
L 

L 

i 

AERODYNAMIC ANALYSIS OF TEKTITES AND THEIR PARENT BODIES 

by 

E .  W .  Adams and R .  M. H u f f a k e r  

GPO PRICE $ 

CFSTI PRICE(S) $ 

Y 

Hard copy (HC) 3,OO 

Microfiche (MF) 

ff 653 July 65 

c - Form 454 (Revised September 1961) 



AERODYNAMIC ANALYSIS OF TEKTITES AND THEIR PARENT BODIES 

by 

E. W. Adams and R. M. Huffaker 

to be presented at the 

Third International Space Scihce Symposium 

Washington, D. C. 

May 1 - 8, 1962 



LIST OF FIGURES 

Figure 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

1 2 .  

13. 

i4 .  

15. 

16. 

17. 

18. 

T i t l e  

Anter ior  Surface and Cross Sect ion of Button-Type A u s t r a l i t e .  

Pos t e r io r  Surface of Button-Type A u s t r a l i t e .  

Glass Rod Ablated i n  an Arc-Jet F a c i l i t y .  

Geometries of I n i t i a l l y  Hemispherical and Spher ica l  Models 
of Button-Type A u s t r a l i t e s .  

Re la t ive  Mass Loss. 

Rela t ive  Mass Loss. 

Horizontal  Distance Covered i n  F l i g h t .  

Rat io  of  Aerodynamic Heat Transfer  t o  Kine t ic  Energy Con- 
ve r t ed  i n t o  Heat. 

A l t i t ude  of  Maximum Aerodynamic Heat Transfer  a t  the  Stag- 
na t ion  Poin t .  

Duration of Aerodynamic Heat Transfer  Pulse  a t  the  Stagnat ion 
Poin t .  

Maximum Surface Temperature a t  the  S tagnat ion  Poin t .  

Maximum Aerodynamic Heat Transfer  Rate a t  the  S tagnat ion  
Point  

Rat io  of Heat Radiated from Surface t o  Aerodynamic Heating 
a t  the  Stagnat ion Point .  

Rat io  oi l r - - ~  neaL - 1 - - - n A  uAuLLcu h-7 ~ s c c  T r n n n f e r  _-I-._- Effec t  t o  Aerodynamic 
Heating a t  t he  Stagnat ion Point .  

Rat io  of Evaporation to Tota l  Ablat ion a t  t he  S tagnat ion  
Poin t  . 
F l i g h t  A l t i t u d e ,  Horizontal  Distance,  and Mach Number fo r  
P a r t i c u l a r  Tek t i t e  T ra j ec t s ry .  

I 

F l i g h t  Speed, Tra jec tory  Angle, and Accelera t ion  f o r  P a r t i -  
c u l a r  Tek t i t e  Tra jec tory .  

Heat Flow Rates and Surface Temperature f o r  P a r t i c u l a r  
T e k t i t e  Tra jec tory .  

iii 



LIST OF FIGURES (CONT'D) 

19. Ablat ion Parameters f o r  P a r t i c u l a r  T e k t i t e  T ra j ec to ry .  

20. Temperature D i s t r i b u t i o n  Along Axis f o r  P a r t i c u l a r  T e k t i t e  
T ra j ec to ry .  

S t r i a e  Deformation f o r  P a r t i c u l a r  T e k t i t e  Trajectory.(54% Mass LOSS) - 21. 

22. S t r i a e  Deformation f o r  P a r t i c u l a r  Tektijte T ra j ec to ry  09% 
Mass Loss). 

23.  Temperature D i s t r i b u t i o n  Along Axis f o r  Parent  Meteor. 

i v  . 



A = rrR2(0) 

a 

a 

CD 

cP 

D 

g = 9.81 

H 

h 

he 

hS 

hV 

k 

M 

m 

- 
qaero 

qb 1 

cm2 

m/sec2 

1 / m  

kcal /kg O K  

km 

m/sec2 

km 

kg/m2 sec  

kca l /kg  

kca l lkg  

kca l lkg  

LIST OF SYMBOLS 

Area of maximum c r o s s  s e c t i o n  i n  f i g .  4 

Decelera t ion  

Absorption c o e f f i c i e n t  f o r  thermal r a d i a t i o n  

Drag c o e f f i c i e n t  

Spec i f i c  hea t  a t  cons t an t  p re s su re  

ho r i zon ta l  range covered i n  f l i g h t  

Gravi ty  cons tan t  a t  sea  l e v e l  a l t i t u d e  

F l i g h t  a1 t i t ude  

Heat t r a n s f e r  c o e f f i c i e n t  

Enthalpy o f  a6r a t  o u t e r  edge o f  boundary 
1 aye r 

Enthalpy o f  a i r  a t  su r face  

Heat of evapora t ion  

kcal/m O K  s e c  Thermal. conduc t iv i ty  

F l i g h t  Mach number 

Mass 

A i r  p ressure  a t  o u t e r  edge of  boundary l a y e r  

kgm 
kg /m2 

Vapor presslure n f  tektite m a t e r i a l  

Vapor pressure  of  q u a r t z  

1.- 1-2 

kg /m2 

nb I u t  

kcal/m2sec Aerodynamic hea t  t r a n s f e r  t o  evapora t ing  
sur face  

kc a 1 /m2 s e c Heat blocked by evapora t ion  and vapor 
d i f  f us ion  

qrad k c a l  /m2sec Heat r ad ia t ed  from su r face  i n t o  a i r  

V 



LIST OF SYMBOLS (CONT'D) 

R and R* m 

t sec  

T O K  

U mmlsec 

V mmlsec 

vca 

V S  

mmlsec 

mmlsec 

V km/sec 

W gram 

X m 

y o r  z m 

Y kg/m3 

E 

e 

I-1 

f 

i 

max 

S 

Defined i n  f i g .  4 

Time 

Temperature 

Veloci ty  component o f  mel t  flow p a r a l l e l  
t o  sur face  

Veloci ty  component o f  m e l t  flow normal t o  
su r  face  

Ablat ion speed a t  s t a g n a t i o n  po in t  

Evaporation speed o f  m e l t  a t  s t a g n a t i o n  
PO i n t  

F l i g h t  speed 

Weight 

Coordinate p a r a l l e l  t o  s u r f a c e ,  f i g .  4 

Coordinate normal t o  s u r f a c e ,  f i g .  4 

S p e c i f i c  weight 

Em i s s i v  i t  y cons t a n  t 

Angle of  f l i g h t  t r a j e c t o r y  r e l a t i v e  t o  
e a r t h ' s  hor izon  

kg 1 s e c  /m" V i scos i ty  

Subsc r ip t s  

f i n a l ,  i . e . ,  impact t i m e  a t  sea l e v e l  a l t i t u d e  

i n i t i a l ,  i . e . ,  e n t r y  t i m e  a t  o u t e r  edge o f  e a r t h ' s  
atmosphere 

m a x i m u m  va lue  

su r face  a t  s t a g n a t i o n  po in t  

v i  

t 



SUMMARY 

T e k t i t e s  a r e  small  g l a s sy  bodies which a r e  found i n  wel l -def ined 
a r e a s  and, i n  gene ra l ,  belong t o  one o f  a few well-def ined c l a s s e s  of  ,- 

geometr ical  shapes.  The l a r g e s t  strewn f i e l d  covers  most o f  sou theas t  
A s i a ,  another  f i e l d  most of Aus t r a l i a .  T e k t i t e s  a r e  un re l a t ed  t o  the  
geo log ica l  formations i n  which they a r e  found; t h e r e f o r e ,  they  must 
have been hur led  up somewhere by v i o l e n t  n a t u r a l  events  and c a r r i e d  i n  
f l i g h t  i n t o  the  strewn f i e l d s .  This b r ings  up the  problem of  the  
t e r r e s t r i a l  o r  e x t r a t e r r e s t r i a l  o r i g i n  of the  t e k t i t e s .  Aerodynamic 
a n a l y s i s  i s  employed t o  inves t iga t e  t e k t i t e  f l i g h t  i n  the  atmosphere o f  
the  e a r t h  and thus  t o  impose pe r t inen t  r e s t r i c t i o n s  on the  l a r g e  number 
o f  poss ib l e  hypotheses about t e k t i t e  o r i g i n .  I n  an experimental  s tudy 
a t  the  Ames Research Center of  NASA, i t  has been shown t h a t  g l a s s  spheres ,  
when exposed t o  hea t ing  r a t e s  a s  would be experienced i n  hypersonic  
f l i g h t ,  become s t r i k i n g l y  s i m i l a r  t o  the  shapes of  the  but ton-type 
a u s t r a l i t e s .  Ablat ion and t r a j e c t o r y  a n a l y s i s  i nd ica t e  t h a t  an average- 
weight but ton-type a u s t r a l i t e  entered the atmosphere a t  shal low angles  
r e l a t i v e  t o  e a r t h ' s  horizon and with e n t r y  speeds i n  excess  o f  6 .5  km/sec 
i n  o r d e r  t o  experience the observed average f i g u r e  of more than  70% mass 
l o s s  i n  f l i g h t  as compared t o  the  volume o f  the  sphere from which the 
bi i t ton was der ived  e 

The fol lowing a d d i t i o n a l  resu l t s  of t r a j e c t o r y  and a b l a t i o n  a n a l y s i s  
a r e  presented  p e r t a i n i n g  t o  the o r i g i n  of t hese  g l a s s  spheres :  

(1) The g l a s s  spheres  could o r i g i n a t e  from the  e a r t h ' s  su r f ace  
only  i n  the  extremely un l ike ly  case t h a t  a h ighly  t r anspa ren t  g l a s sy  
body of  cons iderably  more than  10,000 tons  weight depa r t s  w i t h  more than 
10 km/sec from the  e a r t h  and r e l e a s e s  l i q u i d  drops from i t s  a b l a t i n g  
s u r f a c e  

(2 )  The g l a s s  spheres  could be r e l eased  as l i q u i d  drops from a 
g l a s s y  parent  meteor .which is  s u f f i c  i e n t l y  t r anspa ren t  t o  thermal 
r ad i a t  ion .  

