PR biased o r  unbiased? 

2. 

3, 

n n n h h A 
S 

Is var(PS) < vor(PR) o r  var(PS) > var@ 

How do these v:rrisnces compare with the s i m p l e  random sample estimator 

o r  va r@ ) = var(PR)? R S 

variance, i.c.--the varhnce of 
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n 

k-1 
1 n 

4. Can we compare the variance of P and - C Qk i n  terms of the  P 
omission and comission e r r o r  rates of t h e  c l a s s i f i e r  and the  proportion of 

the crop of h ie res t  present? That is, can w e  say t h a t  
h . n  

?xr(PR) = R var(  - J. C Qk) n k= 1 

where 0 S R S 1 and R is a function of  t he  crop 1 proportion and c l a s s i f i e r  

e r rors  only, 

I n  addressing these questions w e  w i l l  begin by considering two s i m p l e  

The f i r s t  assumes t h a t  the  segments come from the  same stat is t ical  cases. 

population, t h a t  is, there  are no s ta t is t ical  segment-to-segment differences.  

This case w i l l  be  called the  homogeneous stratum case. 

p ixe l  observtttions drawn randomly from any one segment are d is t r ibu ted  the  

same as thosib drawn without regard t o  t h e i r  segment location. 

case w e  allow the  segments t o  come from separate populations. 

cal led the heterogeneous stratum case. 

With t h i s  assumption 

I n  the  second 

This w i l l  be 

Homogeneous Stratum with Known Regression 

In  t h i s  case w e  draw n i i d  random variables  @ (Xi), i= 1, 2, ..., n is 
and form tha means 

n .  

ill 

- 
1 
n 

n 

i=l 

- @ .I ; 1 C Qi and @(X) = - C @(Xi). 

It can be shown (Heydorn, 1981b) t h a t  - f o r  t h i s  case the  cor re la t ion  - 
coefficient, R, r e l a t ing  the  mean value 8 t o  the mean value O(X) is related 

t o  the  omission and comission e r ro r  probabi l i t i es  of t h e  c l a s s i f i e r  and the  

proportion of t h e  class of i n t e r e s t  i n  the  sampling frame. 

The var innce  of the  regression estimator is 
A 

uar(E(Q)) = (1 - R2) var(Q) 

m 

?tic following r e s u l t s  (Heydorn, 1981b) a re  s t a t ed  without proof. 

Given the s t r a t i f i e d  estimator,  Ps, it can be shown t h a t  
A 



where 

Indeed 

or 

where letting 

omission probability 4 - E10 = P r ( 4 ( X )  -- 01@=1) , 
comission probability 4 no = Pr(@(X) = l l @ =  0) , 

- 1  
and 

a - pr(@ = 1) 

w e  can write 

Another polnt to  make i n  the homogeneous case with known regression i s  

that w e  started with the model 

showing that - - 
E < @ ~ + ( X ) >  = a + BMX) 

which meaim that i n  the homogeneous case w e  have a l inear regression when w e  

group pixelpt into  segments and consider segment averages. 
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Heteroganeaua Stratum 

Connidtrr t h e  statcment of  t h e  problem with t h e  assumption t h a t  random 

observotiotrs from one sample segment can have a d i f f e r e n t  probabi l i ty  d is t r ibu-  

t i o n  from observations from another sample segment. 

It can be shown (Heydorn, 1981b) t h a t  t o  have a l i n e a r  regression 

Q - a + b S + e  

$(XI has t o  be a s u f f i c i e n t  s ta t i s t ic  f o r  P, t h e  set of a l l  p r o b a b i l i t i e s  of @ 
given w e  are i n  a p a r t i c u l a r  segment. W e  can denote a member of P as 

Pr( @ = i l A -  j), i = O , l ;  j =l,. .., P 
where A iirdcses t h e  segments. 

upon the  c l a s s i f i e r  being a b l e  t o  take a region i n  which t h e  proportions of 

crop acrotw t h a t  region are "uneven" and s t r a t i f y  i t  so t h a t  within the 

stratum t lw proportions are "evenly" d is t r ibu ted .  

Pr(aIO(X) = i). 

This means t h a t  a l i n e a r  regression depends 

That is  

fi(-l@(X) = i, A = j) 

Anotlwr point  is  t h a t  when w e  specify a value of S, w e  assume t h a t  t h i s  

value givcw us some information with regard t o  t h e  sample segment t h a t  w e  have 

been obsrlivtng. 

then ce r t a in  portions of t h e  region have a higher probabi l i ty  than o thers  of 

containing the  segment. 

I f  w e  know a segment proportion, as given by a c l a s s i f i e r ,  

We cal l  t h i s  condition an "uneven sample." 
n 

IJe IWW consider t he  var iance of t he  regression estimator,  E(Q). It 

can be slrnw (Ilcydorn, 1981b) t h a t  f o r  a sample  of s i z e  n 
n 
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A Numerical Example Comparing the S t r a t i f i e d  Estimator with the RegressicE 

E s t i m a  t or  

I n  a rcccrrt study (h i s ,  et al.,  198lb), the  regression estimator w a s  calcu- 

l a t ed  fo r  s i x  d t f f c m n t  crops of i n t e r e s t  using 33 segments i n  Northern Missouri. 
There were 1 2  d f f f c r c n t  regression runs fo r  each crop. The runs d i f f e red  i n  t h a t  

there  were three C l a s s i f i e r  procedures (Editor, CLASSY, MSG), cases where a l l  

33 segments were used f o r  both t r a in ing  the c l a s s i f i e r  and estimating, cases 

where the 33 segments w e r e  divided i n t o  25 f o r  t ra in ing  and 8 f o r  estimating, 

cases where a jackknifed test  set w a s  used, and cases where s i n g l e  da t e  sa tel l i te  

acquired data 5s compared w i t h  estimates from multiple da te  data.  

Using the true proportion (A), omission e r ro r  probabi l i ty  (TI1 0 )  , comission 

e r r o r  probabili ty ( n o r )  and R2 values computed i n  the  Amis study, w e  used formu- 

las (4) and ( 5 )  t o  compute (1-R'), t h e  empirical variance reduction f ac to r  f o r  a 
regression estintator, and Ri, t h e  theo re t i ca l  variance reduction f ac to r  f o r  a 

s t r a t i f i e d  estimator r e l a t i v e  t o  a simple random sample variance. 

adjusted t o  r c f l e c t  a variance reduction r e l a t i v e  t o  t h e  segment proportion 

variances. 

following f ormi 1 as, 

R1 w a s  then 

We c a l l  t h i s  a d j u s t e d  number R1' and compute it according t o  t h e  

I n  the s t r a t i f i e d  case w e  have: 

I n  the  regression case wc have: 

Therefore t o  actjust f i r  so t h a t  it w i l l  be r e l a t i v e  t o  var  (Q), let  
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The reeults as tabulated i n  t h e  appendix ind ica t e  t h a t  f o r  th is  set of 

data  the  s t r a t i f i e d  est imator  r e s u l t s  i n  a g rea t e r  reduction i n  variance.  

example i s  not  t yp ica l  however. A look a t  Table 8 i n  t he  appendix shows u s  t h a t  

there  i s  a lurge var i a t ion  i n  t h e  number of p ixe ls  per  segment, which means t h a t  

w e  have l o s t  e f f ic iency  i n  the regression case, where p ixe ls  are c lus te red  i n t o  

segments. 

strata, s t r a t i f i e d  est imat ion might not be be t t e r .  

This 

In another case where the re  w a s  not  such a l a r g e  v a r i a t i o n  between 

Furthermore, f o r  t h i s  numerical example, w e  d id  not  have t i m e  t o  go back t o  

the  or iginal  da t a  and using an average value f o r  m when m var ied may not  have 

been legit imate.  

others.  

W e  would have l i ked  more time t o  look a t  t h i s  example and 

1 Suggestions f o r  Further Study 

Further s tud ie s  w i l l  begin by developing a simulation model t o  inves t iga te  

topics  such (16: 

a) Cascs where linear regressions hold and cases where they do not.  

b) The variance reduction of t h e  s t r a t i f i e d  and regression est imators  as 

a function of segment-to-segment differences and c l a s s i f i e r  omission and comission 

probabi l i t i es .  

Hopefully, those s t u d i e s  w i l l  provide ins ight  as t o  t h e  major differences 

between the two est imators ,  and, perhaps, how t o  improve t h e i r  performance. 

This  w i l l  also  provide a l o g i c  bas i s  fo r  fu r the r  t heo re t i ca l  s tudies .  L a t e r  

theore t ica l  r;tudies  should consider the  more d i f f i c u l t  realist ic cases where 

t h e  regression parameters and t h e  c l a s s i f i e r  parameters are estimated r a the r  than 

assumed t o  be known. 

