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Abstract 

R e s u l t s  of a numerical  s t u d y  u s i n g  t h e  d i r e c t  s i m u l a t i o n  Monte Carlo 

(USMC) method are p r e s e n t e d  f o r  t h e  t r a n s i t i o n a l  f low about  a Elat p l a t e  a t  

40 d e g r e e  inc idence .  The p l a t e  h a s  z e r o  t h i c k n e s s  and  a l e n g t h  of 1.0 m, 

The €low c o n d i t i o n s  s t m u l a t e d  are t h o s e  exper ienced  by t h e  S h u t t l e  Orbiter 

d u r i n g  r e e n t r y  a t  7.5 km/s. The range of f r e e s t r e a m  c o n d i t i o n s  are such t h a t  

t h e  freestream Kuudsen number va lues  are between 0.02 and 8.4,  t h a t  i s ,  

c o n d i t i o n s  t h a t  encompass most of t h e  t r a n s i t i o n a l  f low regime. The DSMC 

s i m u l a t i o n s  show t h a t  t r a n s i t i o n a l  e f f e c t s  are e v i d e n t  when compared w i t h  

f ree  molecule r e s u l t s  f o r  a l l  c a s e s  cons idered .  The c a l c u l a t e d  r e s u l t s  

demonst ra te  c l e a r l y  t h e  n e c e s s i t y  of having  a means o f  i d e n t i f y i n g  t h e  

e f f e c t s  O E  t r a n s i t C o n a 1  f low when making aerodynamic f l i g h t  measarements as 

are c u r r e n t l y  being made wi th  t h e  Space S h u t t l e  Orbiter v e h i c l e s .  P r e v i o u s  

f l t g h t  d a t a  a n a l y s e s  have r e l i e d  e x c l u s i v e l y  on a d j u s t m e n t s  €11 t h e  pas- 

s u r f a c e  L n t e r a c t t o n  models without  a c c o u n t i n g  €or  t h e  t r a n r i t i o n a l  e f f e c t  

which can be comparable i n  magnitude. The p r e s e n t  calciilat i o n s  show t h a t  t h e  

t r a n s € t i o n a l  e f f e c t  a t  175 kru would i n c r e a s e  t h e  Space S h u r t l e  Orbi te r  

l i f t - d r a g  r a t i o  by 90 p e r c e n t  over  t h e  f r e e  molecular  va lue .  
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1 n t rodu c t  i on 4 -- 

The dt>veLopmc'nt ,ind app l  i cat  ion of Euture  hyperson i ,- s p a ~ ~  v e h i c l e s  

r e q u i r e  a c c u r a t e  p r e d i c t i o n s  of aerotherm?L Loads d-lrir lg rr?enI.ry. A p o r t i o n  

of the reentry f o r  t h e s e  v e h i c l e s  w i l l  t ake  p l ace  i? t h e  t r a r i s i ' i o n a l  f low 

regime where nonequi l ibr ium 2 f f e c t s  become impor tan t  i n  e s t a b l i s h i n g  t h e  

thermal  and aerodynamic response  of t h e s e  v e h i c l e s .  In order t o  s i m p l i f y  

the compiit a t  i o n a l  reqii i  reme n t s , t h e  1-1 Et -drag c h a r a c  t e r i s  t i c s  F 3r vehi  c 1 es 

such as the  Space S h u t t l e  O r b i t e r  a r e  o € t e n  approximated1-- '  wi th  a f l a t  

p l a t e  a t  i n c i d e n c e  f o r  t h e  f r e e  molecular  regime. For t h r  t r a n s i t i o n a l  f low 

regime, e m p i r i c a l  approximat ions  a r e  norinally used t o  p r e d i c t  the aerody- 

namic f o r c e s  f o r  snch v e h i c l e s .  Examples of such a p p l i c a t i o n s  arc? g iven  i n  

iiefs. 1 ,  2 ,  and 3 f o r  the Space S h u t t l e  O r b i t e r .  T h e r e f o r e ,  nuinoi-ical 

s t u d i e s  on b a s i c  c o n f i g u r a t i o n s  such as a p l a t e  a t  i n c i d e n c e  can provtde  

u s e f u l  in format  ion  and p h y s i c a l  i n s i g h t  concern ing  the  nat:ire of  t r a n s i -  

t i o n a l  flows. 