( 3 )  Fusion of  s i l i c e o u s  rock i n t o  g l a s s  by aerodynamic e f fecLs  i s  
imposs ib le  e 

T e k t i t e s  a r e  shown t o  be remnants o f  e x t r a t e r r e s t r i a l  g l a s sy  bodies  
which en tered  the  e a r t h ' s  atmosphere i n  sk ipping  f l i g h t  and, probably,  
were removed by meteor impact from the  moon. Glassy meteors which 
descend d i r e c t l y  o r  s tony meteors cannot r e l e a s e  me teo r i t e s  o f  w e l l -  
de f ined  shapes l i k e  t e k t i t e s  



. 
I -  

\ '  
2 

I. INTRODUCTION 

Tek t i t e s  are s m a l l  g l a s sy  bodies  which a r e  found i n  we l l  def ined  
a reas .  The largest  so-ca l led  strewn f i e l d  covers most o f  Southeast  
Asia,  and another strewn f i e l d  covers  most of  A u s t r a l i a ;  smaller f i e l d s  
are loca ted  i n  Texas, Georgia,  Ghana, Bohemia, and Moravia. A l l  t ek-  
t i t e s  have a fami ly- l ike  chemical composition and are un re l a t ed  t o  the  
geo log ica l  formations i n  which they are found; t h e r e f o r e ,  they must 
have been hurled up somewhere by v i o l e n t  n a t u r a l  events  and c a r r i e d  i n  
f l i g h t  i n t o  t h e  strewn f i e l d s .  Avai lable  evidence,  e . g . ,  r a d i o a c t i v e  
da t ing ,  proposes, according t o  p .  118 o f  r e f .  5 ,  " tha t  t h e  d i f f e r e n t  
groups o f  t e k t i t e s  from the  seve ra l  zones of  occurrence a r e  separa ted  
i n  t h e i r  time of  a r r i v a l  by cons iderable  per iods  of  time and t h a t  t h e r e  
m u s t  thus  have been more than  one shower o f  t e k t i t e s  dur ing  t h e  e a r t h ' s  
geo log ica l  h i s t o r y . "  The m a t e r i a l  thrown up wa,s e i t h e r  a l r eady  g l a s s y ,  
due t o  meteor impact o r  vo lcanic  a c t i o n , o r  was fused i n t o  g l a s s  by aero-  
dynamic hea t ing  i n  f l i g h t .  I n  a d d i t i o n  t o  such aerothermodynamic e f f : c t s  
dur ing  a hypothe t ica l  f i r s t  f l i g h t  phase i n  an atmosphere, a l l  t h e  
a u s t r a l i t e s  and some j a v a i t e s  show a s u p e r f i c i a l  second me l t ing  per iod  
r e s u l t i n g  i n  a few p e c u l i a r  t y p e s  of  su r face  scu lp tu r ings  and w e l i  
def ined shapes,  which can be explained by a b l a t i o n  dur ing  hypersonic  
f l i g h t  i n  the e a r t h ' s  atmosphere, as w i l l  be shown i n  t h i s  paper .  

It has  not  y e t  been poss ib l e  t o  prove by chemical o r  phys i ca l  
a n a l y s i s  o f  n a t u r a l  t e k i t e s  whether t e k t i t e - f l i g h t  s t a r t e d  a t  the  ea r th ' s .  
su r f ace  o r  a t  some e x t r a t e r r e s t r i a l  po in t  o f  depa r tu re .  The g l a s s y  
unc rys t a l f i zed  substance inc ludes  68% - 80% s i l i c a ,  9% - 16% A1203, e t c .  
The complete absence o f  c r y s t a l s  and a s l i g h t l y  d i f f e r e n t  chemical com- 
p o s i t i o n  d i s t i n g u i s h e s  t e k t i t e  g l a s s  from g la s sy  e j a c t a ,  e . g . ,  c o n s i s t -  
ing of  s o l i d i f i e d  ash from volcanic  e r u p t i o n s  o r  from steam locomotives.  
According t o  re,f .  7 ,  very  small  q u a n t i t i e s  of n i c k e l - i r o n  sphe ru le s  
have been found among the minor c o n s t i t u e n t s  o f  some t e k t i t e s .  Since 
meteors a r e  the only n a t u r a l  source of  n i c k e l - i r o n ,  meteor impact must 
then  have caused the  f l i g h t  of  t e k t i t e s  o r  o f  t h e i r  pa ren t  bodies  which 
r e l eased  t e k t i t e s  i n  f l i g h t .  Since A126 w i t h  a h a l f - l i f e  of  l o 6  yea r s  
i s  generated by prolonged exposure t o  cosmic r a d i a t i o n ,  i t s  absence i n  
79 t e k t i t e s  taken from the  Far East and A u s t r a l i a ,  according t o  r e f .  22,  
y i e l d s  t h e  conclusions "(1)  i f  t e k t i t e s  a r r i v e d  as small unshielded 
bodies ,  t h e i r  ' f l i g h t '  o r  cosmic-ray exposure t i m e  w a s  less than  10,000 
yea r s ;  (2) i f  they a r r i v e d  i n  a l a r g e ,  we l l - sh i e lded  body, t h i s  ' p ro to -  
t e k t i t e '  body must have had a r a d i u s  2 95 m . "  - 

For a t e k t i t e  c l u s t e r  i n  a r b i t r a r y  o r b i t  i n  t he  s o l a r  system, the  
l i f e  expec ta t ion  before  an encounter  w i th  the  e a r t h  i s  ve ry  much l a r g e r  
than  10,000 years ,  according t o  r e f .  18.  I n  a d d i t i o n ,  s t a b i l i t y  reason-  
ing i n  r e f .  2 1  e s t a b l i s h e s  a minimum d e n s i t y  o f  10-6 grarns/cm3 for such 
a c l u s t e r ,  which,in case o f  i t s  encounter  w i t h  the  e a r t h ,  would p i l e  UP 

t e k t i t e  l aye r s  of  100 grams/cm2 over  southern  A u s t r a l i a .  Therefore ,  
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t e k t i t e  c l u s t e r s  of  e x t r a t e r r e s t r i a l  o r i g i n  a r r i v i n g  a t  t h e  e a r t h  most 
l i k e l y  o r i g i n a t e  from the  moon and t h e i r  e n t r y  speed i n t o  the  e a r t h ' s  
atmosphere i s  l imi t ed  by approximately the  escape speed, 11.2 kmlsec, o f  
the  earth-moon system. 

These genera l  s ta tements  are compatible wi th  a l a r g e  number of  
poss ib l e  hypotheses about the  o r i g i n  of  the  t e k t i t e s .  Whereas the  poss i -  
b i l i t y  o f  a b l a t i v e  shaping of  t e k t i t e s  i n  f l i g h t  has been d iscussed  
before  i n  r e fe rences  11, 13, 14,  and 19,  only the  r e c e n t  experimental  
and t h e o r e t i c a l  advances i n  the  f i e l d  o f  missi le  and space veh ic l e  r e -en t ry  
f u r n i s h  the  c a l c u l a t i o n  methods needed t o  analyze t e k t i t e  f l i g h t  i n  the  
e a r t h ' s  atmosphere and thus  t o  impose f u r t h e r  r e s t r i c t i o n s  on the v a r i e t y  
o f  hypotheses.  The a v a i l a b l e  c a l c u l a t i o n  methods f o r  t r a j e c t o r y  and 
a b l a t i o n  a n a l y s i s  a r e  app l i cab le  i f  the  o b j e c t  i s  a simple-shaped body o f  
r e v o l u t i o n ,  c o n s i s t i n g  of a known m a t e r i a l ,  and f l y i n g  a t  zero angle  o f  
a t t a c k .  With the  except ion  o f  some unce r t a in ty  about m a t e r i a l  p r o p e r t i e s ,  
these  condi t ions  a r e  f u l f i l l e d  f o r  the but ton-type a u s t r a l i t e s ,  whose 
f i n a l  shape appears  i n  f i g u r e s  1 and 2. The r e s u l t s  t o  be discussed 
r e s t  on the  well-known t r a j e c t o r y  equat ions f o r  bodies  of  v a r i a b l e  mass 
and on a c a l c u l a t i o n  method f o r  a b l a t i n g  g l a s s  o r  s tone  bodies .  This  
method i s  descr ibed  i n  r e f .  2 and in  unpublished r e p o r t s  by the  same 
ai~.thnr Camparissn n f  ablation th icknesses  c a l c u l a t e d  by use of t h i s  
method t o  experimental  a b l a t i o n  d a t a  f o r  a g l a s s y  material  shows l e s s  
than io% devia i io t i .  

Experimental r e s u l t s  and aerothermodynamic a n a l y s i s  are employed i n  
s e c t i o n s  2 - 4 t o  determine the i n i t i a l  shape and the  poss ib l e  e n t r y  
cond i t ions  o f  the  but ton-type a u s t r a l i t e s  a t  t he  beginning o f  t h e i r  f i n a l  
descen t .  Poss ib l e  previous f l i g h t  phases i n  the  e a r t h ' s  atmosphere are 
then  s tud ied  i n  s e c t i o p  V t o  i nves t iga t e  a whether t e k t i t e - f l i g h t  could 
have s t a r t e d  a t  t he  e a r t h ' s  sur face  o r  a t  t he  o u t e r  edge o f  the  atmosphere 
on ly ,  a w h e t h e r  t e k t i t e s  could have been r e l eased  i n  f l i g h t  from a 
p a r e n t  meteor,  and whether t h e  fus ion  o f  s i l i c e o u s  rock i n t o  g l a s s  is 
p o s s i b l e  by aerodynamic hea t ing  i n  the atmosphere. 

The eii thors are indebted f o r  very h e l p f u l  d i scuss ions  t o  ' . 
D r .  John A.  O'Keefe of  t he  Goddard Space F l i g h t  Center ,  Greenbel t ,  
Maryland and t o  M r .  Werner K.  Dahm, Marshall  Space F l i g h t  Center ,  
H u n t s v i l l e ,  Alabama. 
11. EXPERIMENTAL EVIDENCE FOR THE SHAPING OF THE BUTTON-TYPE AUSTRALITES 

BY AERODYNAMIC ABLATION 

f 'h-nmgm vLLuy.LLu.., i~? r e f .  9 p re sen t s  conclusive experimental  proof t h a t  
g l a s s  spheres ,  when placed i n  an e l e c t r i c - a r c  j e t  tunnel  and exposed t o  
h e a t i n g  r a t e s  o f  t he  o rde r  o f  those experienced i n  hypersonic  f l i g h t ,  
become s t r i k i n g l y  s imilar  t o  button-type a u s t r a l i t e s .  This  s i m i l a r i t y  
comprises ,  f i r s t l y ,  a pecu l i a r  system of  r i n g  waves on t h e  ab la t ed  f r o n t  
f a c e ,  secondly,  a co i l ed  c i r cumfe ren t i a l  f l ange  made of  s o l i d i f i e d  m e l t ,  
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and f i n a l l y ,  oppos i te  the  s t agna t ion  po in t  and enclosed by the  f l ange ,  
a sphe r i ca l  remainder of  t he  o r i g i n a l  su r f ace  shape. 
rough and p i t t e d  i n  case of  t he  n a t u r a l  bu t tons  as i s  seen i n  f i g .  2 .  
Fig.  3 shows a g l a s s  rod whose f r o n t  face  ab la t ed  i n  an e l e c t r i c - a r c  j e t  
f a c i l i t y .  The r i n g  waves and the  f lange  a r e ' c l e a r l y  v i s i b l e  i n  f i g .  3 .  
The ex is tence  of a sys temat ic  deformation of  the  s t r iae  which is  confined 
t o  a very  t h i n  l aye r  underneath the  su r face  o f  both the n a t u r a l  the  
a r t i f i c i a l  bu t tons  shows, according t o  r e f .  9 ,  t h a t  the  a b l a t i o n  of  t he  
n a t u r a l  but tons was by aerodynamic hea t ing  of  r i g i d  g l a s s  and no t  by 
aerodynamic pressure  a c t i n g  on s o f t  g l a s s ,  s ince  the  l a t t e r  would have 
d i s t o r t e d  the s t r i a e  p a t t e r n  t o  a cons iderable  depth belowitthe su r face .  
Chapman's experimental  work confirms beyond doubt the  hypothes is  t h a t  
t he  but ton-type a u s t r a l i t e s  were shaped by aerodynamic a b l a t i o n  from 
g l a s s  spheres ,  whose curva tures  a r e  i d e n t i c a l  t o  those o f  the  p i t t e d  
p o s t e r i o r  sur faces  of n a t u r a l  bu t tons .  