- 



TABLE 1 - CURRENT PROCEDURE - TRAIN AND ESTIMATE ON 33 SEGMENTS 

(A) EDITOR bVLTITEMPORAL PERFORMANCE MEASURES 

True Pro- Omission Comission RI.= R~ 
portion Error Error 1-RSQ R1 *Factor R1#/ (1-R2) 

Corn 0 101 0.27 0.37 0.20 0.95 0.024 0.122 

Wheat 0.030 0.71 0.56 0.62 0.99 0,069 0.111 

0.058 Pasture 0.392 0.21 0.46 0.21 0.89 0.012 

Soybeans 0.275 0.21 0.33 0.15 0.82 0.011 0.077 

Woodland 0.080 0.53 0.54 0.38 0.99 0.021 0.057 

Other Hay 0.092 0.78 0.60 0.80 0.95 0.030 0.037 

(B) EDITOR AUGUST PERFORMANCE MEASUEtE 

corn 0.101 0.48 0.55 0.58 0.99 0.025 0.044 

Wheat 0.030 0.66 0.68 0.73 0.98 0.068 0.093 

0.52 0.26 0.95 0.013 0.050 Pasture 0.392 0.27 

Soybeans 0.275 0.26 0.37 0.25 0.89 0.012 0.049 

Woodland 0.080 0.58 0.58 0.56 0.97 0.021 0.037 

Other Hay 0.092 0.92 0.79 0.98 0.78 0.024 0.025 

(C) EDITOR EkW PERFORMANCE MEASURE 

Corn 0.101 0.74 0.76 0.93 0.88 0.022 0.024 

0.058 Wheat 0.030 0.98 0.88 0.99 0.82 0 .OS7 

Pasture 0.392 0.32 0.51 0.42 0.97 0.013 0.032 

Soybeans 0.275 0.33 0.52 0.39 0.98 0.013 0.035 

Wood 1 and 0.080 0.67 0.65 0.56 0.96 0 021 0.037 

Other H3y 0.092 0.84 0.64 0.95 0.92 0.029 0.030 



TAISLB 2 - CLASSY PROCEDURE - TRAIN AND ESTIMATE ON 33 SEGMENTS 

True Pro- 
portion 

corn 0 . 101 

Wheat 0.030 
Pasture 0.392 
Soybeans 0 . 275 
Woodland 0.080 

his s  ion Comission R / = R ~  
Error Error 1-RSQ - R1 *Factor Ri */ (1-R2) 

0.27 0.29 0.07 0.92 0.023 0.339 
0.61 0.58 0.56 0.99 0.069 0.123 
0.24 0.45 0.16 0.91 0.012 0.079 

0.18 0.34 0.11 0.81 0.011 0.104 
0.50 0;5I 0.28 0.99 0.021 0,037 

0.05? Other Hay 0.092 0.73 0.63 0.52 0.95 0.030 

TABLE 3 - MSS CLASSIFIER PROCEDURE - TRAIN AND ESTIMATE ON 33 SEGMENTS 

corn 0.101 0.34 0.24 0.15 0.92 0.023 0.157 
0.111 Wheat 0.030 0 -79 0.40 0.62 0.99 0.069 
0 . 050 Pasture 0 . 392 0.14 0.50 0.24 0.87 0.012 

Soybeans 0.275 0.16 0.35 0.15 0.81 0.011 0.076 
Woodland 0.080 0.66 0.47 0.43 0.99 0.021 0 .OS0 
Other Hay 0.092 0.98 0.47 1.00 0.93 0.029 0.029 

TABLE 4 - CURREh'T EDITOR CLUSTERING AND CLASSIFICATION PROCEDURE 

(A) TRAIN ON 25 SEGMEXTS 

Corn 0.101 0.25 0.31 0.09 0.92 0.023 
Wheat 0.030 0.64 0.66 0.50 0.98 0.068 
Pasture 0.392 0.33 0.44 0.12 0.95 0.013 
Soybeans 0.275 0.16 0.31 0.14 0.77 0.010 
Woodland 0.080 0.45 0.50 0.34 0.99 0.021 
Other Hay 0.092 0.67 0 -71 0.63 0.94 0.029 

(B) TEST ON AN IhQEPENlENT SET (8 SEGMENTS) 

corn 0.101 0.45 0.42 0.39 0.99 0.025 
Wheat 0.030 0.67 0.71 1.00 0.97 0.068 
Pasture 0.392 q.48 0.47 0.61 0.99 0.013 

Soybeans 0.275 0.28 0.63 0.60 0.99 0.013 
Woodland 0.080 0.72 0.55 0.12 0.97 0.021 
Other Hay 0.092 0.60 0.88 0.76 0.85 0.026 

0.264 
0.137 
0.110 
0.077 
0.063 
0.047 

0.065 
0.068 
0.022 
0.023 
0.176 
0.035 



TABLE 5 - CLASSY PROCEDURE 

True Pro- Omissi& Comission R~’- RS 
portion Error Error 1-RSQ R1 *Factor Rl”/(l-R2) 

(A) TRAIN ON 25 SEGMENTS 

corn 0.101 0.22 0.30 0.08 G.91 0.023 0.293 

Wheat 0.030 0.64 0.67 0.42 0.98 0.068 0.163 
Pasture 0.392 0.26 0.44 0.16 0.92 0.012 0.079 
Soybeans 0.275 0.15 0.31 0.13 0.77 0.010 0.083 
Wood land o . oao 0.49 0.42 0.23 0.99 0.021 0.094 
Other Hay 0.092 0.67 0.62 0.42 0.96 0.030 0.072 

(B) TEST ON AN INDEPEh?lENT SET (8 SEGMENTS) 

0.042 corn 0.101 0.44 0.48 0.60 0.99 0.025 

W h e a t  0.030 0.58 0.53 0.66 0.99 0.069 0.105 
Pasture 0,392 0.35 0.48 0.56 0.97 0.013 0.024 
Soybeans 0.275 0.29 0.59 0.29 0.99 0.013 0.047 
Woodland 0. oao 0.80 0.55 0.17 0.96 0.020 0.122 

0.031 Other Hay 0.092 0.73 0.87 0.79 0.79 0.025 

TABLE 6 - MSE CLASSIFIER PROCEDURE 

(A) T M l N  ON 25 SEG?mTS 

Corn 0.101 0.28 0.24 0.08 0.90 0.023 - 0.289 
IJheat 0.030 0.83 0.44 0.51 0.99 0.068 0.135 
Pasture 0.392 0.12 0.46 0.21 0.82 0.011 0.054 
Soybeana 0.275 0.13 0.32 0.13 0.77 0.010 0.083 

0.048 Woodland 0.080 0.67 0.49 0.44 0.99 0.021 
Other Hay 0 . 092 0197 0.59 0.93 0.89 0.028 0.030 

(B) TEST 08 AN INIIEPEXDENT SET (8 SEGNENTS) 

corn 0.101 0.45 0.45 0.60 0.99 0.025 0.042 
’Wheat 0.030 0.67 0.36 0.95 0.99 0.069 0.073 
Pasture 0.392 0.23 0.47 0.61 0.91 0.012 0.020 

0.33 0.97 0.013 0.041 Soybeana 0.275 0.25 0.59 

Woodland 0 . 080 0.81 0.53 0.12 0.96 0.020 0.174 
0 ther Hqv 0 . 092 0.97 0.70 0.99 0.83 0.026 0.026 



TABLB 7 - CURRENT EDITOR CLUSTERING AND CLASSIFIER PROCEDURE 
RESULTS FOR JACKKNIFED TEST SET OF 33 SEGMENTS 

True Pro- Omission 
p-rtion Error 

Corn 0.101 0.32 
wheat 0.030 0.76 
Pasture 0.392 0.37 
Soybeans 0.275 0.21 
Woodland 0.080 0.51 
Other Hay 0.092 0.85 

C o m i s  s ion 
Error 

0.37 
0.74 
0.51 
0.37 

0.59 
0.80 

R~’= R~ 
1-RSQ R1 *Factor Ric/ (1-R2) 

0.25 0.96 0.024 0.099 
0-87 0-96 0.066 0.076 

0.031 0.44 0.98 0.013 
0.041 0.29 0.86 0.012 
0.052 0.41 0.99 0.021 

0.98 0.80 0.025 0.026 



TABLE 8 - PURE PIXELS OF GROUND TRUTH BY SEGMENT 

Segment corn Winter Permanent Soybeans Dense Other 
Number Wheat Pasture Ray Woodland 

6034 

6085 

6015 

6038 

6098 

6073 

9046 

6064 

6065 

6095 

9061 

9036 

6053 

6058 

9057 

9037 

9062 

9066 

6045 

9047 

6048 

909 7 

9096 

6040 

6060 

6035 

9016 

9051 

6063 

6050 

9052 

6059 

9017 

5 

0 
3 1  
0 

0 

27 
0 

0 

29 

0 

86 

5 
0 

12  

0 

17 
B 

0 

6 

59 
53 

6 

37 
9 
6 
51 
93 
0 

22 
34 
39 
8 

42 

7 

0 

19 

0 

0 

0 

0 

7 

3 

0 

0 

3 

0 

0 

0 

26 

0 

8 

0 

43 

0 

0 

0 

2 

0 

5 
0 

35 

2 

0 

19 

0 

13  

45 

165 

30 

0 

310 

4 1  

99 

46 

28 

0 

0 

36 

40 

0 

108 

79 

251 

0 

340 

42 

7 

12 
0 

124 

0 

8 4  

0 

145 

3 1  

182 

26 

115 

141 

13 

22 

81  

0 

0 

17 

0 

76 

1 

0 

183 

125 

104 

171 

17 

67 

18  

79 

13 

152 

0 

82 

26 

22 

10 

125 

85 

9 

76 

0 

137 

18 

46 

0 

0 

0 

0 

0 

77 

47 

40 

0 

0 

0 

0 

4 

2 

14 

2 

30 

0 

0 

3 

62 

1 

39 

8 

3 

0 

0 

115 

16 

0 

0 

44 

7 

38 

72 

8 

0 

0 

33 

36 

0 

15 

0 

0 

0 

4 

35 

45 

2 

16 

0 

0 

0 

0 

62 

28 

55 

6 

34 

0 

0 

0 '  

79 

0 

14  

10 
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ABS1 RACT 

El ectromyograms (EMG) from working  muscles convey 

information on e f f o r t  and fat igue.  

e.g. t o  assess the demands of vehicle control tasks, 

i s  complicated by the  cooperative action of sets o f  

muscles, by both i n t r i n s i c  and imposed f i l t e r i n g ,  and 

by numerous .Dther sources of var ia t ion.  Fourier 

analyses of these noise-like s igna ls  o f f e r  one approach 

Their appl icat ion,  

t o  in te rpre ta t ion ;  downward spectral  shif ts  accompany 

fa t igue .  

and frequency domains) f o r  further condensing the 

wideband EMG s igna ls ,  while re ta ining essent ia l  

Techniques a re  being s o u g h t  ( i n  both time 

information, in to  a concise " s t a t e  vector" usable i n  

comparing control system designs. Monients of the 

spectral  d i s t r ibu t ion  of power (computed from improved 

estimates of the spectrum) , descr iptors  from zero-crossing 

analyses , and mechanical and systemic s t r e s s  indicators  

warrant fur ther  invest igat ion as contr ibutors  toward 

an optimal index o f  muscle performance. 
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I NTRO DUCT1 ON 

The Crew S t a t i o n  Design S e c t i o n ,  i n  p a r t i c u l a r  t h e  Design PerfoPmance Lab- 

o r a t o r y ,  i s  charged w i t h  a n t i c i p a t i n g  t h e  demands which t a s k s  per formed 

d u r i n g  we igh t l essness  and i n  s p a c e s u i t s  w i l l  impose on S h u t t l e  crews. Tools  

and equipment -- f o r  example, c o n t r o l s  - - w i l l  need t o  be o p t i m a l l y  human- 

engineered f o r  sa fe ,  e f f i c i e n t  use. F u r t h e r  i n  t h e  f u t u r e ,  space c o n s t r u c -  

t i o n  o r  r e p a i r  d u r i n g  EVA w i l l  impose demands s t i l l  more s t r i n g e n t  -- and 

h a r d e r  t o  s p e c i f y .  

