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Summary 

An e x t e n s i v e  s e r i e s  o f  n t rmer ica l  c a l c u l a t i o n s  of ob l ique-shock-wave 

r e f l e c t i o n s  i n  a i r  and argon have been per formed u s i n g  a v e r s i o n  o f  t h e  

second-order  E u l e r i a n  Godunov scheme f o r  i n v i s c i d  compress ib le  f l o w .  T h i s  

scheme i s  among t h e  b e s t  o f  t h e  upwind schemes developed i n  r e c e n t  y e a r s .  

The r e s u l t s  have been compared w i t h  t h e  b e s t  a v a i l a b l e  i n t e r f e r o m e t r i c  

da ta  f rom t h e  lITIAS 10 cm x 18 cm shock tube,  f o r  f i f t e e n  d i f f e r e n t  cases. 

The o b j e c t i v e  o f  t h i s  p o r t i o n  o f  t h e  s t u d y  was t o  assess t h e  accuracy  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe 

computer code i n  comput ing two-d imens iona l  shocked f l o w  o f  an i n v i s c i d  p e r f e c t  

gas. 

e x t e n t  o f  i n f l u e n c e  o f  v i s c o u s  and v i b r a t i o n a l  n o n e q u i l i b r i u m  e f f e c t s  on t h e  

exper imenta l  f l o w  f i e l d s .  

A s i g n i f i c a n t  p o r t i o n  of o u r  a n a l y s i s  i s  devoted t o  t h e  q u e s t i o n  o f  t h e  

F u r t h e r  p a r a n e t r i z e d  s e r i e s  o f  c a l c u l a t i o n s  were per fo rmed i n  an e f f o r t  

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

i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(MS, e ) -p lane.  Good agreement w i t h  a n a l y t i c  p r e d i c t i o n s  was f o u n d  f o r  

low va lues  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp.1, and, as m i g h t  be expected, t h e r e  a r e  s u b s t a n t i a l  

d i s c r e p a n c i e s  f o r  M, = 8.75. 

i n  t h e  f o r m u l a t i o n  o f  a c c u r a t e  t r a n s i t i o n  c r i t e r i a  i s  d iscussed.  

W 

The p o s s i b i l i t y  o f  u s i n g  such n u m e r i c a l  r e s u l t s  

O v e r a l l ,  t h e  computer code has been found t o  r e p r e s e n t  a s i g n i f i c a n t  

p r e d i c t i v e  c a p a b i l i t y .  

d e t a i l e d  m o d e l l i n g  o f  n o n e q u i l i b r i u m  and v iscous  e f f e c t s  i s ,  however, an 

i m p o r t a n t  o b j e c t i v e .  

The f u t u r e  e x t e n s i o n  o f  t h e  code t o  p e r m i t  t h e  
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Tab le  o f  Contents  
Page 

ii 

iii 

i v  

1 

3 

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

I-\.cknowl edgements. 

Summary. . . .  
Ta b l  e o f  Contents  . 

. 
. 

. 
. 

. 
. 

1. INTRODUCTION. . . . . . .  
2. OBLIOUE SHOCK-NAVE REFLECTIONS. 

3. EXPERIMENTAL TECHNIQ\IES. . .  
3.1 Exper imenta l  F a c i l i t y .  . 
3.2 Data Reduct ion  Techniques. 

. 
. 

. . . 

. . 

. . . 

7 

4. NUMERICAL METHOD. . . . . . . . . . .  
5. COMPUTATIONAL RESULTS. 

5.1 Comparison o f  Exper iment  w i t h  C a l c u l a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 8  

. 11 

11 

23 5.2 T r a n s i t i o n  Sequences. . . .  
6. CONCLUSIONS. . . . . . . . .  
7. REFERENCES. . . . . . . . .  

Appendix A:  L i s t  o f  F i g u r e  Capt ions.  

Tab le  1 

F i g u r e s  

. 
. 28 

30 

A - i  

. 

. 

i v  



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

A d i r e c t  comparison i s  made f o r  f i f t e e n  b a s i c  cases o f  o b l i q u e  shock-wave 

r e f l e c t i o n s  between i n t e r f e r o m e t r i c  r e s u l t s  o b t a i n e d  a t  t h e  U n i v e r s i t y  o f  

To ron to  I n s t i t u t e  f o r  Aerospace S t u d i e s  (UTIAS) 10 cm x 18 cm H y p e r v e l o c i t y  

Shock Tube and numer ica l  r e s u l t s  o b t a i n e d  by u s i n g  a c u r r e n t  c o m p u t a t i o n a l  

method f o r  s o l v i n g  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEulPr e q u a t i o n s  o f  compress ib le  f l o w .  

p a r a m e t r i z e d  sequences of c a l c u l a t i o n s  a r e  p r e s e n t e d  t o  assess t h e  u t i l i t y  o f  

t h e  p r e s e n t  numer ica l  method i n  c o n s t r u c t i n g  t h e  v a r i o u s  r e f l e c t i o n - t r a n s i t i o n  

l i n e s  ( R R  - SWR, SVR - CMR, CMR - DMR; see F i g s .  1 & 2 )  for i n v i s c i d  flows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin  t h e  

shock-wave Mach-number, wedge-angle (MS,  e w )  -plane. 

p a r a m e t r i z e d  sequence has been c a l c u l a t e d  i n  order t o  s t u d y  t h e  v a l i d i t y  o f  

t h e  boundary- layer  d isp lacement  t h e o r y  t o  account  f o r  t h e  "von Neumann 

pa radox. 

A d d i t i o n a l  

An a d d i t i o n a l  

Over t h e  p a s t  f i v e  y e a r s ,  e x t e n s i v e  e x p e r i m e n t a l  and a n a l y t i c a l  d a t a  were 

o b t a i n e d  f o r  t h e s e  problems (Ben-Dor.& Glass 1978, 1979, 1980; Ando zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR Glass 

1981; Lee zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR Glass 1982; S h i r o u z u  R Glass  1982; Descharnbault & Glass 1983; 

Deschambault 1984; Hu 1984; Hu & Glass  1985; Hu & S h i r o u z u  1985; Idheeler and 

Glass 1985; Wheeler 1985). We r e f e r  t h e  r e a d e r  t o  t h e s e  r e f e r e n c e s  f o r  an 

e x t e n s i v e  d i s c u s s i o n  o f  t h e  t h e o r y  o f  o b l i q u e  shock-wave r e f l e c t i o n s ,  an 

i n t r o d u c t i o n  t o  t h e  h i s t o r y  o f  t h e  f i e l d ,  and f u r t h e r  r e f e r e n c e s .  

Wi th  t h e  advent  of modern computers,  i t  has become p o s s i b l e  t o  a t t e m p t  

t h e  computa t ion  o f  such problems u s i n g  f i n i t e  d i f f e r e n c e  schemes. The s t a t e -  

o f - t h e - a r t  i n  t h i s  a rea  was surveyed i n  Ben-Dor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI Glass  1978 and Deschambault 

& Glass 1983; t h e s e  a u t h o r s  conc luded t h a t  advances i n  n u m e r i c a l  t e c h n i q u e  

would be r e q u i r e d  h e f o r e  numer ica l  r e s u l t s  c o u l d  be viewed w i t h  t h e  same 

c o n f i d e n c e  a s  e x p e r i m e n t a l  data.  The main o b j e c t  o f  t h i s  r e p o r t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis t o  

demonstrate t h a t  t h e  numer ica l  method used h e r e i n  i s  s u f f i c i e n t l y  a c c u r a t e  t o  

be p l a c e d  on a n e a r l y  equal  f o o t i n g  w i t h  e x p e r i m e n t a l  methods i n  t h e  a n a l y s i s  

o f  p e r f e c t ,  i n v i s c i d ,  compress ib le  f l o w s .  However, f u r t h e r  development work  

i s  needed i n  t h e  n u m e r i c a l  m o d e l l i n g  o f  n o n e q u i l i h r i u m ,  v i s c o u s  f low f i e l d s .  

T h i s  s tudy  d e a l s  e x c l u s i v e l y  w i t h  r e s u l t s  f o r  a i r  and argon;  t h e  

exper imenta l  da ta  f o r  t h e s e  r e s u l t s  may be found i n  Deschambault  1984 where 

t h e y  a r e  d iscussed i n  d e t a i l .  

per fo rmed w i t h  our computer code, and we b r i e f l y  d e s c r i b e  them here. 

exper imenta l  da ta  f o r  SFg has a l s o  been o b t a i n e d  and i s  r e p o r t e d  i n  Hu 1985 

Many o t h e r  r e l a t e d  c a l c u l a t i o n s  have been 

Recent 
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and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR Glass 1985. An analogous numer ica l -exper imenta l  s tudy  t o  t h e  p r e s e n t  

r e p o r t  f o r  SF6 may be found i n  Glaz e t  a1 1985. 

posed by assuming zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa p o l y t r o p i c  gas, f i x i n g  M S  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe w ,  and a l l o w i n g  

y = r a t i o  of s p e c i f i c  heats  t o  be a v a r y i n g  parameter. T h i s  problem i s  w e l l -  

s u i t e d  t o  a numer ica l  s tudy  and t h e  r e s u l t s  u s i n g  o u r  numer ica l  method a r e  

p resen ted  i n  C o l e l l a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI Glaz 1984 and Rerger  e t  a1 1985. 

code has been developed f o r  t h e  problem o f  a s p h e r i c a l  e x p l o s i o n  r e f l e c t i n g  

o f f  an i d e a l  su r face ;  t h e  numer ica l  method i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  used 

i n  o b t a i n i n g  t h e  r e s u l t s  f o r  t h i s  r e p o r t .  C a l c u l a t i o n s  u s i n g  t h i s  code a r e  

p resen ted  i n  C o l e l l a  R Glaz 1984 and C o l e l l a  e t  a1 1985. The r e s u l t s  o f  t hese  

c a l c u l a t i o n s  show t h a t  t h e  h i g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM s ,  DC!R f l o w  f i e l d s  o f  p l a n a r  o b l i q u e  shock 

wave r e f l e c t i o n  have a l o t  i n  common w i t h  t h e  Mach stem r e g i o n  f l ow  f i e l d s  o f  

t h e  s p h e r i c a l  e x p l o s i o n  prob lem j u s t  a f t e r  t h e  RR-DFIR t r a n s i t i o n ,  a l t hough  

t h e r e  a r e  s i g n i f i c a n t  s t r u c t u r a l  d i f f e r e n c e s  downstream o f  t h e  t r i p l e  p o i n t ,  

presumably due e i t h e r  t o  i ins tead iness  o r  t h e  d i f f e r e n t  boundary c o n d i t i o n s .  

An i n t e r e s t i n g  problem i s  

F i n a l l y ,  a computer 

A p o r t i o n  o f  t h e  c a l c u l a t i o n s  which a r e  s t u d i e d  i n  t h i s  r e p o r t  have 

appeared i n  C o l e l l a  & Glaz 1982, 1984 and Glaz e t  a1 1985. The l a t t e r  paper 

i n c l u d e s  an expanded d i s c u s s i o n  o f  some of  t h e  o v e r a l l  i ssues  i n v o l v e d  i n  

comparing exper imenta l  r e s u l t s  t o  approx imate s o l u t i o n s  o f  a p e r f e c t  i n v i s c i d  

f low.  I n  t h i s  r e p o r t ,  we c o n c e n t r a t e  on p r e s e n t i n g  t h e  complete s e t  of 

c a l c u l a t i o n s  i n c l u d i n g  a d i s c u s s i o n  o f  each comparison or paramet r i c  s e r i e s .  

The p l a n  o f  t h e  r e p o r t  i s  as f o l l o w s .  I n  S e c t i o n  2, t h e  te rm ino logy  of 

o b l i q u e  shock-wave r e f l e c t i o n s  i s  rev iewed and some n o t a t i o n  i s  de f ined.  

Sec t i ons  3 and 4 a r e  devoted t o  exper imenta l  techn iques  and t h e  numer ica l  

method, r e s p e c t i v e l y .  

i s  an extended summary. 

I n  S e c t i o n  5, t h e  r e s u l t s  a r e  p resented  and Sec t ion  6 

2 



2. Oblique Shock-Wave Reflections 

The four types of pseudo-stati onary ob1 i que shock-wave-ref lection 

patterns are shown in Figure 1 a n d  consist of ( a )  

( b )  single Mach ref lect ion (SMR), ( c )  complex Mach reflection zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(CMR) and  

( d )  double Mach ref lect ion (DPR). Figure 1 i l l us t ra tes  the definit ions of 

wedge angle e w ,  tr iple-point trajectory angles, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx,~', various shock waves I ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ,  

R ' ,  M, PI', s l i p  surfaces S , S '  a n d  the flow regions 1-5 produced by the 

foregoing ref lect ions,  the angle 6 between the incident I and  reflected R 

shock waves i s  also shown a s  well as the angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw' between R and  the wal l  o r  R 

and  the tr iple-point-trajectory angle X. The bow shock stand-off distances s 

a n d  the length L ,  between the wedge corner and the reflection point o r  Mach 

stem are a l s o  indicated. Such quanti t ies can be measured experimentally o r  

predicted numerically and provide important information on the s ta te  of t h e  

gas whether frozen, non-equilibrium or equilibrium (Shirouzu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 Glass 1982; Hu 

1985; Hu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR Glass 1985). 

regular reflection ( R R ) ,  

The equations of gas dynamics are, in Cartesian coordinates, 

( P E ) ~  + ( p u E + ~ p ) ~  + ( p v E + v p )  = 0 
Y 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp i s  the density, u = ( u , v )  i s  the velocity f ie ld ,  E = l /2  ( u  2 2  +V ) + e i s  
- 

the t o t a l  specif ic energy, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP i s  the specif ic internal energy, and  p i s  the 

pressure. The system i s  closed by specifying a n  equation-of-state (EOS), 

P = P(P,e)* 

We shall often use the polytropic €OS, 

3 



where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy > 1 i s  t h e  r a t i o  o f  s p e c i f i c  hea ts .  

I f  r e a l  gas and v i scous  e f f e c t s  can be i g n o r e d  [i .e., equa t ions  ( l ) ,  ( 2 )  

h o l d ] ,  t h e  problem has no i n t r i n s i c  l e n g t h - s c a l e ,  s u g g e s t i n g  t h e  use o f  t h e  

s e l f - s i m i l a r  o r  p s e u d o - s t a t i o n a r y  c o o r d i n a t e  sys tem (E  , n )  = [ ( x - x g ) / ( t - t Q ) ,  

( y - y ~ ) / ( t - t o ) ]  where (x0,yo) a r e  t h e  c o o r d i n a t e s  o f  t h e  wedge c o r n e r  and t o  i s  

t h e  t i m e  a t  which t h e  i n c i d e n t  shock wave reaches t h e  co rne r .  F o l l o w i n g  Jones 

e t  a l  1951, t h e  system (1) may be t r a n s f o r m e d  t o  p s e u d o - s t a t i o n a r y  c o o r d i n a t e s  

and becomes , i n  c o n s e r v a t i o n  form, 

where 

- .. 
u = u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 6 ,  v = v - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq,  

.. 1 - 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 2  
H = 7 ( u  + v ) + h 

and h = e + p/p i s  t h e  s p e c i f i c  e n t h a l p y .  We r e f e r  

s i m i l a r  v e l o c i t y  f i e l d  and s e l f - s i m i l a r  t o t a l  entha 

a d d i t i o n  we d e f i n e  

py , r e s p e c t  i ve 

t h e  s e l f -  

y. I n  

where c = sound speed and we r e f e r  t o  a s  t h e  s e l f - s i m i l a r  Mach nirmbsr. The 

sys tem ( 4 )  i s ,  e v i d e n t l y ,  t h e  s teady E u l e r  e q u a t i o n s  w i t h  t h e  a d d i t i o n  o f  

sou rce  terms, lile not.@ t h a t  t h e  r a t i o  s / L  i s  c o n s t a n t ,  f o r  g i ven  i n i t i a l  

c o n d i t i o n s ,  f o r  s e l f - s i m i l a r  s o l u t i o n s  of t h e  n o n - s t a t i o n a r y  equat ions,  j u s t  
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as s i s  c o n s t a n t  f o r  s t e a d y  superson ic  f l o w .  I n  t h i s  and o t h e r  ways a change 

t o  pseudo-s ta t i ona ry  c o o r d i n a t e s  i s  v e r y  u s e f u l  i n  t h e  a n a l y s i s  o f  t h e s e  f l o w  

f i e l d s  and w i l l  he used i n  t h i s  s tudy .  

I n  p a r t i c u l a r ,  t h e  t y p e  o f  r e f l e c t i o n  p a t t e r n  i s  a f u n c t i o n  o f  t h e  

i n c i d e n t  shock-wave Mach-number Ms,  t h e  wedge a n g l e  e,, and t h e  gas e q u a t i o n  

o f  s t a t e .  The t r a n s i t i o n  boundar ies  i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M ,e ) - p l a n e  f o r  o b l i q u e  shock-  

wave r e f l e c t i o n  a r e  reproduced f r o m  Lee and Glass  (1982)  i n  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 f o r  r e a l  

a i r  and a p o l y t r o p i c  e q u a t i o n  of s t a t e  w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy = 1.40. 

f o r  argon (y = 5 / 3 )  may be f o u n d  i n  t h i s  r e f e r e n c e .  The c o n s t r u c t i o n  o f  t h e  

t r a n s i t i o n  l i n e s  i s  based on v a r i o u s  ( h e u r i s t i c )  t r a n s i t i o n  c r i t e r i a  and t h e  

numer ica l  c a l c u l a t i o n  o f  t h e  jump c o n d i t i o n s  a t  r e f l e c t i o n  and t r i p l e  

p o i n t s .  These c r i t e r i a ,  wh ich  have been t h e  s u b j e c t  of e x t e n s i v e  

i n v e s t i g a t i o n  i n  t h e  l i t e r a t u r e ,  a r e  summarized i n  Lee and Glass (1984)  and 

S h i r o u z u  and Glass (1983) .  I n  Sec. 5 ,  t h e  n u m e r i c a l  r e s u l t s  w i l l  be used t o  

p a r t l y  assess t h e  v a l i d i t y  o f  some o f  t h e s e  c r i t e r i a  as w e l l  as t h e  o v e r a l l  

accuracy o f  t h e  t r a n s i t i o n  diagram, F i g u r e  2. 

s w  

The analogous f i g u r e  

The f o u r f o l d  p a r t i t i o n  o f  t h e  ( M s , e w )  p l a n e  i l l u s t r a t e d  i n  F i g u r e  2 i s  

Some o t h e r  f e a t u r e s  t h a t  may be s i m i l a r l y  p a r t i t i o n e d  (see Ben-Dor 

q u i t e  coarse  r e l a t i v e  t o  t h e  r i c h  phenomenology p r e s e n t  i n  t h e s e  f l o w  

f i e l d s .  

and Glass 1979) a r e  ( a )  whether  o r  n o t  t h e  r e f l e c t e d  shock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  detached o r  

a t t a c h e d  t o  the wedge c o r n e r ;  ( b )  i n  t h e  a t t a c h e d  case, whether  t h e  f l o w  a t  

t h e  c o r n e r  i s  subson ic  o r  s u p e r s o n i c ;  ( c )  f o r  R R  whether  t h e  f l o w  i s  subson ic  

o r  superson ic  ( i n  p s e u d o - s t a t i o n a r y  c o o r d i n a t e s )  a t  t h e  r e f l e c t i o n  p o i n t  and 

( d )  f o r  SMR, CMR and DMR whether  o r  n o t  M " t o e s - o u t "  o r  " t o e s - i n " .  

A comprehensive s t u d y  o f  t h e s e  i s s u e s  i s  beyond t h e  scope o f  t h i s  r e p o r t ,  

b u t  t h e y  w i l l  be d i s c u s s e d  as a p p r o p r i a t e  i n  t h e  comparison o f  e x p e r i m e n t a l  

and numer ica l  r e s u l t s  i n  Sec. 5. 

5 



3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE x p e r i m e n t a l  Techniques 

The exper iments  f o r  t h e  p r e s e n t  s t u d y  were pe r fo rmed  i n  t h e  UTIAS 10 cm x 

18 cm H y p e r v e l o c i t y  Shock Tube. 

o f  t h e  o r i g i n a l  f a c i l i t y  can he f o u n d  i n  Royer 1964. More r e c e n t  and d e t a i l e d  

d e s c r i p t i o n s  o f  t h o  shock t u b e  appear i n  8 r i s t o w  1971 and Ren-Dor and W h i t t e n  

1979. F u r t h e r  d e t a i l s  o f  t h e  exper iments  a s s o c i a t e d  w i t h  t h e  p r e s e n t  work can 

be f o u n d  i n  Deschambault 1984, 

A des ign ,  per fo rmance and c a l i b r a t i o n  s t u d y  

3.1 E x p e r i m e n t a l  F a c i l i t y  

The b a s i c  shock t u b e  f a c i l i t y  c o n s i s t s  o f  a 1.4m l o n g  d r i v e r  and a 12.2m 

channel .  The i n i t i a l  p r e s s u r e  i n  t h e  channel  can be e a s i l y  v a r i e d  f r o m  near  

vacuum t o  atmospher ic  c o n d i t i o n s .  A t  t h e  end o f  t h e  channel  i s  a t e s t  s e c t i o n  

c o n t a i n i n g  h i g h - q u a l i t y  i n t e r f e r o m e t r i c  windows t h r o u g h  which t h e  shock t u b e  

f l o w s  may be observed. 

i n t e r f e r o m e t e r  ( H a l l  '1954) i n  c o n j u n c t i o n  w i t h  a g i a n t - p u l s e  r u b y - l a s e r  i s  

used t o  r e c o r d  s imu l taneous dua l -wave length  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(x=694.3nm and 347,2nm) i n f i n i t e -  

f r i n g e  i n t e r f e r o g r a m s  of t h e  two-d imensional  f l o w - f i e l d s .  T h i s  a l l o w s  t h e  

d i r e c t  o b s e r v a t i o n  o f  t h e  f l o w - f i e l d  i s o p y c n i c s  ( l i n e s  o f  c o n s t a n t  d e n s i t y ) .  

The 15ns p u l s e  genera ted  by t h e  r u b y  l a s e r  e f f e c t i v e l y  f r e e z e s  a71 mot ion ,  

t h e r e b y  p r o d u c i n g  sharp,  c l e a r  images. 

A 23-cm d iamete r  fi: e l  d - o f  - v i  ew Mach-Zehnder 

Two methods were used t o  produce t h e  i n c i d e n t  shock-wave Mach-numbers f o r  

t h e  p r e s e n t  s tudy .  F o r  shock-wave Mach-numbers l e s s  t h a n  6 a co ld -gas  d r i v e r  

was employed. The d iaphragm c o n s i s t e d  o f  s e v e r a l  l a y e r s  o f  m y l a r - p o l y e s t e r  

f i l m s .  

t h i c k n e s s ,  t h e  d e s i r e d  shock-wave Mach-number c o u l d  be o b t a i n e d  i n  t h e  t e s t  

gas upon r u p t u r e .  

W i t h  t h e  p r o p e r  c h o i c e  o f  d r i v e r  gas, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC O 2  o r  He, and diaphragm 

F o r  shock-wave Mach-numbers g r e a t e r  t h a n  6 combus t ion -d r i ve r  t e c h n i q u e s  

were  used. S p e c i a l l y  s c r i b e d  s t a i n l e s s  s t e e l  d iaphragms were b u r s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby t h e  

cons tan t -vo lume combust ion o f  a s t o i c h i o m e t r i c  m i x t u r e  of 02  and H 2  d i l u t e d  

w i t h  70% He. Combustion was i n i t i a t e d  by t h e  i m p u l s i v e  h e a t i n g  o f  a 0.38-mm 

d i a m e t e r  t u n g s t e n  w i r e  t h r o u g h  t h e  d i s c h a r g e  of  a 4 5 p F  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13kV c a p a c i t o r .  

The r e f l e c t i o n  p a t t e r n s  were genera ted  by t h e  impingement of normal shock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



waves w i t h  s t e e l  wedges. The wedges were b o l t e d  f i rm ly  t o  t h e  bo t tom w a l l  o f  

t h e  f a c i l i t y  t o  ensure r i g i d i t y .  The s i d e s  o f  t h e  wedges were f l u s h  w i t h  t h e  

i n s i d e  w a l l s  and i n t e r f e r o m e t r i c  windows o f  t h e  shock- tube t e s t - s e c t i o n  

3.2 Data Reduc t ion  Techniques 

The i n f i n i t e - f r i n g e  i n t e r f e r o g r a m s  enab led  t h e  r e c o r d i n g  of s m a l l  

The d e n s i t y  r e l a t i v e  d e n s i t y  changes o f  t h e  v a r i o u s  shock t u b e  f l o w s .  

d i f f e r e n c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhp between t h e  two a d j a c e n t  f r i n g e s  o f  t h e  same c o l o r  i s  r e l a t e d  t o  

t h e  wave length  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX o f  t h e  l i g h t  sou rce  (694.3nm and /o r  347.2nm) and t h e  

Gladstone-Dale c o n s t a n t  K (2.274 x 10-4m3/kg f o r  a i r ,  = 589.6nm and 

1.574 x 10-4m3/kg f o r  A r ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 694.3nm) and i s  expressed by t h e  r e l a t i o n  

hp = x / K L ,  where L i s  t h e  dep th  o f  t h e  t e s t  s e c t i o n  (10.16cm). 

To o b t a i n  q u a n t i t a t i v e  va lues  f o r  t h e  i s o p y c n i c s  t h e  f o l l o w i n g  method was 

employed. From t h e  i n i t i a l  c o n d i t i o n s  o f  t h e  exper iment ,  i .e., shock-wave 

Mach -number, wedge angle,  i n i t i a l  p r e s s u r e  and tempera ture ,  t h e  thermodynami c 

s t a t e s  around t h e  r e f l e c t i o n  p o i n t  f o r  RR and t h e  t r i p l e  p o i n t  f o r  MR were 

c a l c u l a t e d  u s i n g  two-  and th ree -shock  t h e o r y  (Ando 1981). 

r e f e r e n c e  s t a t e s  f r o m  which a l l  o t h e r  d e n s i t y  va lues c o u l d  be o b t a i n e d  u s i n g  

t h e  above r e l a t i o n .  