A f l a t  p l a t e  as a b a s i c  a e r o d y n m i c  s u r f a c e  has rernaiwd the focus  of 

the transitional f l o w  r e sea rch  by seve ra l  a u t h o r s  [Ref s .  4-81.  But  most o €  

t h e s e  i n v e s t i g a t i o n s  ,?re For zero inc idence  *ind do not cover  the range of 

f l o w  parameters  of i n t e r e s t .  There a r e  ve ry  few exper imenta l  and 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  of the  f l a t  p l a t e  a t  i n c i d e n c e  [Refs .  9 and 101. Sven 

these do not cover thr. ldrp? inc idence  and h igh  speed r a t  i o  c h a r a c t e r i s t i c s  

of hype r son ic  f l l g h t .  Furthermore,  they are l i m t t e d  t o  t h e  continuum flow 

regime. 

I n  t h e  p re sen t  paper t h e  d i r e c t  s i m u l a t i o n  Monte Car lo  (DSMC) method of 

B i r d ,  ''-I1 wi th  t h e  var iab le .  hard sphe re  (VHS) molecular  model ,  i s  used t o  



s i m u l a t e  t h e  t r a n s i t i o n a l  f low p a s t  a f l a t  p l a t e  a t  53 degree  i w l d e n c e .  

The Flow c o n d i t i o n s  anti i n c i d e n c e  <ingle s imula t ed  are thos:. Urhich t h e  Space 

S h u t t l e  O r b i t e r  e x p e r i e n c e s  du r ing  r e e n t r y .  The DSMr, is t h e  on ly  s u i t a b l e  

numprical t echn ique  t o  s i m u l a t e  the t r a n s i t i o n a l  f low regi:nr: a c n i r a t e l y  

brcnuse i t  a l l o w s  t h e  d i r e c t  implementation of noneq:ii Librium flow models. 

The v a r i o u s  nonequ i l ih r ium phenomena are t h e  main c h a r a c t ?  r i s t i c s  of t h e  

t r a n s i t i o n a l  f low regime, and t h e  DBlC method sirni?latc?s t h e  flow phys ic s  

adequa te ly .  The p r e s e n t  c a l c u l a t i o n s  show t h a t  t h e  i r a n s i  t i o n a l  e f f e c t  f o r  

a d i f f u s e  s u r f a c e  would i n c r e a s e  t h e  Space S h u t t l e  l i f t - d r a g  r a t l o  by 90 

pe rcen t  over  t h e  free molecular value a t  approx ima te ly  175 km a l t i t u d e .  

Computational Approach 

The DSMC method' ' - '*  models the real gas  by soInca thousands of s i m u l a t e d  

molecules  i n  a computer. The p o s i t i o n  c o o r d i n a t e s ,  v e l o c i r y  wmponents ,  and 

i n t e r n a l  s t a t e  of each molecrile are s t o r e d  i n  t he  computer ,ind .are modif ied 

wi th  time as t h e  moleciiles are c o n c u r r e n t l y  fol lowed t'rirocigh r e p r e s e n t a t i v e  

c o l l i s i o n s  and boundary L n t e r a c t i o n s  i n  s imu la t ed  p h y s i c a l  space.  The t i m e  

pa rame te r  i n  t h e  s i m u l a t i o n  may be i d e n t € f i e d  wi th  physic;zl time i n  t h e  real 

f low,  and a l l  ca l cu1a t io : i s  are unsteady.  When t h e  boundary c o n d i t i o n s  are I 

such t h a t  t h e  flow is  s t e a d y ,  then t h e  s o l u t i o n  is tile a sympto t i c  l i m i t  of 

unsteady €low. The computation is always s t a r t e d  from an i n t t i n l  s ta te  t h a t  

permits an e x a c t  s p e c i f i c a t i o n  siich as a vacuum o r  iini form e q u i l  i h r ium 