This  remainder i s  

111. THEORETICAL EVIDENCE FOR THE ABLATION OF 
AUSTRALITES I N  DESCENDING FLIGHT 

The inspec t ion  o f  su r face  scu lp tu r ings  on discovered a u s t r a l i t e s  
r e v e a l s ,  according t o  pp.  74 - 76 of  r e f .  5 ,  t h a t  they were der ived  
from bodies  of  r evo lu t ion  and, i n  the  ma jo r i ty  o f  c a s e s ,  from spheres .  
Chapman po in t s  ou t  on pp.  16 - . I 9  of  r e f .  9 t h a t  an o s c i l l a t i o n  about 
any a x i s  o ther  than the  f l i g h t  a x i s ,  whether i n i t i a l l y  p re sen t  o r  
induced by d is turbances  i n  f l i g h t ,  i s  r a p i d l y  damped by the  cont inuously 
inc reas ing  magnitude of  the  su r face  p re s su re  d i s t r i b u t i o n  i n  descending 
f l i g h t ,  whereas t h i s  damping e f f e c t  would be absent  i n  ascending f l i g h t .  
The decrease i n  curva ture  a t  t he  po in t  where mel t ing  begins  on a sphere 
causes  a rearward depar ture  o f  the  aerodynamic c e n t e r  (of the  p re s su re  
d i s t r i b u t i o n )  from the cen te r  o f  g r a v i t y .  The corresponding unbalanced 
moment about t he  cen te r  of  g r a v i t y  tends t o  a l i g n  the  s t a g n a t i o n  po in t  
of  t he  body of revolu€ion ,  the  cen te r  of  g r a v i t y ,  and the  aerodynamic 
c e n t e r ,  so t h a t  t h i s  w i l l  be the  s t a b l e  f l i g h t  a t t i t u d e .  

For a g l a s s  sphere of  1 . 3  cm r a d i u s  i n  ascending f l i g h t  w i t h  an 
i n i t i a l  speed o f  8 km/sec a t  s e a  l e v e l  a l t i t u d e ,  a simple c a l c u l a t i o n  
y i e l d s  an  i n i t i a l  d e c e l e r a t i o n  of  96,000 g and, t h e r e f o r e ,  t oge the r  w i t h  
Chapman's s t a b i l i t y  reasoning,  r u l e s  ou t  t he  depa r tu re  from the  e a r t h ' s  
su r f ace  o f  a c l u s t e r  o f  t e k t i t e s .  

These cons idera t ions  s t i l l  leave the  p o s s i b i l i t y  o f  l i q u i d  d r o p l e t s  
r e l eased  from the mel t ing  su r face  o f  a l a r g e  s o l i d  rock having 'been  
hur led  up from the e a r t h ' s  su r f ace  by meteor impact. The mater ia l  
e v i d e n t l y  must  be s u f f i c i e n t l y  r i g i d  i n  o r d e r  t o  avoid immediate d i s i n -  
t e g r a t i o n .  The i n i t i a l  speed must be s u f f i c i e n t l y  h igh  and the  i n i t i a l  
t r a j e c t o r y  angle s u f f i c i e n t l y  shallow i f  a n  a r e a o f  the  s i z e  o f  A u s t r a l i a  
i s  t o  be covered by fragments o f  t h i s  rock o r  a c l u s t e r  o f  b i g  rocks 
hur led  up by the  same event .  As  an  example, a hemisphere w i t h  i n i t i a l  

t 
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r ad ius  R(0) = 6.74 m ,  c o n s i s t i n g  of s i l i c e o u s  rock and weighing 1700 
tons ,  i s  being considered i n  f l i g h t  a t t i t u d e  according t o  f i g .  4. The 
i n i t i a l  speed a t  sea l e v e l  a l t i t u d e  is  assumed t o  be 10 km/sec and the  
angle  o f  depar ture  15" r e l a t i v e  t o  the  e a r t h ' s  hor izon .  The i n i t i a l  
d e c e l e r a t i o n  2 500 g.  Af te r  1.8 sec f l i g h t  t i m e ,  the  hemisphere has  
gained the  a l t i t u d e  H = 3.39 km, and the  speed i s  5.64 km/sec. The 
s t agna t ion  po in t  va lues  o f  t he  aerodynamic hea t  t r a n s f e r  r a t e  saero and 
o f  t he  su r face  temperature Ts a r e  a t  t h a t  t i m e  2652 kcal/m" sec  and 
3003 O K ,  r e s p e c t i v e l y .  The sur face  temperature g rad ien t  i n  a d i r e c t i o n  
normal t o  the  su r face  has then  a value of 1 .8  x lo6  'K/m and the tempera- 
t u r e  drops by 2084 O K  i n  a l a y e r  of on ly  1.76 mm th ickness .  The su r face  
recedes  1 . 4  mm dur ing  the f i r s t  1 .8  sec f l i g h t  t ime,  51% of  which i s  
due t o  mel t  flow. I f  gas r a d i a t i o n  i s  considered i n  a d d i t i o n  t o  convec- 
t i v e  hea t ing ,  the  su r face  would b o i l  r a p i d l y  and the heated l a y e r  would 
become th inne r ,  so t h a t  the  body being considered cannot r e l e a s e  l i q u i d  
d r o p l e t s  i f  i t  c o n s i s t s  o f  opaque s tone .  

I f  the  m a t e r i a l  were g l a s sy  and t r anspa ren t  t o  thermal r a d i a t i o n ,  
t h e  th ickness  of  t he  heated l a y e r  would cons iderably  inc rease ,  as i s  
brought ou t  by the  d i scuss ions  i n  sec t ion  V. Af t e r  20 sec  f l i g h t  t ime,  
t he  v e l o c i t y  i s  only  2.093 km/sec, t he  a l t i t u d e  only  16.3 km, and the  
si.irface t~mpra.tiur~ a.t_ t h e  s t a g n a t i o n  p o i n t  only 1291 OK f e r  the body 
being cons idered .  It i s  seen t h a t  l i q u i d  d r o p l e t s  r e l eased  from the  
a b l a t i n g  su r face  of  t h i s  body, i f  it i s  transpareni, carlrmt leave t h e  
atmosphere and then  r e - e n t e r  a t  speeds between 6 and 11.2 km/sec, as is  
r equ i r ed  by the  r e s u l t s  o f  t r a j e c t o r y  and a b l a t i o n  a n a l y s i s  i n  s e c t i o n  I V .  
Ter res t r ia l  o r i g i n  of  t e k t i t e s  then i s  r e s t r i c t e d  t o  the  extremely un l ike ly  
case  o f  a h ighly  t r anspa ren t  g lassy  body wi th  >> 1700 tons  depa r t ing  from 
the  e a r t h ' s  su r f ace  > 6 km/sec. 

I V .  TRAJECTORY AND ABLATION ANALYSIS FOR THE 
FINAL DESCENT OF THE BUTTON-TYPE AUSTRALITES 

By employing the  s t eady- s t a t e  approximation der ived  i n  r e f .  6 f o r  
t he  a b l a t i o n  process ,  Chapman ( r e f .  8 )  was the  f i r s t  t o  analyze the  
descen t  o f  but ton-type aus t r a l i t e s  under the  assumption of  s m a l l  o r  
moderate a b l a t i v e  mass l o s s e s  so t h a t  the  v a r i a b l e  m a s s  could be approxi- 
mated i n  the  t r a j e c t o r y  c a l c u l a t i o n s  by the  average o f  the  masses a t  the  
beginning and a t  t he  end of  the  f l i g h t .  Ref.  4 p re sen t s  a summary of  a 
renewed s tudy ,  t o  be d iscussed  ex tens ive ly  i n  t h i s  s e c t i o n ,  o f  the  f i n a l  
descen t  of  but ton-type a u s t r a l i t e s  by employing combined non-s ta t ionary  
t r a j e c t o r y  and a b l a t i o n  a n a l y s i s  i n  o rde r  t o  o b t a i n  r e s u l t s  f o r  t he  

o f  quas i - s teady  a b l a t i o n  a n a l y s i s  from exac t  non-s ta t ionary  a n a l y s i s  are 
exempl i f ied  by the  r e s u l t s  presented i n  r e f .  3 .  

m ~ l t i ~ g  azd e ~ j a p c r a t i c ~  h i s t e p ,  ~ r n  to l!XJx ahl=tiifi. T ~ P ,  l a run  r l o ~ r i a t i n n s  
3 -r 0- --- -------- 