These were used as 

The w a l l - d e n s i t y  d i s t r i b u t i o n  p l o t s  were o b t a i n e d  d i r e c t l y  f r o m  t h e  

i n t e r f e r o g r a m s .  

t h e  f o o t  o f  t h e  Mach stem o f  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMR. The c o r n e r  o f  t h e  wedge was d e f i n e d  t o  be 

a d i s t a n c e  L f r om t h e  o r i g i n .  

g i v i n g  a va lue  o f  1 t o  t h e  d i s t a n c e  f r o m  t h e  o r i g i n  t o  t h e  wedge co rne r .  

Where p o s s i b l e  the c e n t e r  o f  t h e  i s o p y c n i c  i n t e r s e c t i n g  t h e  wedge s u r f a c e  was 

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

The o r i g i n  was d e f i n e d  t o  be t h e  r e f l e c t i o n  p o i n t  o f  a RR o r  

A l l  a b s o l u t e  d i s t a n c e s  were t h e n  s c a l e d  by L 

For  some o f  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  here,  i t  was necessary  t o  

use t e s t  gases w i t h  ve ry  low i n i t i a l  d e n s i t i e s  and p ressu res  r e l a t i v e  t o  

atmospher ic  c o n d i t i o n s .  As a r e s u l t ,  s e v e r a l  i n t e r f e r o g r a m s  show t h e  e f f e c t s  

o f  v i b r a t i o n a l  n o n e q u i l i h r i u m  wh ich  must be t a k e n  i n t o  account when a n a l y s i n g  

t h e  co r respond ing  i n t e r f e r o g r a m s .  

and appear as a d d i t i o n a l  f r i n g e  s h i f t s  i n  t h e  post -shock f l o w - f i e l d  p a r a l l e l  

t o  t h e  f r o z e n  i n c i d e n t  shock f r o n t .  Behind t h e  r e f l e c t e d  shock wave, t h e  

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

o f  t h e  i s o p y c n i c s  and t h e  r e f l e c t e d  shock wave. 

The r e l a x a t i o n  zones a r e  c l e a r l y  v i s i b l e  
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4. Numer ica l  Method 

The numer i ca l  r e s u l t s  p r e s e n t e d  i n  t h i s  paper  have been c a l c u l a t e d  w i t h  a 

v e r s i o n  o f  t h e  E u l e r i a n  second-order  Godunov scheme f o r  n o n s t a t i o n a r y  gas 

dynamics o f  a t y p e  cons ide red  by C o l e l l a  and Woodward 1984. 

t h e  scheme used h e r e  i s  p r e s e n t e d  i n  C o l e l l a  and G laz  1982,1983, i n c l u d i n g  t h e  

m o d i f i c a t i o n s  r e q u i r e d  f o r  n o n - p o l y t r o p i c  gases. 

The v e r s i o n  o f  

The method i s  a f i n i t e - d i f f e r e n c e  scheme f o r  systems o f  h y p e r b o l i c  

c o n s e r v a t i o n  laws i n  one s p a c e - l i k e  d imension:  f o r  m u l t i d i m e n s i o n a l  

a p p l i c a t i o n s  such as t h e  shock-on-wedge problem, we employ o p e r a t o r  

s p l i t t i n g .  D i f f e r e n c i n g  i s  i n  c o n s e r v a t i o n  f o r m  and t h e  numer i ca l  f l u x e s  a r e  

computed by s o l v i n g  zone i n t e r f a c e  Riemann problems whose t i m e - c e n t r e d  l e f t  

and r i g h t  s t a t e s  a r e  computed f r o m  t h e  c h a r a c t e r i s t i c  f o r m  o f  t h e  equa t ions .  

T h i s  t e c h n i q u e  leads  t o  second-order accu racy  i n  smooth f l o w  and ensures t h a t  

t h e  method i s  c e n t r e d  upstream. 

r o b u s t .  I n  t h e  immediate v i c i n i t y  o f  a s t r o n g  shock, some d i s s i p a t i o n  i s  

r e q u i r e d ;  t h i s  has been accompl ished by smooth ly  d e g r a d i n g  t h e  scheme t o  t h e  

f i  r s t - o r d e r  Godunov scheme i n  such r e g i o n s .  The degree of d e g r a d a t i o n  i s  a 

f u n c t i o n  o f  t h e  shock t h i c k n e s s  and s t r e n g t h .  

I n  p r a c t i c e ,  t h e  method i s  v e r y  s t a b l e  and 

F o r  argon, we have used a p e r f e c t  ( f r o z e n )  gas e q u a t i o n  of s t a t e  w i t h  

y = 5/3. I f  t h e  shock t u b e  t e s t  gas was a i r ,  t h e  e q u a t i o n  o f  s t a t e  was chosen 

t o  be e i t h e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa p e r f e c t  ( f r o z e n )  gas w i t h  y = 7/5 o r  t h e  Hansen 1959 r e a l  a i r  

e q u a t i o n  o f  s t a t e  as m o d i f i e d  by Ueschambault 1984 f o r  t h e  p r e s e n t  

a p p l i c a t i o n .  The e f f i c i e n t  s o l u t i o n  o f  t h e  Riemann p r o b l e m  i n  t h e  c o n t e x t  o f  

o u r  sec'ond-order Godunov method f o r  an a r b i t r a r y  e q u a t i o n  o f  s t a t e  i s  t r e a t e d  

i n  C o l e l l a  and Glaz 1982,1983. Also,  t h e s e  papers demons t ra te  t h a t  t h e  c h o i c e  

o f  e q u a t i o n  o f  s t a t e  has a s u b s t a n t i a l  i n f l u e n c e  on t h e  q u a n t i t a t i v e  numer i ca l  

r e s u l t s ,  as m igh t  be expected. 

As no ted  i n  t h e  p r e c e d i n g  s e c t i o n ,  v i b r a t i o n a l  n o n - e q u i l i b r i u m ,  which i s  

o n l y  tempera tu re  dependent, can be s i g n i f i c a n t  f o r  moderate t o  h i g h  Mach 

numbers when t h e  t e s t  gas i s  a i r  ( a t  h i g h  Mach numbers d i s s o c i a t i o n  e f f e c t s  

a r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa l s o  d e n s i t y  dependent) :  f o r  t h e  a rgon  cases c o n s i d e r e d  h e r e  we expec t  t h e  

gas t o  remain f rozen .  

a i r  c a l c u l a t i o n s  depends m a i n l y  on t h e  v i b r a t i o n a l  r e l a x a t i o n  l e n g t h  Ivy 

b e h i n d  t h e  shock waves I ,  R ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM o f  F i g u r e  1. I f  1, > 1 (where 1 i s  a 

c h a r a c t e r i s t i c  f l o w  l e n g t h  a r i s i n g  i n  t h e  problem; f o r  t h e  p r e s e n t  

The c h o i c e  o f  an a p p r o p r i a t e  e q u a t i o n  o f  s t a t e  f o r  t h e  
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exper iments ,  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO.lmm), t h e n  t h e  gas i s  f r o z e n  and t h e  p e r f e c t  gas e q u a t i o n  

o f  s t a t e  i s  c o r r e c t .  If 1 

e q u a t i o n  o f  s t a t e  f o r  r e a l  a i r  i s  used. 1, t h e n  n e i t h e r  t h e  

f r o z e n  no r  t h e  e q u i l i b r i u m  h y p o t h e s i s  i s  a p p r o p r i a t e ,  and t h e  f l o w  i s  s a i d  t o  

be i n  non-equi 1 i b r i  um. We have numeri c a l  l y  t r e a t e d  such cases as equ i  1 i b r i u m  

f l o w  f i e l d s  by tusing t h e  Hansen e q u a t i o n  o f  s t a t e ,  a l t h o u g h  t h e  o n l y  c o r r e c t  

p rocedure  wo i i ld  be t o  s o l v e  an e x t r a  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  

r e p r e s e n t i n g  a r a t e  e q u a t i o n  f o r  v i b r a t i o n a l  r e l a x a t i o n  (and f o r  d i s s o c i a t i o n  

a t  h i g h  Mach numbers). 

d i s c u s s i o n  o f  t h e s e  cases i n  Sec. 5. 

I,, t h e n  t h e  gas i s  i n  e q u i l i b r i u m  and t h e  Hansen 

F i n a l l y ,  i f  lv 

T h i s  d e c i s i o n  w i l l  be an i m p o r t a n t  i s s u e  i n  o u r  

The compu ta t i ona l  mesh and o u r  p rob lem i n i t i a l i z a t i o n  p r o c e d u r e  i s  

i l l u s t r a t e d  i n  F i g u r e  3. 

t o  conform w i t h  t h e  e x p e r i m e n t a l  i n t e r f e r o g r a m s .  Me have used a square  

( i .e. ,  Ax = Ay = c o n s t a n t )  mesh f o r  a l l  o f  t h e  computa t ions  i n  Sec. 5. 

Recause t h e  f l o w  i s  p s e u d o - s t a t i o n a r y ,  t h e  c h o i c e  o f  Ax i s  i m m a t e r i a l .  

Note  t h a t  t h e s e  f i g u r e s  a r e  drawn f r o m  r i g h t  t o  l e f t  

The i n i t i a l  d a t a  a r e  t a k e n  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( l o ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPIs where U = ( p , p , ~ , v , ) ~  i s  t h e  s t a t e  

v e c t o r  and MS i s  t h e  i n i t i a l  shock-wave Mach-number. From t h e s e  d a t a  and t h e  

g i ven  e q u a t i o n  of s t a t e ,  t h e  pos t -shock  s t a t e  U 1  may he c a l c u l a t e d .  

i n i t i a l i z e  t h e  two-d imens iona l  c a l c u l a t i o n ,  t hese  da ta  a r e  p l a c e d  on t h e  g r  

f a r  ups t ream (ca. 60-75 zones) o f  t h e  c o r n e r ,  as  i l l u s t r a t e d  i n  F i g u r e  3a; 

i n t e r p o l a t i o n  o f  conserved q u a n t i t i e s  [ i .e.  (Ic = (p,pu,pv,pE) 1 i s  used f o r  

zones t h a t  s t r a d d l e  t h e  i n c i d e n t  shock. However, t h i s  i s  a v e r y  poor  

r e p r e s e n t a t i o n  o f  t h e  numer i ca l  shock hecaiise any s h o c k - c a p t u r i n g  scheme w i  

d i f f u s e  a shock wave ove r  two o r  more zones i n  t h e  compu ta t i ona l  mesh. The 

To 

T 

r p s u l t i n g  s t r u c t u r e  i s  r e f e r r e d  t o  as a d i s c r e t e  t r a v e l l i n g  wave ( i .e. ,  a mesh 

f u n c t i o n  t h a t  depends o n l y  on x - V t ,  where V i s  t h e  v e c t o r  v e l o c i t y  o f  t h e  

wave and equa ls  t h e  shock speed i n  magn i tude f o r  a d i s c r e t e  shock wave). 

S t a r t i n g  w i t h  any i n i t i a l  da ta  (e.g., t h e  one zone UO - U 1  jump d e s c r i b e d  

above) s a t i s f y i n g  t h e  Qank ine -Hugon io t  c o n d i t i o n s ,  t h e  s o l u t i o n  w i l l  t e n d  as 

%he number o f  t i m e - s t e p s  becomes l a r g e  towards  t h e  a p p r o p r i a t e  d i s c r e t e  

t r a v e l l i n g  wave, p l u s  o t h e r  l o w - a m p l i t u d e  waves t h a t  we r e f e r  t o  as " s t a r t i n g  

e r r o r " ,  w i t h  t he  s t a r t i n g  e r r o r  s e p a r a t i n g  f rom t h e  t r a v e l l i n g  wave. F o r  t h e  

p resen t  a p p l i c a t i o n ,  i t  i s  v e r y  i m p o r t a n t  t o  ensure t h a t  t h e  s t a r t i n g  e r r o r  i s  

e l i m i n a t e d  b e f o r e  t h e  shock wave i s  a l l o w e d  t o  r e f l e c t ,  and we proceed a s  

f o l l o w s .  F i r s t ,  t h e  computer code i s  a l l o w e d  t o  r u n  u n t i l  t h e  shock wave 

9 



reaches t h e  co rne r ,  and t h e  s i t u a t i o n  i n  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3b i s  reached. 

f i g u r e ,  t h e  r e g i o n  i m m e d i a t e l y  b e h i n d  t h e  shock and about  2-3 zones t h i c k  i s  

t h e  d i s c r e t e  t r a v e l l i n g  wave and t h e  s m a l l  ( l e s s  t h a n  5%) r e l a t i v e  a m p l i t u d e  

d i s t u r b a n c e s  f u r t h e r  downstream i s  t h e  one- t ime s t a r t i n g  e r r o r .  The computer 

code t h e n  a r b i t r a r i l y  changes t h e  f l o w  f i e l d  t o  t h a t  i l l u s t r a t e d  i n  F i g u r e  3c, 

i.e., t h e  d i s c r e t e  t r a v e l l i n g  wave ( a r b i t r a r i l y  s e t  t o  e x a c t l y  4 zones i n  t h e  

computer code) i s  r e t a i n e d  b u t  t h e  s t a r t i n g  e r r o r  i s  r e p l a c e d  by t h e  p o s t -  

shock s t a t e  U1. 

I n  t h i s  

A t  t h i s  p o i n t ,  t h e  f l o w  f i e l d  becomes t r u l y  two-d i tvens ional  and t h e  

computer code i s  now r u n  w i t h o u t  f u r t h e r  i n t e r r u p t i o n  u n t i l  t h e  end o f  t h e  

c a l c u l a t i o n  i s  reached. 

The boundary c o n d i t i o n s  f o r  t h i s  problem, which a r e  s tandard ,  a r e  

d i s c u s s e d  i n  d e t a i l  i n  C o l e l l a  and Glaz 1983. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWe remark h e r e  t h a t  ou r  

t r e a t m e n t  o f  t h e  i n t e r s e c t i o n  o f  t h e  i n c i d e n t  shock w i t h  t h e  upper  o r  l e f t -  

hand boundary o r  b o t h  i s  n o t  e n t i r e l y  c o n s i s t e n t  w i t h  t h e  d i s c r e t e  t r a v e l l i n g  

wave and leads  t o  t h e  i n t r o d u c t i o n  o f  a l o w  r e l a t i v e  a m p l i t u d e  (ca.  1%) wave 

b e h i n d  t h e  i n c i d e n t  shock a t  i t s  i n t e r s e c t i o n  w i t h  t h e  boundary. T h i s  wave, 

which we c a l l  a boundary e r r o r ,  may l e a d  t o  a r a t h e r  u n a e s t h e t i c  s t r u c t u r e  i n  

t h e  c o n t o u r  p l o t s  and i t  can imp inge  on t h e  d i s t u r b e d  f l o w  f i e l d  beh ind  t h e  

r e f l e c t e d  shock. Examples w i l l  be n o t e d  i n  Sec. 5. 

A l l  c a l c u l a t i o n s  were per fo rmed on a CRAY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI a t  Los Alamos N a t i o n a l  

L a b o r a t o r y ,  Los Alalnos, New Mexico. The computer code was des igned  t o  t a k e  

s i g n i f i c a n t  advantage o f  t h e  machine 's  v e c t o r  a r c h i t e c t u r e .  Each c a l c u l a t i o n  

i n  Sec. 5 r p q u i r e d  15-40 min. c.p. t i m e  w i t h  most i n  t h e  range o f  20-30 min. 

Much o f  t h i s  t i m e  i s  wasted on t h e  e x t r a  g r i d  p o i n t s  i n t r o d u c e d  t o  e l i m i n a t e  

t h e  s t a r t i n g  e r r o r  as w e l l  as g r i d  p o i n t s  o u t s i d e  t h e  r e f l e c t e d  shock. A l s o  a 

f i n e  mesh i s  o n l y  r e a l l y  needed i n  t h e  Mach-stem reg ion .  Thus, an i n t e l l i g e n t  

a d a p t i v e  mesh s t r u c t u r e  c o u l d  reduce  t h e s e  t i m e s  s u b s t a n t i a l l y .  
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5. Computa t i ona l  R e s u l t s  

A d i r e c t  comparison o f  e x p e r i m e n t a l  r e s u l t s  and numer i ca l  c a l c u l a t i o n s  i s  

p resen ted  i n  Sec. 5.1 f o r  f i f t e e n  cases o f  o b l i q u e  shock-wave r e f l e c t i o n s .  

Fo r  e i g h t  o f  t h e  cases i n  a i r ,  t h e  compu ta t i on  has been pe r fo rmed  t w i c e ,  once 

w i t h  a p e r f e c t  gas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEOS w i t h  y = 1.4 and once w i t h  t h e  Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€ O S .  

t w e n t y - t h r e e  computat ions a r e  r e p o r t e d  on i n  t h i s  p a r t .  

r e s u l t s  o f  s e v e r a l  p a r a m e t r i z e d  sequences o f  c a l c u l a t i o n s  a r e  p r e s e n t e d  t o  

demonst ra te  t h e  c a p a b i l i t y  o f  ou r  numer i ca l  method t o  compute t h e  c o r r e c t  

t r a n s i t i o n  i n  t h e  (Ms,ew)  -p lane. 

p a r t  t o  demonst ra te  (upon comparison w i t h  exper imen ta l  d a t a )  t h e  e f f e c t  o f  

boundary - laye r  d i sp lacemen t  on t h e  RR-DMR t r a n s i t i o n .  

Thus, 

I n  Sec. 5.2, t h e  

An a d d i t i o n a l  sequence i s  p r e s e n t e d  i n  t h i s  

5.1. Comparison o f  Exper iment  w i t h  C a l c u l a t i o n  

The i n i t i a l  c o n d i t i o n s  f o r  t h e  f i f t e e n  cases a r e  l i s t e d  i n  T a b l e  I a l o n g  

w i t h  t h e  compu ta t i ona l  mesh (NX,NY)  and t h e  e q u a t i o n  o f  s t a t e  s e l e c t e d  f o r  

each case (and i t  i s  no ted  where two  cho ices  o f  EOS were made f o r  a case).  

A l l  f o u r  wave c o n f i g u r a t i o n s  a r e  r e p r e s e n t e d  i n  t h e  range o f  (Fls,ew) 

considered. The f o l l o w i n g  data a r e  p r e s e n t e d  f o r  each case: exper imen ta l  

i s o p y c n i c s ;  computed i s o p y c n i c s  u s i n g  t h e  same d e n s i t y  l e v e l s  as were o b t a i n e d  

i n  t h e  exper iment ;  w a l l  d i s t r i b u t i o n  p l o t s ,  q vs x/L, w i t h  q = p/po, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9, p l o t  i n c l u d i n g  a comparison w i t h  exper imen t ;  whole f l o w  

0 
f i e l d  c o n t o u r  p l o t s ,  u s i n g  t h i r t y  e q u a l l y  spaced con tou rs ,  o f  t h e  q u a n t i t i e s  

p,e,p,~l,u,v,u,v,H; i n  a "blowup" f rame i n  t h e  v i c i n i t y  o f  t h e  Mach s tem o r  

r e f l e c t i o n  p o i n t ,  c o n t o u r  p l o t s ,  u s i n g  t h i r t y  e q u a l l y  spaced c o n t o u r s  

o f  p,e,p,M,H a r e  shown a l o n g  w i t h  t h e  exper imen ta l  i s o p y c n i c s ,  s e l f - s i m i l a r  

s t r e a m l i n e s ,  and a s e l f - s i m i l a r  v e l o c i t y  v e c t o r  f i e l d  p l o t .  Fo r  t h o s e  cases 

i n v o l v i n g  a comparison o f  two c a l c u l a t i o n s  w i t h  d i f f e r i n g  EOS, t h e  c o n t o u r  

p l o t s  o f  a c t u a l  i s o p y c n i c s  a r e  shown t o g e t h e r  w i t h  t h e  i n t e r f e r o g r a m ,  and an 

a d d i t i o n a l  w a l l  d i s t r i b u t i o n  p l o t  i s  added comparing p / p ,  vs. x/L f o r  t h e  two 

c a l c u l a t i o n s  and t h e  exper iment  on t h e  same graph. 

and w i t h  t h e  p / p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn - -  

-... 

I n  o r d e r  t o  a s s i s t  t h e  reader  i n  i n t e r p r e t i n g  t h e  g r a p h i c a l  o u t p u t ,  we 

make s e v e r a l  genera l  comments here,  which a r e  n o t  repea ted  below f o r  each 

case. I t  i s  r e g r e t t e d  t h a t  many i n t e r e s t i n g  phenomena a r e  n o t  commented on i n  

t h e  t e x t ,  b u t  we f e l t  i t  u s e f u l  t o  p r e s e n t  t h e  e n t i r e  s e t  o f  f i g u r e s .  F i r s t ,  

f o r  t hose  cases i n v o l v i n g  two c a l c u l a t i o n s ,  t h e  s u b s c r i p t  " P "  r e f e r s  t o  t h e  
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p e r f e c t  gas c a l c u l a t i o n  and t h e  s u b s c r i p t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"H" r e f e r s  t o  t h e  Hansen 

c a l c u l a t i o n ;  i n  t h e  even t  t h a t  such a f i g u r e  i s  r e f e r e n c e d  i n  t h e  t e x t  w i t h o u t  

a s u b s c r i p t ,  t h e  c o n t e x t  de te rm ines  wh ich  ( o r  b o t h )  f i g u r e s  a r e  b e i n g  

d i scussed .  

w i t h  t h e  o r i g i n  a t  t h e  c o r n e r  p o i n t ,  t h e  x o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 d i r e c t i o n  a l o n g  t h e  wedge 

s u r f a c e  a f t e r  r e f l e c t i o n ,  t h e  y o r  q d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  wedge and 

f a c i n g  upwards i n  t h e  f i g u r e ;  however, we have r e v e r s e d  o r i e n t a t i o n  f o r  t h e  

w a l l  p l o t s  and have s e t  x /L  = 1.0 a t  t h e  c o r n e r  and x /L  = 0.0 a t  t h e  

r e f l e c t i o n  p o i n t  o r  t h e  i n t e r s e c t i o n  o f  t h e  Mach stem w i t h  t h e  wedge 

su r face .  

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

t h o s e  q u a n t i t i e s  which may t a k e  on p o s i t i v e  o r  n e g a t i v e  v a l u e s  u s e  s o l i d  

(dashed) l i n e s  t o  r e p r e s e n t  p o s i t i v e  ( n e g a t i v e )  c o n t o u r  l e v e l s .  The z e r o  

l e v e l  i s  a lways t h e  l a s t  s o l i d  con tou r ,  I n  p a r t i c u l a r ,  t h e  s o n i c  l i n e  i n  

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI p l o t s  can a lways he e a s i l y  found. The most i m p o r t a n t  f e a t u r e  o f  an 

e q u a l l y  spaced c o n t o u r  p l o t  f o r  c o m p r e s s i b l e  f l o w  i s  t h a t  d i s c o n t i n u i t i e s  a r e  

c l e a r l y  v i s i b l e  because s e v e r a l  c o n t o u r  l e v e l s  o v e r w r i t e  each o t h e r  on t h e  

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

u s i n g  t h e  l e v e l s  p r e s c r i h e d  by t h e  a v a i l a b l e  e x p e r i m e n t a l  f r i n g e s ,  t h i s  e f f e c t  

i s  s t i l l  p r e s e n t  b u t  degraded t o  v a r y i n g  degrees f o r  t h e  d i f f e r e n t  cases. I n  

p a r t i c u l a r ,  d e n s i t y  l e v e l s  between p 1  and p2,  e t c .  may n o t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe p r e s e n t  a t  a l l ,  

a l t h o u g h  i n  many cases we a r b i t r a r i l y  i n s e r t e d  e x t r a  c o n t o u r s  f o r  a e s t h e t i c  

reasons. 

Concern ing  t h e  c o n t o u r  p l o t s ,  t h e '  c o o r d i n a t e  system i s  o r i e n t e d  

We r e g r e t  t h a t  we have n o t  matched t h e  l e n g t h  L i n  t h e  p l o t s  o f  t h e  

The c o n t o u r  p l o t s  o f  

.., 

R e f e r r i n g  t o  F i g u r e  7 ( i .e.,  Case 4) ,  t h e  g e n e r i c  f e a t u r e s  o f  t h e  v a r i o u s  

p l o t s  a r e  d i scussed  ( t h e  n o t a t i o n  " F i g u r e  N i i  i s  used when i t  wou ld  n o t  be 

u s e f u l  t o  ' c o n s i d e r  F i g u r e  7 as an example). F i r s t ,  most pages have a head ing  

w i t h  c e r t a i n  i n f o r m a t i o n :  "MS", "ALP" a r e  14 , e w  i n  t h e  n o t a t i o n  o f  t h e  t e x t ;  

N R  and NZ a r e  t h e  number o f  mesh p o i n t s  i n  t h e  c a l c u l a t i o n  and co r respond  t o  

T a b l e  I; ' 'Po'' i s  p t h e  i n i t i a l  shock- tube p ressu re ;  KBEG i s  t h e  f i r s t  p o i n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 ,  

( v i e w i n g  from r i g h t  t o  l e f t )  i n  t h e  x - d i r e c t i o n  a f t e r  t h e  r e f l e c t i o n  p o i n t ;  

and t h e  word "PERFECT" o r  "HANSEN" appears t o  denote t h e  EOS. N o t i c e  t h a t  

(NR-KBEG) by NZ i s  t h e  a p p r o p r i a t e  aspec t  r a t i o ,  r a t h e r  t h a n  NR by NZ. 

F i g u r e s  7a and b a r e  p r e s e n t e d  on t h e  same page and a l l  p l o t s  a r e  u n i f o r m l y  

l a b e l  1 ed a c c o r d i n g  t o  t h e  t a h l  e a p p e a r i  ng a1 ong w i t h  t h e s e  f i g u r e s .  

comparing an i n t e r f e r o g r a m  ( F i g u r e  7a i n  t h i s  example) w i t h  t h e  a s s o c i a t e d  

c a l c u l a t e d  i s o p y c n i c s  ( F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7b h e r e ) ,  t h e  e f f e c t  o f  an EOS mismatch i n  t h e  

S 

When 
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c a l c u l a t i o n  o f  p 2 / p o  and p 3 / p 0  can be s t r i k i n g  and m i s l e a d i n g .  