Elow. Conseqiirri t ly,  the method does riot r e q u i r e  an i n i t i , i l  approximation t o  

t h e  f1owfiel.d and does riot i nvo lve  any t t e r a t l v e  procedures .  A computa- 

t i o n a l  c e l l  n e t m r k  i s  r equ i r ed  i n  p h y s i c a l  space o n l y ,  and then  on ly  t o  

f a c i l i t a t e  t h e  cho ice  of p o t e n t i a l  c o l l i s i o n  p a i r s  and t h e  sampling of the  

macroscopic flow p r o p e r t i e s .  Furthermore,  advantage may be taken of f low 
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symmetries t o  reduce t h e  dimensions of t h e  c e l l  network and t h e  number of 

p o s i t i o n  c o o r d l n a t e s  that need t o  he s t o r e d  f o r  each molecul.e, brit t h e  

c o n d i t i o n s  a re  s p e c i f i e d  i n  terms o f  t he  hehav lo r  O F  t h o  i w i i v i d ~ i a l  

molecules  r a t h e r  than t h e  d i s t r i b u t i o n  f u n c t i o n s .  A L L  pr, ,cedures may he 

s p e c i f i e d  i n  such a manner t h a t  t h e  computa t iona l  time is  d i r e c t l y  

p r o p o r t i o n a l  t o  the number of s imula t ed  molecules .  

Cond i t ions  f o r  C a l c u l a t i o n s  

The f r e e s t r e a m  c o n d i t i o n s  cons ide red  i n  the p r e s e n t  s tudy  are f o r  a n  

a l t i t u d e  range of 90 t o  130 km. For t h e  1.0- f l a t  p l a t e  v i t h  z e r o  t h i c k -  

n e s s ,  t h e  co r re spond ing  f r e e s t r e a m  Knudsen numbers are 0.023 t o  8 . 4 3 9 .  

During  the S h u t t l e ' s  r e e n t r y  t r a j e c t o r y ,  t h e  same f r e e s t r e a m  Knudsen numbers 

based on t h e  mean aerodynamic chord of 12 m correspnnd approx ima te ly  t o  a n  

a l t i t u d e  range of 100 t o  175 krn. The freestream velocity, i nc idence  a n g l e ,  

and wal l  t empera tu re  a r e  assumed c o n s t a n t  a t  7.5 krn/s, 40 deg,  and 1000 K, 

r e s p e c t i v e l y ,  t h a t  i s ,  c o n d i t i o n s  experienced by t h e  Space S h u t t l e  O r b i t e r  

d u r i n g  r e e n t r y .  These c o n d i t i o n s  are summarized Cn Table 1, where t h e  

f rees t  ream values are those given by .Jacchia f o r  an exospher Lc temperature 

oE 1200 K. 

The s u r f a c e  of t h e  p l a t e  is assumed t o  be d i f f u s e d  wi th  f u l l  t he rma l  

accommodation and t o  promote recombinati.on of t h e  oxygen and n i t r o g e n  

atoms. Recornhination prohahiLCties  a p p r o p r i a t e  €or t h e  S h u t t l e  t he rma l  

p r o t e c t i o n  t i l e s  a r e  imposed. The oxygen and n i t r o g e n  recombinat ion 

p r o b a b € L i t t e s  are 9.0049 and 0.0077, r e s p e c t i v e l y .  