If an a x i a l l y  symmetric body of r e v o l u t i o n  f l i e s  a t  zero angle  of  
a t t a c k ,  the  conduction of  hea t  and the  a b l a t i o n  can be t r e a t e d  along the  
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body axis 0-So i n  f i g .  4 without  r e fe rence  t o  the  neighboring c r o s s  
s e c t i o n s  because of the extremum c h a r a c t e r i s t i c s  of  the  s o l u t i o n  along 
the  a x i s  0-So. The f r o n t  face  a b l a t i o n  of  t he  g l a s s  spheres  from which 
the  button-type a u s t r a l i t e s  were der ived  and the  formation o f  a f lange  
can  be approximated by a s impl i f i ed  model t h a t  i s  hemispheric a t  the  e n t r y  
a l t i t u d e  H = 150 km above sea  l e v e l .  I n  o rde r  t o  check the  dependence of  
the  r e s u l t s  on the  geometric model employed, an  i n i t i a l l y  s p h e r i c a l  model 
w a s  a l s o  inves t iga ted  whose f r o n t  h a l f  i s  supposed t o  a b l a t e  a s  shown i n  
f i g .  4.  A comparison of r e s u l t s  f o r  the  two models i n d i c a t e s  very  l i t t l e  
d i f f e rence ,  The ca l cu la t ed  r e s u l t s  prove t h a t  the  flow 
o f  a i r  i s  laminar on the e n t i r e  su r face  of  the  assumed hemispheric model 
dur ing  the  a b l a t i o n  per iod .  Other s t u d i e s  ( e . g . ,  r e f .  2) show t h a t  t he  
t o t a l  a b l a t i o n  decreases  under t h i s  cond i t ion  as the  d i s t a n c e  from the 
s t a g n a t i o n  poin t  i nc reases .  The a b l a t i o n  process ,  which is  c a l c u l a t e d  
only  along 0-SO, i s  supposed t o  convert  the  hemispheric shape A-So-B-O-A 
i n  f i g .  4 in to  the  s e c t i o n  A-S(t)-B-O-A of  a sphere completely def ined  
by the  th ickness  R*(t) o f  t he  model. The weights  o f  the  g l a s s  spheres  
from which the but ton-type a u s t r a l i t e s  were der ived  by a b l a t i o n  vary  i n  
the  l i m i t s  5 - 20 grams, according t o  p .  80 o f  r e f .  5 .  This  y i e l d s  the  
l i m i t i n g  i n i t i a l  r a d i i  R ( 0 )  = 0.99 cm and R(0) = 1.58 cm of  the  hemi- 
sphe r i c  model. Resu l t s  have been c a l c u l a t e d  f o r  the  r a d i i  R(0) = 0.65 
cm and R(0) = 1.30  cm, which correspond t o  i n i t i a l  weights  1 .38 and 11.04 
grams, r e spec t ive ly .  A cons tan t  drag  c o e f f i c i e n t  o f  cD = 2.5 w a s  assumed 
f o r  the t r a j e c t o r y  c a l c u l a t i o n s  i n  the  free-molecular  reg ion  o f  t he  a i r ;  
CD w a s  ca l cu la t ed  a s  a func t ion  of  R*(t)/R(O) and o f  the  f l i g h t  Mach 
number, M(t),  i n  the continuum flow reg ion  o f  t he  a i r .  The t r a j e c t o r y  
and a b l a t i o n  a n a l y s i s  was c a r r i e d  o u t  on an  I B M  7090 computer by use 
of  t i m e  steps between The fol lowing mater ia l  pro- 
p e r t i e s  o f  the supposedly opaque m a t e r i a l  were employed i n  the  ca lcu-  
l a t i o n s :  thermal conduct iv i ty  k = 5 x 10-4 kcal/m O K  s ec  according t o  
p .  162 o f  r e f .  5;  s p e c i f i c  hea t  cp  = 0 .21  kca l /kg  OK according t o  r e f .  12; 
su r f ace  emis s iv i ty  cons tan t  E = 0 . 4  ( e s t ima ted ) ;  and v i s c o s i t y  func t ion  
p(T) = 0.0102 exp [ (44 ,89l /T  O K )  - 14.5411 kg sec/m2 according t o  r e f .  23. 
Since measurements of the  vapor p re s su re  pV(T) o f  t e k t i t e  m a t e r i a l  have 
not  y e t  been publ ished,  t he  a c t u a l l y  employed f u n c t i o n ,  namely, pv,(T) = 
13.595exp[30.01- (57,25O/T OK)] kg/m2, w a s  ob ta ined  from the vapor p re s su re  
o f  fused s i l i c a ,  pV2(T) = 15,498 exp [ 18.41 - (58,176/T O K ) ]  kg/m2, r e f .  
20, by lowering the  b o i l i n g  po in t  a t  one atmosphere from 3070 O K  t o  2500 O K  

t o  account for  the v o l a t i l e  component i n  t e k t i t e s ,  whose s i l i c a  conten t  i s  
only  68% - 80%. 

(See t a b l e  1)'. 

and 10-1 sec .  

For the i n i t i a l l y  hemispheric model o f  bu t ton- type  a u s t r a l i t e s  shown 
i n  f i g .  4 with the  m a t e r i a l  p r o p e r t i e s  l i s t e d  i n  the  preceding paragraph, 
t he  f i g u r e s  5 through 15 p resen t  curves  o f  c o n s t a n t  performance parameters 
a s  func t ions  o f  e n t r y  speed Vi km/sec and e n t r y  angle  R a t  e n t r y  a l t i t u d e  
H = 150 km above sea  l e v e l .  
few t y p i c a l  cases  t o  take the  fol lowing v a l u e s :  ' f i r s t l y ,  k = 4 X 
kcal/m O K  sec and cp = 0.29 kca l /kg  O K ;  s econdly ,  E = 0.05.  

The material  p r o p e r t i e s  were changed i n  a 

The r e s u l t i n g  
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changes i n  the  r e l a t i v e  mass l o s s ,  [ l  - m(tf ) /m(0)] ,  are smaller than  6% 
as compared t o  the  r e s u l t s  presented i n  f i g .  5. The comparison of  the  
s o l i d  l i n e s  i n  f i g u r e s  5 and 6 shows, however, t h a t  the  unce r t a in ty  about 
t he  vapor pressure  o f  t e k t i t e  ma te r i a l  has cons iderable  e f f e c t  on th? 
r e s u l t s .  

The curves f o r  R ( 0 )  = 1 . 3  cm ( i n i t i a l  weight o f  11.04 grams) i n  
f i g u r e s  5 and 6 are t y p i c a l  f o r  the  discovered but ton-type a u s t r a 1 ; t e s  
s i n c e  the  spheres  def ined  by the r a d i i  o f  the  p o s t e r i o r  s u r f a c e s  o f  
n a t u r a l  bu t tons  have an average weight of  11 grams, according t o  p .  79 
o f  r e f .  5 .  The range o f  poss ib l e  en t ry  condi t ions  can then  be l imi t ed  
as follow's i n  f i g u r e s  5 and 6: by the  overshoot l i n e  s i n c e  the  f i n a l  
descent  i s  considered,  a according t o  p .  79 of  r e f .  5,  by the a b l a t i o n  
range o f  70% - 90%.for  n a t u r a l  bu t tons  wi th  an i n i t i a l  weight o f  11 grams, 
and 121 by the  e a r t h ' s  escape speed, 11.2 km/sec. The l a s t  cond i t ion  i s  
v a l i d  f o r  both a c l u s t e r  of  t e k t i t e s  e n t e r i n g  the  e a r t h ' s  atmosphere f o r  
t he  f i r s t  t ime,  according t o  evidence i n  s e c t i o n  I p e r t a i n i n g  t o  the  lunar  
o r i g i n  of such a c l u s t e r ,  and a l s o  f o r  r e -en te r ing  s o l i d i f i e d  d r o p l e t s  
which were r e l eased  from an a b l a t i n g  parent  body i n  a manner t o  be descr ibed  
i n  s e c t i o n  V.  
and 0 < €Ii 
and 0 2 B i  

The poss ib l e  e n t r y  condi t ions  are then  7 5 V i  5 11.2 km/sec - < 6' i n  case  of  the  func t ion  pVl(T) and 6.5 5 V i  5 11.2 km/sec 
- < 29' i n  case of the  funct ion pV2(T). 

Table 2; which fol lows from eva lua t ing  f i g u r e s  5 through 15 ,  exp la ins  
the  dependence of  the  r e s u l t s  on the r e l e v a n t  parameters V i ,  B i ,  m(O), and 
pv(T). This  dependence i s  predominantly determined by the  aerodynamic 
h e a t i n g  pulse  and by the  sh i e ld ing  mass t r a n s f e r  e f f e c t .  A smal le r  per-  
cen tage  o f  the  k i n e t i c  energy converted i n t o  hea t  reaches the  su r face  as 
the  h e a t  pu lse  i s  s h i f t e d  t o  lower a l t i t u d e s ,  where a h igher  po r t ion  of  
t he  generated hea t  remains i n  the  denser a i r .  The case  i s  c l e a r e s t  f o r  
t he  change of  B i  s i n c e  t h i s  causes  no change i n  the  k i n e t i c  energy and 
only  a r e l a t i v e l y  s m a l l  increase  i n  the  mass t r a n s f e r  e f f e c t  according t o  
t a b l e  2 .  

Any r i se  of  t he  en tha lpy  d i f f e rence  (he - hs) ac ross  the  a i r  boundary 
l a y e r  causes  an inc rease  of  the sur face  temperature Ts and, correspondingly)  
o f  t h e  flow r a t e  and evapora t ion  r a t e  of  m e i t  arid ui the E i i i i S S i O G  o r  o f  
r a d i a t i o n  from the  s u r f a c e .  The vapor iza t ion  process  absorbs hea t ;  a l s o ,  
t he  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h ,  decreases  due t o  the  d i f f u s i o n  o f  vapor 
a c r o s s  the  a i r  boundary l a y e r .  The aerodynamic hea t  t r a n s f e r  ra te  a t  
t he  w a l l ,  qaero( t )  = h(he - hs) kcal/m2 s e c ,  t h e r e f o r e ,  i nc reases  a t  a 
smaller r a t e  than  the  en tha lpy  d i f f e rence  (he - h s ) .  Since t h e r e  i s  only  
convec t ive  hea t ing  and n e g l i g i b l e  g a s  r a d i a t i o n  f o r  t h e  s m a l l  bodies  under 
d i s c u s s i o n ,  t he  su r face  temperature may tend toward the  b o i l i n g  p o i n t  but 
i t  cannot  reach  t h i s  po in t .  I f  the i n t e n s i t y  of  the  hea t  pu lse  inc reases  
a t  a cons tan t  a l t i t u d e ,  as i n  case o f  a r i s e  of  V i ,  s m a l l  i nc reases  of  the  
s u r f a c e  temperature a r e  s u f f i c i e n t  t o  r a i s e  both the  evapora t ion  r a t e  and 
the  s h i e l d i n g  mass t r a n s f e r  e f f e c t  a t  such a s t e e p  ra te  as t o  cope wi th  

. .  
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any i n c r e a s e - o f  (he 
a l t i t u d e s ,  the evaporat ion r a t e  decreases  unless  the  su r face  temperature 
considerably r i s e s ,  a s  t a b l e  2 shows f o r  an  increase  6 i .  

hs ) .  I f  t he  hea t ,  pulse  i s  s h i f t e d  t o  lower 

I f  t he  higher  vapor pressure  func t ion  pV1(T) i s  rep laced  by the  
lower funct ion pV2(T), the  necessary s h i e l d i n g  mass t r a n s f e r  e f f e c t  
r e q u i r e s  considerably higher  sur face  temperatures and, t h e r e f o r e ,  i s  
accompanied by higher  m e l t  flow r a t e s  ( t a b l e  2 ) .  The comparison of  
the s o l i d  l i n e s  i n  f i g u r e s  5 and 6 i n d i c a t e s  a s t rong  increase  o f  the  
r e l a t i v e  mass l o s s  [ l  - m(tf)/m(O)] when pV2(T) i s  s u b s t i t u t e d  f o r  pv l (T) .  