S e c t i o n  3, t h a t  t h e s e  d e n s i t y  va lues  a r e  c a l c u l a t e d  f o r  t h e  i n t e r f e r o g r a m  

u s i n g  a s p e c i f i c  c h o i c e  o f  e q u i l i b r i u m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEOS. A numer i ca l  c o m p u t a t i o n  u s i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

d i f f e r e n t  c h o i c e  of EOS w i l l  a u t o m a t i c a l l y  g e t  d i f f e r e n t  va lues  a n d  s h i f t  a l l  

o f  t h e  con tou rs  away f r o m  t . h e i r  c o r r e c t  l o c a t i o n s .  An e x c e l l e n t  example o f  

t h i s  e f f e c t  i s  F i g u r e  12bH where most o f  t h e  i s o p y c n i c s  have been s h i f t e d  i n t o  

t h e  numer i ca l  shock l a y e r s  a s s o c i a t e d  w i t h  t h e  r e f l e c t e d  shock and t h e  second 

Mach stem. Concern ing  F i g u r e s  7d and e, we n o t e  t h e  f o l l o w i n g :  (1) 

t h e  p l o t s  i n  hot.h f i g u r e s  show t h a t  t h e  d i s t u r b e d  f l o w  i s  s u b s o n i c  

everywhere excep t  i n  Reg ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 where t h e  f l o w  i s  e n t i r e l y  superson ic ,  ( 2 )  

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

and fi t h a n  i n  p and t h i s  i s  e s p e c i a l l y  t r u e  o f  t h e  boundary o f  t h e  v o r t e x  

r o l l u p  as may he n o t e d  hy compar ing  t h e s e  t h r e e  p l o t s  i n  F i g u r e  7e; o f  course, 

t h i s  e f f e c t  i s  caused by t h e  d i f f e r e n t  e f f e c t s  t h e  Rankine-Hugoniot  jump 

c o n d i t i o n s  havp on t h e  number o f  c o n t o u r s  a p p e a r i n g  i n  t h e  shock l a y e r s  f o r  

t h e  d i f f e r e n t  q u a n t i t i e s  and, i t  s h o u l d  a l s o  be noted, t h e  €OS o r  t h e  v a l u e  o f  

y i n  t h e  case o f  t h e  p o l y t r o p i c  €OS has a l a r g e  e f f e c t ,  ( 3 )  shock waves can  be 

d i s t i n g u i s h e d  f r o m  s l i p  s u r f a c e s  by comparing t h e  p r e s s u r e  p l o t s  w i t h  p l o t s  o f  

p, e, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, etc., ( 4 )  d i s t i n g u i s h i n g  compressions from r a r e f a c t i o n s  can u s u a l l y  

be done w i t h  t h e  p r e s s u r e  c o n t o u r s  a l o n e  (e.g., i f  a compression steepens t o  

fo rm a shock)  o r  i n  c o n j i i n c t i o n  w i t h  t h e  w a l l  p r e s s u r e  p l o t ,  F i g u r e  7c; 

d e t e r m i n i n g  t h e  d i r e c t i o n  i n  wh ich  a wave f a c e s  i s  o f t e n  of i n t e r e s t  and i s  

n o t  u s u a l l y  obv ious  a l t h o u g h  sometimes t h e  p l o t  i n  F i g u r e  Nc can be used f o r  

waves normal t o  t h e  w a l l ,  ( 5 )  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt! p l o t s  a r e  n o t  c o n s t a n t  s t a t e s  because o f  

t h e  source  te rms i n  eqn. 4; i t  f o l l o w s  f r o m  t h e  Rankine-Hugoniot  c o n d i t i o n s  

t h a t  does n o t  change a c r o s s  a shock wave and t h i s  can be seen c l e a r l y  i n  

F igu res  7d and e f o r  t h e  second Mach s tem and t h e  r e f l e c t e d  shock wave, 

a l t h o u g h  t h e r e  i s  some s l i g h t  nonrnonotone v a r i a t i o n  i n s i d e  t h e  numer i ca l  shock 

l a y e r .  It i s  a l s o  t r u e  t h a t  H does n o t  jump across  t h e  i n c i d e n t  shock wave 

and t h e  f i r s t  blach stem d e s p i t e  appearances t o  t h e  c o n t r a r y  i n  F i g u r e s  7d and 

e. C lose  i n s p e c t i o n  ( n o t  ohv ious  t o  t h e  reader  i n  most i n s t a n c e s  i n  F i g u r e s  

PJd a n d  e)  r e v e a l s  t h a t  

t r i p l e  p o i n t  and t h e  v a r i a t i o n  o f  H i n  t h e  numer i ca l  shock l a y e r s  i s  enough t o  

cause t h i s  l a y e r  t o  be f i l l e d  i n  w i t h  s e v e r a l  a d d i t i o n a l  c o n t o u r  l e v e l s ,  

( 6 )  t h e  v i s u a l  appearance i n  F i g u r e  7c o f  s t r e a m l i n e s  end ing  i n  t h e  i n t e r i o r  

o f  t h e  c a l c u l a t i o n  i s ,  o f  course ,  j u s t  a p l o t t e r  e r r o r  ( t h e  d e n s i t y  o f  

R e c a l l ,  see 

- 

- 

i s  t h e  same i n  each o f  Regions 0-3  a t  t h e  f i r s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
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s t r e a m l i n e s  i s  f i x e d  f o r  reasons o f  e f f i c i e n c y ) ,  ( 7 )  t h e  v e l o c i t y  v e c t o r  p l o t ,  

F i g u r e  7e shows how t h i s  v e c t o r  jirmps ac ross  shock waves and a l i g n s  i t s e l f  

w i t h  s l i p  s u r f a c e s  and t h e  w a l l  boundary c o n d i t i o n s .  

The d i s c u s s i o n  of many o f  t h e  cases r e f e r s  t o  hand measurements o f  

The acc i i racy  o f  t h e s e  measurements i s  n o t  u s u a l l y  ve ry  good; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX I .  

however, d i f f e r e n c e s  between measurements (e.g. , r e g a r d i n g  t h e  two 

c a l c u l a t i o n s  o f  t h e  same case u s i n g  d i f f e r e n t  cho ices  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEOS) i s  much more 

re1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi ab1 e. 

Case 1: 

e x p e r i m e n t a l  and numer i ca l  i s o p y c n i c s  ( F i g u r e s  4a, h )  show them t o  be i n  good 

agreement w i t h  an e r r o r  o f  about  one f r i n g e  a t  t h e  s t a r t  o f  t h e  subson ic  

r e g i o n .  The w a l l  d e n s i t y  d i s t r i b u t i o n  ( F i g u r e  4 c )  d i s a g r e e s  by about  t h e  same 

amount. 

towards t h e  r e f l e c t i o n  p o i n t  j u s t  above t h e  wedge s u r f a c e ,  an e f f e c t  t h a t  i s  

n o t  p r e s e n t  i n  t h e  e x p e r i m e n t a l  r e s u l t s .  

t h i s  e f f e c t  as w e l l ,  even i n  t h e  superson ic  r e g i o n .  T h i s  numer i ca l  e r r o r  i s  

r e f e r r e d  t o  as  " w a l l  h e a t i n g "  and i s  commonly observed i n  shock c a p t u r i n g  

c a l c u l a t i o n s  as shown, f o r  example, i n  Noh 1976. b!all h e a t i n g  a f f e c t s  o n l y  

t h e  d e n s i t y ,  tempera ture ,  etc. ,  and n o t  t h e  p r e s s u r e  ( F i g u r e  4d) .  

seen t o  account  f o r  p a r t  o f  t h e  observed e r r o r  i n  t h i s  case, i n c l u d i n g  t h e  

s l i g h t  e r r o r  i n  t h e  v a l u e  o f  t h e  r e f l e c t e d  shock wave d e n s i t y  p 2  on t h e  

w a l l .  I n  a d d i t i o n ,  t h e  e r r o r  i n  t h e  s t a n d - o f f  d i s t a n c e  of t h e  bow shock s, 

r e l a t i v e  t o  t h e  exper imen ta l  d i s t a n c e  f rom t h e  r e f l e c t i o n  p o i n t  P t o  t h e  

c o r n e r  L i s  about  6.2%. 

M S  = 2.05, e w  = 600, RR, Argon. Comparison o f  t h e  

It may be observed t h a t  t h e  d e n s i t y  c o n t o u r  l e v e l s  c u r v e  s h a r p l y  

The blowup p l o t s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ I ,  e x h i b i t  

I t  may be 

Case 2: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 1.26, e = 450, RR, A i r .  F i g u r e s  5b and c show t h a t  
S W 

t h e  q u a n t i t a t i v e  agreement between exper iment  and c a l c u l a t i o n  i s  v e r y  poor  f o r  

t h i s  case, and t h e  r e s u l t s  a r e  l a r g e l y  independent  of t h e  c h o i c e  o f  EOS. 

Fur thermore ,  t h e  a n g l e  between t h e  wedge and t h e  r e f l e c t e d  shock as w e l l  as 

o t h e r  g ross  f l o w  f i e l d  q u a n t i t i e s  a r e  i n  s u b s t a n t i a l  e r r o r ,  even though t h e  

i s o p y c n i c  p a t t e r n s  a r e  i n  e x c e l l e n t  q u a l i t a t i v e  agreement. 

e x p l a n a t i o n  f o r  t h i s  seve re  e r r o r  may be found  by c o n s i d e r i n g  t h e  r a t i o  

p2(MS=1.26) = 2 . 4 9 ~ ~  and p (M =1.24) = 2 . 0 9 ~  

has P 2 h 0  - - 2.2. 

A p o s s i b l e  

as a f u n c t i o n  o f  M s ,  f i x i n g  o w  = 450. I t  t u r n s  o u t  t h a t  
p2 /po  

whereas t h e  c a l c u l a t i o n  
2 s  0 ,  

I n  o t h e r  words, t h e  s l o p e  d ( p 2 / P o ) / d ~ s  i s  s o  s t e e p  i n  t h e  
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r e g i o n  of i n t e r e s t  t h a t  s m a l l  e r r o r s  i n  e i t h e r  t h e  numer i ca l  method o r  

exper impn ta l  measurement can l e a d  t o  l a r g e  e r r o r s  i n  p2. 

d i s c u s s i o n  of t h i s  t y p e  of c o n s i d e r a t i o n ,  see Hu and Sh i rouzu  1985. N o t i n g  

t h a t  t h e  d i s t r u b e d  f l o w  f i e l d  i s  w h o l l y  subsonic ,  F i g u r e  5d, and t h a t  t h i s  

case i s  c l o s e  t o  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARR-SMR t r a n s i t i o n  boundary, i t  i s  a l s o  p o s s i b l e  t o  

s p e c u l a t e  t h a t  t h e  exper iment  i s  a c t u a l l y  an SMR d e s p i t e  t h i s  n o t  b e i n g  

v i s i b l e  on t h e  i n t e r f e r o g r a m  o r  i n  t h e  c a l c u l a t i o n s .  

t h i s  disagreement s h o u l d  he p o s s i b l e  w i t h  t h e  a d a p t i v e  mesh v e r s i o n  o f  ou r  

code, see Berger e t  a1 1985, used i n  a r e g i o n  o f  parameter  space around 

(Ms,ew) = (1.26, 450). 

b o t h  choices o f  EOS was n o t  u s e f u l .  

F o r  f u t h e r  

The f u l l  r e s o l u t i o n  o f  

A p o s t e r i o r i ,  i t  i s  seen t h a t  s t u d y i n g  t h e  r e s u l t s  f o r  

Case 3: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 1.50, e w  = 450, SMR, A i r .  Comparison o f  t h e  
S 

i n t e r f e r o g r a m  and t h e  c a l c u l a t e d  i s o p y c n i c s ,  F i g u r e s  6a and b, shows e x c e l l e n t  

q u a l i t a t i v e  agreement and a p p r o x i m a t e l y  a one f r i n g e  e r r o r  q u a n t i t a t i v e l y .  

T h i s  agreement c o n t i n u e s  f o r  x/L .. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.0 s i n c e  t h e  e x p e r i m e n t a l  c o r n e r  f l o w  

f i e l d  i s  i n v i s c i d .  We measure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 1.00 arld 0.50 f o r  t h e  c a l c u l a t i o n  and 

exper iment ,  r e s p e c t i v e l y .  S i n c e  t h e  Mach stem i s  o n l y  3-4 compu ta t i ona l  zones 

h igh ,  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  disagreement i n c l u d e  numer i ca l  e r r o r  due 

t o  l a c k  o f  r e s o l u t i o n  and t h e  e x i s t e n c e  o f  v i scous  b o u n d a r y - l a y e r  e f f e c t s  i n  

t h e  exper iment.  

f o r  x/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG (1.5 may be due t o  s e v e r a l  causes: 

e f f e c t s  a l o n g  t h e  wedge, t h e  p o s s i b i l i t y  o f  t h e  n u m e r i c a l  w a l l - h e a t i n g  e r r o r  

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

t h e  i n t e r s e c t i o n  o f  a f r i n g e  w i t h  t h e  wedge i n  t h e  i n t e r f e r o g r a m .  

c o n t o u r  p l o t s  i n  t h e  blowup frame, F i g u r e  5e, i l l u s t r a t e  t h e  d i f f i c u l t i e s .  

The d i f f e r e n t  choices o f  EOS proved  n o t  t o  be i m p o r t a n t  f o r  t h i s  case. 

The d isagreement  i n  t h e  w a l l  d e n s i t y  p r o f i l e s ,  F i g u r e  6c, 

t h e  p o s s i b i l i t y  o f  v i scous  

Some of t h e  

Case 4: M = 3.03, e = 470, DMR, A i r .  The c a l c u l a t e d  and 
S W 

exper imen ta l  wave p a t t e r n s ,  F i g u r e s  7a and b, a r e  i n  e x c e l l e n t  q u a l i t a t i v e  

agreement, i n c l u d i n g  a r e l a t i v e l y  sharp s l i p  s u r f a c e  emanat ing f r o m  t h e  second 

t r i p l e  p o i n t .  The i n t e r f e r o g r a m  shows a d i f f e r e n t  o r i e n t a t i o n  f a r  f r i n g e  c 

and an e x t r a  f r i n g e  d under t h e  r e f l e c t e d  shock between t h e  two t r i p l e  p o i n t s ,  

which may zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe an i n d i c a t i o n  t h a t  t h e  gas  i s  r e l a x i n g  i n  t h i s  r e g i o n .  The 

d i f f e r e n c e s  due t o  t h e  c h o i c e  o f  EOS a r e  smal l ,  b u t  n o t i c e a b l e .  I n  

p a r t i c u l a r ,  t h e  va lues  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and X '  a r e  c l o s e  t o  t h e  e x p e r i m e n t a l  r e s u l t  f o r  
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t h e  Hansen EOS bu t  a r e  t o o  l a r g e  by about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1" f o r  % h e  y = 1.4 r e s u l t s .  

s h o u l d  be noted, however, t h a t  e w  = 470 i s  very  c l o s e  t o  t h e  RR-DMR t r a n s i t i o n  

l i n e  and t h e  boundary l a y e r  d e f e c t  may have had some e f f e c t  on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx , x I  i n  t h e  

exper imen t .  A lso ,  t h e  v o r t e x  r o l l u p  i s  c l o s e r  t o  t h e  l e a d i n g  Mach s tem f o r  

t h e  Hansen c a l c u l a t i o n  t h a n  f o r  t h e  p e r f e c t  gas c a l c u l a t i o n ,  F i g u r e  7e; t h e  

i n t e r f e r o g r a m  does n o t  show t h e  r o l l u p  mov ing  ahead a t  a l l ,  presumably due t o  

v i s c o u s  e f f e c t s .  As i s  t y p i c a l  f o r  DMR r e s u l t s ,  t h e  f l o w  f i e l d  i s  o f  mixed 

t y p e  w i t h  r e g i o n  2 b e i n g  s u p e r s o n i c  and t h e  rema inder  b e i n g  subson ic ,  F i g u r e  

7d. A l s o  t y p i c a l  i s  t h e  r e l a t i v e  s t r e n g t h  o f  t h e  c o n t a c t  s u r f a c e  and v o r t e x  

r o l l u p  i n  t h e  p l o t s ,  F i g u r e  7e; t h e  waviness o f  t h i s  s u r f a c e  i n  t h e  

numer i ca l  r e s u l t s  i s  a h i n t  o f  t h e  p h y s i c a l  K e l v i n - H e l m h o l t z  i n s t a b i l i t y  

apparen t  i n  t h e  i n te r fe rog ram.  Concern ing  t h e  w a l l  d e n s i t y  p l o t s ,  F i g u r e  7e, 

t h e  Hansen EOS c a l c u l a t i o n  i s  a few p e r c e n t  h i g h  on t h e  peak v a l u e  even a f t e r  

c o r r e c t i n g  t h e  d i sc repancy  i n  p /p The i n t e r f e r o g r a m ,  o f  course, cannot 

e x h i b i t  t h e  sharp  i n v i s c i d  peak and v a l l e y  i n  t h e  r o l l u p  r e g i o n  o f  t h e  

c a l c u l a t i o n .  The r e l a t i v e  d i sp lacemen t  o f  t h e s e  s t r u c t u r e s  between t h e  two 

c a l c u l a t i o n s  f o l l o w s  d i r e c t l y  f rom t h e  d i f f e r e n c e s  i n  t h e  c a l c u l a t e d  va lues  

o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX I .  The v i scous  c o r n e r  r e g i o n ,  as expected, i s  n o t  reproduced w e l l  i n  t h e  

ca 1 c u l  a t  i ons . 

I t  

3 0' 

Case 5:  M = 2.65, e w  = 3 0 0 ,  C V R ,  A i r .  Comparing t h e  i n t e r f e r o g r a m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

w i t h  t h e  d e n s i t y  con tou rs  i n  F i g u r e s  8a and d, i t  may be seen t h a t  e x c e l l e n t  

o v e r a l l  agreement was o b t a i n e d  f o r  t h e  wave sys tem e x c e p t  i n  t h e  c o r n e r  

r e g i o n .  

d i f f e r  by a l a r g e r  degree. The d i f f e r e n c e s  i n  t h e  v o r t e x  r o l l u p  p a t t e r n  a r e  

c l e a r l y  t h e  r e s u l t  o f  exper imen ta l  v i s c o u s  e f f e c t s .  F i g u r e s  8d and e show a 

s m a l l  superson ic  r e g i o n  a t  t h e  t r i p l e  p o i n t ,  wh ich  i s  t y p i c a l  o f  CMR 

resu l t s .Ano thp r  i n t e r e s t i n g  f e a t u r e  o f  t h i s  f l o w  f i e l d  i s  t h e  presence o f  

t h r e e  p o i n t s  a l o n g  t h e  wedge s u r f a c e  where IJ = 0 ( s e e  t h e  u c o n t o u r  p l o t ,  

F i g u r e  8d, and t h e  

and t r a i l i n g  edges of t h e  v o r t e x  r o l l u p  p a t t e r n  and t h e  t h i r d  appears much 

f u r t h e r  downstream. T h i s  p a t t e r n  i s  p e r v a s i v e  ( e x c e p t ,  see Case 7 )  f o r  t h o s e  

Mach r e f l e c t i o n s  w i t h  a v o r t e x  r o l l u p .  \.le measure x = 8.60 f o r  t h e  p e r f e c t  

gas c a l c u l a t i o n  and x = 8.30 f o r  t h e  Hansen EOS c a l c u l a t i o n  and t h e  

exper iment.  The c a l c u l a t e d  va lues  

The comparisons u s i n g  t h e  exper imen ta l  i s o p y c n i c s ,  F i g u r e s  8a and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb ,  

- - 

w a l l  p l o t ,  F i g u r e  8 c ) ;  t h e  f i r s t  two occu r  a t  t h e  l e a d i n g  

o f  p / p o  i n  t h e  r e g i o n  0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG x /L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 0.2 

a r e  i n  good agreement w i t h  t h e  i n t e r f e r o g r a m ,  F i g u r e s  8a and c, once t h e  
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c a l c u l a t i o n  o f  p 3 / p o  i s  c o r r e c t e d  f o r  

d i f f e r e n t  r o l l u p  p a t t e r n s  a r e  t a k e n  i n t o  account .  The l a r g e r  d isagreements  i n  

compar ing  t h e  e x p e r i m e n t a l  i s o p y c n i c s ,  F i g u r e  8a, and t h e  w a l l  d e n s i t y  

d i s t r i b u t i o n s ,  F i g u r e  8c, downstream o f  t h e  v o r t e x  m i g h t  be e x p l a i n e d  by t h e  

v i s c o u s  e f f e c t s  p r o v i d i n g  d i f f e r e n t  boundary c o n d i t i o n s  f o r  t h e  subson ic  

i n v i s c i d  f l o w  f i e l d  between t h e  r o l l u p  and t h e  c o r n e r  r e g i o n  (where t h e s e  

e f f e c t s  a r e  s u b s t a n t i a l  ). 

and t h e  c h o i c e  o f  EOS, and t h e  

Case 6: MS = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.07, e w  = 300, CMR, Argon. The i s o p y c n i c  p a t t e r n s  a r e  

i n  e x c e l l e n t  agreement, d e s p i t e  t h e  a v a i l a b i l i t y  o f  r e l a t i v e l y  few f r i n g e s ,  

F i g u r e s  9a and d ,  excep t  f o r  t h e  c o r n e r  r e g i o n  and t h e  d e t a i l s  o f  t h e  v o r t e x  

r o l l u p  p a t t e r n .  The q u a n t i t a t i v e  agreement, F i g u r e s  9a, h and c and 

measurements o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx, a r e  a l s o  very good excep t  i n  t h e  c o r n e r .  

Case 7: MS = 10.37, e W  = 100, CMR, A i r .  The e x p e r i m e n t a l  r e s u l t s ,  

F i g u r e  l o a ,  show s t r o n g  r e l a x a t i o n  e f f e c t s  i n  t h e  d i s t u r b e d  f l o w  f i e l d  beh ind  

t h e  r e f l e c t e d  shock ( t h i s  i s  i n d i c a t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby t h e  near  t a n g e n t i a l  i n c i d e n c e  o f  t h e  

f r i n g e s  t o  t h e  shock) ,  and t h e  i n c i d e n t  shock jump appears a lmos t  i n  

e q u i l i b r i u m .  Also,  t h e  wedge s u r f a c e  does n o t  appear t o  be p e r f e c t l y  s t r a i g h t  

i n  t h e  photograph, which i n d i c a t e s  t h a t  t h e  s i d e w a l l  b o u n d a r y - l a y e r -  

d i f f r a c t i o n  e f f e c t s  may be s i g n i f i c a n t .  There  i s  reasonab ly  good q u a l i t a t i v e  

agreement ( d i s r e g a r d i n g  t h e  rea l -gas  e f f e c t s )  i n  t h e  i s o p y c n i c  p a t t e r n s ,  

F i g u r e  10d, a l t h o u g h  t h e  k i n k  i s  more pronounced i n  t h e  exper imen t  t h a n  i n  t h e  

c a l c u l a t i o n .  I n  e v a l u a t i n g  t h e  w a l l  d e n s i t y  p l o t s ,  F i g u r e  lOc, i t  s h o u l d  be 

n o t e d  t h a t  t h e  data p o i n t s  were e v a l u a t e d  assuming f r o z e n - t r i p l e - p o i n t  

c o n d i t i o n s  w h i l e  t h e  c a l c u l a t i o n  i m p l i c i t l y  used t h e  e q u i l i b r i u m  Hansen EOS 

f o r  t h e  same t a s k .  A l so ,  we e s t i m a t e  x - 13.00 f o r  t h e  exper iment  and 

measure x = 15.00 f o r  t h e  c a l c u l a t i o n ;  t h e  c o r n e r  a t tachmen t  a n g l e  i s  20.5O 

f o r  t h e  exper iment  and 25.5' f o r  t h e  c a l c u l a t i o n .  The l a t t e r  d i f f e r e n c e  i s  

v e r y  l a r g e  and i s  c l e a r l y  t h e  r e s u l t  o f  t h e  d i f f e r e n c e  between an e q u i l i b r i u m  

shock jump and a s t r o n g l y  r e l a x i n g  shock jump a t  t h e  c o r n e r .  The f o r m e r  

d i f f e r e n c e  i s  p r o h a b l y  a l s o  a r e a l  gas e f f e c t ,  and wou ld  have a s t r o n g  

i n f l u e n c e  on t h e  k i n k  s t r u c t u r e .  The v o r t e x  r o l l u p  p a t t e r n s  a r e  i n  remarkably  

c l o s e  q u a l i t a t i v e  agreement, a l t h o u g h  we n o t e  t h e  r o l l u p  i s  c l o s e r  t o  t h e  

l e a d i n g  Mach stem, which has a somewhat g r e a t e r  t o e - o u t ,  i n  t h e  exper iment  

t h a n  i n  t h e  c a l c u l a t i o n .  An unusual  f e a t u r e  o f  t h i s  f l o w  f i e l d  i s  t h a t  has 
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j u s t  one z e r o  on t h e  wedge s u r f a c e ,  l o c a t e d  a t  t h e  l e a d i n g  edge o f  v o r t e x  

r o l l u p .  Comparing w i t h  t h e  d i s c u s s i o n  i n  Case 5, t h i s  suggests  t h a t  as 

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,e ) - p l a n e  i s  t r a v e r s e d  from t h e  low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM,, h i g h  e w  r e g i o n  t o  t h e  h i g h  

l o w  8, r e g i o n  and r e s t r i c t i n g  t o  cases f o r  wh ich  a v o r t e x  r o l l u p  p a t t e r n  

i s  p r e s e n t ,  t h e  number o f  z e r o  c r o s s i n g s  o f  u a l o n g  t h e  wedge s u r f a c e  smooth ly  

b i f u r c a t e s  between one and t h r e e .  The r e s u l t s  f o r  Cases 14 and 15 

s u b s t a n t i a t e  t h i s  c o n j e c t u r e ;  t h e  fo rmer  l i e s  near  t h e  t r a n s i t i o n  p o i n t  and 

has t h r e e  z e r o  c r o s s i n g s  w h i l e  t h e  l a t t e r  l i e s  j u s t  beyond t h e  t r a n s i t i o n  (and 

t h e  l o n e  z e r o  c r o s s i n g  ahead o f  t h e  v o r t e x  r o l l u p  i s  pushed foward i n t o  t h e  

shock l a y e r ) .  

t han  i n  t h e  exper iment .  

h o l d i n g  i n  o u r  r e s u l t s .  

c o u l d  be o b t a i n e d  f o r  x /L  s m a l l  i n  t h e  w a l l  d e n s i t y  p l o t s  i f  t h e  r o l l u p  

p a t t e r n s  c o u l d  be s p a t i a l l y  l i n e d  IMP, t h e  Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€ O S  used i n  e v a l u a t i n g  t h e  

data,  and t h e  c o r n e r  jump c o n d i t i o n s  changed t o  p r o v i d e  t h e  c o r r e c t  downstream 

boundary c o n d i t i o n  f o r  t h e  subson ic  p o r t i o n  o f  t h e  f l o w  f i e l d ,  F i g u r e  10d. 