S imu la ted  space tasks  can y i e l d  i n f o r m a t i o n  f o r  t h e  system des igne rs  on 

t h e  demands and e f f e c t s  t o  be expected. O b v i o u s l y  needed a r e  measures o f  

e f f o r t ,  f a t i g u e ,  and a l e r t n e s s ;  as these  c o n d i t i o n s  suggest,  b o t h  p h y s i c a l  

and p s y c h o l o g i c a l  e f f e c t s  shou ld  be mon i to red .  V a r i a b l e s  a p p r o p r i a t e  f o r  

i n d i c a t i n g  such c o n d i t i o n s  a r e  e l e c t r o p h y s i o l o g i c a l  , a c t i v i t y ,  mechanica l  

f o r c e s  , and sys temic  s t r e s s  i n d i c a t o r s  1 i ke g a l v a n i c  s k i n  response and 

h e a r t  r a t e .  

s i v e  sensors 

a c t u a l  - - w o r k .  They shou ld  prove u s e f u l  n o t  o n l y  i n  d e s i g n - o r i e n t e d  

t e s t s  b u t  a l s o ,  l a t e r ,  i n  feedback t r a i n i n g  and perhaps i n  p r o v i d i n g  e a r l y  

warn ings o f  p h y s i o l o g i c a l  l i m i t s  d u r i n g  arduous space work. 

These p r i m a r y  measurands can be p i c k e d  up f rom such u n o b t r u -  

as s u r f a c e  e l e c t r o d e s  w h i l e  s u b j e c t s  pe r fo rm s i m u l a t e d  --  o r  

The p r i m a r y  measurands a re ,  however, n o t  d i r e c t l y  usab le .  

w i l l  y i e l d  d e r i v e d  v a r i a b l e s ,  as d i scussed  below. The o b j e c t i v e  i s  a v e r -  

s a t i l e  p h y s i o l o g i c a l  i n d e x .  

number; i t  w i l l  t y p i c a l l y  be a " s t a t e  v e c t o r " ,  analogous t o  t h e  s t a t e  vec- 

t o r s  used i n  c o n t r o l  system des ign .  

w i l l  be s e l e c t e d  o p t i m a l l y  f o r  t h e  a p p l i c a t i o n  o f  i n t e r e s t ,  so i t s  d i -  

m e n s i o n a l i t y  w i l l  match each i n t e n d e d  use. 

I p t e a d  t h e y  

Such an i n d e x  i s  u n l i k e l y  t o  be a s i n g l e  

I t s  components ( o r  t h e i r  w e i g h t i n g )  

PHYSIOLOGICAL BACKGROUND 

H i s  t o r y  

M y o e l e c t r i c  s t u d i e s  -- i n v e s t i g a t i o n  o f  e l e c t r i c a l  a c t i v i t y  o f  muscles -- d a t e  

back two c e n t u r i e s  t o  Galvani  ' s  demonstrat ions (1786). DuBois-Reymond, i n  
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1843, f i r s t  c l e a r l y  demonstrated e l e c t r i c a l  s i g n a l s  from human muscles; 

and t h i s  work was cont inued by such notables as von Helmholtz and Duchenne. 

Muscle phys io logy  reached the  p o i n t  o f  r e c o g n i t i o n  o f  t he  motor u n i t  and 

i t s  neuromuscular i n t e r a c t i o n s  j u s t  over  50 years ago (e. g., w'i'th Adr ian  

and Bronk) .  The foundat ion f o r  electromyography was l a i d ,  and w i t h  more 

soph is t i ca ted  e l e c t r o n i c s  i n  the  1950s myoe lec t r i c  research acce le ra ted .  

By 1960 severa l  groups had repo r ted  changes i n  EMG ampl i tude and wave- 

form i n d i c a t i v e  o f  f a t i gue ,  and severa l  workers repo r ted  c o r r e l a t i o n s  of  

i n t e g r a t e d  EMG s i g n a l s  (IEMG) w i t h  f o r c e  o f  con t rac t i on .  

The f o l l o w i n g  decade saw r i s i n g  i n t e r e s t  i n  the spec t ra l  ana lys i s  o f  EMGs 

-- f i r s t  w i t h  f i l t e r - t y p e  analyzers and l a t e r  w i t h  the f a s t  Four ie r  t rans -  

form (FFT). I n  the 1970s emphasis increased on e l u c i d a t i n g  the  mechanisms 

f o r  myoe lec t r i c  changes and on app ly ing  the  EMG t o  ergometr ic  quest ions 

o f  e f f o r t  and f a t i g u e  ( a s  we l l  as t o  d iagnosis  o f  neuromuscular d i so rde rs  

and t o  p r o s t h e t i c  r e h a b i l  i t a t i o n ) .  

Basic Neuromuscular Phys io logy 

The niusclcs o f  c u r r e n t  concern a r e  s k e l e t a l  ( vo lun ta ry ,  o r  s t r i a t e d )  i n  

type.  
i n  diameter;  though u s u a l l y  smal ler ,  they may be as long as 300 mm. 

c h i e f  k inds o f  f i b e r  occur,  in d i f f e r i n g  propor t ions ,  i n  var ious  s k e l e t a l  

muscles. 

b r i e f  t w i t c h  responses and i s  used f o r  p rec i se  movements. 

"s low",  o r  " t o n i c "  f i b e r s  respond s l o w l y  b u t  w i t h  l a r g e  tw i t ches  and a r e  

impor tan t  f o r  posture maintenance and o t h e r  more 1 e i s u r e l y  con t rac t i ons .  

The i r  h i g h  myoglobin conten t  g ives them super io r  endurance. 

d i a t e  types a l s o  e x i s t . )  

The i r  c e l l u l a r  u n i t s ,  t he  muscle f i b e r s ,  a r e  under 100 micrometers 

Two 

One, the  "pa le" ,  " f a s t " ,  o r  "phasic"  f i b e r s ,  shows, r a p i d  b u t  

The ' ' red",  

( In terme- 

Groups o f  f i b e r s ,  c a l l e d  motor u n i t s  (MU), are  innervated from a s i n g l e  

motor neuron. A "sp ike"  o f  e lec t rochemica l  a c t i v i t y  (wave o f  membrane 

d e p o l a r i z a t i o n )  a r r i v i n g  down t h i s  nerve f i b e r  evokes a s i m i l a r  response 

o f  d e p o l a r i z a t i o n  i n  a l l  t he  f i b e r s  be longing t o  one motor  u n i t ,  r e s u l t -  

i n g  i n  a mechanical t w i t c h .  

sanil l muscle the  tw i tches ,  m i l l i s e c o n d s  i n  dura t ion ,  b lend i n t o  an 

Since hundreds o f  MUS cooperate i n  even a 

e f f e c t i v e l y  con t i  nuous con t r a c t  i0.n. 
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The e l e c t r i c a l  a c t i v i t y  o f  a s i n g l e  MU f i r i n g  -- t h e  NUAP (motor u n i t  a c t i o n  

p o t e n t i a l )  -- a r i s e s  from i o n  f l u x e s  causing a reve rsa l  o f  p o l a r i t y  across 

the  c e l l  membrane, fo l lowed by a prompt r e t u r n  t o  the  o r i g i n a l  s t a t e  (de- 

p o l a r i z a t i o n  and r e p o l a r i z a t i o n ) .  These events propagate as a wave a long 

each muscle f i b e r  a t  2 - 6  m/s. Elec t rodes  i n  the  v i c i n i t y  o f  t he  moving 

wave o f  a s i n g l e  f i b e r  sense t h e  r e s u l t i n g  cu r ren ts  as a d iphas ic  vo l tage  

pulse;  the  p o t e n t i a l  swings up, then down, t o  perhaps +ZOO and -200,#~V, 
be fo re  r e t u r n i n g  t o  base l i ne  l e v e l s .  S i m i l a r  pu lses a re  be ing  generated, 

concu r ren t l y ,  on the  o t h e r  f i b e r s  o f  t he  MU, and the re  i s  bo th  s p a t i a l  and 

temporal d i spe rs ion .  S igna ls  p icked up by  e lec t rodes  n o t  a c t u a l l y  pene- 

t r a t i n g  the  f i b e r ,  t he re fo re ,  a re  a summation which appears as a mono-, d i - ,  

o r  po lyphasic  pu lse  o f  5 - 20 nis d u r a t i o n  ( t y p i c a l l y N 9  ms)[DeLuca, 1979]*. 

When a muscle i s  con t rac t i ng ,  develop ing sus ta ined fo rce ,  a c t i o n  p o t e n t i a l s  

occur  r e p e t i t i v e l y  as " t r a i n s " ,  o r  KUAPTs. 

A t  s i g n i f i c a n t  f o rce  l e v e l s ,  hundreds o f  motor u n i t s  a r e  producing MUAPTs. 

Remote e lec t rodes  (e .  g., su r face  e lec t rodes  perhaps ~ 1 0  mm f rom the  muscle) 

p i c k  up the summation o f  myr iads o f  pu lses i n  an " i n t e r f e r e n c e  p a t t e r n " .  