S i n c e  t h e  computa t iona l  r equ i r emen t s  i n c r e a s e  s i g n i F i c a n t l y  with 

i n c r e a s i n g  f r e e s t r e a m  d e n s i t y ,  computat ions are performed on ly  i n  t h e  

t r a n s i t i o n a l  f low regime. 
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R e s u l t s  and D i s c u s s i o n  

S t n c e  t h e  f l , i t  p l a t e  a t  i n c i d e n w  I:; a b a s i c  element ,)F L i f t i n g  

sur faces ,  i t  i s  o f t e n  used f o r  numertcal and e x p e r i m n t a l  s t t i d i e s  i n  

hype r son ic  f low r e s e a r c h .  Furthermore,  t h e  c o n f i g u r a t i o n  i s  a l s o  h e l p f u l  i n  

u n d e r s t a n d i n g  t h e  r e e n t r y  oE space v e h i c l e s  such as t h e  Space S h u t t l e  

O r b t t e r .  T h e r e f o r e ,  a t t e n t t o n  i s  focused on t h e  f low s t r i i c t u r e ,  s u r f a c e  

q u a n t i t i e s ,  and aerodynamic c h a r a c t e r i s t i c s  r e s u l t i n g  from low-density flow 

about a f l a t  p l a t e  a t  40 degree  ang le  of a t t a c k  (Fig.  1). 

F l o w f i e l d  S t r u c t u r e  

F i g u r e s  2 t o  7 p r e s e n t  c a l c u l a t e d  f l o w f i e l d  q u a n t i t i e s  on t h e  

compression s i d e  ( lower  s u r f a c e )  of a f l a t  p l a t e  at two freestream Knudsen 

numbers (0.023 and 8 . 4 3 9 ) .  R e s u l t s  a t  t h r e e  d i f f e r e n t  l o c a t t o n s  along the 

sur face  are p resen ted .  Two r e g i o n s  of i n t e r e s t  are those  near  t h e  plate  

s u r f a c e  and t h e  shock wave. Near t h e  s u r f a c e ,  a l a r g e  incrrast. t n  d e n s i t y  

o c c u r s  which is c h a r a c t e r i s t i c  of a h i g h - v e l o c i t y  flow about  a 1-0113 w a l l .  

These r e s u l t s  a l s o  c l e a r l y  demons t r a t e  t h a t  t h e  shock w a v e  is f u l l y  merged 

with t h e  vtscoiis l a y e r  f o r  Knudsen number va lues  o€  0.023 and 8.439. The 

d e n s i t y  and v e l o c i t y  p r o f i l e s  f o r  a Knurlsen number va lue  of 0.023 (Figs .  2 

and 3) show t h a t  t h e  shock wave t h i c k n e s s  increases g r a d u a l l y  along t h e  

surface of t h e  plate. However, f o r  a f r e e s t r e a m  Knudsen number of 8.439 

( F i g s .  5 and h),  t h e  e x t e n t  of t h e  f l o w f i e l d  d i s t u r b a n c e s  remains almost  

c o n s t a n t  a long  t h e  sur face  b e c a m e  of t h e  l a r g e  deg ree  O F  r a r e F a c t i o n  a t  

t h i s  Knudsen number. 

The o v e r a l l  nondimensional. k i n e t t c  t empera tu re ,  T/T,, shown i n  

F igs .  4 and 7 f o r  t h e  freestream Knridsen number va lues  of 0.023 and 8.439, 

r e s p e c t i v e l y ,  i s  d e f i n e d  f o r  a nonequ i l ib r ium gas  as the  weighted mean of 
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t h e  t rans la t  t ona l  and i n t e r n a l  t empera tu res .  These Figurzs show t h a t  t h e  

o v e r a l l  k i n e t i c  t empera tu re  r ise i n  t h e  shock wave precedes t h e  d e n s i t y  

r ise .  The i n i t i a l  r ise  i n  t empera tu re  is due to t h e  bimodal v e l o c i t y  

d i s t r i b u t i o n :  t h e  molecular  sample c o n s i s t s  of most ly  undist-rirhed 

f r e e s t r e a m  molecules  w i t h  j u s t  a f e w  molecules  t h a t  have been a f f e c t e d  by 

t h e  shock. The l a r g e  v e l o c i t y  s e p a r a t i o n  between t h e s e  two classes of 

molecu le s  r e s u l t s  i n  t h e  e a r l y  t empera tu re  i n c r e a s e .  