The d i p  i n  F i g u r e  10c a t  x /L  - 0.25 i s  due t o  t h e  boundary e r r o r .  

s w  

NS - 

Also ,  t h e  c o n t a c t  s u r f a c e  i s  more u n s t a b l e  i n  t h e  c a l c u l a t i o n  

These two  e f f e c t s  a r e  o p p o s i t e  t o  t h o s e  u s u a l l y  

Thus, i t  seems t h a t  q u i t e  good q u a n t i t a t i v e  agreement 

Case 8: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 1.66, 8 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400, SMR, A i r .  The i s o p y c n i c  p a t t e r n s ,  
S W 

F i g u r e s  l l a ,  b and d, as  w e l l  as t h e  w a l l  d e n s i t y  p l o t s ,  F i g u r e  l l c ,  a r e  i n  

e x c e l l e n t  q u a l i t a t i v e  and q u a n t i t a t i v e  agreement. 

d i f f e r e n c e  between t h e  two c a l c u l a t i o n s  i s  t h a t  t h e  v a l u e  o f  p3/p0 i s  i n  

b e t t e r  agreement when u s i n g  t h e  Hansen EOS and t h i s  a l i g n s  t h e  o v e r a l l  w a l l  

The o n l y  n o t i c e a b l e  

d e n s i t y  p l o t s  c l o s e r  t o  t h e  exper iment .  

which i s  p r o b a b l y  e x p l a i n e d  by v i scous  e f f e c t s  i n  t h e  c o r n e r  r e g i o n  f o r  t h e  

exper iment .  

d e t a i l ,  s i n c e  t h e  sma l l  v a l u e  of Ms p r e c l u d e s  s i g n i f i c a n t  rea l -gas  e f f e c t s .  

Assuming a p e r f e c t  gas and a Mach stem normal t o  t h e  wedge s u r f a c e  a t  t h e  

t r i p l e  p o i n t ,  one may compute p3 /po  = [(y+l)M:l/ [(y- l)M: + 2 1  where Mo = 

Pns csc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq, 
v a l u e  o f  x a t  low shock-wave Mach numbers and /o r  h i g h  va lues o f  (e  +x) and 

t h a t  d ( p 3 / p o ) / d x  < 0. - 3.50 i n  b o t h  c a l c u l a t i o n s  b u t  i s  

s l i g h t l y  l e s s  i n  t h e  Hansen c a l c u l a t i o n  which i s  enough t o  account  f o r  t h e  

w a l l  d e n s i t y  r e s u l t s  p resen ted  i n  F i g u r e  l l c .  

compute p3/p  and account  f o r  t h e  EOS, x, and any d e v i a t i o n  f rom n o r m a l i t y  o f  

t h e  Mach stem a u t o m a t i c a l l y ,  w h i l e  t h e  exper imen te r  must make t h e  assumptions 

There  i s  a l a r g e r  e r r o r  f o r  x /L  l a r g e  

The EOS e f f e c t  on t h e  va lues of p 3 / p o  i s  w o r t h  commenting on i n  

apd q 0 =  1T/2 - (e, + x) which i m p l i e s  t h a t  p3 /p0  i s  s e n s i t i v e  t o  t h e  
0 

W 

F o r  t h i s  case, 

N o t i n g  t h a t  t h e  c a l c u l a t i o n s  

0 
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above and measure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx by hand, one sees t h a t  t h e  d i f f e r e n c e s  i n  t h e  v a r i o u s  

r e s u l t s  a r e  outweighed by t h e  agreements. A lso ,  boundary l a y e r - d i s p l a c e m e n t  

may be a f a c t o r  because o f  t h e  r e l a t i v e l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlow v a l u e  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX. 

Case 9: M = 2.87, a w  = 400,  DMR, A i r .  Comparing t h e  d e n s i t y  

c o n t o u r  p l o t s ,  F i g u r e  1 2 d ,  w i t h  t h e  i n t e r f e r o g r a m ,  we see t h a t  t h e r e  i s  

e x c e l l e n t  o v e r a l l  q u a l i t a t i v e  agreement f o r  b o t h  c a l c u l a t i o n s .  T h i s  agreement 

i s  m a i n t a i n e d  o n l y  f o r  t h e  p e r f e c t  gas c a l c u l a t i o n  when compar ing t h e  

e x p e r i m e n t a l  i s o p y c n i c s ,  F i g u r e  1 2 h ;  o f  course,  t h e  e x p e r i m e n t a l  da ta  

r e d u c t i o n  used a f r o z e n  t r i p l e  p o i n t  a n a l y s i s .  The v o r t e x  r o l l u p  p a t t e r n ,  t h e  

c o r n e r  f l o w  f i e l d ,  and t h e  second t r i p l e  p o i n t  f l o w  f i e l d  d i f f e r  c o n s i d e r a b l y ,  

however. T a k i n g  up t h e  l a t t e r  p o i n t  f i r s t ,  we n o t e  t h a t  t h i s  case i s  n e a r  t h e  

CMR-DMR t r a n s i t i o n  boundary,  i r r e s p e c t i v e  o f  t h e  c h o i c e  o f  EOS. 

measure x = 5,30 f o r  t h e  p e r f e c t  gas c a l c u l a t i o n ,  x = 5.00 f o r  t h e  Hansen EOS 

c a l c u l a t i o n  and x = 4.50 f o r  t h e  exper iment .  Thus, i t  i s  n o t  unreasonab le  f o r  

t h e  c a l c u l a t i o n s  t o  c o n t a i n  a much s t r o n g e r  second Mach stem and s h a r p e r  

second t r i p l e  p o i n t  t h a n  t h e  exper iment ,  wh ich  i s  c l o s e  t o  CMR. The e f f e c t s  

o f  boundary - laye r  d isp lacement  might, a l s o  p l a y  a r o l e .  The e x p e r i m e n t a l  

contact, s u r f a c e  i s  very  d i f f u s i v e  and t h i s  e f f e c t  may p r e v e n t  t h e  v o r t e x  f r o m  

moving f o r w a r d  towards  t h e  Mach stern, i n  c o n j u n c t i o n  w i t h  t h e  presumed 

boundary- layer  e f f e c t s .  The peak s t a g n a t i o n  d e n s i t y  (see  t h e  vs. x /L  p l o t s  

i n  F i g u r e  1 2 c )  beh ind  t h e  v o r t e x  i s  s u b s t a n t i a l l y  h i g h e r  i n  t h e  c a l c u l a t i o n s ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
we can c o n J o c t u r e  t h a t  t h i s  i s  due t o  t h e  s h a r p e r  DMR s t r u c t u r e  and t h e  

n o n d i f f u s i v e  c o n t a c t  s u r f a c e  of t h e  c a l c u l a t i o n .  I n  v iew o f  t h e s e  e f f e c t s  and 

t h e  d i f f e r i n g  boundary c o n d i t i o n s  a t  t h e  ups t ream s t a g n a t i o n  p o i n t  and t h e  

corner ,  %he w a l l  d e n s i t y  r e s u l t s ,  F i g u r e  12c, a r e  a c t u a l l y  i n  good agreement. 

The Hansen EOS r e s u l t s  must he c o r r e c t e d  f o r  t h e  d a t a  r e d u c t i o n  t e c h n i q u e  and 

t h e r e  i s  o t h e r w i s e  l i t t l e  d i f f e r e n c e  i n  t h e  two c a l c u l a t i o n s .  I n  p a r t i c u l a r ,  

%he bunch ing  o f  t h e  f r i n g e s ,  i n  F i g u r e  12bH, a t  t h e  second Mach s tem i s  due t o  

the mismatch i n  Regions 2 and 3 between t h e  exper iment  and t h e  Hansen 

ca 1 cu l a t  i ons . 

S 

A l s o ,  we 

Case 10: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI = 3.72, a w  = 400 ,  D P l R ,  A i r .  The a n a l y s i s  f o r  t h i s  case 

f o l l o w s  c l o s e l y  t h a t  f o r  Case 9, a l t h o u g h  t h e  i n t e r f e r o g r a v ,  F i g u r e  13a, i s  

c l e a r l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADMR as a r e  t h e  c a l c u l a t i o n s .  I t  i s  l i k e l y  t h a t  t h e r e  i s  a r e l a x a t i o n  

f r i n g e  r inderneath t h e  r e f l e c t e d  shock between t h e  two t r i p l e  p o i n t s .  Me 

S 
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measure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.50 f o r  t h e  p e r f e c t  gas c a l c u l a t i o n ,  x = 5.20 f o r  t h e  Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA€ O S  

c a l c u l a t i o n ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 5 , O O  For t h e  exper imen t ;  t h e  d i f f e r e n c e s  i n  t h e  

measurements of x ’  a r e  s i m i ; a r r  R e f e r r i n g  t o  t h e  i\rl c o n t o u r  p l o t s ,  F i g u r e s  

13d and e, one sees t h a e  the  c o n i c  l i n e  i s  c o i n c i d e n t  w i t h  t h e  second Mach 

stem; t h i s  a lways occurs  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  o u r  c l e a r  RW!? results and i t  i s  a u s e f u l  c r i t e r i o n  

i n  d i s t i n g u i s h i n g  t h e  CPIR-UMR t r a n s i t i o n .  O t h e r  t y p i c a l  f l o w  f i e l d  f e a t u r e s  

a r e  (1) t h e  t r a n s i t i o n  of t h e  second Mach s tem t o  a c o n t i n u o u s  compress ion 

near  i t s  i n t e r s e c t i o n  w i t h  -the m a i n  c o n t a c t  s u r f a c e ,  F i g u r e s  13d and e, and 

( 2 )  t h e  e x i s t e n c e  o f  two s t a g n a t i o n  p o i n t s  01 and 02, one h e h i n d  t h e  v o r t e x  

and t h e  o t h e r  j u s t  below t h e  S - Y i  i n t e r s e c t i o n  and above t h e  wedge, see 

t h e  (u,v)  v e c t o r  f i e l d  p l o t s ,  F i g u r e  13e; n o t e  t h a t  t h e  s e l f - s i m i l a r  

s t r e a m l i n e s  a r e  s i n g u l a r  a t  t h e s e  two p o i n t s .  

-. 

* . ,  

A l s o ,  t h e  p r e s s u r e  a t t a i n s  

l o c a l  maxima a t  t h e s e  two p o i n t s ,  ‘F igure 13e, and t h e  c o n t o u r  p l o t s ,  F i g u r e  

13d,  show Concern ing  t h e  w a l l  d e n s i t y  p l o t s ,  F i g u r e  13c, 

t h e  agreement i s  c lose r  t h a n  i t  appears because t h e  da ta  p o i n t s  i n  t h e  

range 0.18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc x / L  G 0.425 need t o  be s h i f t e d  t o  t h e  r i g h t  t o  account  f o r  t h e  

d i f f e r e n t  r e l a t i v e  l o c a t i o n s  o f  t h e  second t r i p l e  p o i n t ;  such a s h i f t  l i n e s  up 

t h e  p l o t s  b u t  t h e  peaks are  s t i l l  o f f  as i n  Case 9 ,  

= 0 a t  01 and 02. 

Case 11: M = 4.62, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 = 4009 D M R ,  A i r .  The a n a l y s i s  i s  s i m i l a r  t o  
S w 

Cases 9-10. 

shock which i s  s t r o n g e r  i n  t h e  i n t e r f e r o g r a m ,  F i g u r e  14a,  t h e n  f o r  some o f  t h e  

o t h e r  cases. Me measure x = 6,0* f o r  t h e  p e r f e c t  gas c a l c u l a t i o n  

and x = 5.00 f o r  t h e  Hansen EOS c a l c u l a t i o n  and t h e  exper iment ;  t h e r e  a r e  

s i m i l a r  d i f f e r e n c e s  f o r  x ’ .. 
and t h e  p e r f e c t  gas c a l c u l a t i o n  i s  v e r y  good away f r o m  t h e  c o r n e r  i n  b o t h  t h e  

i s o p y c n i c  p l o t ,  F i g u r e  1 4 b p ,  and t h e  w a l l  d e n s i t y  p l o t ,  F i g u r e s  14c and cp. 

s h i f t  o f  data  p o i n t s  as i n  Case 10 l eads  t o  n e a r l y  e x a c t  agreement 

f o r  0.16 s. x /L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0.35 and t h e  peak d e n s i t y  e r r o r  a t  t h e  s t a g n a t i o n  p o i n t  i s  

v e r y  s m a l l ,  r e l a t i v e  t o  Cases 9-10. T h i s  i s  perhaps due t o  a reduced r e l a t i v e  

i n f l u e n c e  o f  v iscous  e f f e c t s  i n  t h e  r e g i o n ,  a l t h o u g h  t h e  i n t e r f e r o g r a m  shows 

s i g n i f i c a n t  i n s t a b i l i t i e s  i n  the c o n t a c t  s u r f a c e  and a v o r t e x  r o l l u p  p a t t e r n  

s i m i l a r  t o  t h e s e  two cases, I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  Cases 9-11 t h e  

Hansen € O S  p r o v i d e s  b e t t e r  agreement w i t h  t h e  exper iment  i n  te rms o f  g ross  

f l o w  f i e l d  f e a t u r e s  (e.g., x 9 x ’ )  b u t  worse agreement on q u a n t i t a t i v e  d e t a i l s  

such as w a l l  d e n s i t y  curves  (we a r e  d i s c u s s i n g  t h e  s i t u a t i o n ,  o f  course,  a f t e r  

There  i s  p r o b a h l y  a r e l a x a t i o n  f r i n g e  underneath  t h e  r e f l e c t e d  

The q u a n t i t a t i v e  agreement between t h e  exper imen t  

A 
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t h e  d a t a  have been c o r r e c t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o r  t h e  c h o i c e  o f  EOS). 

e x e m p l i f i e s  t h i s  f a c t  i n  t h a t  t h e  Hansen EQS c a l c u l a t i o n  shows e x a c t  agreement 

on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx b u t  i s  b a d l y  o f f  on peak d e n s i t y  a l o n g  t h e  w a l l .  

The p r e s e n t  case 

Case 12: M = 2,03, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 7 0 ,  SMR, A i r .  The agreement between 
S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW 

c a l c u l a t i o n  and exper iment  i s  ex t reme ly  s t r o n g  i n  a l l  r espec ts ,  F i g u r e s  15a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb 

and c,  and i s  t h e  bes t  o f  a i l  t h e  f i f t e e n  cases. Q u a n t i t a t i v e l y ,  t h e  

i s o p y c n i c s  a r e  o f f  by about  one f r i n g e  and t h e  w a l l  d e n s i t y  p l o t  shows s i m i l a r  

agreement except  i n  a s m a l l  r e g i o n  near  t h e  c o r n e r .  

spreads o u t  i n  t h e  exper imen t  and does n o t  r o l l u p  as much as i n  t h e  

ca 1 cu  1 a t  i on. 

The c o n t a c t  s u r f a c e  

Case 13: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 8.70, 0w = 2 7 0 ,  D M R ,  A i r .  The i n t e r f e r o g r a m ,  F i g u r e  
S 

16a, e x h i b i t s  s u b s t a n t i a l  r e a l  gas e f f e c t s  and even t h e  Hansen EOS does n o t  

model t h e  i s o p y c n i c  shapes and l o c a t i o n s  v e r y  w e l l .  The r e l a x a t i o n  

l e n g t h ,  tv, i s  about 0.1 x b f o r  t h e  i n c i d e n t  shock and t h e  f r i n g e s  a r e  a t  

n e a r l y  t a n g e n t i a l  i n c i d e n c e  t o  t h e  r e f l e c t e d  shock. 

i n  t h e  Mach stem r e g i o n  have obscured t h e  c o n t a c t  s u r f a c e  and p a r t  o f  t h e  

r o l l - u p  p a t t e r n .  The d e n s i t y  c o n t o u r  p l o t ,  F i g u r e  16d, and t h e  i n t e r f e r o g r a m  

show ve ry  good agreement. The r o l l u p  p a t t e r n s  s u b s t a n t i a l l y  agree, a l t h o u g h  

t h e  c o n t a c t  s u r f a c e  normal t o  t h e  w a l l  Sn a t  x /L  .. 0.02 and t h e  backwards 

f a c i n g  shock wave W b  normal t o  t h e  w a l l  a t  x /L  * 0.065 i n  t h e  c a l c u l a t i o n ,  

F i g u r e  16e, a r e  e i t h e r  n o t  r e s o l v e d  o r  a r e  l o s t  due t o  v i scous  e f f e c t s  i n  t h e  

i n t e r f e r o g r a m .  

t h e  f i r s t  Mach stem; t h e  k i n k  on t h i s  shock s u r f a c e  may be near  t r a n s i t i o n  t o  

a new t r i p l e  p a i n t  i n  v iew o f  t h e  p o s s i b l e  e x i s t e n c e  o f  an e x t r a  s l i p  s u r f a c e  

S, emanat ing f rom t h i s  p o i n t ,  see t h e  u c o n t o u r  p l o t ,  F i g u r e  16d, and 

t h e  p l o t s ,  F i g u r e s  16d and e. The v e c t o r  f i e l d  p l o t ,  F i g u r e  16e, shows t h e  

e x i s t e n c e  of a p s e u d o - s t a t i o n a r y  s t a g n a t i o n  p o i n t  02 near  t h e  i n t e r s e c t i o n  o f  

t h e  two s l i p s t r e a m s ,  i n  a d d i t i o n  t o  t h e  one a t  t h e  c e n t e r  o f  t h e  v o r t e x  Q1; 

indeed, t h e r e  i s  a two-d imens iona l  r e g i o n  around 42 where t h e  f l o w  appears  t o  

be s tagna ted .  

c a l c u l a t i o n ,  and t h a t  x = 7 - 5 0  and X I  = 7.80 f o r  t h e  exper iment .  The measured 

c o r n e r  a t tachment  ang les  a r e  33.5' and 23.0° f o r  t h e  c a l c u l a t i o n  and 

exper iment  , respect - i  v e l y  . 
p o o r l y  model led w i t h  t h e  e q u i l i b r i u m  Hansen EOS) e x p l a i n s  t h e  l a r g e  

Also,  t h e  r e l a x i n g  gases 

Bo th  c a l c u l a t i o n  and exper iment  e x h i b i t  a s t r o n g  t o e - o u t  o f  

Our measurements show t h a t  x = 9.60 and X I  = 9.00 f o r  t h e  

T h i s  nonequi 1 i b r i  um e f f e c t  (whi ch a p p a r e n t l y  i s  
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disagreement near  x /L  = 1.0 i n  t h e  w a l l  d e n s i t y  p l o t s ,  F i g u r e  16c. 

c o r r e c t i n g  t h e  da ta  f o r  t h e  Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEOS, t h e r e  a r e  l a r g e  e r r o r s  i n  t h e  w a l l  

d e n s i t y  p l o t  i n  t h e  range x /L  < 0.5. P o s s i b l e  e x p l a n a t i o n s  i n c l u d e  t h e  l a r g e  

e r r o r  i n  downstream boundary c o n d i t i o n  a t  x/L = 1.0, t h e  l a r g e  d i f f e r e n c e  

i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx and x' ,  v i scous  e f f e c t s  and d i f f e r e n c e s  i n  r o l l u p  p a t t e r n ,  and genera l  

r e l a x a t i o n  e f f e c t s ,  o f  course, t h e  n o n e q u i l i b r i u m  f l o w  f i e l d  l i k e l y  

c o n t r i b u t e s  t o  t h e  o t h e r  t h r e e  e f f e c t s .  O v e r a l l ,  r e a l - g a s  e f f e c t s  have an 

e x t e n s i v e  impact  on t h e  f l o w  f i e l d  dynamics f o r  t h i s  case and t h e  e q u i l i b r i u m  

c a l c u l a t i o n  was u n a b l e  t o  reproduce many o f  t h e  d e t a i l s .  

A f t e r  

Case 14: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 7.19, o w  = 200, C / D M R ,  A i r .  The i n t e r f e r o g r a m ,  F 

17a, shows c l e a r l y  t h a t  t h e  e x p e r i m e n t a l  f l o w  f i e l d  i s  n e i t h e r  f r o z e n  n o r  

e q u i l i b r i u m ,  i n c l u d i n g  t h e  d i s t u r b e d  f l o w  beneath t h e  r e f l e c t e d  shock. A 

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

S 
gure  

i n  

more 

numer i ca l  a n a l y s i s  o f  t h i s  case i s  a v a i l a b l e  i n  C o l e l l a  and Glaz 1985. 

t r i p l e  p o i n t  a n g l e  x i s  n e a r l y  i n  e x a c t  agreement, and t h e  r o l l u p  p a t t e r n s  and 

Mach stem t o e - o u t  ag ree  q u a l i t a t i v e l y ,  F i g u r e  17d. The a t t a c h e d  shock wave a t  

t h e  c o r n e r  i s  b i f u r c a t e d  i n  t h e  i n t e r f e r o g r a m  and s u p e r s o n i c  i n  t h e  

c a l c u l a t i o n ,  a p o s s i b l e  r e l a x a t i o n  e f f e c t ,  a l t h o u g h  v i s c o u s  e f f e c t s  may be 

i m p o r t a n t  t oo .  

t h e  CMR-DMR t r a n s i t i o n  boundary. 

t r a n s i t i o n  occurs when t h e  s o n i c  l i n e  j u s t  reaches t h e  k i n k ;  t h e  b con tou rs ,  

F i g u r e s  17d and e, bear  t h i s  o u t  q u i t e  w e l l .  A f t e r  a l l o w i n g  f o r  t h e  EOS 

c o r r e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  w a l l  data,  a p o s s i b l e  s m a l l  s h i f t  f o r  t h e  v o r t e x  l o c a t i o n ,  

and t h e  d i f f e r e n t  c o r n e r  s t r u c t u r e s ,  t h e  w a l l  d e n s i t y  p l o t s  show s u r p r i s i n g l y  

s t r o n g  agreement; t h e  d i p  a t  x/L 

compu ta t i ona l  boundary e r r o r .  

The 

The exper iment  and c a l c u l a t i o n  b o t h  show t h i s  case l y i n g  near  

Lee and Glass 1982 c o n j e c t u r e  t h a t  t h i s  

0.35 i s  an e x c p l l e n t  example of t h e  

= 8.86, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo w  = 200, DMR, A i r .  The c a l c u l a t e d  d e n s i t y  
M S  

Case 15: 

con tou rs ,  F i g u r e  18d, and t h e  i n t e r f e r o g r a m ,  F i g u r e  18a, show good o v e r a l l  

agreement, i n c l u d i n g  many f l o w  f i e l d  d e t a i l s .  The v o r t e x  r o l l u p  p a t t e r n s  a r e  

ve ry  c lose ,  a l t h o u g h  v i scous  e f f e c t s  i n  t h e  exper iment  p r e c l u d e  d e t a i l e d  

agreement. The v o r t e x  i s  pushed foward  ve ry  c l o s e  t o  t h e  Mach stem i n  b o t h  

c a l c u l a t i o n  and exper iment ;  t h e  c a l c u l a t i o n  shows a wave i n t e r a c t i o n  W i n  t h i s  

r e g i o n  which does n o t  appear i n  any o f  t h e  o t h e r  cases. 

c l e a r l y  i n  t h e  blowup p l o t s ,  F i g u r e  18e. 

T h i s  i s  seen most 

The d e t a i l s  o f  t h i s  p o r t i o n  o f  t h e  
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f l o w  f i e l d  a r e  l o s t  i n  t h e  i n t e r f e r o g r a m  and a r e  u n d e r r p s o l v e d  i n  t h e  

c a l c u l a t i o n .  However, t h i s  f l o w  f i e l d  p a t t e r n  i s  reproduced i n  t h e  

i n t e r f e r o g r a m  o f  Exper iment  974 f r o m  Oeschambault 1984 f o r  wh ich  Ms = 

10.18, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 = 200 and i s  i n  a i r .  T h i s  i n t e r f e r o g r a m  i s  reproduced h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  

F i g u r e  1 8 f .  V i b r a t i o n a l  r e l a x a t i o n  e f f e c t s  a r e  p e r v a s i v e  i n  t h e  exper imen t ,  

F i g u r e  18a, i n c l u d i n g  t h e  Mach stem r e g i o n .  

merge i n t o  t h e  second Mach stem as t h e  c o n t o u r s  do i n  t h e  c a l c u l a t i o n ,  F i g u r e  

18d, i s  p r o b a b l y  a r e a l - g a s  e f f e c t .  

t h e  c a l c u l a t i o n  and about  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21' - 23" f o r  t h e  exper iment .  The c a l c u l a t i o n  has a 

superson ic  c o r n e r  and r e l a x a t i o n  e f f e c t s  dominate t h e  e x p e r i m e n t a l  r e s u l t s  i n  

t h e  c o r n e r  r e g i o n .  

t h e  e x p e r i m m t ,  and X'  = 12.50 f o r  t h e  c a l c u l a t i o n  and 11.2' f o r  t h e  

exper iment .  

comparison f o r  t h i s  case. 

w 

The f a i l u r e  o f  t h e  f r i n g e s  t o  

The c o r n e r  a t tachmen t  a n g l e  i s  27' f o r  

We measure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 12.20 f o r  t h e  c a l c u l a t i o n  and x = 100 f o r  

O v e r a l l ,  nonequi  li b r i  irm e f f e c t s  p r e c l u d e  a r e a l i s t i c  q u a n t i t a t i v e  

5.2 T r a n s i t i o n  Sequences 

Four  s e t s  o f  p a r a m e t r i z e d  sequences o f  c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  t h i s  

The purpose of  t h e  f i r s t  t h r e e  s e t s  o f  c a l c u l a t i o n s  i s  t o  assess  t h e  s e c t i o n .  

p o t e n t i a l  o f  d e t a i l e d  c o m p u t a t i o n a l  r e s i r l t s  i n  c o n s t r u c t i n g  o b l i q u e  shock-  

w a v e - t r a n s i t i o n  boundar ies  (see F i g u r e  2 )  and i n  v a l i d a t i n g  t h e o r i e s  

e x p l a i n i n g  t h e s e  t r a n s i t i o n s .  Each s e t  c o n t a i n s  two sequences o f  

c a l c u l a t i o n s ,  one f o r  a p e r f e c t  gas w i t h  y = 1.4 and one u s i n g  t h e  Hansen 

EOS. The f o l l o w i n g  da ta  i s  

p l o t s ,  u s i n g  t h i r t y  e q u a l l y  

a p p r o p r i a t e  "blowup" f r a m p  

p o i n t ,  c o n t o u r  p l o t s  , u s i  ng 

p,e,p,M,H,u, a l o n g  w i t h  t h e  

p s e u d o - s t a t i o n a r y  v e l o c i t y  

_ _ . .  

presen ted  f o r  each case: who le  f l o w  f i e l d  c o n t o u r  

spaced contours ,  o f  t h e  q u a n t i t i e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP ,  M; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  a n  

n t h e  v i c i n i t y  o f  t h e  t r i p l e  p o i n t  o r  r e f l e c t i o n  

t h i r t y  e q u a l l y  spaced c o n t o u r s ,  of t h e  q u a n t i t i e s  

s t r e a m l i n e s  and v e c t o r  f i e l d  a s s o c i a t e d  w i t h  t h e  

u,v) .  The purpose o f  t h e  f o u r t h  s e t  i s  t o  

", 

-,-. 

demonstrate t h e  boundary - laye r  d e f e c t  t h e o r y  by p r e s e n t i n g  a p a r a m e t r i  zed  

sequence o f  i n v i s c i d  c a l c u l a t i o n s  f o r  argon ( t r e a t e d  as a p e r f e c t  gas w i t h  

y = 5/3)  near  t h e  RR-DMR t r a n s i t i o n  boundary and compar ing  w i t h  a n  

exper imenta l  r e s u l t .  For t h i s  s e t ,  o n l y  whole f l o w  f i e l d  d e n s i t y  c o n t o u r s  a r e  

presented.  