A s  an example f o r  the  100 ca l cu la t ed  s o l u t i o n s ,  f i g u r e s  16 through 
21 present  one s p e c i a l  s o l u t i o n  which i s  def ined  by the e n t r y  speed 
V i  = 9 km/sec, the e n t r y  angle  O i  = 7' r e l a t i v e  t o  the e a r t h ' s  hor izon ,  
the  e n t r y  a l t i t u d e  H = 150 km above sea  l e v e l ,  the  vapor p re s su re  func t ion  
pvl (T) ,  and the i n i t i a l  r ad ius  R ( 0 )  = 1 .3  cm o f  the  hemispheric model. 
The f l i g h t  terminates  a t  sea  l e v e l  a l t i t u d e ,  H = 0 km, wi th  the  impact 
speed Vf = 1 7  m/sec and the  nea r ly  v e r t i c a l  impact angle  e f  = 89.99. 
l a s t  ca l cu la t ed  temperature p r o f i l e  a long the  a x i s  of  symmetry i s  nea r ly  
uniform wi th  T = 780 O K  a t  the  a l t i t u d e  H = 11.54 km according t o  f i g .  20; 
i . e . ,  the  body a l r eady  has become r i g i d  some time before  impacting. It i s  
seen t h a t  the aerodynamic h e a t  pu l se ,  i a e r o ( t ) ,  t akes  p lace  a t  a s l i g h t l y  
higher  a l t i t u d e  than the  d e c e l e r a t i o n  pu l se ,  a ( t ) .  The maximum dece le ra -  
t i o n  has a value of  26 g .  The a b l a t i o n  a t  the s t a g n a t i o n  p o i n t ,  43% of  
which i s  due t o  evapora t ion ,  s ta r t s  i n  the free-molecular  r eg ion  of  the  
a i r  a t  90 km a l t i t u d e  and ends i n  the hypersonic  continuum flow reg ion  
a t  f l i g h t  Mach numbers > 4. The su r face  temperature c l o s e l y  fol lows 
the  change of the  aerodynamic hea t  t r a n s f e r  pu l se ,  ; aero( t ) ,  t o  a non- 
evaporat ing su r face .  

The 

For t h e  i n i t i a l l y  hemispheric bu t ton  model, whose performance as a 
func t ion  o f  t i m e  has been d iscussed  i n  the preceding paragraph,  f i g ,  20 
p resen t s  temperature p r o f i l e s  T = T ( z , t )  OK along the  body's  z -ax is  as 
following from one-dimensional hea t  conduction a n a l y s i s  e The shaded 
po r t ions  ad jacent  t o  the ins tan taneous  l o c a t i o n s  o f  the  su r face  i n d i c a t e  
the  th ickness  o f  the melt  flow. The deepes t  p e n e t r a t i o n  of  the  molten 
l aye r  i s  reached a t  time t = 100 sec  when r e s o l i d i f i c a t i o n  has  j u s t  
s t a r t e d .  The corresponding c a l c u l a t e d  s t r i a e  deformation due t o  prev ious  
m e l t  flow i n  the s o l i d i f i e d  l a y e r  i s  shown i n  f i g .  21a f o r  t he  v i c i n i t y  
of  the s t agna t ion  po in t .  The s t r a i g h t  l i n e  i n  f i g .  21b shows the  s t r i ae  
d i s t o r t i o n  as a func t ion  of  t he  d i s t a n c e  x from the  s t a g n a t i o n  po in t  and 
the  l i n e s  i n  f i g .  21c f e a t u r e  the  s t r i a e  p r o f i l e s  underneath the  su r face  
f o r  two d i s t ances  x from the s t a g n a t i o n  p o i n t .  F ig .  22 shows the  co r re s -  
ponding r e s u l t s  f o r  the s t r i a e  deformation i n  case  o f  an i n i t i a l l y  
hemispheric model which e n t e r s  w i th  a speed of  V i  = 6 km/sec and the  
angle  9 i  = 2 and which s u f f e r s  on ly  29% a b l a t i o n  i n  f l i g h t .  
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The fol lowing a d d i t i o n a l  general  conclusions can be drawn from the  

The impact 
ca l cu la t ed  cases :  The impact a t  sea l e v e l  a l t i t u d e  takes  p l ace  i n  the  
range 88' 5 ef < 9 0 ° ,  i . e . ,  i n  a near ly  v e r t i c a l  d i r e c t i o n .  
speed i s  1imite';i by Vf 5 28 m/sec.  
0 -S( t )  def ined  i n  f i g .  4 is  below 600 O K  a t  impact t i m e ,  so t h a t  p l a s t i c  
deformations due t o  the  impact are impossible.  

The temperature l e v e l  on the  l i n e  

V. THE PARENT BODY HYPOTHESIS AND SKIPPING FLIGHT PHASES 
OF THE AUSTRALITES PRIOR TO THEIR FINAL DESCENT 

a .  Statement o f  the  Problem 

According t o  s e c t i o n s  I1 and I V ,  obse rva t ion ,  experiment,  and 
a n a l y s i s  show t h a t  t he  but ton-type a u s t r a l i t e s  were r i g i d  g l a s s  spheres  
which en tered  the  e a r t h ' s  atmosphere a t  h igh  a l t i t u d e ,  shal low angles  
r e l a t i v e  t o  the e a r t h ' s  hor izon ,  and v e l o c i t i e s  i n  the  range 6.55Vi 5 11.2 
km/sec. Aerodynamic a n a l y s i s  i n  sec t ion  I11 i n d i c a t e s  t h a t  these  i n i t i a l  
condi t ions  f o r  the  descent  o f  the button-type a u s t r a l i t e s  are incompatible 
w i t h  a t e r r e s t r i a l  o r i g i n  of  the f l i g h t .  

Chapman assumes i n  r e f .  8 t h a t  a c l u s t e r  of  g l a s s  spheres  depa r t s  
i rom t h e  moon ai;d t r a v e r s e s  the e a r t h ' s  atmosphere, as i s  descr ibed  i n  
s e c t i o n  I V .  
- < 1.35 cm, as foi iowing frciiu p .  79 of rsf .  5, were hlc?iled up frnm the  
moon by meteor impact, i t  i s  worthwhile t o  i n v e s t i g a t e  whether the r e s u l t s  
o f  s e c t i o n  W a r e  compatible w i t h  the a r r i v a l  a t  t he  o u t e r  edge of  t he  
e a r t h ' s  atmosphere of  s tony o r  g lassy  meteors of  any s i z e  and shape. 

Since i t  i s  un l ike ly  t h a t  g l a s s  spheres  of  r a d i i  0 . 5  5 R(0) 

Hardcas t le  and H a n d  s t i p u l a t e d  i n  r e fe rences  13 and 14 t h a t  the  
s u r f a c e  of  a s tone  meteor m e l t s  dur ing hypersonic f l i g h t  i n  the  e a r t h ' s  
atmosphere and sprays  l i q u i d  d r o p l e t s ,  which g ive  r i s e  t o  the  cha rac t e r -  
i s t i c  forms of t e k t i t e s  as they cool .  Since t e k t i t e s  c o n s i s t  o f  g l a s sy  
m a t e r i a l ,  the  d r o p l e t s  must have possessed s u f f i c i e n t l y  h igh  temperatures 
i n  o r d e r  t o  fuse s i l i c e o u s  s tone  in to  g l a s s .  I n  gene ra l ,  aerodynamic 
h e a t i n g  i s  so g r e a t  t h a t  the  molten l aye r  a t  t he  su r face  of a s tony 
metenr  i s  extremely t h i n ,  because of the  low thermal d i f f u s i v i t y ,  the  
h igh  v i s c o s i t y  of  t he  me l t ,  and i t s  almost immediate evapora t ion .  O'Keefe 
p o i n t s  ou t  i n  r e f .  15 t h a t  t he  evaporat ion ra te  o f  the  m e l t  might become 
s u f f i c i e n t l y  s m a l l  i f  a graz ing  s a t e l l i t e  o r b i t  w i th  s m a l l  ins tan taneous  
h e a t  t r a n s f e r  rates i s  considered,  l i k e  the  one of  the  C y r i l l i d  shower. 
According t o  t r a j e c t o r y  c a l c u l a t i o n s  published i n  r e f .  16,  only the  
l i q u i d  d r o p l e t s  r e l eased  during the f i n a l  s t ages  i n  the  e a r t h ' s  atmosphere 
o f  siicti a shallcw c r b i t  s t iy  i n  the parent  meteor ' s  wake. Surface t ens ion  
can  be s t i p u l a t e d  t o  convert  the  shapes of  t he  l i q u i d  d r o p l e t s  f l y i n g  i n  
t h e  sk ipping  c l u s t e r  i n t o  spheres  according t o  d e t a i l e d  d i scuss ions  i n  
s e c t i o n  Vc. 
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b.  Ar r iva l  of a Stone Meteor 

I n  order  t o  s imula te  the C y r i l l i d  f1ighG a hemispheric s tone  meteor 
o f  i n i t i a l  rad ius  R ( 0 )  = 6.7'4 m y  1900 tons weight ,  and f l i g h t  a t t i t u d e  
according t o  f i g .  4 i s  considered wi th  speed V i  = 9 km/sec and t r a j e c t o r y  
angle  B i  = 2" a t  e n t r y  a l t i t u d e  H = 120 km. 
l e v e l  is  300 OK; t he  su r face  temperature then i s  425 O K  a t  the  s t agna t ion  
po in t  a f t e r  100 sec  f l i g h t  t ime, which corresponds t o  the  minimum a l t i -  
tude of  H = 103 km f 6 r  t h i s  t r a j e c t o r y .  The temperature amounts t o  43k 
O K  a t  t h i s  point  a f t e r  200 sec  f l i g h t  t ime, which corresponds t o  the  
a l t i t u d e  H = 118 km, the  f l i g h t  speed V = 9.001 km/sec, and the  t r a j e c t o r y  
angle  Bi  = - 2 . 2 " .  The hea t  s to red  i n  the material  i s  s m a l l  s i nce  the  
temperature is  349 O K  on the  symmetry a x i s  a t  a d i s t a n c e  of  on ly  1.59 cm 
beneath the  su r face .  