A p h y s i c i s t  o r  engineer,  v iewing  t h i s  a c t i v i t y  on a scope, recognizes broad- 

band no ise .  

r a i n  on a r o o f . )  

c a r r y  i n f o r m a t i o n  as t o  s t r e n g t h  o f  c o n t r a c t i o n  and as t o  t h e  popu la t i on  

d i s t r i b u t i o n  o f  motor u n i t s .  

( A m p l i f i e d  and reproduced by a loudspeaker,  the  sound i s  l i k e  

The frequency s p e c t r m  and ampl i tude p r o b a b i l i t y  d e n s i t y  

- EMG Changes -- w i t h  Inc reas ing  Force 

I t  i s  i n s t r u c t i v e  t o  cons ider  the  changes i n  the  EMG as the  neura l  sp ike  

f requency increases ( t o  inc rease the  f o r c e  o f  con t rac t i on ) [Bou isse t ,  19731. 

The i n i t i a l l y  sparse MUAPTs become more f requent ,  as more MUS go i n t o  ac- 

t i o n ;  t h i s  i s  " s p a t i a l  rec ru i tmen t " .  Pulse i n t e r v a l s  o f  t h e  d i f f e r e n t  

MUAPTs are  randomly d i s t r i b u t e d ,  so s p a t i a l  r e c r u i t m e n t  makes the  amp1 i tude 

d i s t r i b u t i o n  o f  the  EMG more n e a r l y  gaussian. 

t e r n "  i s  f u l l y  es tab l i shed,  t he re  i s  bo th  cancel l a t i o n  and re in fo rcement  

among ove r lapp ing  MUAPs, and the  n e t  d i s t r i b u t i o n  o f  ampl i tudes i s  q u i t e  

When t h e  " i n t e r f e r e n c e  pa t -  

gaussian, 

*References c i t e d  i n  t h i s  r e p o r t  a re  a se lec ted ,  minimal s e t  from a compi- 
l a t i o n  o f  over  160 soiirces. This  c o l l e c t i o n ,  w i t h  b r i e f  annota t ions  as t o  
coverage, can be supp l i ed  on request .  
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As more force i s  neural ly  commanded, many MUS increase t h e i r  f i r i n g  r a t e ;  
this change i n  the MUAPT pulse interval  i s  "temporal recruitment". Often 
the proportion o f  l a r g e r  MUAPs from the slow f i b e r s  increases.  
t i g a t o r s  c i t e  evidence f o r  increasing synchronization -- additive, , .  i n t e r f e r -  
ence -- among MUAPTs a t  h i g h  force l e v e l s .  All these force-augmenting mech- 
anisms have only minor e f f e c t s  on the EFlG signal spectrum b u t  increase the 
average amp1 i tude (measured as increased IEMG -- integrated ful  l-wave-recti; 
f ied  EMG voltage -- or as EFlG power). Several models whose behavior mimics 
t h a t  described lend support t o  this account of events [e. g . ,  Person and 
L i b k i n d ,  1970; DeLuca, 1979; Piotrkiewicz, 1978; Miyano and Sadoyama, 19791. 

Some inves- 

-- The EMG Spectrum - a n d  Fatigue Effects  

Fatigue develops w i t h  sustained o r  repeated s t rong contract ions;  the time 
scal'e depends on the force l e v e l ,  the  muscle types,  subjec t  motivation, re-  
sponsibil  i t y ,  a n d  boredom. 
t i n c t  from the poorly quant i f iab le  psychological f a c t o r s ,  has been a goal 
of many inves t iga tors  [e. g . ,  Kadefors -- e t  a l . ,  1973; Hjorth, 1973; Vii tasalo 
a n d  Komi, 1977; Drosin, 1977 ;  Lindstrllm -- e t  a l . ,  1977; Kadefors -- e t  a l . ,  1978; 
Petrofsky, 19791. 

the best  indicators  thus f a r  recognized. 

A quant i ta t ive  index of physical f a t i g u e ,  dis-  

Spectral changes .(or t h e i r  time-domain equivalents)  a r e  

The EMG Signal i s  band-1 imited, non-white (and, d u r i n g  fa t iguing exert ions,  
non-stationary) noise w i t h  a power spectrum dependent on 

-- muscle s i z e ,  composition, and dis tance from the pickup electrodes;  

-- electrode s i z e ,  spacing, and placement r e l a t i v e  t o  the f i b e r  axes; 

-- temperature and chemical factorsof  the t i s s u e  environment. 

Most of  these var iables  can be held constant o r  chosen (as can amplif ier  
i n p u t  impedance) i n  a range where they have negl igible  e f f e c t  on the spec- 
trum. 
fa t igue  monitoring. 

As a r e s u l t ,  EMG spec t ra l  ana lys i s  is a prac t ica l  appyoach t o  

The power spectrum of the EMG signal extends from (10 Hz t o  >10 kHz ,  b u t  
most of i t s  power (and information) l i e s  between perhaps 20 and 300 Hz. 
the  source i s  d i s t r i b u t e d  i n  space and t ime--phase-dispersed, t rave l ing  
waves on s p a t i a l l y  dispersed muscle f i b e r s  -- surface electrodes a c t  as  i f  

As 
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a f i l t e r  i s  interposed between the sunmed-MUAPT source a n d  the output. 
This b o t h  gives surface electrodes a low-pass charac te r i s t ic ,  re la t ive  to  
intramuscular (needle or wire) electrodes, and produces a d i f fe ren t ia t ing  
e f fec t  which enhances high frequencies b u t  reduces amp1 i tude from closely 

spaced ( e .  g . ,  1 m m )  d i f fe ren t ia l  electrodes [Kadefors , 1973). 

With strip-form surface electrodes transverse t o  the muscle f ibe r s ,  a fur- 
ther  spectral feature may appear: a se r ies  of dips a t  harmonically related 
intervals  in the power spectrum. These a r i s e  from nulls in the response of 
a d i f fe ren t ia l ly  connected electrode pair  t o  nioving-wave sources , a n d  t he i r  
frequencies yield information on wave velocity [Lindstrdin a n d  Magnusson , 
1977; Lynn, 19791. 

When a l l  the interfer ing variables are held constant, fatigue i s  found to 
skew the EMG spectrum toward  lower frequencies. Several causes have been 
proposed : 

-- wave-velocity decreases due t o  ischemic effects  (blood flow 
re s t r i c t ion ) ,  which causes depletion o f  oxygen a n d  glucose 
plus accumulation o f  metabolic products ( e .  g .  , l a c t i c  ac id ) ;  

-- s h i f t  of ac t iv i ty  to the slow, tonic f ibers  which contribute 
lower frequencies; o r  

-- velocity changes of thermal or igin.  

Experiments best s u p p o r t  the f i r s t  two of these. 

Modifying - -  a n d  Interfering Effects 

Numerous factors complicate the use of EMG character is t ics  to  indicate 
fatigue and  e f fo r t .  

-- Mammalian muscles a re  very diverse in s i ze  o f  f ibers ,  in num- 
bers o f  f ibers  per motor un i t ,  i n  proportions of slow .and  
f a s t  f ibers ,  a n d  probably in thresholds for recruitment 
and  synchronization. 

-- Muscles occur i n  'groups,  w i t h  the r e su l t  t h a t  ( a )  three or  
more muscles must be monitored for almost any task,  and  ( b )  

the redundancy allows load-shifting among "equivalent" 
g roup  members as a fatigue response. 
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-- Muscles may be loaded i s o m e t r i c a l l y  ( c o n s t a n t - l e n g t h ) ,  i s o -  

t o n i c a l l y  ( c o n s t a n t - t e n s i o n ) ,  o r  n e i t h e r ,  w i t h  q u i t e  d i f -  

f e r e n t  s e n s i t i v i t i e s  o f  i n d i c a t o r  v a r i a b l e s .  ', , *  

-- A v a i l a b l e  f o r c e  (maximum v o l u n t a r y  c o n t r a c t i o n )  and f a t i g u a -  

b i l i t y  depend s t r o n g l y  on degree o f  muscle e x t e n s i o n  and 

on v e l o c i t y  o f  c o n t r a c t i o n .  

-- Beyond t h e  f i l t e r i n g  e f f e c t  o f  d is tance,  t h e  c h a r a c t e r  o f  

s i g n a l  p i c k e d  up b y  s u r f a c e  e l e c t r o d e s  v a r i e s  w i t h  t h e i r  

l o c a t i o n  (on t h e  b e l l y  o r  near  t h e  ends o f  a f u s i f o r m  

muscle)  and on l o c a t i o n  r e l a t i v e  t o  f i b e r  axes. 

-- I n t e r s u b j e c t  v a r i a t i o n s  occur,  e s p e c i a l l y  w i t h  t r a i n i n g  

b u t  a l s o  w i t h  m o t i v a t i o n  and o t h e r  p s y c h o l o g i c a l  f a c t o r s .  

The consequences o f  these e f f e c t s  a r e  extreme requi rements f o r  s t a n d a r d i z a -  

t i o n  i n  t e s t s  aimed a t  deve lop ing  i n d i c a t o r s  o f  muscle performance, d i s p a r i t y  

among pub1 i s h e d  r e s u l t s  f o r  d i f f e r e n t  systems, and l e n g t h y  exper imenta l  p r o -  

grams y i e l d i n g  da ta  o f  r e s t r i c t e d  a p p l i c a b i l i t y .  

SIGNAL INTERPRETATlON 

D i r e c t l y  Observa b l  e Character  i s  t i c s  

Wi th  a minimum o f  process ing,  severa l  f e a t u r e s  o f  t h e  EMG s i g n a l  a r e  e v i -  
dent .  

ampl i tude squared) a r e  b o t h  readable,  i n  a s e m i q u a n t i t a t i v e  sense, f rom t h e  

o s c i l l o s c o p e  p a t t e r n ;  and b o t h  t e n d  t o  c o r r e l a t e  w i t h  f o r c e .  

a-c t o  d-c components can be observed rough ly .  

i s  c r u d e l y  readable,  e s p e c i a l l y  a t  h i g h  sweep speeds, f rom t h e  " jagged-  

ness" o f  t h e  p a t t e r n ;  as low f requenc ies  become dominant, t h e  t r a c e  g e t s  

smoother. 

z a t i o n ,  may be e v i d e n t .  

f u l ,  b y  analog o r  d i g i t a l  computat ion and may be presented  as r e a l - t i m e  

i n d i c a t o r s .  