Set 1: Yere, an a t t e m p t  i s  made t o  l o c a t e  t h e  SVR-CMR and CMR-DMR 

boundar ies f o r  e W  = 450,  A i r ;  1.30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM < 2.60, p e r f e c t  gas w i t h  y = 1.40; 
S 
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1.50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.30, Hansen EOS; i n  i n c r e m e n t s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAM = 0.1. The r e s u l t s  a r e  

p r e s e n t e d  i n  F i g u r e s  19 and 20. 

= 1.70, we see t h a t  t h e  s o n i c  l i n e  has moved i n t o  r e g i o n  ‘2 f o r  t h e  cases 

w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbl > 1.70 and t h a t  t h e  e x t e n t  o f  t h e  superson ic  r e g i o n  i n c r e a s e s  w i t h  

i n c r e a s i n g  shock-wave Mach number. Assuming t h a t  t h e  SMR-CMR t r a n s i t i o n  

occurs when r e g i o n  ‘2 becomes s u p e r s o n i c  a t  t h e  t r i p l e  p o i n t  ( see  Lee and Glass 

1982),  i t  f o l l o w s  t h a t  t h e  M, = 1.70 case i s  a CMR and t h e  cases 

where 1.30 < M 

t h e s e  cases. 

s l i p s t r e a m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS a r e  o n l y  b a r e l y  v i s i b l e  and t h e  case appears l i k e  an R R .  The 

d i f f e r e n c e s  due t o  EOS e f f e c t  a r e  n o t  marked a t  t h e s e  Ms va lues ,  b u t  t h e  

Hansen Ms = 1.60 r e s u l t s  p r o v i d e  a s l i g h t l y  e a r l i e r  CMR t h a n  t h e  p e r f e c t  gas 

c a l c u l a t i o n .  The r e s u l t s  ag ree  r e a s o n a b l y  w e l l  w i t h  t h e  a n a l y t i c  t r a n s i t i o n  

S s 
C o n s i d e r i n g  t h e  M p l o t s  i n  t h e  v i c i n i t y  o f  Ms 

S 

< 1.79 a r e  S M R ’ s  because r e g i o n  2 i s  e n t i r e l y  subsonic  f o r  
S 

It may he no ted  t h a t  f o r  M, = 1.30, t h e  Mach stem PI and t h e  

diagram, F i g u r e  2. Also,  i t  wou ld  n o t  be unreasonab le  

F i g u r e s  19 and 20 and t a k e  t h e s e  t r a n s i t i o n s  a t  s l i g h t  

which woi i ld have t h e  e f f e c t  of making t h e  comparison w 

l e s s  c lose .  

I n  view o f  t h e  sma l l  va lues  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx i n  t h i s  r e g i o n ,  

f o r  t h e  reader  t o  view 

y h i g h e r  Ms values,  

t h  F i g u r e  2 somewhat 

t would  be u s e f u l  t o  

r e s t u d y  these cases w i t h  a r e f i n e d  mesh i n  t h e  t r i p l e - p o i n t  r e g i o n  ( u s i n g  an 

a d a p t i v e  mesh a l g o r i t h m ,  Rerge r  e t  a1 1985),  t h e r e b y  s u b s t a n t i a l l y  e l i m i n a t i n g  

t h e  e f f e c t s  o f  numer i ca l  e r r o r  n e a r  t h e  w a l l  boundary and a l l o w i n g  s u f f i c i e n t  

r e s o l u t i o n  t o  s e p a r a t e  t h e  r e s u l t s  f o r  t h e  two cho ices  of EOS. 

severe s l o p e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAde /dM 

i n c r e a s e d  r e s o l u t i o n .  

A l so ,  t h e  

of t h e  t r a n s i t i o n  cu rves  a t  Ms - 1.70 argues f o r  
w s  

We now c o n s i d e r  t h e  p,F,! p l o t s  i n  t h e  range 2.20 G MS c ‘2.40. One t h e o r y  

f o r  t h e  CMR-DVR t r a n s i t i o n  ( see  Lee and Glass 1982) i s  t h a t  t h e  f l o w  a t  t h e  

f i r s t  t r i p l e  p o i n t  s h o u l d  he s u p e r s o n i c  w i t h  r e s p e c t  t o  t h e  m o t i o n  o f  t h e  

k i n k .  

t h e  two t r i p l e  p o i n t s  i s  c o n s t a n t ,  t h i s  c r i t e r i o n  i s  e q u i v a l e n t  t o  r e q u i r i n g  

t h a t  t h e  sonic l i n e  ( i n  p s e u d o - s t a t i o n a r y  c o o r d i n a t e s )  i n t e r s e c t  t h e  k i n k .  

A l so ,  t h e  s o n i c  l i n e  s h o u l d  have t h e  same t a n g e n t  a t  t h e  k i n k  as t h e  second 

Mach stem, because t h e  f l o w  i s  s u p e r s o n i c  ahead and subson ic  beh ind  t h i s  

d i s c o n t i n u i t y .  F i n a l l y ,  t h e  d e n s i t y  c o n t o u r s  may be expec ted  t o  heg in  

c o a l e s c i n g  as t h e  shock wave i s  about  t o  form. 

c a l c i r l a t i o n s  show t h a t  t h e  M S  = 2.30, p e r f e c t  gas case i s  a weak DMR and t h a t  

Because t h e  f l o w  i m m e d i a t e l y  beneath  t h e  r e f l e c t e d  shock and between 

Us ing  t h e s e  c r i t e r i a ,  t h p  
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t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI, = 2.40, p e r f e c t  gas case i s  a c l e a r - c u t  DPIR; f o r  t h e  Hansen 

c a l c u l a t i o n s ,  t h e  V s  = 2.20 can he c o n s i d e r e d  a nlvlR and t h e  Vs = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10 case i s  

a CMR. These r e s u l t s  a r e  a l s o  i n  reasonab le  agreement w i t h  t h e  a n a l y t i c  

r e s u l t s  f o r  t h e  p e r f e c t - g a s  t r a n s i t i o n  a t  o w  = 4 5 0 ,  see F i g u r e  2. Note t h a t  

F i g u r e  2 i n d i c a t e s  t h a t  no DMP can e x i s t  i n  t h i s  range o f  Ms f o r  e = 450. 

However, i t  has been f o u n d  e x p e r i m e n t a l l y  t h a t  t h e  CMR-DMR t r a n s i t i o n  l i n e  

meets t h e  SMR-CMR t r a n s i t i o n  l i n e  where i t  j o i n s  t h e  RR-B?R l i n e .  The e x a c t  

shape o f  t h i s  c u r v e  i s  n o t  known, a l t h o u g h  i t  would be expected  t o  l i e  much 

c l o s e r  t o  t h e  p r e s e n t  numer ica l  va lues .  I n s o f a r  as t h i s  o b s e r v a t i o n  i s  due t o  

i n v i s c i d ,  e q u i l i b r i i i m  e f f e c t s ,  t h e  numer ica l  r e s u l t s  a r e  f u r t h e r  

c o r r o b o r a t e d .  It would be o f  g r e a t  i n t e r e s t  t o  pursue t h e  n u m e r i c a l  s t u d i e s  

i n  t h e  neighborhood o f  t h e  c o i n c i d e n c e  o f  t h e  SMR-CPAR and CMR-DMR l i n e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W 

I t  i s  a l s o  w o r t h  n o t i n g  t h a t  i n  t h i s  s e t ,  t h e  i s o p y c n i c  shapes and 

d i s t r i b u t i o n s  resemble t h o s e  f o r  R R  u n t i l  M s  - 1.60, where a l o o p  e x i s t s  a t  

t h e  wedge c o r n e r  and t h e  n e x t  f r i n g e  away f r o m  t h i s  l o o p  i s  bowed towards 

i t .  T h i s  e f f e c t  becomes i n c r e a s i n g l y  p rominent  as Ps i n c r e a s e s  t h r o u g h  t h e  

CMR range, l o o p s  b e g i n  t o  form n e a r  t h e  s l i p s t r e a m  as DMR approaches, and 

p r o m i n e n t l y  so as Ms i n c r e a s e s  t h r o u g h  t h e  DPlR range. 

F i g u r e  15, Ms = 2.03, e w  = 2 7 0 ) .  

changing o v e r a l l  wave p a t t e r n s  as t h e  (MS,ew) - p l a n e  i s  t r a v e r s e d .  

F o r  s m a l l e r  va lues  o f  

such i s o p y c n i c  d i s t r i b u t i o n s  can occur  f o r  s m a l l e r  va lues  o f  Ms (see  
ew 

The f o r e g o i n g  g i v e s  some i n s i g h t  i n t o  t h e  

Set  2: The CMR-DPR t r a n s i t i o n  i s  s t u d i e d  f o r  Ms = 4.0, A i r ;  

290 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo w  < 340 

i nc rements  o f  08 = l o .  The r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s  21 and 22. The 

a n a l y t i c  CMR-DMR t r a n s i t i o n ,  F i g u r e  2, f o r  Fils = 4.0 t a k e s  p l a c e  

a t  6 

i s  p r e d i c t e d  c o r r e c t l y ,  t h a t  i s ,  

Hansen EOS s o  t h a t  t h i s  t r a n s i t i o n  l i n e  i s  s h i f t e d  up hy aboi i t  3". It i s  

w o r t h  n o t i n g  t h a t  t h e  c a l c u l a t e d  Mach stems a r e  n o t  p e r p e n d i c u l a r  t o  t h e  wedge 

a t  t h e  t r i p l e  p o i n t ;  t h i s  i s  an assumpt ion i n  t h e  a n a l y t i c  c a l c u l a t i o n s  

l e a d i n g  t o  F i g u r e  2 (see Lee and Glass  1984). 

unreasonab le  t o  r e q u i r e  t h e  c a l c u l a t e d  k i n k s  t o  c l e a r l y  sharpen UP t o  a new 

t r i p l e  point, b e f o r e  assuming a DMR t r a n s i t i o n .  

p e r f e c t  gas w i t h  y = 1.40; 250 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG e w  G 300, Hansen EOS; i n  

\rl 

320 f o r  a p e r f e c t  gas and e w  - 260 f o r  t h e  Hansen EOS. The EOS e f f e c t  
W 

-, 320 f o r  a p e r f e c t  gas and 20" f o r  t h e  
B W  

Also,  i t  would n o t  be 
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Set 3: The SMR-CMR and CMR-DMR t r a n s i t i o n s  a r e  s t u d i e d  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMs = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8.75, A i r ;  

50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 90 and 150 < e 
W W 

r e s u l t s  a r e  p resen ted  i n  F i g u r e s  23 and 24. 

( F i g u r e  2 )  f o r  F1, = 8.75 t a k e s  p l a c e  a t  8, - 80 f o r  a p e r f e c t  gas and 

a t  e - 60 f o r  t h e  Hansen EOS. A c c o r d i n g  t o  o u r  c r i t e r i a  i n v o l v i n g  

t h e  M s o n i c  l i n e ,  none o f  t h e  r e p o r t e d  c a l c u l a t i o n s  w i t h  e < 100 a r e  CMR w i t h  

t h e  p o s s i b l e  e x c e p t i o n  o f  t h e  O w  = 90 Hansen EOS r e s u l t .  Thus, t h e  c a l c u l a t e d  

t r a n s i t i o n s  d i f f e r  f r o m  t h e  a n a l y t i c  r e s u l t s  by a t  l e a s t  3'. Once again,  none 

60 < e < 100 and 220 < e, < 260, p e r f e c t  gas w i t h  y = 1.40; 
W 

< 19O, Hansen EOS; i n  i nc remen ts  of  A e w  = l o .  The 

The a n a l y t i c  SMR-CFIR t r a n s i t i o n  

W 

W 

o f  t h e  c a l c u l a t e d  Mach stems a r e  p e r p e n d i c u l a r  t o  t h e  wedge a t  t h e  t r i p l e  

p o i n t .  The a n a l y t i c  CMR-DWR t r a n s i t i o n ,  F i g u r e  2, f o r  Ms = 8.75 t a k e s  p l a c e  

a t  e 

c a l c u l a t i o n s  show t r a n s i t i o n  a t  e no g r e a t e r  t h a n  22" f o r  a p e r f e c t  gas and 

a t  ew - 15-160 f o r  t h e  Hansen €OS. 

w e l l ,  t h e  Mach stems a r e  n o t  p e r p e n d i c u l a r  t o  t h e  wedge a t  t h e  t r i p l e  p o i n t .  

I t  s h o u l d  be n o t e d  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  n o t  i n  c l o s e  agreement 

w i t h  e i t h e r  o f  t h e  two  t r a n s i t i o n  l i n e s  ( see  F i g u r e  2)  a t  such h i g h  va lues  o f  

M,. Consequent ly,  new c r i t e r i a  may have t o  be found so  t h a t  b e t t e r  agreement 

can be o b t a i n e d  f o r  t h e  SMR-CPR-DMR t r a n s i t i o n  l i n e s  ( see  Deschambault and 

Glass 1983, and Hu and Glass 1985). 

- 230 f o r  a p e f e c t  gas and a t  8, - 160 f o r  t h e  Hansen EOS. The 
W 

W 

T h i s  r e p r e s e n t s  c l o s e  agreement. Here a s  

Set  4: MS = 7.10, Argon ( p e r f e c t  gas w i t h  y = 5 / 3 ) ;  490 c O w  550 ,  

i n  i nc remen ts  o f  118 = l o ;  e = 52.750, 53.750; 53.10 < e c 53.50 i n  

i nc remen ts  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhe = 0.10. 

e s t i m a t e  t h e  i n v i s c i d  RR-DMR t r a n s i t i o n  boundary and, by compar ison w i t h  

e x p e r i m e n t a l  r e s u l t s ,  t o  demonst ra te  and q u a n t i f y  t h e  we1 1 -known disagreement 

between t h e o r y  and exper iment  f o r  t h i s  i s s u e  (see, f o r  example, S h i r o u z u  and 

Glass 1982). An exper imen ta l  i n t e r f e r o g r a m  f o r  e w  = 490 and a l l  o f  t h e  

compu ta t i ona l  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  25. N o t i n g  t h e  r e s u l t s  i n  t h e  

range 53.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG e w  < 53.50 and comparing w i t h  t h e  exper iment ,  a v a l u e  o f  

- 4.0 - 4.50 may be i n f e r r e d  a s  t h e  "boundary - laye r  d e f e c t "  ( see  Hornung 

and T a y l o r  1982; Sh i rouzu  and Glass 1982; Wheeler and Glass 1985) f o r  t h e  

kfS = 7.10 RR-DMR t r a n s i t i o n .  

s u b s t a n t i a l  d isagreement c o n c e r n i n g  t h e  e x t e n t  o f  t h e  Mach s tem r e g i o n  

r e l a t i v e  t o  t h e  e n t i r e  f l o w  f i e l d .  

RR-DMR t r a n s i t i o n  p o i n t  by p l o t t i n g  t h e  h e i g h t  o f  t h e  Mach stem r e l a t i v e  t o  L 

W W W 

The pu rpose  o f  t h i s  s e t  o f  c a l c u l a t i o n s  i s  t o  
W 

A e W  

\/e a r e  r e f e r r i n g ,  i n  p a r t i c u l a r ,  t o  t h e  

We have a t tempted  t o  c a l c u l a t e  t h e  p r e c i s e  

26 



a g a i n s t  e w  f o r  t h e  computa t ions  and e x t r a p o l a t i n g  t h e  c u r v e  t o  z e r o  h e i g h t ,  

F i g u r e  26. The r e s u l t  i s  e - 53.850 w h i c h  d i s a g r e e s  modera te l y  w i t h  t h e  

t h e o r e t i c a l  r e s u l t s  o f  e * 54.40 i n  Lee and Glass,  1982. We remark t h a t  t h i s  

e r r o r  nay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe caused zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby an u n n o t i c e d  h i a s  i n  o u r  measur ing  t e c h n i q u e  (done by 

s i m p l y  us ng a r u l e r  on t h e  computer-generated c o n t o u r  p l o t s  o f  t h e  blow-up 

Mach stern r e g i o n  ( n o t  shown)),  l a c k  o f  n u m e r i c a l  r e s o l u t i o n  when t h e  Mach stem 

i s  o n l y  1 2 zones h i g h ,  o r  a n u m e r i c a l  e r r o r  i n  t h e  pos t -shock  f l o w  f i e l d  a t  

t h e  w a l l .  I n  any case, t h e  e r r o r  i s  s m a l l  r e l a t i v e  t o  t h e  v i s c o u s - i n v i s c i d  

d i f f e r e n c e  and i t  i s  a l s o  p o s s i b l e  t h a t  t h e  t h e o r e t i c a l  i n v i s c i d  p r e d i c t i o n  

o f  e w  - 54.40 does n o t  a p p l y  when t h e  e n t i r e  d i s t u r b e d  f l o w  f i e l d  i s  t a k e n  

i n t o  account .  H i g h e r  r e s o l u t i o n  c a l c u l a t i o n s  u s i n g  an a d a p t i v e  mesh scheme, 

Rerger  e t  a1 1985, w i l l  be c a r r i e d  o u t  i n  an e f f o r t  t o  s e t t l e  t h i s  i ssue.  

T h i s  s e t  o f  c a l c u l a t i o n s  a l s o  i l l u s t r a t e s  t h e  d r a m a t i c  c o l l a p s e  o f  t h e  complex 

DVR-pattern i n t o  t h e  s i m p l e  RR-pat te rn  as e w  changes by a f r a c t i o n  o f  a degree 

(see F i g u r e s  251 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm). 

w 
w 
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6. Conclusions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A computer code has been developed for the inviscid, perfect gas shock- 

on-wedge problem a n d  the results have been compared with the best available 

experimental d a t a .  The code i s  based on contemporary methodology in the 

numerical analysis of hyperholic conservation laws, and has only recently been 

avai 1 a b l  e. 

Good t o  excellent qual i ta t ive agreement has been obtained i n  a l l  cases of 

direct  comparison, and  t h i s  applies t o  structures beneath the reflected shock 

such as the vortex r o l l - u p  as well as coarser c r i te r ia  such as the reflection 

pattern. Ouantitatively, the results are very good f o r  f low f ie lds w i t h o u t  

observable nonequilibrium o r  viscous ef fects ,  except for  Case 2. 

t h i s  case i s  probably a resul t  of the relat ively large variation of the 

solution with respect t o  small increments in the problem parameters in the 

vicinity of the parameter values defining th is  case. When nonequilibrium o r  

viscous effects are present, the quanti tat ive error can be 10-15% a n d  we may 

recall Case 11 which has a much larger, a n d  unexplained error. 

The error in 

A l t h o u g h  no t  ent i re ly proven, i t  appears t h a t  the computer code 

represents a substantial predictive capabil ity for the shock-on-wedge problem 

restr icted t o  inviscid, perfect gases. Even for viscous, real gas flow 

f i e lds ,  t h e  computational results provide a signif icant amount of information, 

including highly resolved flow-field structures. 

Significant non-equilibrium a n d  viscous effects have been demonstrated in 

the shock wave dif fract ion pxperiments. 

w i t h o u t  the numerical study, b u t  the l a t t e r  can provide a quanti tat ive 

estimate o f  the various ef fects.  I n  part icular,  vibrational relaxation i s  

observed in the high shock wave Mach number cases, a n d  th is  can  have large- 

scale effects on cr i te r ia  such as the corner attachment angle a n d  type 

(subsonic or supersonic) a n d  viscous effects are important i n  determining the 

vortex roll-up pattern a n d  the wedge corner f low f ie ld .  

e f fects  occur in t h i n  layers or small regions, they may have a n  ef fect  on the 

quantitative results i n  the inviscid portion of the f l o w  f ie ld.  

Much of th is  cou ld  he inferred 

A l t h o u g h  these 

The capability of the computer code t o  discriminate between very small 

i ncrernents in probl em parameters (Ms , ew , a n d  the equation Of s ta te ,  a l t h o u g h  

the la t te r  has not been treated here) has been demonstrated. 
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By u s i n g  p a r a m e t r i z e d  sequences o f  c a l c u l a t i o n s ,  i t  wou ld  be p o s s i b l e  t o  

c o n s t r u c t  t r a n s i t i o n  boundar ies  i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(MS, ew)-p lane.  

t r a n s i t i o n s  o b t a i n e d  wou ld  be dependent on t h e  t r a n s i t i o n  c r i t e r i a  used i n  

t h e i  r c o n s t r u c t i o n ;  o u r  use  o f  t h e  s o n i c  c r i t e r i o n  i n  s e l f - s i m i l a r  c o o r d i n a t e s  

shows how t h e  i n f i n i t e  amount o f  d a t a  p o t e n t i a l l y  a v a i l a b l e  f r o m  a c a l c u l a t i o n  

can be i n v a l u a b l e  i n  e v a l u a t i n g  one o f  t h e  proposed c r i t e r i a .  

O f  course,  t h e  

The d i s c u s s i o n  o f  t r a n s i t i o n  s e t  1 i n  S e c t i o n  5 i l l u s t r a t e s  how 

p a r a m e t r i z e d  n u m e r i c a l  c a l c u l a t i o n s  can be used t o  e l u c i d a t e  d e t a i l s  o f  t h e  

f l o w  f i e l d  t r a n s i t i o n  n o t  o t h e r w i s e  a v a i l a b l e .  It i s  q u i t e  p o s s i b l e  t h a t  such 

r e s u l t s  w i l l  p r o v e  u s e f u l  i n  t h e  d i s c o v e r y  o f  more p r e c i s e  a n a l y t i c  t r a n s i t i o n  

c r i t e r i a ,  i n  t h e  f u t u r e .  F o r  t h e  h i g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM s  t r a n s i t i o n s ,  t h e  i n v i s c i d  n u m e r i c a l  

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

parameter  reg ime where a n a l y t i c - e x p e r i m e n t a l  agreement has been r e l a t i v e l y  

p o o r  and where n o n e q u i l i h r i l r m  phenomena a r e  h a r d  t o  a v o i d  i n  t h e  

exper iments.  O f  course,  t h e  f o r m u l a t i o n  o f  t r a n s i t i o n  c r i t e r i a  f o r  v i s c o u s ,  

n o n e q u i l i b r i u m  f l o w  f i e l d s  i s  n o t  a s s i s t e d  by t h e  p r e s e n t  computer code. 

A l s o  we have been a b l e  t o  v a l i d a t e  t h e  c o n j e c t u r e  t h a t  t h e  RR-DWR.  

t r a n s i t i o n  i s  o f f s e t  i n  exper iments  by a houndary - laye r  de fec t .  

I n  S e c t i o n  5, s e v e r a l  c a l c u l a t i o n s  were n o t e d  where o u r  a n a l y s i s  c o u l d  be 

g r e a t l y  improved w i t h  a more e f f i c i e n t  a d a p t i v e  mesh i n  t h e  v i c i n i t y  o f  t h e  

Wach stem. 

wou ld  he o v e r l y  expens ive  i f  c a r r i e d  o u t  on a p r o d u c t i o n  b a s i s  f o r  a l a r g e  

number o f  c a l c u l a t i o n s .  Us ing  t h e  methods o f  Berger  and C o l e l l a  1985, Rerger  

e t  a1 1985, we expec t  t o  overcome t h i s  p rob lem and r e v i s i t  some o f  t h e  cases 

d iscusqed i n  t h i s  r e p o r t .  A d d i t i o n a l l y ,  we a r e  w o r k i n g  on t e c h n i q u e s  t o  

reduce f u r t h e r  o r  e l i m i n a t e  t h e  s t a r t i n g  e r r o r  and boundary e r r o r  f r o m  o u r  

r e s u l t s .  

O b t a i n i n g  t h e  necessary r e s o l u t i o n  w i t h  t h e  p r e s e n t  computer code 

I n  f u t u r e  work, we i n t e n d  t o  modi fy  o u r  computer code and i n c l u d e  an 

approx imat ion  f o r  v i b r a t i o n a l  r e l a x a t i o n .  Me expec t  t h a t  t h i s  work w i l l  

s e t t l e  some of t h e  q u e s t i o n s  r a i s e d  i n  t h i s  paper.  The r e s u l t s  p resen ted  h e r e  

demonstrate,  however, t h a t  a v a l i d  approx imate  s o l u t i o n  method f o r  t h e  V a v i e r -  

Stokes equat ions  w i  11 be r e q u i  r e d  if comple te  agreement between exper iment  and 

c a l c u l a t i o n  i s  demanded. D e s p i t e  t h e s e  shnr tcomings,  t h e  comparison o f  t h e  

p r e s e n t  numer ica l  s i m u l a t i o n s  w i t h  i n t e r f e r o m e t r i c  d a t a  f r o m  R R ,  SWR, CMR and 

DMR exper iments a r e  p r o b a b l y  t h e  b e s t  a v a i l a b l e  t o  da te .  
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F i q u r e  C a p t i o n s  

F i g u r e  1 - Schematic diagrams of t y p e s  of o b l i q u e  shock-wave r e f l e c t i o n s :  ( a )  

RR;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( b )  SMR; ( c )  CMR; ( d )  DMR; a l s o  d e f i n i t i o n s  o f  L and s. 