The t empera tu re  rise i n  t h e  shock wave is compara t ive ly  l a r g e  nea r  t h e  

l e a d i n g  edge and then  g r a d u a l l y  d e c r e a s e s  toward the  t r a i l i n g  edge (F igs .  4 

and 7 ) .  This  obv ious ly  shows t h a t  t h e  s t r e n g t h  of t h e  shock wave d e c r e a s e s  

a l o n g  t h e  s u r f a c e  of t h e  f l a t  p l a t e .  The d i f f e r e n c e  I n  peak shock-wave 

t empera tu res  a t  d i f f e r e n t  l o c a t i o n s  is less f o r  t h e  h i g h e r  Knudsen number 

c o n d i t i o n .  The shock wave is  v e r y  d i f f u s e  f o r  t h e  h i g h e r  Knudsen number 

c o n d i t i o n  because oE t he  l a r g e  f r e e s t r e a m  mean free p a t h .  The t e m p e r a t u r e  

and v e l o c i t y  prof i l e s  a l s o  show a s i g n i f i c a n t  t empera tu re  jump and v e l o c i t y  

s l i p  a t  t h e  s u r f a c e  f o r  both v a l u e s  of Knudsen number. Consequent ly ,  t h e  

f l o w f i e l d  e x h i b i t s  t h e  e f f e c t s  of r a r e f a c t i o n  f o r  a l l  t h e  c a s e s  cons ide red .  

Su r f ace Quan t i t i e s 

The s u r f a c e  p r e s s u r e ,  s k i n  f r i c t i o n ,  and h e a t  t r a n s i e r  c o e f f i c i e n t s  art: 

p r e s e n t e d  i n  F i g s .  8, 9, and 10, r e s p e c t i v e l y ,  f o r  t h e  1 c ~ e r  s u r f a c e  of t h e  

f l a t  p l a t e  a t  rtO-detr, i nc idence .  The e f f e c t s  of r a r r E a c t i o n  are shown by 

comparing t h e  r e s u l t s  €o r  d i f f e r e n t  freestream Knudsen numbers. The v a r i a -  

t i o n  of t h e  pressure c o e f f i c i e n t  with r a r e f a c t i o n  i s  moderate provided t h e  

gas-surface i n t e r a c t i o n  is d i f f u s e ,  as assumed i n  t h e  p r e s e n t  c a l c u l a t i o n s .  

The c a l c u l a t e d  p r e s s u r e  c o e f f i c i e n t  is g r e a t e r  t han  t h e  f r e e  molecular  va lue  

f o r  large f r e e s t r e a m  Knudsen numbers. In c o n t r a s t ,  t h e  s k i n  f r i c t i o n  and 
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hea t  t r a n s f e r  c o e f f i c i e n t s  (F igs .  9 and 1 0 )  a r e  ve ry  s e n s i t i v e  t o  

r a r + f a c t i o n  e f f e c t s  and approach the  f r e e  molecule  v x l u e  with i n c r e a s i n g  

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

Aerodynamic C h a r a c t e r i s t i c s  

F i g u r e s  11 and 12 p re sen t  the  drag  arid l i f t  c o e f f i c i e n t s  as a f u n c t i o n  

of freestream Kniidsen number f o r  the  F la t  p l a t e  a t  40-deg i nc idence .  These 

r e s u l t s  show the  expected v a r i a t i o n  i n  t h e  t r a n s i t i o n a l  flow regime. The 

drat: C o e f f i c i e n t  irict-e.ases and the l i f t  c o e f f i c i e n t  d e c r e a s e s  s u b s t a n t i a l l y  

w i t h  i n c r e a s i n g  r a r e f a c t i o n ,  and both approach the  €ree molecule  l i m i t .  The 

change in t h e  d rag  and l i f t  c o e i F i z i r n t s  is  due  p r i m a r i l y  t o  a n  i n c r e a s e  i n  

u the s k i n  friction r a t h e r  than t o  a change in t h e  p r e s s u r e  c o e f f i c i e n t .  