The i n t e g r a t e d  a b s o l u t e  v a l u e  (IEMG) and t h e  power ( p r o p o r t i o n a l  t o  

The r a t i o  o f  

The s p e c t r a l  d i s t r i b u t i o n  

Rhythmic e f f e c t s ,  a s s o c i a t e d  w i t h  t remor  and perhaps synchron i -  

A l l  these e f f e c t s  may be q u a n t i t a t e d ,  where use- 

S p e c t r a l  Analyses 

The downward skew i.n EMG power spectrum i s  a w i d e l y  accepted f a t i g u e  i n d i c a t o r .  
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I t  has been summarized i n  severa l  low-dimensional  d e s c r i p t o r s .  

H/L r a t i o :  t he  r a t i o  between power i n  a h i g h  band o f  f requencies (e.  g., 

6 2 - 1 0 0  Hz)  t o  t h a t  i n  a l ow  band (e. g., 1 2 - 5 0  Hz). 

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

s c r i p t o r  i s  the mean power frequency (MPF), which s p l i t s  t h e  s p e c t r a l  power 

i n t o  equal h i g h  and low bands [ V i i t a s a l o  and Komi, 1977, 19781. 

decreases mono ton ica l l y  w i t h  f a t i g u e .  

v i d i n g  the  myoe lec t r i c  power spectrum i n t o  3 - 6  bands whose t rends  w i t h  

work-time are compared. Commonly observed has been a f a l l  i n g  t r e n d  i n  the  

h ighes t  band, a r i s e  i n  the l owes t  as fa t i gue  develops, and r e l a t i v e  con- 

s tancy f o r  i n te rmed ia te  bands. Except f o r  random f l u c t u a t i o n s ,  t h e  r e s u l t  

prov ides a d i s c r e t e  approx imat ion t o  " spec t ra l  shape" [Komi and V i i  t asa lo ,  

1976). 

One i s  t h e  

This' d e s c r i p t o r  

Another one-dimensibnal de- 

It, too, 

More d e t a i l  has been sought by d i -  

A l l  these ways o f  c h a r a c t e r i z i n g  s p e c t r a l  skew s u f f e r  (a )  f rom s e n s i t i v i t y  

t o  f i l t e r  c h a r a c t e r i s t i c s  -- f o r  bo th  t h e  band-def in ing  f i l t e r ,  whether 

phys ica l  o r  computat ional  , and the  inescapable f i l t e r i n g  e f f e c t  o f  the  

musc le - t i ssue-e lec t rode system -- and ( b )  from a r t i f a c t ,  c h i e f l y  t h e  power- 
1 i n e  f requency (and harmonics) , which r e q u i r e  f u r t h e r  band- re jec t i on  f i l t e r s  

t o  "notch them o u t " .  

improve these approaches. 
B e t t e r  d i g i t a l  ana lys i s  and f i l t e r i n g  schemes w i l l  

A f u r t h e r  spec t ra l  technique i s  " d i p  a n a l y s i s "  [L indstrBm and Magnusson , 
19771. I t  employs the  q u a s i - n u l l s  mentioned above t o  es t imate  propagat ion 

v e l o c i t y  o f  the  wave i n  the  muscle f i b e r s ,  which dec l ines  w i t h  f a t i g u e .  

The main drawback o f  d i p  a n a l y s i s  i s  i t s  requi rement  f o r  op t ima l  placement 

o f  e lec t rodes  and f o r  v e r y  "c lean" ,  h i g h - r e s o l u t i o n  spec t ra .  

w i l l  b e n e f i t  from improved, ana lys i s  and f i l t e r i n g  schemes. 

Time-Domain Analyses 

It, too,  

A t ime s e r i e s  such as the  EMG s i g n a l  may be searched f o r  a conc ise s e t  o f  

d e s c r i p t o r s  i n  the  t ime domain, t h e  f requency domain, o r  bo th .  

i s t i c s  i n  each domain, o f  course, have counterpar ts  i n  the  o the r ;  so cho ice  

o f  domain depends on computat ional  convenience, u t i 1  i t y  o f  the  d e s c r i p t o r s ,  

and the  u s e r ' s  preference.  

i n t e r p r e t a t i o n ' ,  were more common a decade ago than now--owing, i n  p a r t ,  

Character-  

Time-domain desc r ip to rs ,  common i n  ECG and EEG 
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t o  the convenience of producing the FFT with computers spec ia l ized  toward 
integral  transforms. 
usually computed by a d i s c r e t e  Fourier transform followed by an inverse 
transformation.)  
both domains  may well y i e l d  the optimal s t a t e  vector to  charac te r ize  
muscle condition. 

(The autocorrel  a t i o n ,  a time-domain function , is  now 

In the w r i t e r ' s  view, a combination of  descr ip tors  from 

Several time-domain approaches have been used on EMGs. Individual MUAPTs, 
picked u p  by intramuscular e lectrodes , have been analyzed on-line f o r  r ise 
time, peak amplitude, and  amplitude/rise time r a t i o ;  an averaged M U  poten- 
t i a l  (AMUP)has usual ly  been so t rea ted  [Komi and Vii tasalo,  1976; Vi i tasa lo  
and Komi , 1977, 19781. On interference pat terns  peak height d i s t r i b u t i o n ,  
peak count, and " t u r n  count" (slope reversals  per u n i t  time) have been used, 
notably i n  ergonomic s tudies  [Johnson, 19781 and diagnosis [Fusfeld, 19781. 
Zero-crossings per u n i t  time, preferably computed on a d r a s t i c a l l y  ampli- 
f i e d  a n d  clipped €FIG s i g n a l ,  have had adherents [Hjorth, 1.970, 1973; 
Sal tzberg a n d  Burch, 19711. 
qual i ty-control  check on s igna ls  which were subjected t o  spec t ra l  analysis  
[Kadefors -- e t  a1 . , 19781. 

These time-domain descr ip tors  tend to  s u f f e r  from s e n s i t i v i t y  to  system 
noise (of ten a r t i f a c t u a l )  and d i s t o r t i o n ,  par t icu lar ly  when they require  
local  d i f f e r e n t i a t i o n  o r  equivalent operat ions.  Descriptors derived 
t h r o u g h  integrat ion -- transforms a n d  cor re la t ion  o r  coherence functions -- 
a r e  more r e s i s t a n t  t o  such e r r o r  sources. 
terval  s a r e  moderately e r r o r - r e s i s t a n t  among the non-integral descr ip tors .  

Zero'-crossing r a t e  has a l so  been used as a 

Zero-crossing counts and i n -  

The time-domain methods f o r  analyzing t ime-series data used by s t a t i s t i c a l  
analysts  [Bo'x a n d  Jenkins , 19761 -- autoregressive ( A R ) ,  moving-average ( M A )  

and ARMA techniques -- deserve consideration f o r  EMG i n t e r p r e t a t i o n .  These 
focus on the random f luc tua t ions ,  s t r i p p i n g  o f f  systematic t rends.  
prove to  be equivalent to  c e r t a i n  new frequency-domain techniques which 
a r e  discussed below [Childers,  19781. 

Options - f o r  Exploration 

They 

Several approaches hold promise f o r  improved EMG analyses. 
most s imp1 e descr ip tors  have received a t t e n t i o n ;  b u t  b e t t e r  computational 
c a p a b i l i t i e s ,  now ava i lab le  a t  affordable  c o s t s ,  j u s t i f y  f u r t h e r  consider- 

I t  appears t h a t  

a t ion  of  se lec ted  cases .  



Such a case i s  s p e c t r a l  moments. The MPF, ment ioned above, i s  t h e  l o w e s t  

moment o f  t h e  power s p e c t r a l  d e n s i t y ;  and h i g h e r  moments o f  course  e x i s t .  

A complete s e t  o f  moments would f u l l y  c h a r a c t e r i z e  t h e  spectrum. "shape". 

(Symmetry makes a l t e r n a t e  moments zero, and t h e  l o w e s t  few may . .  s u f f i c e . )  

T h i s  v i e w p o i n t  has been a p p l i e d  t o  two moments by Kadefors -- e t  a l .  [1977, 

19781 t o  y i e l d  a " f a t i g u e  index" .  

These workers r e l a t e d  t h e  i n d e x  t o  wave v e l o c i t y ,  p r o v i d i n g  a l i n k  t o  a 

c l e a r l y - d e f i n e d  p h y s i c a l  v a r i a b l e  and thus adding conf idence as t o  t h e  

s i g n i f i c a n c e  o f  these d e s c r i p t o r s .  The d a t a  were normal ized,  compensating 

o u t  some e r r o r s .  Adding t o  t h e  a t t r a c t i v e n e s s  o f  v e l o c i t y  i s  i t s  c a p a b i l -  

i t y  o f  b e i n g  e s t i m a t e d  by d i p  a n a l y s i s  [CindstrBm,l977] and by an o n - l i n e  

methods a r e  a v a i  l a b 1  e. 
' method u s i n g  d i g i t a l  f i l t e r s  [Lynn, 19791, so t h a t  a l t e r n a t e  check 

Enhanced spectrum e s t i m a t i o n  methods - - t h e  maximum-entropy and maximum- 

1 i k e l  ihood methods ( M E f l ,  MLM) have r e c e n t l y  been developed [ C h i l d e r s  , 
19't8]. These a r e  i n t i m a t e l y  r e l a t e d  t o  AR and MA techniques,  as developed 

i n  the  re fe rence c i t e d  (a Compi la t ion  o f  r e c e n t  papers p r e s e n t i n g  advances 

i n  s p e c t r u m - a n a l y t i c  t e c h n i q u e s ) .  They shou ld  y i e l d  improved s p e c t r a ,  pos-  

s i b l y  ones i n  which t h e  noise-prone h i g h e r  moments a r e  s i g n i f i c a n t  enough 

f o r  use. The p o s s i b i l i t y  t h a t  phase, a v a i l a b l e  f rom some s p e c t r a l  e s t i -  
mates, c a r r i e s  u s e f u l  i n f o r m a t i o n  i s  unexplored.  ( S p e c t r a l  power i s  

phase- independent.  ) 

The zero-c ross ing ,  o r  p e r i o d - a n a l y t i c ,  methods descr ibed by H j o r t h  [1970] 

and a p p l i e d  by him t o  EEGs, have been r e l a t e d  t o  s p e c t r a l  moments [ H j o r t h ,  
1973; S a l t z b e r g  and Burch, 1971land g i v e  s i m i l a r  i n f o r m a t i o n  b y  a d i f f e r e n t  

computat ional  r o u t e .  

o n - l i n e ,  and t h e y  promise b o t h  d i r e c t  u t i l i t y  and the  p o s s i b i l i t y  o f  check- 

i n g  s p e c t r a l l y  d e r i v e d  moments. 