F i g u r e  2 - Regions o f  RR,  SMR, CMR, and DMR and t h e i r  t r a n s i t i o n  boundar ies  i n  

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( i ’dS,  e w ) - p l a n e  f o r  p e r f e c t  ( f r o z e n )  a i r  s o l i d  l i n e s  and 

i m p e r f e c t  ( e q u i  1 i b r i u m )  a i  r broken li nes , p o  = 2.00 kPa, 

To  = 300 K, y = 1.40. 

F i g u r e  3 - Numerical  scheme f o r  f l o w  i n i t i a l i z a t i o n ;  ( a )  s t a r t i n g  p rocedure ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( b )  shock r e a c h i n g  c o r n e r ;  ( c )  e l i m i n a t i o n  o f  s m a l l  d i s t u r b a n c e s .  

F i g u r e  4 - Case 1, Ms = 2.05, o w  = 600, Argon, y = 5/3, RR. 

F i g u r e  4a - I n t e r f e r o g r a m  

F i g u r e  4b - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  exper imen ta l  f r i n g e s  

F i g u r e  4c - Wall  p l o t s  f o r  p/po, p /po  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII 

F i g u r e  4d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  4e - Rlowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

F i g u r e  5 - Case 2, Vs = 1.26, e, = 450, A i r ,  y = 1.4 and Hansen EOS, RR.  

F i g u r e  5a - I n t e r f e r o g r a m  

F i g u r e  5bp - C a l c u l a t e d  i s o p y c n i c s  (y=1.4)  u s i n g  t.he e x p e r i m e n t a l  f r i n g e s  

F i g u r e  5bV - C a l c u l a t e d  i s a p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  5c - Wall  p l o t  f o r  p / p o ,  y = 1.4 and Pansen c a l c u l a t i o n s ,  w i t h  

F i g u r e  5cp - W a l l  p l o t  f o r  p/po, p / p o  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe ,  

F i g u r e  5 c ~  - Wall  p l o t  f o r  p/po, p / p o  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, 

F i g u r e  5dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4. 

F i g u r e  5ep - Rlowup-frame p l o t s ;  y = 1.4 

exper imen ta l  d a t a  

.., 
u; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY - - 1.4. 

u; Hansen. 
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F i g u r e  5dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  5eH - Blowup-frame p l o t s ;  Hansen 

F i g u r e  6 - Case zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, Ms = 1.50, 8, = 450, A i r ,  y = 1.4 and Hansen EOS, SMR. 

F i g u r e  6a - I n t e r f e r o g r a m  

F i g u r e  6bp - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  6bH - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  6c - Ma11 p l o t  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o ,  y = 1.4 and Hansen c a l c u l a t i o n s ,  wi th  

e x p e r i m e n t a l  d a t a  

F i g u r e  6cp - Wal l  p l o t  f o r  p/po, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe ,  

F i g u r e  6cH - kla11 p l o t  f o r  p/po, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

F i g u r e  6dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 

F i g u r e  6ep - Blowup-frame p l o t s ;  y = 1.4 

F i g u r e  6 d ~  - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  6eH - Blowup-frame p l o t s ;  Hansen 

., 
u; y = 1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

u; Hansen 

F i g u r e  7 - Case 4, Ms = 3.03, e, = 470, A i r ,  y = 1.4 and Hansen EOS, DMR. 

F i g u r e  7a - I n t e r f e r o g r a m  

F i g u r e  7bp - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  7 b ~  - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  7c - Wal l  p l o t  f o r  p/po, y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

F i g u r e  7cp - Ida11 p l o t  f o r  p/po, p / p o  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, 

F i g u r e  7cH - \ !a l l  p l o t s  f o r  p/po, p / p o  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e ,  

F i g u r e  7dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 

F i g u r e  7ep - Blowup-frame p l o t s ;  y = 1.4 

F i g u r e  7dH - W h o l e - f l o w f i e l d  COntOUr-plOtS; Hansen 

F i g u r e  7eH - Blowup-frame p l o t s ;  Hansen 

exper imen ta l  da ta  

u; y = 1.4 
L 

." 
u; Hansen. 
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F i g u r e  8 - Case 5, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMs = 2.65, 8, = 300, Air, y = 1.4 and Hansen EOS,  CMR. 

F i g u r e  8a - I n t e r f e r o g r a m  

F i g u r e  8bp - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  e x p e r i p e n t a l  f r i n g e s  

F i g u r e  8 h ~  - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  fr  

F i g u r e  8c - W a l l  p l o t  f o r  p/po, y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

F i g u r e  8cp - Wall  p l o t  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d  

exper imen ta l  d a t a  

.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u ;  y = 1.4. 

n ges zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e ,  

F i g u r e  ~ C H  - Wal l  p l o t  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  da ta  i n c l u d e d ,  e, 

F i g u r e  8dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 

F i g u r e  8ep - Rlowup-frame p l o t s ;  y = 1.4 

F i g u r e  8dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  BeH - Blowup-frame p l o t s ;  Hansen 

.., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(1; Hansen 

F i g u r e  9 - Case 6, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI, = 5.07, B W  = 300, Argon, y = 5/3,  CMR. 

F i g u r e  9a - I n t e r f e r o g r a m  

F i g u r e  9b - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  exper imen ta l  f r i n g e s  

F i g u r e  9c - Ha11 p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  da ta  i n c l u d e d ,  e ,  u 

F i g u r e  9d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  9e - Blowup-frame p l o t s  

.., 

F i g u r e  10 - Case 7, M, = 10.37, e W  = 100, A i r ,  Hansen EOS, C N R .  

F i g u r e  10a - I n t e r f e r o g r a m  

F i g u r e  10b - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  exper imen ta l  f r i n g e s  

F i g u r e  10c - Wall  p l o t s  f o r  p/po, p / p o  w i t h  exper imen ta l  da ta  i n c l u d e d ,  e, u 

F i g u r e  10d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  10e - Blowup-frame p l o t s  

.., 
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F i g u r e  11 - Case 8, MS = 1.66, 8, = 400, A i r ,  y = 1.4 and Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEOS, SMR. 

F i g u r e  l l a  - I n t e r f e r o g r a m  

F i g u r e  l l b p  - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  l l b H  - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI l c  - M a l l  p l o t  f o r  p/po, y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

F i g u r e  l l c p  - Wal l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe ,  

F i g u r e  11cH - Wal l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

F i g u r e  l l d p  - W h o l e - f l o w f i e l d  c o n t o i i r - p l o t s ;  y = 1.4 

F i g u r e  l l e p  - Blowup-frame p l o t s ;  y = 1.4 

F i g u r e  l l d H  - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  l l e u  - Plowup-frame p l o t s ;  Hansen 

e x p e r i m e n t a l  da ta  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11; y = 1.4 
- 

- 
u; Hansen. 

F i g u r e  12 - Case 9, Ms = 2.87, o w  = 400,  A i r ,  y = 1.4 and Hansen EOS, DMR. 

F i g u r e  12a - I n t e r f e r o g r a m  

F i g u r e  12bp - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  12hH - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  the e x p e r i m e n t a l  f r i n g e s  

F i g u r e  12c - Wal l  p l o t s  f o r  p/po, pip,, y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

F i g u r e  12cp - bla11 p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

F i g u r e  12cH - Ida11 p l o t s  f o r  p/po, p/p,  w i t h  e x p e r i m e n t a l  da ta  i n c l u d e d ,  e, 

F i g u r e  12dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 

F i g u r e  12ep - Blowup-frame p l o t s ;  y = 1.4 

F i g u r e  12dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  12eH - Blowup-frame p l o t s ;  Hansen 

e x p e r i m e n t a l  da ta  

- 
u; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY - - 1.4. 

- 
U ;  Hansen. 
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F i g u r e  13 - Case 10, M s  = 3.72, e w  = 400, A i r ,  y = 1.4 and Hansen EOS, DWR. 

F i g u r e  13a - I n t e r f e r o g r a m  

F i g u r e  13bp - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  exper imen ta l  f r i n g e s  

F i g u r e  13bH - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  13c - Wall  p l o t  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o ,  y = 1.4 and Hansen c a l c u l a t i o n s , w i t h  

F i g u r e  13cp - Wall  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe ,  

F i g u r e  13cH - Wal l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e ,  

F i g u r e  13dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 

F i g u r e  13ep - Blowup-frame p l o t s ;  y = 1.4 

F i g u r e  13dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  1 3 e ~  - Rlowup-frame p l o t s ;  Hansen 

exper imen ta l  da ta  

.., 
u; y = 1.4 

- 
u; Hansen 

F i g u r e  14 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACase 11, Ms = 4.62, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo w  = 400, A i r ,  y = 1.4 and Hansen EOS, DMR. 

F i g u r e  14a - I n t e r f e r o g r a m  

F i g u r e  14bp - C a l c u l a t e d  i s o p y c n i c s  (y = 1.4) u s i n g  t h e  exper imen ta l  f r i n g e 1  

F i g u r e  14bH - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  exper imen ta l  f r i n g e s  

F i g u r e  14c - Wal l  p l o t  f o r  p / p o ,  y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

F i g u r e  14cp - Wall  p l o t s  f o r  p /po,  p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

F i g u r e  1 4 c ~  - Wall  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

F i g u r e  14dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 

F i g u r e  14ep - Blowup-frame p l o t s ;  y = 1.4 

F i g u r e  14dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

F i g u r e  14eH - Rlowup-frame p l o t s ;  Hansen 

exper iment  data 

- 
r r ;  y = 1.4 

... 
u; Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F i g u r e  15 - Case 12, Ms = 2.03, e w  = 270, Air, y = 1.4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASMR. 

F i g u r e  15a - I n t e r f e r o g r a m  

F i g u r e  15b - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  15c - Wal l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

F i g u r e  1% - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  15e - Rlowup-frame p l o t s  

F i g u r e  16 - Case 13, Ms = 8.70, e, = 270, A i r ,  Hansen EOS, DMR. 

F i g u r e  16a - I n t e r f e r o g r a m  

F i g u r e  l 6 b  - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  16c - Ua11 p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe,  

F i g u r e  16d - W h o l e - f l o w f i e l d  c n n t o u r - p l o t s  

F i g u r e  1Se - Blowup-frame p l o t s  

F i g u r e  17 - Case 14, W s  = 7.19, e, = 200, A i r ,  Hansen EOS, C/DMR. 

F i g u r e  17a - I n t e r f e r o g r a m  

F i g u r e  17b - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  17c - Wal l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, u 

F i g u r e  17d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  17e - Blowup-frame p l o t s  

- 

F i g u r e  18 - Case 15, 1.1, = 8.86, e w  = 200, A i r ,  Hansen EOS, DMR. 

F i g u r e  18a - I n t e r f e r o g r a m  

F i g u r e  18b - C a l c u l a t e d  i s o p y c n i c s  u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

F i g u r e  18c - Wall p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAii 

F i g u r e  18d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  18e - Blowup-frame p l o t s  

F i g u r e  1 8 f  - R e p r o d u c t i o n  o f  t h e  i n t e r f e r o g r a m  o f  Exp. 974, Ref.  C171; 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ms = 10.18, e = 200, A i r  

W 
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F i g u r e  19 - T r a n s i t i o n  s e t  1, e = 450, y = 1.4 
W 

F i g u r e  19.la - 9, = 1.30, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  1 9 . l h  - PI, = 1.30, hlowup-frame p l o t s  

F i g u r e  19.2a - Ms = 1.40, whol e - f  1 owf i e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd con t  ou r - p l  o t s  

F i g u r e  19.2h - V s  = 1.40, blowup-frame p l o t s  

F i g u r e  19.3a - M, = 1.50, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.3h - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 1.50, hlowup-frame p l o t s  

F i g u r P  19.4a - M, = 1.60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.4h - M, = 1.60, blowup-frame p l o t s  

F i g t i r e  19.5a - PI, = 1.70, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.5h - M, = 1.70, blowup-frame p l o t s  

F i g u r e  19.6a - Ms = 1.80, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.6b - M s  = 1.80, blowup-frame p l o t s  

F i g u r e  19.7a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh.1, = 1.90, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.7b - M S  = 1.90, hlowup-frame p l o t s  

F i g u r e  19.8a - 11, = 2.00, whol e - f  l o w f  i e l d  c o n t o u r - p l  o t s  

F i g u r e  19.8b - = 2.00, blowup-frame p l o t s  

F i g u r e  19.9a - M, = 2.10, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.9h - M, = 2.10, blowup-frame p l o t s  

F i g u r e  19.10a - Ms = 2.20, w h o l e - f l o w f i e l d  COntOUr-plOtS 

F i g u r e  19.10b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 2.20, h lowup-frame p l o t s  

F i g u r e  19.11a - M, = 2.30, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.11h - M, = 2.30, blowup-frame p l o t s  

F i g u r e  19.123 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPIs = 2.40, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.12h - FJs = 2.40, hlowup-frame p l o t s  

F i g l r r e  19.13a - M, = 2.50, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19.13b - M, = 2.50, blowup-frame p l o t s  

F i g u r e  19.14a - M, = 2.60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r P  19.14b - PS = 2.60, hlowup-frame p l o t s  
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F i g u r e  20 - T r a n s i t i o n  s e t  1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe W  = 450, Hansen 

F i g u r e  20.la - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPlS = 1.50, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20. lb - M, = 1.50, blowup-frame p l o t s  

F i g u r e  20.2a - M, = 1.60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20.20 - M, = 1.60, blowup-frame p l o t s  

F i g u r e  20.3a - M, = 1.70, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20.3b - M, = 1.70, blowup-frame p l o t s  

F i g u r e  20.4a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 1.80, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20.4b - Fns = 1.80, blowup-frame p l o t s  

F i g u r e  20.5a - M, = 1.90, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20.5b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPIs = 1.90, blowup-frame p l o t s  

F i g u r e  20.6a - M, = 2.00, w h o l e - f l o w f i e l d  c o n t o i r r - p l o t s  

F i g u r e  20.6h - M, = 2.00, blowup-frame p l o t s  

F i g u r e  20.7a - M, = 2.10, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20.7b - M, = 2.10, blowup-frame p l o t s  

F i g u r e  20.8a - Ms = 2.20, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20.8b - M, = 2.20, blowup-frame p l o t s  

F i g u r e  20.9a - M, = 2.30, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20.9b - P I s  = 2.30, blowup-frame p l o t s  

F i g u r e  21  - T r a n s i t i o n  s e t  2, M, = 4.0, y = 1.4 

= 290, w h o l e - f l o w f i e l d  c o n t o i t r - p l o t s  F i g u r e  21.1a - 
= 290, b lowup- f  rame p l o t s  F i g u r e  21.lb - 

F i g u r e  21.2a - e w  = 300, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

= 300, hlowup-frame p l o t s  F i g u r e  21.2b - 
F i g u r e  21.3a - O w  = 310, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  21.3b - e w  = 310, blowup-frame p l o t s  

F i g u r e  21.4a - e w  = 3 2 0 ,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  21.4b - e w  = 320 , b l  owup-f rame p l o t s  

F i g u r e  21.5a - O w  = 330, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  21.5b - e w  = 330 , b l  owup-f rame p l o t s  

= 340, w h o l e - f l o w f i e l  d c o n t o u r - p l o t s  F i g u r e  21.6a - 
= 340 , b l  owup-f rame p l o t s  F i g u r e  21.6h - 

e W  

e W  

e W  

e W  

e w  
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F i g u r e  22 - T r a n s i t i o n  s e t  2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFJs = 4.0, Hansen 

F i g u r e  22. la - B W  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA250, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  22.lb - B W  = 250, b l  owup-f rame p l  o t s  

F i g u r e  22.2a - 8 = 260, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

= 260 , b l  owup-f rame p l  o t s  F i g u r e  22.2b - 
F i g u r e  22.3a - e = 270, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  22.3b - e w  = 270, blowup-frame p l o t s  

F i g u r e  22.4a - B W  = 280, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  22.4b - = 280, h l  owup-f rame p l  o t  s 

F i g u r e  22.5a - 8 w  = 290, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  22.5b - 8 w  = 290, blowup-frame p l o t s  

F i g u r e  22.6a - = 300, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  22.6b - B W  = 300 , b l  owup-f rame p l  o t s  

w 

8 W  

W 

F i g u r e  23 - T r a n s i t i o n  s e t  3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP4, = 8.75, y = 1.4 

F i g u r e  2 3 . h  - B W  = 60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23. lb - e = 60, blowup-frame p l o t s  

F i g u r e  23.2a - e = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 0 ,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23.2b - 8 = 7 0 ,  blowup-frame p l o t s  

F i g u r e  23.3a - O w  = 8 0 ,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23.3h - B W  = 80, blowup-frame p l o t s  

F i g u r e  23.4a - B W  = 9 0 ,  w h o l e - f l o w f i e l d  c o n t n u r - p l o t s  

F i g u r e  23.4h - B W  = 9 0 ,  b l  owup-f rame p l o t s  

F i g u r e  23.5a - e w  = 100,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23.5h - B W  = 100, b l  owup-f rame p l  o t s  

F i g u r e  23.6a - = 220, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23.611, - 8 w  = 220, b l  owup-f r a w  p l o t s  

F i g u r e  23.7a - = 230, who le - f  1 owf i e l  d c o n t o u r - p l o t s  

F i g u r e  23.7h - = 230, h l  owrrp-f rame p l  o t s  

W 

W 

W 
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F i g u r e  23.8a - O w  = 240, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23.8b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 = 240, blowup-frame p l o t s  

F i g u r e  23.9a - 8 = 250, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23.9b - e = 250, blowup-frame p l o t s  

F i g u r e  23.10a - e 

F i g u r e  23.10b - e 

W 

W 

W 

= 260, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

= 260, blowup-frame p l o t s  
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W 

F i g u r e  24 - T r a n s i t i o n  s e t  3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\Is = 8.75, Hansen 

F i g u r e  24.la - e w  = 50 , who 1 e - f  1 owf i e 1 d c o n t o u  r -p 1 o t s  

F i g u r e  24 . lb  - e w  = 5 0  , b l  owup-f rame p l  o t s  

F i g u r e  24.2a - e w  = 60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  24.2b - e w  = 60, b l  owup-f rame p l  o t s  

F i g u r e  24.3a - e w  = 70,  v h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  24.3h - e w  = 7 0  , b l  owup-f rame p l o t s  

= 80, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  F i g u r e  24.4a - 
F i g u r e  24.4b - e = 80, blowup-frame p l o t s  

F i g u r e  24.5a - e w  = 90, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  24.5b - e 

F i g u r e  24.6a - e 

F i g u r e  24.6b - e 

F i g u r e  24.7a - e 

F i g u r e  24.7b - e w  = 160, blowup-frame p l o t s  

F i g u r e  24.8a - e 

F i g u r e  24.8h - e w  = 170, blowup-frame p l o t s  

F i g u r e  24.9a - B w  = 180 , whol e - f  1 owf i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAel d c o n t o u r - p l  o t s  

= 180, h l  owup-f rame p l  o t s  F i g u r e  24.9b - 
F i g u r e  24.10a - 
F i g u r e  24.10b - 

e w  

W 

= 90, blowup-frame p l o t s  

= 150, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

= 150,  blowup-frame p l o t s  

= 160, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

= 1 7 0 ,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

W 

W 

W 

W 

W 

e w  

e w  

e W  

= 190 , whol e - f  1 owf i e l  d c o n t o u r - p l  o t s  

= 190, hlowup-frame p l o t s  
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F i g u r e  25 - T r a n s i t i o n  s e t  4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA! I s  = 7.10, y = 5/3, d e n s i t y  c o n t o u r - p l o t s  

F i g u r e  25, - I n t e r f e r o g r a m ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB W  = 49O 

F i g u r e  25b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 = 49O 

F i g u r e  25d - O w  = 510 

F i g u r e  25e - B w  = 520 

F i g u r e  25 f  - B w  = 52.75O 

F i g u r e  259 - e 
F i g u r e  25h - O w  = 53.100 

F i g u r e  25 i  - B w  = 53.200 

F i g u r e  2 5 j  - O w  = 53.300 

F i g u r e  251 - O w  = 53.500 

W 
F i g u r e  25c - O w  = 500 

= 53.00 
W 

F i g u r e  25k - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABw = 53.400 

F i g u r e  25m - B w  = 53.750 

F i g u r e  25n - e w  = 540 

F i g u r e  250 - O w  = 550 

F i g u r e  26 - P l o t  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADMR Mach stem h e i g h t  versus ew, e x t r a p o l a t e d  t o  z e r o  h e i g h t  

f o r  RR(h/L = 0 f o r  e w  = 53.850), h / L  = 0 f o r  8, = 540 i s  a n u m e r i c a l  r e s u l t  

(see F i g u r e  25n) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ,  exper imen ta l  p o i n t ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 n u m e r i c a l  r e s u l t s .  
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TABLE 1. 

CASE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI FIGURE I GAS I TYPE I 8 w  I Ms I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPo (kPa) l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPO (gm/cc) I EOS 1 NX I N V  
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 Argon RR 60' 2.05 

5 

20.00 3.23 X ICY4 y =  5/3 355 90 

1.1 46 X Hansen 350 160 

5-73 X 10.' Hansen 375 160 

y =  1.4 

Y =  1.4 

500 120 
Y =  1.4 

3.77 x 10-5 Hansen 

390 125 
7=  1.4 

1.52 x 10-4 Hansen 

6.45X Y=5/3 420 148) 

7.53 X lom5 Hansen 400 140 

375 135 
Y= 1.4 

3.8 x 10-4 Hansen 

4 Y =  1.4 
lo- Hansen 

Y =  1.4 

420 I10 

420 100 6.87 x 10-5 Hansen 

2 Air RR 45' 1.26 101.12 

SMR 45' 1.50 3 6 Air 50.66 

4 7 Air DMR 47O 3.03 3.33 

CMR 30' 2.65 8 

9 

10 

Air 13.33 

Argon CMR 30° 5.07 

Air CMR 10' 10.37 

4.00 

6.67 

33.33 Air SMR 40' 1.66 8 11 

9 12 Air DMR 40' 2.87 16.67 

DMR 40' 3.72 10 13 Air 6.00 

11 14 Air DMR 40' 4.62 2.80 420 90 
Y =  1.4 

3.19 x 10-5 Hansen 

3.87 X y= 1.4 350 130 

4.76 X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloq5 Hansen 440 85 

SMR 27' 2.03 

DMR 27' 8.70 

17 Air C/DMR 20° 7.19 

18 Air DMR 20' 8.86 

12 

13 

15 

16 

Air 

Air 

33.33 

4.10 

9.29 X Hansen 420 120 

4.65 X IO4 Hansen 500 110 

14 

15 

8.00 

4.10 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i g u r e  1 - Schematic diagrams of types  of o b l i q u e  shock-wave r e f l e c t i o n s :  ( a )  
R K ;  ( h )  W R ;  ( c )  CWR; ( d )  DMR; a l s o  d e f i n i t i o n s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL and s.  
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60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

RR 

DMR 

2 4 6 8 10 

F i g u r e  2 - Regions o f  RR, SMR, CMR, and DMR and t h e i r  t r a n s i t i o n  boundar ies i n  
t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M , e ) - p l a n e  f o r  p e r f e c t  ( f r o z e n )  a i r  s o l i d  l i n e s  and 
i m p e r f 3 c t  Y e q u i l i b r i u r n )  a i r  broken l i n e s ,  p o  = 2.00 kPa, 
To = 300 K, y = 1.40. 
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T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
zones 

F i g u r e  3 - Numerical  scheme f o r  f l o w  i n i t i a l i z a t i o n ;  ( a )  s t a r t i n g  procedure ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( h )  shock r e a c h i n g  c o r n e r ;  ( c )  e l i m i n a t i o n  o f  s m a l l  d i s t u r b a n c e s .  
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA! ' ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.oo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 . 3 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.38 
4.33 
A . 2 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 . 1 9  
&.  1 2  
A. Oh 
3.99 
3 . 9 3  

Reg i o n  

I1 

i 

ic 
I 

j 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[I 

0 

P 
(4 

', / 

3.8b 
3.90 
3.73 
3 . 6 7 
'3 f h 0 
3.54 
3 . 4 7  
3.Gl 
1.34 
3 .28  

L., & ,  

'3 



5 . 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-.4 -.2 0 .2 .4 .6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.E  1.0 1.2 1.4 

X/L 

34=108 

32 = I  O8 

30=108 

2a=108 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s 

v, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 26=108 

w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 24.108 
- 
* 22.IO~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 20.108 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rr' 18.108 

U 
U 

w 

z 
U 

2 
Y 16=108 

14.108 
- 

12.108 

10.108 

-1 

4.5 

4.0 

3.5 

3.0 

2.5 

2.0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E 
X 

E 
1 
tY 

1.5 

M5-  2.05 ALPHAz60.00 ARC0N 

E " " ' " "  " " '  " "  ' i  

I 

4 
1 

I .o  

.5 

0 

600 

400 

200 

0 

- -200 
U 
W 

X 

3 

< -400 

g -8OC 

- -600 

J - 
x -1000 - 

,- 

F i g u r e  4c - Wal l  p l o t s  f o r  p / p o ,  p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 

51 



MS= 2.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=60.00 NR=400 N Z =  90 KBEG= 45 PO=2.00E+05 QPGar, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D E N S I T Y  (30 LEVELS1 

I I I 1 I 1 I I I 1 
I 

3.42E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.42E-03 STEP 3.70E-OS LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+OS 

INTERNFlL ENERGY (30 LEVEL51 
1 I I I 1 I I I 

4 

9.68E.08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 3.24E.09 STEP 7.85€*07 LRBELS Xl.0E-07 

1 I I I 1 1------ - 
PRESSURE I30 LEVEL51 

I 

F i g u r e  4d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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-8.98E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.09E*00 STEP 9.97E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+OO 

Z-VELQCITY (30  LEVELS1 . - 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 1 
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~~ ~ 

MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.05 RLP=60.00 NRz400 NZ= 90 KBEGz 45 P G = Z . O G E ~ O S  4FSZt,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 LEVELS] 

I I  
I '  I I i I i ' i  I 2 I I I  

I 
I 

I I  

I 
I 

I 1  

I 
I 

I I I I  

I I I I  

I l l 1  

I l l <  

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I ,  

, '  
' ' I  I ,, 

I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

I 

I 

-1.95E.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 4.88E.04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8. l3E.03 LRBELS X1.OE-03 

54 



1 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

-~ - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.fji3E.08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 3.24E.09 S l E P  ' .95E+IT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,+XELi . c 

3 . 4 2 E - 0 4  I0 1.42E-03 STEP 3 . 7 M - 0 5  LRBELS Xl.IX.05 

F i g u r e  4e - Rlowup-frame p l o t s  

55 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.05 RLP=60.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=232 IR=283 JT= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA36 PO=2.00E+05 FIRG0N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
EXPERIMENTRL ISBPYCNICS FR0M UTIRS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7.94E.09 10 1.13E+IO STEP 1.17E48 L m L S  X l . O E - 0 8  

56 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i: 

1. 