F igu re  13 p r e s e n t s  the the  l i f t - d r a g  r a t i o  as a f u n c t i o n  of f r e e s t r e a m  

Knudsen number dhere the  t r e n d  i s  the  same as t h e  l i f t  c o e f f i c i e n t  d a t a ,  

which e x p e r i e n c e  a s i g n i f i c a n t  d e c r e a s e  wi th  i n c r e a s i n g  r a r e f a c t i o n .  

The e f f e c t  of a n g l e  of i nc idence  variation on t h e  aerodynamic 

c o e f f i c i e n t s  i s  demonstrated i n  Figs .  14 t o  16 f o r  t h e  8 . i  Kmidsen vlulnber 

case. The DSMC r e s u l t s  are compared w i t h  t hose  ob ta ined  i ising free molecule 

e x p r e s s i o n s  f o r  l i f t  atid drag  c o e € f € c i e n t s  and l i f t - d r a g  r a t i o .  F igu re  1 4  

shows t h a t  t h e  l i f t  c o e f € i c i e n t  i n c r e a s e s  wi th  angLc of a t t a c k ,  reaches  a 

maximum v a l u e  a t  4 5  deg,  then d e c r e a s e s  with f u r t h e r  i l l c rease  i n  a n g l e  of 

a t t a c k .  The DSZIC v a l u ~ s  a r e  c o n s i d e r a b l y  h i g h e r  t han  the  fret?  molecule  

vaLues,  i n d i c a t i n g  t h a t  t r a n s i t i o n a l  e f F e c t s  are e v i d e n t  e v e n  a t  t h i s  hlghly 

rart=fi .ed c o n d i t i o n .  p igu re  15 shows t h a t  the  d rag  c o e f f i c i e n t  a g r e e s  well 

w i t h  the  free moleciilf> c a l c u l a t i o r l a  f o r  small inc idence .  Uowever, a t  h i g h e r  

iric ldence  the  DSMC va lues  are s l i g h t l y  lower than  f r e e  molecrile va lues  

because of the  over p r e d i c t i o n  of s k i n  f r i c t i o n  by the  f r e e  molecule  
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method. F i g u r e  16 p r e s e n t s  the co r re spond ing  l i f t - d r a g  r a t i o  comparison and 

shows t h e  same t r e n d  of the t r a n s i t i o n a l  e f f e c t s  as in t h e  L i f t  c o e f f i c i e n t  

d a t a .  \ 

These r e s u l t s  have impor t an t  i m p l i c a t i o n s  fo r  t h e  i n t e r p r e t a t i o n  of 

E l i  gh t  measurements used t o  deduce aerodynamic c o e f f i c i e n t s  under r a r e f i e d  

c o n d i t i o n s .  As e a r l y  as 1985, i t  w a s  recognized (Ref.  1 4 )  t h a t  t r a n s € t C o n a l  

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

t a t i o n  of t h e  f l i g h t  measurements; however, no c a l c u l a t i o n s  were a v a i l a b l e  

t o  e s t a b l i s h  t h e  fact .  A t  a l t i t u d e s  of 160 km and above, t h e  c o n v e n t i o n a l  

p r o c e d ~ i r e l - ~  has  been t o  i n t e r p r e t  t he  f l i g h t  measurements u s i n g  the  f r e e  

mo'lecule flow c a l c u l a t i o n s .  Such procedures  are used t o  e s t a h l € s h  what 

f r a c t i o n  of t h e  gas - su r face  i n t e r a c t i o n  is s p e c u l a r .  Bu t  C t  can be s e e n  

from t h e  present c a l c u l a t i o n s  t h a t  t h e  t r a n s i t i o n a l  e f f e c t s  persist even a t  

very h igh  a l t i t u d e s  (160 km and above).  This  is c l e a r l y  demonstrated i n  