I n  t h e  t i m e  domain t h e y  a r e  q u i t e  s i m p l e  t o  app ly ,  

Systemic and b iomechanica l  i n d i c a t o r s  shou ld  u s e f u l l y  complement t h e  de- 

s c r i p t o r s  d e r i v e d  f rom t h e  EMG. 
-- o b v i o u s l y  c o r r e l a t e  w i t h  f a t i g u e .  

tem a c t i v i t y  -- g a l v a n i c  s k i n  response (GSR)  and h e a r t  r a t e  (HR) - - a n d  

p o s s i b l y  r e s p i r a t o r y  v a r i a b l e s  and even e lec t roencepha lograph ic  a c t i v i t y  

Force v a r i a t i o n s  -- tremor and s t e p  changes 

I n d i c a t o r s  o f  autonomic nervous sys- 
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may i n d i c a t e  general  s t r e s s .  

o f t e n  i n  non l i nea r  and nonrepresenta t ive  ways. 

These a re  known t o  respond t o  fa t igue,  b u t  

They have t h e  m e r i t ,  though, 

o f  b r i n g i n g  i n  the psycho log ica l  f a c t o r s  t h a t  a r e  so hard  t o  q u a n t i f y .  

They should t h e r e f o r e  be considered - - w i t h  care  -- as c o n t r i b u t o r s  toward 

a “muscular s t a t e  vec to r ” ,  

F i n a l l y ,  se rend ip i tous  s p i n o f f s  from work on myoe lec t r i c  p ros thes i s  con- 

t r o l  [e. g. , Hogan and Mann, 19801 may advance t h e  goal o f  f a t i g u e  and 

f o r c e  eva lua t i on .  There i s  a remote chance t h a t  “ ceps t ra l  I’ techniques 

[Ch i lders  -- e t  a1 . , 19771 -- which have been a p p l i e d  t o  E E G  s i g n a l s  --may have 

some use; though these a r e  u s u a l l y  assoc iated w i t h  sound propagat ion,  they  

may prove t o  have some c a p a b i l i t y  o f  educing t h e  p e r i o d i c i t i e s  i n  MUAPTs. 
They a re  l a r g e l y  u n t r i e d .  

-. 

RECOMMENDATIONS 

As a r e s u l t  o f  ex tens ive  c r i t i c a l  rev iew i n  the  f i e l d s  o f  muscle phys io logy,  

r e l a t e d  b io technology,  and a p p l i c a b l e  s igna l  process ing,  t he  w r i t e r  o f f e r s  

the  f o l l o w i n g  recommendations f o r  extending the work a t  the  Crew S t a t i o n  

Design Sec t ion  [v .  - Lewis, 19793 toward a s t a t e  vec to r  which i s  bo th  u s e f u l  

and f e a s i b l e  f o r  eva lua t i on .  

index needed f o r  spacec ra f t  des ign - - though  o p t i m a l i t y  may be hard  t o  prove! 

The a p p l i c a b i l i t y  o f  s p e c t r a l  moments toward a f a t i g u e  index 

should be f u r t h e r  i nves t i ga ted ,  w i t h  app rop r ia te  computa- 

t i o n  on e x i s t i n g  data fo l l owed  by f u r t h e r  exper iments.  

This  d i r e c t i o n  should l e a d  t o  the  opt imal  

a 

e The time-domain, p e r i o d - a n a l y t i c  approach t o  moments 

should be compared w i t h  t h e  frequency-domain est ima- 

t i o n  now pe rm i t ted  w i t h  the  new MEM and MLM s p e c t r a l  

es t ima t ion  techniques. 

0 Systemic i n d i c a t o r s ,  e s p e c i a l l y  G S R ,  HR, and f o r c e  v a r i -  

a t i o n s ,  should be moni tored i n  any f u r t h e r  f a t i g u e  

s tud ies  . 
0 Recur r ing  reassessments o f  t he  adequacy o f  c u r r e n t l y  

access ib le  s t a t e  vec to rs  should be planned as new 

data con t i  nue t o  be gathered. 
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I NTRODUCT 1 ON 

In I991 the controversy surrounding chlorofluoromethanes (CFC' s)  and 

the reduction o f  st ratospheric  ozone continues. A potentially serious 

problem with CFC's was i d e n t i f i e d  and received major pub l i c  a t tent ion i n  

1974, when Dr. F. Sherwood Rowland and Dr. Mario 3.  Molina a t  the University 

of Califoiwia, Irvine presented their theory o f  ozone destruction by CFC 

gases (1) a t  a National American Chemical Society meeting. 

The coiiipounds of main concern i n  the continuing ozone debate a re  

fluorocarbon-11 (CFC13) and fluorocarbon- 2 (CF2C12). 

CFM's is t h a t  the compounds a re  extremely iner t .  

propellents o r  refrigerants-probably the best  known a re  the DuPont Freons- 

the compounds escape t o  the lower atmosphere. 

they do not dcconipose i n  the lower atmosphere b u t  eventually f i n d  t h e i r  way 

into the stratosphere. 

The problem w i t h  

When used as  aerosol 

Since the compounds a re  inert, 

Ozonc i s  formed i n  the stratosphere according t o  the following reactions: 

0 2 - - - + o + o  (1 1 

'2 -O3 (2 )  

According t o  the Rowland-Holina hypothesis, chlorine, i n  the stratosphere,  may 

par t ic ipatr  by means o f  a ca t a ly t i c  process i n  a cycle which w i l l  break down 

ozone, 03, in to  diatomic oxygen, 02. I t  has been proven by laboratory measure- 

ments t h a t  the CFC's  absorb u l t rav io le t  radiation (190-225 nm) and decompose t o  

atomic clilat*int. and other  products. Then according t o  the hypothesis the 

f ol 1 ow i 119 IW c t i on s occu r : 

C1 + O3 -7 C10 + O2 (3)  

CtO . + 0 - c1 + o2 
0 + o3 

(4) -- 
* Q Z  (net) 
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Several other reactions, involving species such as H0,H02, NO and NO2, may also 

contribute t o  ozone destruction. The question t o  be answered i s  whether 

chlorine atonis react in the stratosphere as they do i n  the laboratory. 

Early aperiments centered around the measurement of ozone, C10 and .CFSJI's 

i n  the stratosphere. Mathematical models of stratospheric ozone were developed 

and predicted reductions i n  the total ozone (amount i n  a u n i t  vertical column) 

from CFC's released i n  the atmosphere. These reductions were f i rs t  predicted 

t o  be several percent, building up over a few decades. 

developed over whether'human activity m i g h t  seriously reduce the earth 's  

Since much concern 

protective layer o f  ozone, i n  1979, fluorocarbon 11 and 12 aerosol products 

were banticd from interstate commerce i n  the United States. 

In a new report  ( Z ) ,  released i n  l a t e  1979, a panel of t h e  National 

Academy o f  Science warns that  i t  foresees many thousand of  additional cases o f  

s k i n  cancer, i f  the ozone layer, which f i l t e r s  the sun's ultraviolet rays, 

continues to  he eroded by fluorocarbon. The  forecasts fo r  stratospheric ozone 

eventual losses have been revised upward t o  18.5%. 

As a result of these new warnings, i n  October 1980, the Environmental 

Protection Agt-ixy announced t h a t  i t  was considering further measures t o  reduce 

the level of fluorocarbons released into the atmosphere (3) .  EPA's  intention 

is t o  linrit ivuduction of CFC's i n  the U.S. t o  30% of their  present levels. 

Th i s  pr.odiictiatr 1 i m i  t could seriously affect  the refrigeration market. 

THE PRORLEM 

The Kational Academy of Sciences stressed the desirabil i ty of obtaining 

"a direct ctic;A on ozone reduction predicted for the CFM's'' (4).  T h i s  

appears t o  be Q d i f f i c u l t  task because the total  ozone varies, from apparently 

natural p\vccsscs, by as much as 50% a t  mid-latitudes i n  a year's time. The 
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relationship o f  the ear th ' s  position t o  the sun causes a variation o f  the 

electromagnetic radiat ion reaching the ear th  I s atmosphere, therefore causing 

a change I n  the amount of ozone formed. 

amount o f  mixing of the a i r  between the troposphere (layer next t o  the ear th)  

and the stratosphere varies. 

Secondly. du r ing  one year 's  time the 

Results of  modelling calculations have shown (4,5) t ha t  the greatest  

percentage reduction i n  ozone from CFM's occurs i n  the upper stratosphere 

from 35 t o  45 km. 

available indicate t h a t  the natural variations o f  ozone concentration a r e  

smaller a t  a l t i t udes  o f  35 - 45 km. 

the  region o f  interest a re  t h u s  necessary. Instrumentation, previously used 

w i t h  demonstrated accuracy, is available f o r  col lect ion of data t o  construct 

ozone conccntration profiles.  The ozone concentrations are  being measured by 

U V absorption from balloon platform, s a t e l l i t e s ,  rockets and ground-based 

ins trumenta t i on. 