The i n i t i a l  temperature 

Since the meteor s t ays  i n  the  free-molecular r eg ion  of  the  a i r  a long 
t h i s  shallow t r a j e c t o r y  wi th  correspondingly s m a l l  hea t  t r a n s f e r  r a t e s ,  
a s t eepe r  en t ry  angle ,  8 i  = 6", and a higher  e n t r y  speed,  Vi = 11 km/sec, 
a r e  now considered a t  t h e  a l t i t u d e  H = 150 km. Under the assumption of  
n e g l i g i b l e  a b l a t i o n ,  t r a j e c t o r y  c a l c u l a t i o n s  y i e l d  a speed of  V = 10.817 
km,'sec a t  the minimum a l t i t u d e  H = 47.91 km and the  va lues  Vf = 10.433 
km/sec and B i  = - 6.85' f o r  e x i t  speed and e x i t  angle  a t  H = 150 km, 
r e s p e c t i v e l y  . 

I n  add i t ion  t o  convect ive hea t ing ,  the  su r face  i s  subjec ted  t o  
r a d i a t i v e  hea t ing  i n  the  continuum flow and the  s l i p  flow reg ions  of  
the  a i r .  The amount of  r a d i a t i o n  inc ident  on the  su r face  depends on 
the  th ickness  o f  the  r a d i a t i n g  l aye r  between shock f r o n t  and su r face  and, 
t h e r e f o r e ,  is  n e g l i g i b l e  f o r  bodies  a s  s m a l l  a s  the  but ton-type a u s t r a l i t e s .  
The r a d i a t i v e  hea t  t r a n s f e r ,  however, becomes predominant f o r  the  b i g  
meteor under cons idera t ion .  

The equi l ibr ium gas r a d i a t i o n  inc iden t  a t  t he  s t a g n a t L o n  po in t  i s  a 
func t ion  o f  a l t i t u d e ,  speed,  and body dimensions,  and has  been obta ined  
from r e f .  24 for the  continuum flow reg ion  o f  the  a i r  and then  e x t r a -  
po la ted  i n t o  the s l i p  flow reg ion .  The r a d i a t i o n  f l u x  reaches  a maximum 
value  of  106,000 kcal/m2 sec  a t  the  minimum a l t i t u d e  H = 47.91 km. 
p o i n t s  o t h e r  than the  s t a g n a t i o n  p o i n t ,  the  gas r a d i a t i o n  inc iden t  on the 
curved f r o n t  sur face  of  the hemispherical  meteor w a s  ob ta ined  from an 
approximative method which employs the  d i s t a n c e  between the  shock f r o n t  and 
the  su r face ,  as following from the  theory o f  c h a r a c t e r i s t i c s  f o r  a p e r f e c t  
gas ,  and the  "equivalent  gas volume" approach on p .  393 of  r e f .  10. The 
extremely high hea t  t r a n s f e r  r a t e s  cause the  s u r f a c e  t o  b o i l ,  beginning 
s h o r t l y  a f t e r  en t ry  i n t o  the  s l i p  flow reg ion  o f  the  a i r .  A t  the  s t agna t ion  
p o i n t ,  b o i l i n g  s t a r t s  a t  the  a l t i t u d e  H = 106.8  km; a t  t he  d i s t a n c e  x = 6 m 
from the  s tagnat ion  p o i n t ,  measured around t h e  curved f r o n t  face  , b o i l i n g  
s t a r t s  a t  t he  a l t i t u d e  H = 106 km. The b o i l i n g  p r o c e s s s t o p s  i-n ascending 
f l i g h t  i n  the  s l i p  flow reg ion  and causes  a removal of  98 cm along the  symmetry 

A t  
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a x i s  of  the  meteor.  Due t o  the  rap id  r eces s ion  o f  t he  b o i l i n g  su r face  
during a per iod of  232 sec ,  the thickness  of  the  heated l a y e r  beneath 
the  su r face  i s  smaller than  0 .2  cm a t  the s t agna t ion  p o i n t .  Since the  
omit ted non-equilibrium r a d i a t i o n  e f f e c t s  would only  inc rease  h e a t  
t r a n s f e r  and b o i l i n g  r a t e s ,  i t  may be concluded t h a t  a l a r g e  s tone  
meteor,  c o n s i s t i n g  of  opaque material, cannot r e l e a s e  l i q u i d  d r o p l e t s  
i n  skipping f l i g h t  and thus cannot account f o r  t he  o r i g i n  o f  the  but ton-  
type a u s t r a l i t e s .  

c .  A r r i v a l  of  a Glassy Meteor 

I f  t he  parent  meteor c o n s i s t s  of a g l a s sy  substance o f  s u f f i c i e n t l y  
low absorp t ion  c o e f f i c i e n t  p e r  un i t  depth ,  a,  the  s t r o n g  i n c i d e n t  gas 
r a d i a t i o n  h e a t s  a l a y e r  of apprec iab le  th ickness .  I n  case  o f  pure ly  
convect ive hea t  t r a n s f e r ,  the  sur face  evapora t ion  process  determines 
the  temperature Ts o f  the  b o i l i n g  sur face  by the equa t ion  vapor pressure  
equals  e x t e r n a l  pressure  which i s  then approximately v a l i d .  I n  case of 
r a d i a t i v e  hea t ing ,  the  b o i l i n g  temperature of  the  s u r f a c e  i s  determined 
by the  vacuum evapora t ion  ra te  and by the  absorp t ion  c o e f f i c i e n t  a; 
i n  gene ra l ,  Ts i nc reases  toge ther  w i th  a. The temperature  p r o f i l e  
T ( z , t )  ac ross  the  r a d i a t i v e l y  heated l a y e r  depends on Ts and on a. I f  
T, is  s u f f i c i e n t l y  h igh ,  vapor nuc le i  can be formed a t  non-homogeneous 
s p o t s  i n  the  g l a s s  me l t .  
e x i s t  Ft l  t h e  hnt l ayer ,  there is I?C force  a .ya i l ab le  w h i c h  d r i v e s  the  
vapor bubbles towards the  su r face .  The ho t  l a y e r  c o n s i s t s  then  of  a 
spongy g l a s s  mel t  which o f f e r s  l i t t l e  r e s i s t a n c e  t o  being removed irom 
che body by the  a c t i n g  a i r  fo rces .  Since t h i s  mechanism rests on the  
e x i s t e n c e  of  s u f f i c i e n t l y  h igh  temperatures i n  the  spongy l a y e r ,  the  
separa ted  l i q u i d  fragments possess  low v i s c o s i t y  and break  up r e a d i l y  
i n  the  a i r  stream. This d i s i n t e g r a t i o n  process  o f  t he  fragments approaches 
i t s  end when the  fragments a r e  s u f f i c i e n t l y  small  so t h a t  s u r f a c e  t ens ion  
can  conver t  the  spongy substance i n t o  r e l a t i v e l y  compact g l a s s y  drops .  
I f  t hese  g l a s sy  drops leave the  atmosphere i n  the  wake of  a sk ipping  
pa ren t  meteor,  t he  a i r  fo rces  ac t ing  on the  drops cont inuous ly  decrease  
so t h a t  t h e  drops tend t o  take sphe r i ca l  shape. 

Unless s t rong  temperature g r a d i e n t s  aT/az 

A s  a r e s u l t  o f  t h i s  d i s i n t e g r a t i o n  process  o f  t he  sk ipping  parent  
meteor ,  a l a r g e  number of  s m a l l  l i qu id  drops f l y  i n  i t s  wake. Since 
t h e  ind iv idua l  drops experience more drag  per  u n i t  mass than  the  l a r g e  
meteor ,  t he  ma jo r i ty  of  the  l i b e r a t e d  drops descend immediately accord- 
ing  t o  O'Keefe 's  c a l c u l a t i o n s  i n  r e f .  16,  and only  the  drops l i b e r a t e d  
du r ing  the  end o f  the  parent  meteor 's  ascending f l i g h t  phase i n  the  
a i r  s t a y  i n  the  wake. I f  t he  descending and the sk ipping  c l u s t e r s  are 
s u f f i c i e n t l y  dense,  the  pressure  f i e l d s  a c t i n g  on the  ind iv idua l  members 
induce s m a l l  v e l o c i t y  components normal t o  the  f l i g h t  d i r e c t i o n .  This 
e f f e c t  and turbulence i n  the  wake, as invoked by O'Keefe i n  r e f .  16 ,  
e x p l a i n  why s t rewn f i e l d s  o f  cons iderable  length  & width are covered 
by t e k t i t e s .  
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The vapor bubbles i n  the  spongy substance expand cont inuouslyd i n  
ascending f l i g h t  because o f  the  decrease of  the  e x t e r n a l  p re s su re .  The 
b u r s t i n g  of the  bubbles and the  formation of  drops by su r face  t ens ion  
then  y i e l d s  a more compact substance i n  ascending f l i g h t  than  i n  descend- 
ing f l i g h t .  
p i t t e d .  The a n t e r i o r  su r faces  of  the  but ton-type a u s t r a l i t e s  were 
shaped during the  f i n a l  descent  which d id  not  a f f e c t  the rough p o s t e r i o r  
sur faces ;  see f i g u r e s  1 and 2.  The a u s t r a l i t e s ,  t h e r e f o r e ,  were members 
of  the skipping c l u s t e r ;  a l s o ,  the l e s s  compact and uniformly p i t t e d  
t e k t i t e s  from the  strewn f i e l d s  of  Southeast  Asia were members o f  the  
immediately descending c l u s t e r .  

I n  both cases ,  the  su r faces  of  the  drops a r e  rough and 

In order  t o  i l l u s t r a t e  the  th ickness  and the  temperature l e v e l  i n  
the  r a d i a t i v e l y  heated l aye r  i n  case  of  the  parent  meteor wi th  Vi = 10 
km/sec t r e a t e d  i n  s e c t i o n  Vb, an approximate a n a l y s i s  i s  c a r r i e d  ou t  
which r e s t s  on the  fol lowing assumptions: 

(1) the su r face  temperature Ts i s  determined by the  equat ion  vapor 
pressure  equals  e x t e r n a l  pressure  r a t h e r  than by the  vacuum evapora t ion  
ra te ;  

(2) the material  may be t r e a t e d  as compact and the  abso rp t ion  of  
hea t  by the i n t e r i o r  b o i l i n g  process  may be neglec ted .  

F ig .  23 shows the  temperature p r o f i l e s  T(z , t )  O K  r e s u l t i n g  from t h i s  
approach along the  a x i s  of  symmetry of  the  above mentioned parent  meteor 
a t  the a l t i t u d e  H = 85.31 km f o r  the  va lues  a = 100, 1000, and w o f  the  
absorp t ion  c o e f f i c i e n t  per meter .  Because of  the  l a r g e  ins tan taneous  
equilibrium gas r a d i a t i o n  r a t e  o f  34,100 kcal/m2 sec  inc iden t  a t  t he  
s t agna t ion  poin t  a t  t h a t  t ime,  the t r u e  s u r f a c e  temperature  Ts exceeds 
considerably the  va lue  Ts = 2033 O K .  This  example v e r i f i e s  t h a t  
s u f f i c i e n t l y  high temperatures can be reached over  a l a y e r  of  apprec i -  
ab le  th ickness ;  t h e  descr ibed  d i s i n t e g r a t i o n  and shaping p rocesses ,  
t h e r e f o r e ,  a r e  f e a s i b l e .  