XBB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA859-7194 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.26 RLP145.00 NRzSOO NZ1160 KBEG=15O P 0 = l 0 0 1 E + 0 6  HFINSE'! 

EXPERIMENTRL IS0PYCNICS 0 F  DESCHQMBQULT QND GLRSS 
I I 1 I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 1 1 

/ 

/I -4 I I 

Figure 5 h ~  - Calculated isopycnics (Hansen) using the experimental fringes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 5ep - Blowup-frame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l o t s ;  y = 1.4 
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Figure 5dH - Whole-f lowfield con tou r -p lo t s ;  Hansen 
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F i g u r e  5eH - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARlowup-frame p l o t s ;  Hansen 
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= 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F i g u r e  6c - Wall  p l o t  f o r  p / p  
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1 t 
1 

2.24E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 4.01E.09 STEP 6.10E.07 LRBELS Xl.OE-07 

5.43E.05 18 2.65E.06 S T E P  7.28E-04 LFIBEL5 X I . O E - 0 4  

F i g u r e  6ep - Blowup-frame p l o t s ;  y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 RLP=45.00 IL1395 IRz447 JT= 49 PO=SO07E+05 P E R F E I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.54E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 6.24E.09 STEP 2.39E.07 LREELS X I .  OE-07 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 RLP=45.00 NR1500 NZz160 KBEGX125 PO=5.07E+05 HHNSEIq 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 I I I I 1 
- i 

DENSITY (30 L E V E L S ]  
I I I 1 I I I I I 1 

I I I I I I I I I 1 
- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

5.94E-04 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.82E-03 STEP 4.21E-05 LRBELS XI.OE+OS 

i 

2.24E.09 10 4.02E.09 STEP 6.14E.07 LRBELS X1.OE-07 

5.43E.05 T0 2.67E.06 STEP 7.32E.04 LABELS X1.OE-04 

Figure 6 d ~  - Whole-flowfield c o n t o u r - p l o t s ;  Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 RLP=45.00 NR=500 NZ=160 K B E G 4 2 5  PO=5.07E+05 HflNSEN 

I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 1 

* 
- 

- 

S E L F - S I M I L R R  MRCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E V E L S )  

- - -  - 
_ -  - _  

--1 

- 

-9.40E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.62E*00 STEP 8.55E-02 LRBELS Xl.OE+OO 

R-VELBCITY (30 LEVELS1 
I I I I I I I 1 I 

- 

4 

8.42E+02 T0 4.96E+04 STEP 1.68E+03 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+OO 

, 

-1.7ZE*04 10 5.94E*02 STEP S.94E.02 LRBELS XI.OE*OO 
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-8.60€+04 10 4.98E.04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.53€+03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALQBELS XI.OE+OO 

-5.33E.04 10 1.84E.03 STEP 1.84E.03 LRBELS XI.OE+OO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SELF-SIMILQR STFIGNFITI0N ENTHQLPY 130 LEVELS1 

4.66E.09 T 0  8. 1 3 E + 0 9  STEP I.ZOE+08 LQBELS XI .OE-07 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 FlLP=45.00 IL1394 IR1446 JT= 49 PO=S007E+05 HRbJSEI\.I 

5.94E-04 T0 1.8ZE-03 STEP 4.21E-05 LRBELS X I . O E + 0 5  Z.24E.09 T0 4.02E.09 STEP 6. 14E.07 LRBELS X1.OE-07 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 e ~  - Rlowup-frame p lots ;  Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 RLP=45.00 IL=394 IR=446 JT= 49 PO=5.07E+05 HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.54€+09 10 6.24E+09 STEP 2.40E.07 LFlBELS Xl.OE-07 

84 



XBB 859-7196 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- -  
- 

/ I l l l l l l l l l l l l / l l l l 1 1 1 / I I I /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

‘7 

Figure 7c - Ma11 p l o t  f o r  p/p,, y = 1.4 a n d  Hansen c a l c u l a t i o n s ,  w i t h  
exper imenta l  d a t a  
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M5: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLPHR=47.00 PERFECT 

S O L '  / 1  , I  I ,  , 1 1 1  1 -  1 1  1 ' 1 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ,  1 ' I ' I  1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 

I 3 n l O 9  

12x109 

I I 

L n  

9=109 
W 

L 

x /L 

MS- 3.03 RLPHR=47.00 PERFECT 

, . I  3 I 1 . 1 ' 1  - 1 .  I ' I - I . 1 ' 1  I ! ,  

I 

MS- 3.03 RLPHR=47.00 PERFECT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MS: 3.03 RLPHR:47.00 PERFECT 

400 6oo i 
200 1 

- 1  -400 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

r 

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 -600 

-800 

i 
I 

iL 

; -1000 

1200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt- 
-1400 ' 
- 1600 

/' 

F i g u r e  7cp - Wall  p l o t  f o r  p/po ,  p / p o  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, 
11;  y = 1.4 
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MS- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQLPHR-47.00 HRNSEN 

I I  

I O  

9 -  

8 -  

7 -  

6 -  

5 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 -  

3 -  

2 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
63 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a \ 
63 
X a 

- 

n 'I,, , , , , , , , , , , , , , , , , , , , , , , , :  

o - ~ m u ~ m ~ . r n r n o -  ~m - . . . . . . . . . . . . .  - - - -  
X/L 

600 

400 

200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z 0 -  

2 -200 
W m 

- 

MS- 3.03 RLPHR=47.00 HRNSEN 
13-109( , ,  , ,  , , . ,  , ,  . , . , , 1 1 , 1 , ,  , , , , , 

L 

- 

- 

- 

- 

L 

J 

€1.10~ 
X 
w 

L I  ' . 'd"  G 

MS- 3.03 RLPYA:47.00 YRNSEY -- 1 2 , " " . , , , ~ , , , , , , , , ,  

0 

-7rv 

- 0 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhi m u m u3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP m m c - -< - 
X i L  

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

MS-  3.03 ALPHA:47.00 HRNSEN 

8 0 0 , .  , l , . , l , l , l , l , . , . , , . . , . .  , . ,  

F i g u r e  7cH - Ma11 p l o t s  fo r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e ,  
u; Hansen. 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.03 RLP=47.00 NR=575 NZ=120  KBEG= 75 PO=3.33E+04 F'ERFEC' 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS)  
I I I I I 1 I I I 

4.37E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATO 3.89E-04 STEP 1.19E-OS LABELS XI.OE+06 

INTERNRL ENERGY (30 LEVELS)  
I 1 I I I 1 1 I I 

2.38€*09 10 1.23E+IO STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.44€*08 LRBELS XI.OE-08 

PRESSURE (30  L E V E L S ]  
I I 1 I I I I 1 I I 1 
t -. 

5.80€*04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.49E.06 STEP 4.93E.04 LRBELS X I . O E - 0 4  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7dp - Whole - f l ow f ie ld  c o n t o u r - p l o t s ;  y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .03  RLP=47.00 NR=S75 NZ=120 KBEG= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA75 PO=3.33E+OY P E W E E ;  

_ _  - -  
_ -  - -  

_ -  - -  
_ _  - -  

-8.99E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.10€+00 STEP 9.99E-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+OO 

R-VELBCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 
I I I I I I I I I 

L i 

3.51E.03 TB 2.07E105 STEP 7.03E.03 LABELS XI.OE-03 

Z-VEL0CITY I30 LEVELS] 
I I I I I I I I 1 

I 

-5.65E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.42E.04 STEP 2.69E.03 LQBELS XI.OE.00 
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SELF-SIMILRR R-VEL0CITY (30 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-1.68€+05 10 8.40€+04 STEP 8.40E.03 LRBELS X1.OE-03 

-9.63E.04 10 2.41E*04 STEP 4.01€*03 LABELS X I . O E + O O  

i . i 9 E + i O  70 2.02E+lO STEP 2.88E.08 LRBELS xl.OE-08 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.03 RLP=47.00 IL1434 IRz558 JT= 61 P G = 3 . 3 3 E + 0 4  P E P F E C -  

DENSITY (30 LEVELS1 

4.37E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 3.89E-04 STEP 1.19E-05 LABELS X1.0€+06 Z.38E.09 T0 1.23E.10 STEP 3.44E.08 LQBELS XI.OE-08 

PRESSURE [ 30 LEVELS I SELF-SIMILFlR MFlCH NUMBEQ 130 ,EdE,3 

5.80€*0? '0 : .49E*06 S T E P  4.93E.04 L R B E L S  X 1 . ' 3 E - 3 4  -5.99E-CI T0 Z. lCE.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5'EP 9.39E-2,' ~ " 9 t i S  C .  1F.-. 

F i g u r e  7ep - Blowup-frame p l o t s ;  y = 1.4 
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DENSITY (30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALEVELS1 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I 

4 . 4 4 E - 0 5  10 4 . 3 1 E - 0 4  STEP 1.33-05 LgBELS XI.OE+06 

INTERNQL ENERGY (30 LEVELS1 
I I 1 I I I 1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i 

- 
i 

z.39~+09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~0 I . Z ~ E + I O  STEP ~ . S S E + O ~  LRBELS XI .OE-OB 

PRESSURE (30 LEVELS] 
I I I I I I I I , -1 

F i g u r e  7dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 

94 



M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.03 FlLP147.00 NRz575 N Z 1 1 2 0  K B E G r  75 P 0 = 3 . 3 3 E + G 4  h F M E ; ,  

SELF-SIMILQR MQCH NUMBER (30 LEVELS) 

_ _  - -  - _  
_ _  - -  

-8.99E-01 10 2.lOE+OO STEP 9.99E-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+OO 

R-VELQCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 LEVELS) 
I I I I I I I I 1 I 1 

L- 

3.S3E.03 10 2.OBE+05 STEP 7.05E.03 LRBELS X1.OE-03 

Z - V E L Q C I T Y  I 3 0  LEVELS) 
I I I I 1 I I 1 I I - 

-5.63E.04 10 2 .4 iE .04  STEP 2.68E+03 LRBELS XI.3E.00 
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?IS= 3.03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=47.00 NRz57S NZ1120 KBEG: 75 PO~3.33Et34 

SELF-SIMILRR R-VEL0CITY (30 LEVELS1 
L ' 1 1  I 1 1 '  I I l l  I I 

-1.69E.05 T0 8.43Et04 STEP 8.43E.03 LRBELS X1.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.03 RLP=47.00 ILz429 IR1552 JT= 60 PO=3.33E+04  C i F ? J : t ' ,  

DENSITY (30 LEVELS1 INTERNRL ENERGY (30 LEVELS1 

4.44E-05 T0 4.31E-04 STEP l .33E-05 LFlBELS XI.OE+06 2.39€+09 T0 1.27E.10 STEP 3.55E.08 LREELS XI.OE-J8 

PRESSURE I30 LEVELS1 SELF-SIMILQR MFlCH NUMBER r30  , E : E _ -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A h -  

5.87E.04 10 1.53E-06 STEP 5.09E+04 LRBELS Xl.0E-04 -8 .98E-01 10 2 . : O E + O C  S T E P  9.9@€~?,' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL Z 9 E - i  .:.:!: 

F i g u r e  7eH - Rlowup-frame p l o t s ;  Hansen 
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!- . ‘  , . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 2.65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=30.00 NRz480 N Z ~ 1 2 5  KBEGz 90 PO=lm33E+05 HRFJSE': 

EXPERIMENTRL IS0PYCNICS 0F DESCHRMBRULT FIND GLRSS 
I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I 1 

F i g u r e  8bH - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  exper imen ta l  f r i n g e s  

- . 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . I  .2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 3  .4 .5 .6 .7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 8  .9 1.0 1 . 1  1.2 1 . 3  
X/L  

F i g u r e  8c - Wal l  p l o t  f o r  p/p0, = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

e x p e r i  menta 1 d a t a  
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MS- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 RLPHR=30.00 PERFECT 
2 2 r ' , 8 , 1 , 1 , 7  1 ' 1 ~ 1 ' 1 ' 1 ' l ' 1 ' 1 ' 1 ' )  7.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 .5  
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. . . . . . . . . . . . . . . . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr ___ 
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4.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 4.0 
r 
y 3.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 3.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEa 

Ea 

: 

! 

T 

; I u- 

E 7 

, .^. ,z-L I&L~-LL~_ . . . . . . . . . . . . .  
' I T - .  - - . . .~ . . . . . . .  

F i g u r e  8cp - W a l l  p l o t  f o r  p/po, p / p o  w i t h  exper imen ta l  da ta  i n c l u d e d ,  e, 
u ;  y = 1.4. 
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MS: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 ALPHA-30.00 HANSEN 
2 2 f , , , , , , , , , , ~ , , , , , , , , , , 1 , , , , ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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7 5 ~ 1 0 ~  
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6 3  2.65 ALPHA:30.00 HANSEN 
8 I , I , , I . , , / , , , , , / , , , . ,  , 
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F i g u r e  8cH - W a l l  p l o t  f o r  p/po, p / p o  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, 
u; Hansen 
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MS= 2.65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=30.00 NR1480 NZ1125  KBEG= 90 PO1ln33E+05 F L P C - F - '  L -  

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 L E V E L S )  
I I I I I I I 1 r 1 

1.67E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.02E-03 STEP 2.95E-05 LFIBELS X I .  OE+05 

INTERNQL ENERGY (30 LEVELS1 
h I I 1 I 1 1 1 I I I 

2.27E.09 T I 1  7.03E109 STEP 1.64E.08 L R B E L S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE-07 

PRESSURE [ 30 LEVEL5  I 
1 

F i g u r e  8 d p  - Whole-flowfield c o n t o u r - p l o t s ;  y = 1.4 

103 



MS: 2.65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=30.00 NRr480  NZ1125 KBEG= 90 PO=lm33E+35 “ E P F E T ’  

S E L F - S I M I L R R  MRCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  L E V E L S ]  

- -  _ _  
_ _  - -  

- -  _ _  ’ ,, _ -  - 
_ _  - -  

_ -  - _  

-8.99E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.lOE+OO STEP 9.99E-02 LRBELS X I . O E + O O  

R - V E L 0 C I T Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  L E V E L S ]  
I I I I I I I I I 1 

2.24E.03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.32€+05 STEP 4.47E.03 LRBELS X l . O E - 0 3  

Z - V E L Q C I T Y  r30 L E V E L S ]  
I I I I I I I 1 I 1 

c 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 RLP=30.00 N R r 4 8 0  NZ=125 KBEG: 90 PO=lO33E+05 P E i ? F t l ' I '  

-1.21€+05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 9.27E.04 STEP 7.13E.03 LABELS XI.OE-03 
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MS= 

I l l l l l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.65 QLP=30.00 IL=378 IR=454 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS) 
I l l l l I l I I  

JT= 91 PO=lm33E+05 PERF 

1.64E.E 10 1.94E.06 STEP 6. 14E.04 LPBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAxl.3E-04 -e.qsE-gi  10 : . m . a c  S T E P  3 . 9 i ~ - : :  -ne!.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ::. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g u r e  8ep - Blowup-frame p l o t s ;  = 1.4 
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MS= 2.65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=30.00 IL1378 IRz454 JT= 91 PO=1033E+05 PERFECT 

EXPERIMENTRL IS0PYCNICS FR0M U T I F S  

'1 

8.47E+09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATi3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.09E+IO STEP 8.23E*07 LABELS XI.OE-08 
ow 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 RLP=30.00 NRz480  NZ1125 KBEGz 90 P O X ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 33E-65 H[q' .  _ -  ,t ' #  

DENSITY 130 LEVELS]  
I I I I I I I I 1 . ___. 

1.6BE-04 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.08E-03 STEP 3.15E-05 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+05 

INTERNQL ENERGY 130 L E V E L S ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-7 

.- 

- 
- 
- 
- 
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1 -- i 

2.2BE.09 10 7.13E.09 STEP l.67€*08 LRBELS XI .OE-07 

I 1 I I I 1 I I 1 -- - 

PRESSURE I 3 0  LEVELS1 

F i g u r e  8dH - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  Hansen 
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SELF-SIMILRR MQCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI30 LEVELS] 

- -  - _  

_ -  - -  - 

- - -  - _  

-8.99E-01 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10E+00 STEP 9.99E-02 LRBELS X l . O E * O O  

R-VELQCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS) 

t-I 

Z.26E.03 T0 1.33E.05 STEP 4.52E.03 LRBELS X1.OE-03 

Z-VEL0CITY 130 LEVELS) 
I L I I I I I I I I I 

+ 

-3 .2OE.04 10 1.60E.04 STEP 1.60E.03 LRBELS XI.OE+OO 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 FILP=30.00 NR1480 NZ=125  KBEGz 90 PO=lm33E+05 HFiPiSElJ 

S E L F - S I M I L R R  R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E V E L S ]  
I 1  I \  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I 1 

I 1  
) I l l  I I I I  I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-I.21E*O5 T0 9.28E.04 STEP 7.14€+03 LRBELS X1.OE-03 

S E L F - S I M I L R R  Z-VELBCITY I30 L E V E L S ]  
I I I I I I ._ _ - - -  - -  - - -  - -  - -  - -  - - -  - - - - _ _ - _ _ _ _ _  _ _  _ _  _ _  _ _  _ _  _ _  

-7.18E.04 T0 1.44E.04 STEP 2.87E.03 LRBELS Xl.OE+OO 

SELF-SIMILRR STRCNFITI0N EIdTHRLPY 130 L E V E L S ]  

i 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 QLP=30.00 ILz377 IR1453 JT= 91 PO=lO33E+05 HRl'45EFl 

I I I I I I I I I  

- 

DENSITY (30  L E V E L S )  
I I I I I I [ I ~  

- 

NTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
l \ \ l  I I I I ! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Z.Z8E+09 T0 7.13E*09 STEP 1.67€+08 LOBEL5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE-07 

S E L F - S I M I L R R  MRCH NUMBER 130 L E L E L !  

1.67E.05 T0 2.10€+06 STEP 6.67E.04 LRBELS X1.OE-04 

F i g u r e  8eH - Blowup-frame p l o t s ;  Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.65 RLP=30.00 ILz377 IR=453 JT= 91 PO=lq33E+05 HRNSEid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
:Ls I 

8.44E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 I . O 8 E * 1 0  STEP 8 . 2 7 E 1 0 7  LRBELS XI.OE-OB 
.0H 

EXPERIMENTRL I S 0 P Y C N I C S  FR0M UT!FIS 

1 
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MS- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.07 RLPHR=30.00 RRGBN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.07 FILP=30.00 NR=500 N Z = 1 4 0  KBEG= 80 PO=4.00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFiRGObI 

DENSITY (30 LEVELS)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7.04E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 4.1%-04 STEP 1.19E-05 LRBELS X I . O E + 0 6  

INTERNRL ENERGY (30 L E V E L S ]  
I I I I I I I I I I 

1.15E+09 T0 1.40E*IO STEP 4.42E.08 LRBELS X1.OE-08 

PRESSURE (30 LEVELS]  
I I I I I I I I I 1 

9.98€+04 T0 3.57E+06 STEP 1.20Et05 LRBELS X I . 0 E - 0 4  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.07 RLP=30.00 NR=500 NZ=140  KBEG= 80 PO=4.00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFlRGOP-i 

-8.99E-01 T0 2.10€+00 STEP 9.99E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE*OO 

R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS] 
1 I I I I I I I I 

3.97€*03 T0 2.34E.05 STEP 7.93E.03 LRBELS X1.OE-03 

Z-VEL0CITY r30 LEVELS1 
I I I I I 1 I I I 

i 

-5.68€+04 T0 2.84€+04 STEP 2.846.03 LRBELS X l . O E + O O  
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S E L F - S I M I L Q R  I R-VELBCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI \  I 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I 

I 
i l l  I I ‘ 1  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 I j  1 I 

i 

117 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.07 RLP=30.00 IL1374 IR1477 JT1100 P O = 4 . 0 0 E + 0 4  FiEG0P.I 

6.96E-05 10 3.63E-04 STEP 1.01E-05 LFlBEL5 XI.OE+06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA!.ISE*09 10 1.40E*IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 4.4ZE.08 LRBELS Xl.OE-OB 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.07 RLP=30.00 ILx374 IRz477 JTz100 PO=4.00E+04  R R G ~ ~ \ I  

- 

1.81€+10 T O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ.62E.10 STEP 2.8ZE+08 LRBELS x1.OE-08 

EXPERIMENTRL I I I ISQPYCNICS I I I FRQM I UTiPS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A- 4 . -- 
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1 
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MS-10.37 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAALPHR:10.00 HANSEN 
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MSz10.37 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=lO.OO NRz475 N Z ~ 1 4 0  KBEGz 75 PO=6.67E+04 HFIN5El.i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8.78E-05 T0 8.14E-04 STEP 2.51E-05 LQBELS Xl.OE+06 

3.24E.09 10 6.29€+10 STEP 2.06E.09 LRBELS X1.OE-08 

- 
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3.14€+05 T0 1.46€+07 STEP 4.94€+05 LRBELS X1.OE-05 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10d - Whole-flowfield zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcontour-plots 
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-8.94E-01 10 2.09E+00 STEP 9.93E-02 LRBELS X I . O E + G O  

7.27E.03 T0 4.29E.05 STEP 1.45E.04 LRBELS X1.OE-03 

-5.42E+G4 10 5.42E.04 STEP 3.61E.03 LOBEL5 X l . O E + O O  
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S E L F - S I M I L Q R  R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E V E L S )  
1 I 1 1  

@I \ ’ I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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-3.68E.05 T0 4.21€+05 STEP 2.63€+04 LRBELS XI.OE-03 
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MS=10.37 FILP=10.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=407 IRx469 JT1118 PO=6.67E+04 HRNSEFJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8.60E-05 1 

ENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.0 7.05E-04 STEP 2.13E-05 LRBE :LS XI.OE+06 

1 

2.73E.05 T O  1.23E.07 STEP 4.13E.05 LRBELS XI.0E-05 

3.24E.09 T0 

NTERNRL ENERGY 130 LEVELS I 

6.29E+10 STEP 2.06E*09 LABELS XI.OE-08 
SELF-SIMILRR MFICH NUMBE R 130 LEVE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 10e - Blowup-frame plots 
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MSz10.37 QLP=lO.OO IL1407 IRz469 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJT=118 PO=6.67E+04 HFiNSEbi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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.PY ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 LEVELS1 
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XPERIMENTQL ISQPYCN I cs FRQM UT:; 
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l4-4 L ’ i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI t \ ’  i l \  1 \1 r l  
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= 1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa n d  Hansen c a l c u l a t i o n s ,  w i t h  F i g u r e  1 l c  - bJa11 p l o t  f o r  p/po, 
exper imen ta l  d a t a  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.66 ALPHA:40.00 PERFECl 
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MS= 1.66 R~P~F1=40.00 PERFECT 

1 ~ 1 ' 1 . 1 * ~ " "  ( ' 1 '  
J 

i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

F i g u r e  l lcp - W a l l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  da ta  i n c l u d e d ,  e, 
u ;  Y - - 1.4 
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6.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.2 

3.0 

2.8 

2 .6  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 . 4  
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2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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& 1.6 
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1.0 

I I I I T ,  1 I I ,  I I 3  I '  I '  

- 

- 

- 

- 

- 

- - 
- 

- 

- 

- 

- 

' " " " " " ' I " " ' 1 
- . 2  0 .2 .4 . 6  . 8  1.0 1 .2  1 .4  1.6 

i 

4 
1 
1 
i 
1 

i 
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I 
- 1000 

F i g u r e  11cH - Wall  p l o t s  f o r  p / p o ,  p / p ,  w i t h  exper imenta l  d a t a  i nc luded ,  e, 
u; Hansen. 
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MS= 1.66 RLP=40.00 NR1470 NZ1135 KBEG: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA95 P0=3.33E+05 PEHFEi l  

i 

3.9%-04 T0 1.29E-03 STEP 3.09E-05 LRBELS XI.OE+OS 

INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 
I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 

Z.Z3E*09 10 4.22E.09 STEP 6.87E.07 LFIBELS xl.OE-07 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

3.61E+05 10 1.98E+06 STEP 5.57E+04 LRBELS X1.OE-04 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl l d p  - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  y = 1.4 
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MS= 1.66 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFlLP=40.00 NR=470 N M 3 5  KBEG= 95 PO=3.33E+05 PERFEET 

SELF-SIMILQR MQCH NUMBER (30  LEVELS1 

_ -  - _  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-8.99E-01 10 2.10E*00 STEP 9.99E-02 LRBELS X I . O E + O O  

R-VELBCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS] 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I 

9.15E.02 10 5.40E.04 STEP 1.83E.03 LRBELS Xl .OE+OO 

Z-VELBCITY (30 LEVELS] 
1 I I I 1 1 I I I -I 

-1.95E.04 10 1.39E.03 STEP 6.95E.02 LRBELS XI.OE*OO 
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M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.66 RLP=40.00 NRz470 NZz135 KBEG: 95 PO=3.33E+05 PERFEC- 

SELF-SIMILRR R-VEL0CITY I (30 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I C  I 1 

I 
\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1  I I , I  I I  

I /  
I l l  

' I  

I I I 

-9.64€+04 10 5.58€+04 STEP 5.08E+03 LRBELS X l . O E + O O  

-5.48E.04 10 1.89E.03 STEP 1.89€*03 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+OO 
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PIS= 1.66 RLP=40.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL1150 IR=387 JT=130 PO=3.33E+05 PERFECT 

DENSITY ( 3 0  LEVELS) INTERNQL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS) 
I I I I I I I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.95E-04 TB 1 .29 -03  STEP 3.M-05 LABELS Xl.C€*O5 2.23E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 4.22E109 STEP 6.87€+07 LABELS XI.OE-07 

PRESSURE (30  LEVELS) SELF-SIMILRR MRCH NUMBER (30 LEVELS) 
I 1 I I 1 I I 1 I 

- - 
- 

_ -  - -  - _ _  - -  - 

- 

3.61E.05 T0 1.98E.06 STEP 5.57E.04 LABELS XI.OE-04 -9.ISE-Ol T0 1.37€+00 STEP 7.63E-02 LABELS xI.OE+OO 

F i g u r e  l l e p  - Blowup- f rame p l o t s ;  y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.66 QLP=40.00 IL=150 IR=387 JT=130 PO=3.33E+05 PERFECT 