The limited measurements of ozone i n  the upper stratosphere 

Direct -- i n - s i t u  measurement of ozone i n  

During the past  f ive  years, analytical  models of the stratosphere have 

shown a gr-cater s ens i t i v i ty  o f  ozone photochemistry t o  the chlorine ca t a ly t i c  

cycle. 

accuracy of the model predictions (6).  The questions concern differences i n  

measured and predicted concentrations of the more reactive chlorine species. 

There is reasonably good agreement f o r  the more inert chlorine consti tuents.  

Values from i n i t i a l  measurements of  the HC1 prof i le  above about 30 km, the 

A t  the same time measurements have produced questions about the 

r a t i o  o f  IiC1 t o  HF, and the ra t io  of C10 t o  ozone do not follow from current 

models. The sum o f  t h e  chlorine concentrations measured (HC1, CF,'s and C10) 

is h igher  than what is predicted by the models. These decrepancies a r e  not 

t r i v i a l  and suggest t h a t  something is missing from the chemistry used i n  



Present models. The models agree more o r  less closely w i t h  one another, o f  

course, because they are a l l  based on essentially the same reactions and rate 

constants. The predicted value for total chlorine concentration i n  the strato- 

sphere i s  approximately 3 parts per billion (ppb). 

Because o f  these conflicting views, i t  becomes apparent that  more experi- 

mental measurements are needed. The recent NAS report ( 2 )  s ta tes  that  "a total 

chlorine concentration measurement would be of great value.." T h i s  recommenda- 

t i o n  is further emphasized by the recent NASA report on the same subject. The 

NASA report lists total  chlorine as one of "a few species for which new and 

improved tcchniques m u s t  be developed." (7) 

TOTAL CHLORINE MEASUREMENTS 

We, a t  NASA-Johnson Space Center, are developing analytical procedures f o r  

the collection o f  a i r  i n  the stratosphere and f o r  analysis of these a i r  samples 

for  trace lcvels of chlorine, irregardless of the s ta te  o f  chemical composition. 

Accurate measurement o f  trace levels of organics such as the CFM's and 

reactive inorganic species such as C1, C10 and HC1 i n  the stratosphere provide 

a complicated problem i n  analytical methodology. 

t o  accomplish is the determination o f  total stratospheric chlorine. 

chlorine niixjng rat io  is  believed t o  approach a constant value around 25 t o  30 km 

and remain constant above that.  

are concctrtr-~ting their  e f for t  on the region above 25 km. 

An even more complex task 

The  total 

Hence NASA stratospheric chlorine experiments 

In 0111~ cuperiment, whole a i r  samples w i l l  be collected from a balloon 

platform i n  the stratosphere by using a cryopump tha t  operates a t  l i q u i d  neon 

temperature (27OK). The whole a i r  samples will be returned to  ground where 

total  chlwine content w i l l  be measured by neutron activation analysis (NAA). 

Flights wll\ originate from the NCAR balloon f a c i l i t y  located a t  Palestine, 
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Texas. The NAA part  of the experiments a re  conducted a t  the Texas A & M Nuclear 

Science Center i n  College Station, Texas, 

Most of the e f fo r t  t o  date has concentrated on proving the experiment's 

feasibil  i t y  by developing procedures t o  avoid contaminating the sample or 

losing the chlorine. In addition, absolute cal ibrat ion of the system mus t  be 

obtained, The experiment i s  an arduous undertaking because the mixing r a t i o s  

of to ta l  chlorine i n  the stratosphere a re  expected t o  be about 3 ppbV. The 

atmospheric species consist of highly reactive forms, such as HC1, C10, 

C10, NO2, and C1 i n  addition t o  the chlorofluoromethanes. Furthermore, contami- 

nation o f  the a i r  sample by the comparatively large concentrations of chlorine 

compounds a t  ground level must  be avoided. In spite of these d i f f i cu l t i e s ,  

significant progress has been made. 

In f i g w e  1 the general out l ine of laboratory measurements is shown. 

Experimwts have been conducted a t  each s tep  of the general plan of analysis 

i n  order t o  validate the precision and accuracy of  the measurement and t o  

determinc any problems w i t h  the procedure. A cal ibrat ion gas (an a i r  sample 

conta in ing  known concentration of contaminant, HCl o r  CFM) was necessary. 

A penwit ion instrument was obtained ( K i n  Tek Laboratories, Texas City, TX) 

t o  prepa i r  dynamically blended, cal ibrated,  low concentration gas mixtures 

( a i r  01- l i q u i d  nitrogen boil-off and HC1 o r  CFM). 

pu r i f i ed  11) cooling the a i r  t o  approximately 107'K i n  a mixture of isopentane 

and l iquid N.,. 

before use 3s a d i l u e n t  i n  preparation o f  the standard gas mixture. 

"Zero" grade a i r  is further 

Any residual chlorine contaminants is frozen out of the a i r  
L 

A ciyogtwic pumping system employing l i q u i d  neon is used to  freeze the 

samples of air  i n  the collection containers. T h i s  is done i n  order t o  obtain 
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a larger volume o f  a i r  for sampling a t  one time. The selection of a suitable 

container for sample collection and storage i s  a real  problem. Almost any 

surface, with which a i r  sample comes i n  contact, such as  residues on g lass ,  

metal o r  plastic collection apparatus, becomes a potential  source of contami- 

nation. Thus careful cleaning procedures for a l l  surfaces the a i r  sample 

contacts must be followed. 

1%HF solution followed by evacuation a t  l e a s t  overnight is  sufficient.  

I 
We have found tha t  glass surfaces cleaned w i t h  

Metal 

surfaces are cleaned by baking under vacuum fo r  an appropriate period o f  time. 

Loss o f  t r ace  concentrations of chlorine containing compounds on container 

surfaces i s  by f a r  the most serious experimental problem. Loss of Freon from 

quartz vessels was about 11%, while loss of ppb levels of HC1 i n  s t a in l e s s  s t ee l  

collection bot t les  was about 65%. 

pre-evacuated grab sample containers, condensation t raps ,  adsorption tubes 

and/or p las t ic  grab bags, commonly used for atmospheric gas analysis a re  not 

suitable because of sample loss  during collection and storage. We have fabr i -  

cated two col lect ion bottles which  are  now ready t o  be evaluated. One bo t t l e  

i s  stainless steel coated w i t h  a layer of gold  and the other bottle i s  con- 

structed from tantalum, which should be ine r t  enought t h a t  chemisorption will 

not OCCUY t o  any large extent. 

Inexpensive collection methods employing 

Neutwn act ivat ion analysis ( N A A )  was chosen as the method of C1 analysis.  

The two I'casons f o r  this choice a re ,  f irst ,  t ha t  radioactive measurements g ive  

elemental analysis results a t  lower limits of detection over any other analytical  

technique available today. NAA has a high degree of sens i t iv i ty  for  the majority 

o f  elements. 

be measutyd without regard t o  the s t a t e  of chemical combination of the C1. 

Another advantage o f  NAA i s  t h a t  i t  i s  essent ia l ly  a non-destructive method o f  

Secondly, w i t h  NAA the number of C1 atoms present i n  a sample can 

analysts, Non-destructive analysis involves min imum sample manipulation and, 
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therefore, B trace analysis sample is not contaminated by reagents and containers 

as i n  cotivcritional destructive wet-chemical techniques. 

NAA involves bombarding the sample w i t h  neutrons ( in  a nuclear reactor) 

and measuring the radioactivity induced i n  the sample us ing  gamma-ray spectro- 

metry. A nicthod of calibration for  the element of interest must be developed. 

The standard should preferably be internal t o  the sample taken for analysis or ,  

if no t ,  thc standard should  contain a known amount of the element of interest .  

I t  is iniport.ant t ha t  the i r radiat ion assembly m u s t  provide the same neutron 

flux for  both sample and standard o r  appropriate correction factors m u s t  be 

detemiitrcd. 

solute calibration of quartz rod f l u x  monitors. 

i n  nine flus tiionitors were measured i n  comparison t o  a known Freon 12 standard. 

The resiil ts are  shown i n  Table 1. 

number of  chlorine atoms per mg of quartz is  2 .116~0.083 w i t h  a 3.8% error. 

The main thrust of this summer's work has been t o  obtain an ab- 

The number of chlorine atoms 

krhen the data is combined the average 

Otic lltiiitation of NAA is tha t  like most analytical  methods i t  suffers 

from possible matrix e f fec ts  and interferences. 

NAA r ewl  ts from i r radiat ion of a i r  samples containing chlorine indicated 

tha t  thc iwst'nce of argon gave r i s e  t o  Compton Scattering which  produced a 

large bacA!ii-ound i n  the region of the spectrum where the 1.6 and 2.2 MEV 

peaks o f  C1 occur. 

The Ar coiwtitration i n  the a i r  sample is  reduced by d i s t i l l a t i on .  

sample ( a t  l iquid neon temperature) is warmed t o  l i q u i d  N2 temperature. Most 

of the Argoti i n  the a i r  is t h u s  removed while the chlorinated compounds remain. 

Dur ing  t h i s  procedure, the pressure of t h e  a i r  sample taken is  measured and 

the vol UIW then cal cul ated. 

Preliminary examination of 

Gecause of t h i s  the Ar levels  i n  the a i r  mus t  be reduced. 

Each a i r  
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I t  would be ideal t o  irradiate the a i r  sample i n  the collection bottle, 

but  a material such as quartz which is penetrated easily by the neutrons 

mus t  be used. Our  a i r  samples are transferred t o  quartz bottles cryogenically 

before irradiation (Figure 1) .  The quartz bottles m u s t  be sealed s h u t  w i t h  a 

torch af ter  the transfer. 

stopcocks and quartz stopcocks. B u t  these sample bot t les  could not withstand 

We have experimented w i t h  bottles having teflon 

the irradiation conditions. The teflon stopcocks leaked and 

cocks were frozen closed. 