The small l i q u i d  drops ,  which a r e  formed by s u r f a c e  t e n s i o n  from 
the  spongy substance,  can leave the  atmosphere and r e - e n t e r  as t r e a t e d  
i n  s e c t i o n  I V  i f  t h e i r  e x i t  speed i s  smaller than  11.2 km/sec. Since 
skipping drops are r e l eased  from the  parent  meteor only  dur ing  the  end 
of  i t s  ‘ascending f l i g h t  i n  the  atmosphere according t o  r e f .  16,  the  
parent  meteor must a l s o  possess  an e x i t  speed of  l e s s  than  11 .2  km/sec. 
The t r a j e c t o r y  d a t a  presented i n  s e c t i o n  Vb f o r  t he  pa ren t  meteor 
i n d i c a t e s  t h a t  i t s  e n t r y  speed exceeds i t s  e x i t  speed only  by a f e w  
hundred m/sec. 
e x t r a t e r r e s t r i a l  o r i g i n  of  the  parent  meteor f l i g h t .  

This argument p o i n t s  t o  t h e  moon as the  only  poss ib l e  

d .  Ar r iva l  of a Conglomerate o f  Loosel- 

Since s o l i d  s tone  meteors cannot be converted i n t o  g l a s s  by mel t ing  
i n  hypersonic f l i g h t ,  a s  has been shown, and s i n c e  g l a s s y  meteors  a r e  

- I  
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less l i k e l y  t o  arrive a t  the  o u t e r  edge o f  the  e a r t h ' s  atmosphere, t he  
p o s s i b i l i t y  of  a conglomerate of  s i l i c e o u s  grave l  and a bonding m a t e r i a l  
l i k e  i c e  should be inves t iga t ed .  Aerodynamic fo rces  d i s s o l v e  t h i s  
conglomerate upon i t s  e n t r y  i n t o  the atmosphere. For the  members i n s i d e  
the  o p t i c a l l y  t h i c k  c l u s t e r ,  aerodynamic hea t ing  toge the r  w i th  mutual 
exchange o f  r a d i a t i o n  causes nea r ly  uniform su r face  temperatures .  Cal- 
c u l a t i o n s  show t h a t  the  ob ta inab le  sur face  temperatures are smal le r  than 
2000 eK and thus  too low f o r  fus ion  of s i l i c e o u s  rock i n t o  gaass .  S ince ,  
a l s o ,  on ly  s p h e r i c a l  bodies  o f  rad ius  5 0.5 cm reach a uniform tempera- 
t u r e  l e v e l  i n  t h e i r  i n t e r i o r s ,  t h i s  hypothesis  of  a conglomerate cannot 
account f o r  t he  fus ion  of  s tone  i n t o  g l a s s .  

CONCLUSIONS 

Ablat ion and t r a j e c t o r y  ana lys i s  and experiments i n d i c a t e  t h a t  an 
average weight but ton-type a u s t r a l i t e  en tered  the atmosphere as a g l a s sy  
sphere a t  shallow angles  r e l a t i v e  to e a r t h ' s  horizon and w i t h  e n t r y  
speeds > 6.5 km/sec i n  o rde r  t o  experience the  observed average f i g u r e  
o f  more than  70% mass l o s s  by a b l a t i o n  i n  f l i g h t .  According t o  the  
c a l c u l a t e d  r e s u l t s  and i n  agreement w i t h  observa t ions  o f  n a t u r a l  t e k t i t e s  
and experimental  r e s u l t s  i n  r e f .  9 ,  only a t h i n  l aye r  of  s o l i d i f i e d  m e l t  
beneath the  f i n a l  f r o n t  surface of  Sut ton-type a u s t r a l i t e s  shows a 
sys temat ic  s t r i a e  deformation. Formation of  the  f i n a l  bu t ton  shapes 
thus  w a s  by aerodynamic hea t ing  ac t ing  on t i g i d  glass a=:! m t  by rzero- 
dynamic pressure  a c t i n g  on s o f t  g l a s s .  

The problems formulated a t  the end of  s e c t i o n  I can be answered as 
fo l lows  by employing the  r e s u l t s  of t r a j e c t o r y  and a b l a t i o n  a n a l y s i s  
which have j u s t  been presented:  

(1) T e k t i t e  f l i g h t  could have s t a r t e d  a t  t he  e a r t h ' s  su r f ace  only 
i n  t h e  extremely un l ike ly  case  t h a t  a h ighly  t r anspa ren t  g l a s s y  body of  
>> 1700 tons  depa r t s  a t  > 6 kmlsec. 

(2) T e k t i t e s  could have been r e l eased  i n  f l i g h t  from a g l a s sy  
luete(ir W l i i c t i  is s u f f i c i e n t l y  t ransparent  t o  thermal r a d i a t i o n .  Character-  
i s t i c  f e a t u r e s  of  d i f f e r e n t  groups o f  t e k t i t e s  can be explained by t h i s  
hypo the  s is .  

( 3 )  Fusion of  s i l i c e o u s  rock i n t o  g l a s s  by aerodynamic e f f e c t s  i s  
impossible .  

~. T e k t i t e s  then  are Leimarits of ex t re te r res t r ia l  glassy bodies  which 
e n t e r e d  the  e a r t h ' s  atmosphere i n  skipping f l i g h t  and, probably,  were 
removed by meteor impact from t h e  moon. Glassy meteors which descend 
d i r e c t l y  o r  s tony meteors cannot r e l ease  me teo r i t e s  o f  wel l -def ined 
shape l i k e  t e k t i t e s .  
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Table 1 

Comparison of Results for Initially Spherical 
and Initially Hemispherical Models 

Trajectory 
Pa 

vi 

km/sec 

10 

10 

10 
8 
8 

8 
7 

7 

7 

Qi 

22% 
- 
90 

40 
10 

90 

40 
10 

90 

40 
10 
- 

5 

R I O )  
-- 
cm 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 
1.3 

1.3 

1.3 

- 

Initially 

.767 

.720 

.577 

.802 

.762 

.640 

.828 

.791 

,689 

:a1 Mod 

Ts ,max 

O K  

2415 

2390 

2246 

2385 

23 40 
2206 

2336 

225 1 

2177 

.530 

.518 

.496 

.444 

.438 

.427 

.392 

,386 
.381 

Initially 
Hem i 
n(tf) 
n(O> - 
,713 
.663 

.500 

.767 

.727 

.601 

.805 

.771 

.672 
- 

)her ica 

Ts ,max 

O K  

2366 

2328 
2197 
2300 

2262 

2143 

2258 

2202 

2127 

Mode 1 
Jv-rdt 

s' 

.537 

.530 

.507 

.467 

.466 

.451 

.424 

.423 

.411 
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FIG. 1. ANTERIOR SURFACE AND CROSS SECTION 
OF BUTTON-TYPE AUSTRALITE. 
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FIG. 2. POSTERIOR SURFACE OF BUTTON-TYPE AUSTRALITE. 
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FIG. 3. GLASS ROD ABLATED I N  AN ARC-JET FACILITY. 
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The ablation p r o c e s s  is iiivcstigatcd along thc axis So -0. 
point before  ablation begins;  S( t )  -7 stagnation point dur ing  and a f t e r  the end of 
the ablation per iod.  
A-So - B - 0 - A  into the sect ion A-S( t ) -B-0-A of a s p h e r e .  

S O  = stagnation 

Ablation is  assumed to conve r t  the h e m i s p h e r i c a l  shape 

Fl ight  Di rec t ion  t 

T- 

1 Flight  Di rec t ion  

FIG. 4. GEOMETRIES OF INITIALLY HEMISPHERICAL AND 
SPHERICAL MODELS OF BUTTON-TYPE AUSTRALITES 
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. .  
c Data per ta ins  to vapor  p r e s s u r e  function p 

model  with m a s s  m(0) :  
Radius R(0)  = 1 . 3 0  c m ,  i . e .  W(0)  = 11.04 g r a m s  ( 
Radius R(0 )  = 0.  65 c m ,  i .  e .  W(0)  = 
m(t f )  = f inal  m a s s  a t  impact  t ime 

(T)  and ini t ia l ly  hemisphe r i c  
VI 

1 
1. 38 g r a m s  ( - -  --) 

26 

14 

. 6 0  

0 30 60 
Ent ry  Angle Bi(deg) 

90 

FIG. 5. RELATIVEMASS LOSS, 1 - m(tf)lm(O) 



Data pe r t a ins  to init ially hemispher ic  model  with mass m(O), r ad ius  R(0) = 1. 30 km, T - 
i . e .  W (0) = 11.04 g r a m s :  

Vapor p r e s s u r e  function pvz (T) 
m(Q) = f ina l  tnass at impact  t ime 

Vapor p r e s s u r e  function pvl (T) ( ) 
(-*-- I 

26 
. 5 0  

. 4 0  - 
14 

14 

8 

I I 

I 
I l l  i 
I l l  I 

I 
I 

/. 70 

I I 

. 1 0  

30 60 
E n t r y  Angle Bi(deg) 

90 

FIG. 6. RELATIVE MASS LOSS, 1 - m(tf)lm(O) 



Data pe r t a ins  to  vapor  p r e s s u r e  function pVl(T)  and ini t ia l ly  hemisphe r i c  
model  with:  
Radius  R(0) = 1.  30 c m ,  i .  e .  W(0) = 1 1 . 0 4  g r a m s  
Radius  R(0) = 0 . 6 5  c m ,  i .  e .  W(0)  = 

) ( 
1.  38 g r a m s  (-- --) 

55 10 !OO 100 100 
I 
I 
I 
I 
I 
! 
1 

I 
I 
I 
I 
I 
I 
I 
I 
A I 

0 30 
Entry Angle Bi(deg) 

FIG. 7. HORIZONTAL DISTANCE D(t)(KM)COVERED IN FLIGHT 



Data pertains to initially hemispheric model with radius R(0) = 1 .  30 c m ,  . .  
i .  e .  W(0)  = 11.04 grams, and vapor pressure function pvl (T) .  
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FIG. 8. RATIO OF AERODYNAMIC HEAT TRANSFER AT THE STAGNATION 
tc Jd <e r o dt 

m(O)Vf /2A 
PO I NT TO K I  NET^ c ENERGY CONVERTED INTO HEAT, 

*- 

e 



Data per ta ins  to  vapor  p r e s s u r e  pvl (T) and ini t ia l ly  hemisphe r i c  model  with: 
Radius R(0)  = 1.30  c m ,  i. e .  W(0)  = 11 .04  g r a m s  
Radius  R(0) = 0.65  c m ,  i . e .  W(0)  = 

) 
) 

( 
1 .38  g r a m s  (---- 

Ent ry  Angle Bi(deg) 

FIG. 9. ALTITUDE H ( K M )  O F M A X I M U M  AERODYNAMIC HEAT TRANSFER AT 
THE STAGNATION PO I NT 
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Data pe r t a ins  to  vapor  p r e s s u r e  pv, (T )  and ini t ia l ly  hemispher ic  model  with: 

Radius  R(0) = 0 . 6 5  c m ,  i . e .  W ( 0 )  = 1 . 3 8  g r a m s  ( - - - -  ) 
Radius R(0) = 1 .30  c m ,  i .  e .  W(0)  = 11 .04  g r a m s  ( ) 

26 

14 

I I 

30 60 
Entry Angle Bi(deg) 

90 

FIG. 10. DURATION OF AERODYNAMIC HEAT TRANSFER PULSE 
AT THE STAGNATION PO I NT 
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'Data per ta ins  to  ini t ia l ly  hemisphe r i c  model with: 

Radius R(0) = 0.65 c m ,  i. e .  W ( 0 )  = 1. 38 g r a m s ,  and vapor  p r e s s u r e  pvl (T)  
Radius R(0) = 1 .  30 cm, i . e .  W(0)  = 1 1 . 0 4  grams, and vapor  p r e s s u r e  p,,(T) 

Radius  R(0) = 1. 30 cm, i. e .  W(0)  = 11.04 g r a m s ,  and vapor  p r e s s u r e  pVl (T)  ( 1 
(- - --) 
(--.-I 

, 

0 

! 