F i g .  16 where t h e  t r a n s i t i o n a l  e f f e c t  i n c r e a s e s  t h e  l i E t - d r a g  r a t i o  by 90 

p e r c e n t  f o r  a f l a t  p l a t e  a t  40-deg inc idence .  The Freestream Knudsen number 

f o r  t h i s  c o n d i t i o n  i s  8.4 which corresponds t o  S h u t t l e  c o n d i t i o n s  a t  

approx ima te ly  175 km. T h f s  t r a n s i t i o n a l  e f f e c t  is q u i t e  l a r g e ,  and i f  not  

p r o p e r l y  i n t e r p r e t e d  could be m i s t a k e n  for a c o n t r i b u t i o n  due t o  the 

s p e c u l a r  r e f l e c t i o n .  For example, t h e  free molecule r e suLt s  f o r  l i f t - d r a g  

r a t i o  as a f u n c t i o n  of ang le  of i n c i d e n c e  f o r  d i f f e r e n t  fractions of 

specular  r e f l e c t i o n  are  shown i n  Fig. 17. As t h e  f r a c t i n r i  O E  s p e c u l a r  

r e f l e c t i o n  i n c r e a s e s ,  the l i  f t - d r a g  r a t i o  a l s o  i n c r e a s e s  f o r  a g iven  

i n c i d e n c e  angle .  Sirice t h e s e  two separate e f fec ts  bo th  produce i n c r e a s e d  

L i f t -d rag  r a t i o ,  t n t e r p r e t a t i o n  of fLi.ght lneostirernents must account  f o r  t h e  

t r a n s i t i o n a l  e f f e c t s .  
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Conclusions 

Results obtained with the direct simulation Monte Carlo (DSMC) method 

for hypersonic flow past a flat plate at incidence show the effects of the 

transitional flow regime on the aerodynamic characteristics. These effects 

are significant even for large freestream Knudsen numbers. Thus, the 

interpretation of aerodynamic flight data for space vehicles such as the 

Space Shuttle Orbiter must be done in concert with calculations that 

describe the transitional effects. Failure to account for this effect could 

significantly distort the interpretation of the gas-surface interactions 

under highly rarefied conditions. 
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T a b l e  1. Freest teain Conditions 

[Length of the Elat plate ,  L, = 1 in, aiid angle of i n c i d e n c e ,  a ,  = 40 deg. 

- 
IJ,, Om 3 ir w, S, 

-D Itn/sec kg/m K Altitude, K, KN 
km g/mol 

90 28.810 0.02'3 7 .5  3.418 x 10-' 158 23.1 

100 28.257 0.137 7.5 5.640 x lo- '  194.3 21.6 

120 26.159 3.146 7.5 2.269 x lo-' 367.8 15.7 
~~~ ~~ ~ 

130 25.441 8.439 7.5 8.220 x lo-' 499.7 13.3 

.OLRIGINAL PAGE Ts 
KB H X I R  QUALITY 
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Figure 1. Flat plate configuration at incidence. 
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Figure 2. Density profiles normal to the plate surface. 
(KN, = 0.023, and a = 40 deg.) 
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Figure 3. Tangential velocity profiles normal to the plate surface. 
(KN, = 0.023, and a =  40 deg.) 
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Figure 4. Temperature profiles normal to the plate surface. 
(K = 0.023, and a =  40deg.) 
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Figure 5. Density profiles normal to the plate surface. 
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Figure 7. Temperature profiles normal to the plate surface. 

(KN = 8.439, and a = 40 deg.) 
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Figure 8. Effect of rarefaction on the compression side 
surface pressure coefficient. 
( a  = 40deg.) 
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Figure 9. Effect of rarefaction on the compression side 
surface skin-friction coefficient. 
( a = 40 deg.) 
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Figure 10. Effect of rarefaction on the compression side 
surface heat transfer coefficient. 
( a  = 40 deg.) 

22 



1.4 

1.2 

c 

w60 w8Lu-dl 2 4 6 
- 8  10 

Figure 11. Drag coefficient 
( a = 40 deg.) 

versus Knudsen number. 
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Figure 12. Lift coefficient versus Knudsen number. 
( a = 40 deg.) 
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Figure 13. Lift-drag ratio versus Knudsen number. 
( a = 40 deg.) 
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Figure 14. Lift coefficient versus incidence angle for K N  = 8.439. 
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Figure 16. Lift-drag ratio versus incidence angle for K N = 8.439. 
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