The isotope activated is C137 which has an abundance of 

naturally occurring chlorine. Irradiating C137 w i t h  thermal 

the reaction C137 + N * (C138)* 

The resulting compound nucleus ( C13*)* decays t o  Ar38 w i t h  a 

the quartz stop- 

24.47% of 

neutrons produces 

38.2 minute 

half-life emitting a beta particle and e i ther  one o r  two gamma rays (2167.5 or 

1642.4 keV). 

After the irradiated sample cools sufficiently t o  be handled, unfortunately, 

another step iiiust be added t o  our analytical procedure (Figure 1 )  before 

counting can occur. 

t h a t  the chlorine content of the sample cannot be measured while in the irradiated 

bottle. T h i s  requires a transfer of the a i r  sample to  a counting bottle. The 

counting bott le ,  which has a stopcock, i s  connected via a teflon t u b i n g  tee 

connection t o  the irradiated sample bottle. A scavenger gas, ethylene oxide, 

is connected t o  the t h i r d  posi t ion i n  the tee. We found that  i t  was necessary 

t o  use the cthylene oxide t o  react w i t h  and sweep the chemisorbed chlorine from 

the quartz bottle. The procedure is as follows: (1) the quartz bottle neck 

is scotvld strd connected t o  the tee; (2)  the neck is broken; (3)  the radioactive 

The quartz bottles have a large enough chlorine content 
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chlorine gas i s  transferred by cryopumping t o  the counting bot t le ;  (4) the 

stopcock, t o  the counting bo t t l e  is closed; (5) the ethylene oxide is  allowed 

t o  sweep through the quartz sample bot t le ;  and (6) the resul t ing mixture i s  

transferrcd cryogenically t o  the counting bot t le .  

sample is iiwisured and the  number o f  chlorine atoms present can be calculated. 

The analytical  procedures have been developed and tes ted t o  the point a t  

The radioact ivi ty  of each 

which a calibrated HC1 sample can be introduced i n t o  the f l i g h t  container. 

We must a w i t  the results of those experiments t o  consider this procedure 

feasible for  accurate measure of chlorine i n  stratospheric a i r  samples. 
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FIGURE 1 

GlNEFWL PLAN OF ANALYSIS-LABORATORY MEASUREMENTS 

Cal ibra ted  Gas Sample Prepared 

Sample Collected i n  Tantalum 6 o t t l e  
(cryogenic pumping) 

Argon In t e r f e rence  Removed 

Sample Transferred Cryogenically 
t o  a Quartz  B o t t l e  

Chlorine Determined 
by Neutron Act ivat ion Analysis 

A. I r r a d i a t i o n  

B. Crogenic Transfer  f o r  Counting 

C. Sample Counted 
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During the summer of 1980, working as a NASA-ASEE Summer Faculty Fellow, Dr. 
kcR I MUArJ 

Raj M. tts4-m~ of North Texas State University considered the problem of the 

pattern of current collectton by a biased s t r ip  of stainless steel ( 3 '  x 30' x 

1/32'') placed i n  the plasma environment produced by a 30cm Kaufman ion 

thruster, The experiments were performed i n  Chamber ''A'' a t  the Johnson 

Space Center. 

I 

Two positions of collector relative t o  ion source were used: Edge-on 

(Figure l }  i n  which case currents were measured on both sides of the 

callector, and "Face-on" (Figure 2)  in which case currents were again 

measured on b o t h  sides o f  the collector. 

o f  the collector t h a t  faces the ion thruster is referred t o  as the "front" 

face, the other side as the "back" face. 

In the la t te r  case, the surface 

A qualitative summary of the experimental results is as follows: For edge-on 

operation, there was no significant difference i n  the current collected by 

the two faces. 

faces was different. 

was observed. 

For "Face-on" operation, the current collected by the two 

In particular, for the back face, a focusing effect 

1 1380 Summer Faculty Fellow Report 

As the bias voltage on the collector was increased, current was collected 

more toward the center of the panel. (The bias voltage was negative t o  

collect positive ions. "Increasing" bias voltage means more negative.) 
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Solving the actual three-dimensional problems, wtth space charge present, 

i s  difficult and has not been accomplished to date. However, by assuming an 

infinite strip, the problem is reduced to a two-dimensional one, while still 

being a reasonably faithful reproduction of the experimental problem. If 

in addition, one ignores the presence of space charge as a first approxi- 

mation, the solution is of a standard form: 
192 

2a is the width of the plate (3 ft.) 

X is measured parallel to the face, from the center line of the collector 

Y is measured perpendicular to the face from the center line of the collector 

-Vo is the bias potential o f  the collector 

k = cosh -l {- 
Ys is the distance along the Y-axis measured from the from face to 

where+= 0 

2. Kyrala, Ali; 1981 NASA-ASEE Summer Faculty Fellow Report 

This solution represents a series o f  equipotential surfaces of elliptical 

cross-section. The particular ellipse representing zero potential has semi- 

minor a x i s  equal to Ys (the "sheath thickness"). The ellipse at potential 

Vo degenerates h t o  a straight line segment of width 2a. Thus the distance 

between faci for all ellipses representing equipotential surfaces is also 

2a. From the geometry of the ellipse, the semi-major axis, Xs = 
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A first  modification t o  this idealized solut ion is t o  take i n t o  account the 

presence of space charge w i t h  the nlangmuir-Chills” law. This law states 

t h a t  the saturation current collected from a space charge i s  proportional 

t o  the 3/2 power of the potenttal of the collector. As a corollary t o  this 

law, the sheath thickness assoctated w i t h  the collector varies as the 3/4 

potJer of the collector potential.2 Thus  a f i rs t  modification made t o  the 

solut ion is:  

The parameter 2a is 3 f t .  (a = .457 meters) 

7r 
The sheath thickness, Y 9 ~ ( V o ) ’ ~ .  From visual observations of the plasma, 

the thickness of the sheath when Vo = 2500 volts,  i s  approximately equal t o  

the w i d t h  of the plate. bias voltage on the collector, the 

sheath thickness i s  Ys = wi th .Vo  measured in.volts. Then, 

t hesse~ i~ rna jo~ ’ax i s to f_ fh  lipse a t  potential 0 i s  Xs = 
(Ysj2 

Finally, k = cosh -’ fiz? This defines the parameters needed and 

also identifies a s t a r t i ng  p o i n t  for ion trajectories -- viz . ,  the ell ipse 

whose semi-minor ax is  is Ys, and whose semi-major axis is Xs. 

T h i s  modification by i tself  made no significant difference. 

A typlcal result u s i n g  equation (2) i s  shown i n  Figure 3. Because ions l e f t  

the thruster w i t h  an energy of 15-20eV, each ion was given an in i t ia l  velocity 

o f  10,000 M’Sec toward the collector since this velocity corresponds t o  about 

20eV f o r  Argon. 
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Virtually every ion t h a t  strikes the back face goes t h r o u g h  one of two points  

located a t  [L .45a, 4 % ) .  All t r ia ls  a t  various bias potentials o f  the 

collector showed the same behavior, i .e.,  a l l  ions striking the back surface 

go through one o f  t w o  points. 

vary i n  location w i t h  different bias potentials of the collector. 

< 

Furthermore, the two points did n o t  appreciably 

This suggests t h a t  after a very short time after the ion flow pattern i s  

being established, succeeding ions will encounter a repulsive force -- the 

equivalent o f  positive charges located a t  the two points, (2 .45a, -.19a). 

However, since this represents a cross-section t h r o u g h  an assumed infinitely 

long collector, this effect should be simulated by line charges parallel t o  

the collector rather than  by p o i n t  charges. The field due t o  a line charge 

varies as l/r. By trial and error, the most reasonable strength t o  choose 

for a collector potential of 2500 vol t s  turned out  t o  be 7 i n  M.K.S. units. 

For other potentials, the strength was chosen t o  be (50/p) (y0/2500). Th4s 

50 

was the second modification made t o  the idealized solution. 

A t h i r d  modification is arrived a t  by considering the expected difference 

between the sheath on the front face and tha t  on the back face. The idealized 

solution gives complete symmetry. However, it is more reasonable t o  suppose 

t h a t  the sheath is considerably larger on the back side. Once the ions have 

gotten past the collector, they encounter different ambient conditions. The 

simplest way t o  simulate this effect, w i t h o u t  introducing continuity problems 

a t  the boundary between two different sheath edges, is t o  assume that there 

i s  a grounded semi-infinite plate t h a t  continues from the sheath edge where 

I t  crosses the plane of the collector (Figure 4 ) .  Specifically, this modifi- 

cation was accomplished by standard imaging techniques. 
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A fourth modification i s  arrived a t  by considering t h a t  those ions which have 

gotten past the collector wfll have their  i n i t i a l  speeds decreased. The 

greater the distance behind the collector from which ions are collected, 

the smaller their  f n t t i a l  speed will be. Therefore, the in i t i a l  velocity of 

the ions was gradually decreased u n t i l  i t  was zero a t  the p o i n t  directly 

below the edge o f  the collector (Figure 5). 

Finally, a few ions were assumed t o  come from the region i n  the "shadow" of 

the collector (Figure 5). 

The results of a l l  these modifications is  shown in.Figures 6, 7, and 8. 

Figure 6 (500 volts) shows that current is "focused" a t  a p o i n t  8% o f  the 

plate w i d t h  from the edge. 

"focused" a t  a point 15% of the plate width  from the edge. 

Figure 8 (2500 volts) shows that  current is  "focused" a t  a p o i n t  26% from 

the edge. 

Figure 7 (1500 vol ts)  shows that current is  

And f inal ly ,  

Thas,  qualitatively, the experfmental fac t  of current focusing as well as 

the variation of posi t ion of focusing w i t h  bias potential may be simulated 

by start ing w i t h  an idealized solut ion for an inf ini te  strip, and making 

the modifications l is ted above. 

I t  seems clear that  the focusing phenomena i s  due t o  ions that  skirt past the 

collector and get drawn back i n  to  the back side o f  the plate. 

A copy o f  the program used on the HP 9830 is attached t o  the end of this 

report. 
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