30 60 
Entry Angle Bi(deg) 

FIG. 11. MAXIMUM SURFACE TEMPERATURE T,, max (OK) AT 
THE STAGNATI ON PO I NT 
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Data per ta ins  to  vapor  p r e s s u r e  p,, (T )  and ini t ia l ly  hemisphe r i c  model  with:  -, 

1 
-) 

Radius R(0)  = 1 .30  c m ,  i . e .  W ( 0 )  = 11.04  g r a m s  
Radius R(0) = 0 .65  c m ,  i .  e .  W ( 0 )  = 

(- 
1. 38 g r a m s  (--- 

, 

I 

- -- - - - - - .  

- - - 1000 

2-7 
-------- ,,,“i 

0 30 60 
Entry Angle Bi(deg) 

90 

FIG. 12, M A X I M U M  AERODYNAMIC HEAT TRANSFER !aero, max 
(kcaIIm2sec) AT THE STAGNATION POINT 



' . Data pertains to  initially hemispheric model with: 

I Radius R(0) = 1.30 cni, i .  e .  W(0) = 11.04 grams, and vapor pressure pvl (T) ( 1 
Radius R(0) = 0.65 cm, i .  e .  W(0) = 1 .  38 grams, and vapor pressure pvl (T) 
Radius R(0) = 1.30 cm, i . e .  W(0) = 11.04 grams, and vapor pressure pv,(T) 

(- ---) 

(-.-) 

I 
I I 
c I I 

1 
.030 
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1 160\\\. 240 

30 60 90 0 
Entry Angle Bi(deg) 

FIG. 13. RATIO OF HEAT RADIATED FROM SURFACE TO AERODYNAMIC 
t f t f 

HEAT I NG, J q r a i  df/J &odt , AT THE STAGNAT I ON PO I NT 
0 0 



.. Data pe r t a ins  to  ini t ia l ly  hemispher ic  model  with: 
Radius  R(0) = 1 .30  c m ,  i . e .  W ( 0 )  = 11.04 g r a m s ,  and vapor  p r e s s u r e  pv l (T)  
Radius  R(0) = 0 .65  cm,  i .  e .  W(0)  = 1.  38 g r a m s ,  and vapor  p r e s s u r e  pvl (T) 
Radius R(0) = 1.30 c m ,  i . e .  W ( 0 )  = 11 .04  g r a m s ,  and vapor  p r e s s u r e  pv,(T) 

qbl = 6 a e r o  - 'aero 
a c r o s s  the boundary l aye r  and yhvVs is the hea t  absorbed  by the evaporat ion p r o c e s s .  

- 
( 
(- ---) 
(-e- 

) t yhvVs, w h e r e q  is due to  the diffusion of vapor  a e r o  - 'aero 

FIG. 14. YNAM I C 



- .Data pe r t a ins  to  ini t ia l ly  hemispher ic  model  with: 
1 

) 

Radius R(0 )  = 1.30  cm, i . e .  W ( 0 )  = 11.04 g r a m s ,  and vapor  p r e s s u r e p v l ( T )  (- 
Radius R(0) = 0.65  c m ,  i. e .  W(0)  = (---- 1.38  g r a m s ,  and vapor  p r e s s u r e  pvl (T )  
Radius R(0) = 1.  30 cm, i . e .  W(0)  = 11.04 g r a m s ,  and vapor  p r e s s u r e p V 2 ( T )  (-a- I 
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FIG. 15. RATIO OF EVAPORATION TO TOTAL A B L A T I O N , ~ V S d t l j f V ~ d t ,  
0 0 

AT THE STAGNATION POINT 
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Data  p e r t a i n s  to  the  p a r t i c u l a r  tck t i tc  Iliglit trcatccl in  F i g u r c s  16 - 21 and  the  
v a p o r  p r e s s u r e  pvl (‘l’). 
R(0)  = 1. 30 c tn ,  i .  c’. W ( 0 )  

‘I’hc modc l  in i t ia l ly  is a hctiiisphci-c: wi th  radius 
1 1 .  04 gi-atiis .  P r c : s ( ~ n t c ~ t l  f u n c t i o n s :  

F l i g h t  a l t i tude  H (- ) 
H o r i z o n t a l  d i s t a n c e  D cov~*rc* t l  i n  flight (- - - -) 
Fl igh t  M a c h  n u t ~ ~ b c r  M (-.- 1 
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FIG. 16. FLIGHT ALTITUDE, HORIZONTAL DISTANCE, AND M A C H  
NUMBER FOR PARTICULAR TEKTITE TRAJECTORY 



. .  
Data pertains to the particular tcktitc flight t reated in F igures  16 - 21 and the vapor 
pres su re  pvl (T) .  
i .  e .  W(0)  = 11.04 g r a m s .  Prcscntcd functions: 
Flight speed V 

Trajectory angle 0 relative to ear th ' s  horizontal 

The niodcl initially is a hemisphere with radius R(0)  = 1. 30 c m ,  

( 1 
-1 

) 
Acceleration a (- - - 
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FIG. 17. FLIGHT SPEED, ACCELERATION, AND TRAJECTORY ANGLE FOR 
PARTICULAR TEKTITE TRAJECTORY 



.. 
Data pertains to the particular tcktitc flight trcatcd in  P-igurc-s 16  - 21 and the vapor 
p r e s s u r e  pvl (T) .  
i .  e .  W(0)  = 11. 04 grams.  
aerodynamic heat transfer ra te  yaero to a non-evaporating surfacc ) ,  a e r o -  
dynamic heat transfer ra te  qacr0 to the evaporating surfacc (- - - -), heat radiated 
f r o m  su r face ,  qrad (-. -.-), heat blocked by m a s s  t ransfer  cffect, qb, , s e e  legend 
of F ig .  14 ,  (---), and surface tcmperature TS (-. . -), a l l  a t  thc stagnation point. 

The model initially i s  a hcmisphcrc with radius R(0)  = 1.  30 c m ,  
Prcscntcd functions: 
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FIG. 18. HEAT FLOW RATES AND SURFACE TEM 
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Data pertains to thc particular tektite flight trcatcd in Figurcs  16 - 21 and the vapor 
p r e s s u r e  pv, (T ) .  
i . e .  W ( 0 )  = 11 .04  g r a m s .  Pres(-ntcd functions: 

Thickness R", of thc rnodc.1, sec, Fig .  4 ,  

Gradient du /dx  of tangcntial vclocity cornponc-nt of mel t  (- ---) 
All at the stagnation point. 

Thc model initially is a hcrnisphere with radius R ( 0 )  = 1. 30 cm, 

Evaporation specd vs of the l iqu id  at  thc surface 
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FIG. 19. ABLATION PARAMETERS FOR PARTICULAR TEKTITE TRAJECTORY 



Data pertains to the particular tektite flight treated in Figures 16 - 21 and the 
vapor pressure  pvl(T). 
R(0)  = 1.30 c m ,  i . e .  W ( 0 )  = 11.04  g r a m s .  
instantaneous locations of the stagnation point indicate the thicknesses of the 
mel t  layer .  
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FIG. 20. TEMPERATURE DISTRIBUTION ALONG A X I S  FOR PARTICULAR 
TEKTITE TRAJECTORY 



Data pertains to initially hemispheric rnodel with radius R(0) = 1. 30 cm,  
i .  e .  W (0) = 11.04 g rams ,  entry speed V i  = 9 km/sec ,  entry angle 8i = 7", 
and vapor p re s su re  pvl (T).  

F ig .  21c. Str iae  Distortion a s  
a Function of y 
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Fig .  21a. Str iae  After Solidification of Melt 

Fig.  21b. Str iae  Distortion at  the Surface 
as a Function of x 
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FIG. 21. STRIAE DEFORMATION FOR PARTICULAR TEKTITE TRAJECTORY, 
(54% M A S S  LOSS 1 



. *  

Data pertains to initially hemispheric model with radius R(0)  = 1. 30 c m ,  
i . e .  W ( 0 )  = 11.04 g r a m s ,  entry speed V i  = 6 km/sec ,  entry angle Oi = 2 " ,  
and vapor p r e s s u r e  pvl (T).  

F ig .  22a. S t r iae  After Solidification of Melt  

F ig .  22c. Striae Distortion as Fig.  22b. Striae Distortion a t  the Surface 
a Function of y as a Function of x 
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FIG. 22. STRIAE DEFORMATION FOR PARTICULAR TEKTITE TRAJECTORY, 
(28% M A S S  LOSS) 



- .  

Temperature  profilcs prr ta in  to t i m r  t - 35 S P C ,  i .  c .  altitude H = 85. 31 k m  of 
descending ph*tsc of pnrcwt ri ir t( ,or 's  s k i p p ~ r ~ g  flight. 
of the boiling surfac-c i s  c l ( ~ t c ~ t - ~ - n i n ( ~ c l  by thr equality pe 
temperature  pi-ofilc for  ( i  

and temperature  profile for ( Y  = cn (-.- ) ,  whcrc (Y i s  the absorption coefficient for  
thermal  radiation per  incltcr. 

'l'hc temperature  Ts = 2033 " K  
pv. Presented functions: 

100 (- ) ,  temperaturc  profile for  (Y = 1000 (- - - -), 
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FIG. 23. TEMPERATURE DISTRIBUTION ALONG A X I S  OF PARENTMETEOR 