SELF-SIMILRR ENTHRLPY r30 LEVELS) EXPERIMENTRL ISQPYCNICS FRQM UTIRS " zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.06E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 7.48E*09 STEP 8.35€*07 LRBELS XI.OE-07 

SELF-SIMILRR VELQCITY VECT0RS 
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DENSITY (30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALEVELS]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I I I I 1 I I 

3.95E-04 T0 1.29E-03 STEP 3.OBE-05 LRBELS X I . O E + O S  

INTERNRL ENERGY (30 LEVELS]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I I I I I I I 

i 
i 

2.23E.09 T0 4.25E.09 STEP 6.96E.07 LRBELS X1.OE-07 

PRESSURE I30 LEVELS]  I 
1 I I I I I I I I I 

+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.61€+05 T0 1.99€*06 STEP 5.60€*04 LRBELS XI.OE-04 

F i g u r e  l l d H  - Who1 e - f l o w f i  el zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd c o n t o u r - p l o t s ;  Hansen 
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MS= 1.66 RLP=40.00 NRz470 NZz135 KBEGz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA95 PO=3.33E+05 HFlNSErI 

- 

!‘ 

-8.99E-01 10 2.10€+00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 9.99E-02 LRBELS XI.OE+OO 

- 

- 
- - - -2870.406 - - - - 

- 

,_ - _  - _  - _  
_ -  - _  - -  - _  

R-VELPJCITY (30 LEVELS1 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I I 

9.18€+02 T0 5.42E+04 STEP 1.84E.03 LRBELS X I . O E + O O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.66 FILP=40.00 NRz470 NZz135  KBEG= 95 PO=3.33E+05  HQNSEP>i 

-9.64E.04 T0 5.58€+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 5.08€*03 LABELS X I . O E + O O  

S E L F - S I M I L R R  STRGNRTIBN ENTHQLPY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 

5.09E.09 10 9.07E+09 STEP 1.37E.08 LABELS X1.OE-07 
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MS= 1.66 RLP=40.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=lSO IRz387 JT=130 PO=3.33E+05 HRNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E V E L S ]  
I 1 I I 1 I I I I 

INTERNFIL ENERGY (30 LEVELS)  
I I I I I I I 1 1 

1 

3.9SE-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.296-03 STEP 3.08E-05 LABELS X I . M * O S  2.23E.09 T0 4.25E.09 STEP 6.96E+07 LABELS X1.OE-07 

1 PRESSURE (30 LEVELS)  
I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 1 1 - - 

- 
- _ -  - -  - _ _  - -  

- - -  - 

- 
- 

3.61E+OS 10 1.99E.06 STEP S.60E.04 LRBELS XI .OE-04  -9.lSE-01 10 1.37E.00 STEP 7.63E-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+00 

Figure l l e H  - Blowup-frame p l o t s ;  Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.66 RLP=40.00 ILz150 IR1387 JT1130 PO=3.33E+OS HRNSEN 

5.06E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 7.46€*09 STEP 8.34€*07 LfIBELS XI.=-07 

1 40 



i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ~ 87 RLP140 00 NR=5 10 N Z =  1 10 KBEG= 90 PO= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 67E.05 HRNSE11 

OF DESCHFIMBFIULT FIND GLFlSS 

F i g u r e  12bH - C a l c u l a t e d  i s o p y c n i c s  (Yansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

10 

9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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6 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h3 
1 
LT 

h3 
1 
LT 

\ 5  

4 

3 

2 

1 

MS= 2.87 RLPHR=40. 00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 1 I I I I I I I I I I 1 I 1 0 

X/L 

F i g u r e  12c - Wal l  p l o t s  f o r  p /poy  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o y  y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  
e x p e r i m e n t a l  da ta  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.87 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLPHA=40.00 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 2 ~  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I I I ' I ' ' ' 4 

- 
X/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

tis= 2.87 ALPHR=40.00 PERFECT 
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/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 

1 

MS= 2.87 RLPHRs40.00 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I O O O r .  1 -  I ' I ,  1 x 1 1  1 ' I ' I 

F i g u r e  12cp - W a l l  p l o t s  f o r  p/po, p / p ,  w i t h  exper imenta l  da ta  i nc luded ,  e, 
u; y = 1.4. 
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MS: 2.87 RLPHA=40.00 HANSEN 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- . Z  0 .2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.4 .6  .8 1.0 1.2 1.4 

X/L 

1 ~ , 1 , 1 , > , 1 / 1 , ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

O 0  1 
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I 
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9=10' - 

- 8.109 - 
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* 

2 6*109 - 
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0 . Z  .4 .6 . e  1 . 2  1.: : . +  
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4 

F i g u r e  1 2 c ~  - Wal l  p l o t s  f o r  p/po, p/p, w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e ,  
u ;  Hansen. 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.87 FiLP=40.00 NRz510  NZzllO KBEGz 90 PO=1067E+05 PERFECT 

1 

2.13E-04 T0 1.56E-03 STEP 4.64E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+05 

INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 I 
I I I I I I 1 I 1 1 

i 

Z.3ZE.09  T0 9.46E.09 STEP 2.46E108 LFIBELS X1.OE-07 

F i g u r e  12dp - Whole-flowfield c o n t o u r - p l o t s ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy = 1.4 
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-8.99E-01 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10€+00 STEP 9.98E-02 LRBELS XI.OE+OO 

R-VEL0C I T Y  I30 LEVELS1 
I I I I I I I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

i 

2.95E.03 T0 1.74€+05 STEP 5.90E.03 LRBELS X1.OE-03 

Z-VEL0CITY I30 LEVELS1 
I I I 1 I 1 I I I 1 -1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

?.50E+04 10 ?.?5E+04 STEP 2.25E.03 ~ n g E - 5  Y 1 . 3 E + L ' O  
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MS= 2.87 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQLP=40.00 NRIS10 NZzllO KBEGz 90 PO=la67E+05 FEPFE'C'  

SELF-SIMILRR R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS) 
I ,  I ,  I I I 1  1 1 1 '  I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-1.52€+05 T0 l.OlE+05 STEP 8.42E+03 LRBELS X1.OE-03 

-B.59€+04 70 2.1SE+04 STEP 3.5BE.03 LRBELS XI.OE*OO 

1.03E*10 10 1.72E.10 STEP 2.38E+08 LRBELS X1.OE-08 
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DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 L E V E L S ]  INTERNRL ENERGY [ 30 L E  i E L S  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2. 13E-04 T0 1.56E-03 STEP 4.64E-05 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OEtO5 2.32E.09 10 9.46E.09 STEP 2.46E-OB CREELS X l . O E  G7 

PRESSURE I 3 0  L E V E L S ]  S E L F - S I M I L R R  V Q C H  NUMBECI (33 LEVELS 

- 

- 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12ep - Blowup- f rame p l o t s ;  y = 1.4  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.87 FiLP=40.00 IL1347 IR=462 JT= 67 PO=lq67E+@5 FEEFEII -  

1.08€+10 T0 1.42E+IO STEP I .  17E.08 LFIBELS X1.OE-08 

............ . . . . . . . . . . . . . . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcy 

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

.........................', 
......................... 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA....................---...A . .  

r-': : : :  - ...... 
. . . . . . . . . . . . . . .  . . , . . . . . . . . . . . .  . .  
. . . . . . . . . . . . . .  . . . . . . . . . . . . . . -  

~ . . .  . . . . . . . . , . .  . . . . . .  j ' 1 '  \ ' " ' , '  1 
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DENSITY (30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALEVELS)  
I I I I I I I I 1 

1 
i 

2.1%-04 10 1.69E-03 STEP 5.07E-OS LRBELS X I . O E + O S  

INTERNRL ENERGY (30 L E V E L S )  
I I I I I 1 I I 1 

2.32E.09 T0 9.68E.09 STEP 2.54€+08 LRBELS XI .OE-07 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 L E V E L S ]  
1 
4 

1 

1 
+ 

- 
- 
- 
- 

A- ~~- i 

2.SIE+OS T0 S.13€+06 STEP 1.68€*05 LGBELi xi.3E 04 

Figure 12dH - Whole-f lowfield con tou r -p lo t s ;  Hansen 
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M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-87 RLP=40.00 NRz510 N Z z 1 1 0  KBEGz 90 P0=lm67E+05 HRNSEfl 

_ -  - -  - 
_ -  - _  

-8.9BE-01 T0 2.10€+00 STEP 9.98E-02 LRBELS X I . O E + O O  

R-VEL0CITY I30 LEVELS1 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.97E.03 T0 1.75E+& STEP 5.94€+03 LRBELS X1.OE-03 

Z-VELQCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 1 
I I I 

I I I 
i 

I I I I 
I- 
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I I1 
I - I 1  ‘ 1  I &I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 I ( 1 1  I I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4‘ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 .  I I I  I l l  

I I I I,/’ 
- Ti ( 1 1 1  / /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 
- I ’‘ I I / .  / I 

- 1 \ I -  . , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\ I 1  7 ,/ I I 

I I I C ,  
‘ I l l I  I C -  . 

I I \ I  J 

-t 
I 

1 .  - 1  m I 

I la- I 1  - ‘< 1 ,  , \ I 
I 

ax,, - I 1 1 1  ,,-?-s.J I , I I 
I I I I  

J - 1 %  J I  

- -  - -  - -  - -  - -  _ _  - -  - -  
- -  - - - _ _ _ _ _  

- -  - -  

-8.64E.04 T 0  2.16E.04 STEP 3.60E.03 LFIBELS Xl.OE*OO 

1.03E+10 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.72E.10 STEP 2 . 3 7 E * 0 8  LABELS X1.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
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MS= 2.87 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=40.00 IL=346 IR=461 JT= 67 PO=la67E+05 HRNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS)  

2.15E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.69E-03 STEP 5.07E-05 LABELS XI.OE+OS 

INTERNQL ENERGY I30 LEVELS)  

2.3ZE.09 T0 9.6BE+09 STEP 2.54€+08 LRBELS X1.OE-07 

SELF-SIMILFIR MQCH NUMBER 130 L E V E L S ]  

2.51E*05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 5.13E.06 STEP 1.68E.05 LRBELS X l . O E - 0 4  -8.97E-01 10 Z.O9E+00 STEP 9.97E-02 LRBELS Xl.OE*OC 

F i g u r e  1 2 e ~  - Rlowup-frame p l o t s ;  Hansen 
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Region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV & l 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 1.00 
I 4 . k 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 7 7.16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 5.08 
a 7.60 
b 8.03 
(. 8.47 
d 8.91 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f? 9.35 
f 9.78 
g 1 0 . 2 2  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 FILP=40 ,, 00 NR15 10 N Z =  100 KBEGz 90 P o x 6  O C E + 0 4  HRPlSErJ 

EXPERIMENTRL IS0PYCNICS 0F DESCHRMBQULT QND GLQSS 
1 I I I I I I I I 1 1 

F i g u r e  13bH - C a l c u l a t e d  i s o p y c n i c s  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i n g e s  

MS= 3.72 FILPHFl=40.00 
I I I I I I I 1 I I 1 I 

0 '  1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
I I 1 I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 I I 

- . 2  0 . 2  .4 .6 . 8  1 . o  1 .2  1 . 4  

X/L  

F i g u r e  13c - Wal l  p l o t  f o r  p / p o ,  y = 1.4 and Hansen c a l c u l a t i o n s , w i t h  
e x p e r i m e n t a l  d a t a  
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12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IO 

9 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 7 -  

Y 6 -  
r 
= 5 -  

6 ) -  r 

6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X I 1  

/ ~ 1 ~ 1 ~ 1 ~ 1 ' ~ ' 1 '  

- I 
1 

C 

0 0 

0 i 
- 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
0 

00 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
i 
i 

HS- 3.72 RLPHR=40.00 PERFECT 

1 

60 

55 

50 

- 1 '  I 1 "  
J 

-.2 0 . C  ' . 4  .6  . e  1.0 1.2 1.4 
x ' L  

: 

F 
t 

45 

40 

0 35 
a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 30 

X/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 

MS= 3.72 RLPHR=40.00 PERFECT 

1 4 0 0 r - I  I ~ ~ - ~ ' I ' I ' ' ' ~  

25 t 

20 F 

,- 

U 

" " " " a ' ' 

F i g u r e  13cp - WaJl p l o t s  f o r  p/po, p/p, w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, 
u; y = 1.4 

1200 

1000 

800 

600 

- 400 

Y 200 

f 0 :  
2 -200 

8 -400 

-600 

5; -800 

1 - 1 0 0 0  

Ln -1200 

-1400 

- 1600 

-1800 

-2000 

v, \ 

2 

LL 

W 
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40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

30 

25 

20 

15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

14 

13 

12 

I I  

IO 

9 -  

1 8 :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E 

hl 
.. 7 -  

6 -  

5 -  

4 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 -  

2 -  

1 -  

0 =I 0 
-.2 0 . Z  .4 .6 .8 1.0 1.2 1.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X/L  

1 ~ l ~ 1 ' 1 ~ 1 ' ~ ' 1 '  

- 1 

4 
i 

- 

1 j 

0 0  

!rDbL. 4 

- 

- 

00 

- 
I S I *  I I f  8 1 " ' ' ' j  

-.2 0 . Z  .4 .6  . 8  1.0 1.2 1.4 

0 

1200 

1000 

800 

600 

- 400 

: 200 
2 0 -  

3 -200 

8 -400 

m 

- 

1 
-600 

-800 

i -1000 

-1200 

I 

LL 

w 

- 

- 
- 
- 
- 

- 

- 

- 

- 
- 
- 

- 

MSr 3.72 FlLPHR=40.00 HRNSEN 

1 4 O O L  I I ' 1 ' I - ' ' ' ' ' ' ' ' 4 

.- A 

, . . , . . . . . 
-z:oo.L---- ' ' ' ' ' 

- . 2  c . L  ' .4 . E  .E! ' "  ' -  ' :  

F i g u r e  13cH - Wal l  p l o t s  f o r  p/po, p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, 
u; Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 FiLP=40.00 NR=S10 NZ1100 KBEG= 90 PO=6.00E+04 PEPFE! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS)  
I I 1 I I I I I i i 

1 

8.03E-OS T0 7.S4E-04 STEP 2.32E-05 LABELS Xl.OE*06 

2.40E.09 10 1.49E.10 STEP 4.30E.08 LRBELS X1.OE-OB 

PRESSURE (30  LEVELS1 
I I I I I I I 1 1 -I 

i, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

I.ZOE.05 10 3.61E.06 STEP 1.20E.05 LRBELS x1.OE-04 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13dp - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 QLP=40.00 NRz510 NZ=100 KBEG: 90 PO=6.00E+04 PERFECT 

S E L F - S I M I L Q R  MFlCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS)  

- -  - -  
_ _  - -  - 
_ -  - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-8.9EE-01 T0 2.10E.00 STEP 9.9EE-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+OO 

R-VELQCITY (30 LEVELS)  

4.02E.03 T0 2.37E.05 STEP 8.04E+03 LABELS X1.OE-03 

Z-VEL0C I T Y  (30 LEVELS1 
I I I I I I I I I 

-6.24E.04 10 3.12E.04 STEP 3. lZE.03 LREELS XI.OE*OO 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72  ~ I L P = ~ O . O O  NRz510 NZ=100 KBEG= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90 P0=6.00E+04 P E R F E E I  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .72  Q L P 4 0 . 0 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=356 IR=474 JT: 69 PO=6.00E+04 PERFECT 

DENSITY ( 3 0  LEVELS]  
I I 1 I I I I I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

INTERNRL ENERGY I30 LEVELS]  
I I I I I I I I I 1 

8.03E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 7.54E-04 STEP 2.32E-05 LFlBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI,OE+06 

PRESSURE [ 30 LEVELS)  
I 1 I I I I I I 1 I 1 

2.40E.09 T0 1.49E.10 STEP 4.30E.08 LRBELS Xl.OE-OB 

S E L F - S I M I L R R  I 1 /I I /  MRCH I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY I Y l Y l  NUMBER I30 LEVELS!  

1.2OE.05 TO 3.6iE.06 STEP I.ZOE.0S LRBELS Xl.OE-04 -8.98E-01 10 2.10E*00 STEP 9.98E-02 LABELS ‘ I . 0 € * 2 ?  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13ep - Blowup-frame p l o t s ;  y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 RLP=40.00 ILx356 IRz474 JT= 69 PO=6.00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I.SSE+IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.20E*IO STEP 2.22E.08 LABELS Xl.OE-OB 
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MS: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 RLP140 00 NR=5 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN Z =  100 KBEGx 90 P0=6 00E.04 HfiNSEr\J 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  L E V E L S ]  
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I I 

8.24E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 8.78E-04 STEP 2.74E-05 LRBELS XI.OE+06 

INTERNFlL ENERGY 130 L E V E L S ]  1 
I I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i 

2.40E.09 10 1.52E+IO STEP 4.41E.08 LRBELS Xl.0E-08 

PRESSURE ( 3 0  L E V E L S ]  1 
I I I I 1 I I I I I - 

I.24€*05 10 3.86E.06 STEP 1.29E.05 LRBELS X 1 . O E - 0 4  

F i  gure  13dH - Who1 e - f  1 owf i el d contour -p l  o t s  ; Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 RLP=40.00 NRz510 NZz100 KBEG= 90 PO=6.COE+04  hPYSEbl 

_ _  - _  
_ _  - _  

- -  - _  

-8.98E-01 10 2.10€+00 STEP 9.98E-02 LRBELS X l . O E + O O  

R - V E L 0 C I T Y  (30 L E V E L S )  I 
I I I I I I I I I ! 

Z - V E L Q C I T Y  (30 L E V E L S 1  I I 
I I I I I 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I I 
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-1.96E.05 T0 1.30E+05 STEP 1.09E+04 LABELS X1.OE-03 

-1.12E+05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.79E+04 STEP 4.65E.03 LRBELS X1.OE-03 

. -~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.55E+10 10 2.5SE.10 STEP 3.46E.08 LFIBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAxl.OE-08 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 QLP=40.00 IL=354 IR=472 JT= 69 PO=6.00E+04 HRNSEPi 

DENSITY I30  LEVELS] 
I I I I I I I I I 

INTERNRL I ENERGY I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI LEVELS) I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8.24E-05 10 8.78E-04 STEP 2.74E-05 LABELS XI.OE+06 2.40E.09 10 I.S2E+IO STEP 4.41E+08 LFlBELS Xl.OE-08 

PRESSURE ( 3 0  LEVELS) 
I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i g u r e  13eH - Blowup-frame p l o t s ;  Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.72 RLP=40.00 IL1354 I R=472 JT= 69 P0=6.00E+04 HFii',JSE_i.>I 

EXPERIMENTFIL IS0PYCNICS FR0M U T I R S  

1.56E*10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.18€+10 STEP 2.14€*08 LRBELS X1.OE-08 

Ql d2 
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Region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo/n, 

0 1.00 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .86  

7 . 9 0  
3 5 . 3 7  
a 9 . 7 8  
b 1 0 . 7 2  
C 11.67  
d 1 2 . 6 1  
e 8 . 8 4  
f 7.90 
a 6 . 9 5  
11 6.01 
i 5.07 
J 4 . 1 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 - 

. .  .- . . 

.. . . 

XBB 859-7203 
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F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14bH - C a l c u l a t e d  i s o p y c n i  cs  (Hansen) u s i n g  t h e  e x p e r i m e n t a l  f r i  nges 

18 

16 

14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 IO 
€3 
I 
[r 
\ 
€3 
1 
~8 

6 

4 

2 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHANSEN 

0 

.,I 

, l l l l l l l l l l l l l l l l l l l l l l j l l /  

-. l  0 . 1  .2 . 3  .4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. S  .6  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.7 . 8  .9 1.0 1 . 1  1 . 2  1 . 3  

X/L 

F i g u r e  14c - H a l l  p l o t  f o r  p / p o ,  y = 1.4 and Hansen c a l c u l a t i o n s ,  w i t h  

exper iment  da ta  
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t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .:a9 1 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 I 

HS: 4.62 RLPHR=40.00 PERFECT 

: 

:- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMS= 4.62 ALPHQ=40.00 PERFECT 

1 

1500 

1000 

- 

- 

- 

/ 
0 

500 
m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 
\ 

- 
3 0: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 
_I 

a 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-500 
f 
? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 -1000 
w m 

-1500 

0 i 

- 

: 

- 

4 

i 
1 

/ I  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 - N m q- m 10 P m m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo - N . . . . . . . . . . . . .  
0 ' 1 ' 1 ' 1 ' 1 ' " 1 1 ' 1 "  

_ - - -  
I 

X/L 

MS: 4.62 QLPHA=40.00 PERFECT 

2 0 0 0 ~ ~  I I ,  I , I , ,  , ,  I '  I I I ' I ' ,  ' I ' I ' 1 . 1  

F i g u r e  14cp - \ h a 1  p l o t s  f o r  p /po,  p /p ,  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e ,  
u; y - - 1.4 
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I\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X / L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

22.109 - 

20~109 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 18.109 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U 
\ 

$ 16*109 - 
W 

6 ~ 1 0 ~  

4-10' 

MS- 4.62 RLPHA=40.00 HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 

16 - 

14 - 

I2 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 l o  

z 8 -  

- 

Y 

6 r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAioo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 0  

0 0  

0 0 

0 

0 

0 

C 

t 

I s 0 0  

1000 - 

- 
Y 500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 
3 0 :  

8 

ln \ 

J 

;; -500 - - 
LI) 

- 1500 

- 2000 

F i g u r e  14cH - Ha11 p l o t s  f o r  p/po, p / p ,  w i t h  e x p e r i m e n t a l  da ta  i n c l u d e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe ,  
u:  Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.62 FILP=40.00 N R 5 1 0  NZ= 90 KBEG: 90 P O = Z O 8 0 E + 0 4  PERFECT 

3.B4E-05 10 9.15E-04 STEP 1.3OE-05 LFIBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl+OE*06 

2.S3E.09 10 Z.ZOE+lO STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.70E.08 L 

PRESSURE r30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL E V E L S 1  I I I I I I I 
I 

F igu re  14dp - W h o l e - f l o w f i e l d  contour-p lo ts ;  y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.62 RLP=40.00 NRz510 N Z =  90 KBEG1 90 P O 2 . 8 0 E * 0 4  PE';FELI' 

S E L F - S I M I L R R  MRCH NUMBER (30  LEVELS1 

_ _  - -  
- -  _ _  

_ -  - -  
_ _  - _  

-8.9%-01 10 Z.IOE+OO STEP 9.98E-02 LABELS XI.OE+OO 

R-VELQCITY (30 L E V E L S )  
I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 

5.13E+03 10 3.03E+05 STEP 1.03€+04 LFlBELS XI.OE-03 

Z-'JEL0C I T Y  I 3 0  LEVELS1 
I I I I I I I I I I I 

-7.94E.04 10 3.97E.04 STEP 3.97E.03 LRBELS XI.OE+OO 
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-2.40€+05 T0 1.60€*05 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.34€+04 LABELS X1.OE-03 

-1.29€*05 10 3.93E*04 STEP 5.61€+03 LFlBELS X1.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Z . Z I E * l O  10 3.60E.10 STEP 4.80€+08 LRBELS X1.OE-OB 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.62 RLP=40.00 IL=344 IR=485 JT= 60 P O = Z O 8 0 E + 0 4  PEFiFECT 

INTERNRL ENERGY (30 LEVELS1 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.84E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATB 4.15E-04 STEP 1.30E-05 LQBELS Xl.OE+OG 2.53€+09 T0 Z.2OE+10 STEP 6.70E.08 LRBELS Xl.OE-08 

7.65E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 Z.89€*06 STEP 9.71€*04 LRBELS X1.OE-04 -8.YBE-01 T0 2.lOE+OO STEP Y.98E-OZ LRBELS A ~ . O E + C C !  

F i g u r e  14ep - Blowup-frame p l o t s ;  = 1.4 
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MSz 4 . 6 2  RLP=40.00 IL1344  IR1485 J T z  60 PO=2.80E+gq L . t L c F  L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

EXPERIMENTQL IS0PYCNICS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFFIOI.' J -  FS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

2.2OE+lO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 3.17E.10 STEP 3.32€+08 LRBELS X1.OE-08 
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DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS] 
I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I 

4.03E-05 T0 5.26E-04 STEP 1.68E-05 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 

INTERNRL ENERGY (30 LEVELS] 
I I I I I I I I I 

2.55E109 T0 2.28E+l0 STEP 7.00€*08 LABELS X1.OE-08 

PRESSURE I 3 0  LEVELS] 
L I 

I I I I I I I I 

8.26E.04 10 3.2SE.06 STEP 1.09E+05 LFIBELS X 1 . O E - 0 4  

F i g u r e  14dH - Whole-flowfield contour-p lo ts ;  Hansen 
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-8.9BE-01 T0 2.10E+00 STEP 9.98E-02 LRBELS X I . O E + O O  

R-VELQCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 
r 1 I I I I I I I 1 

Z-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 
L I 

I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 
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I I #  I I  ' 1  I 

I 
I I 

. 
i 

I 

1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
, r  .--  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i . . - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.23E*IO 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.67E+i0 STEP 4.97E.08 LRBELS X 1 . O E - 0 8  

I 

I 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.62 RLP=40.00 IL1341 IR=481 JT= 59 P0=2.80E+04 HFIfLiSErJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.03E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 5.26E-04 STEP 1.68E-05 LABELS Xl.OE+06 2.55E.09 T0 2.28E+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 7.00E+08 LFIBELS Xl.0E-08 

I 

8.26E.04 10 3 . m . 0 6  S T E P  i.ogE+os LReELs X I . O E - O ~  -8.92E-01 T0 2.0BE+00 STEP 9.9lE-02 LABELS 1i.OE.Ci 

F i g u r e  14eH - Blowup-frame p l o t s ;  Hansen 
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SELF-SIMILFIR ENTHRLPY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 LEVELS1 EXPERIMENTRL IS0PYCNICS FR0M U T ! R S  

2.22E+iO T0 3.16E.10 STEP 3.24E.08 LRBELS XI.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t---. ....................... zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b.. ....................... 
+- ........................ - ......................... b::::::::: ~"_......"" .......... - . . . . . . .  ......... . .  . . . . . . .  

. . . . .  I I '  1 
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

b 

d 
e 
f 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 
j 
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

a 

C 

1.00 
3.68 
3.33 
3.36 
3 * 44 
3 .52  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. hO 
3.68 
3.75 
3.83 ' 

3.91 
3.99 
S.06 

4 .  I $  

2 

Ficjurr? 15 - Cast. 12, Ms = 2.03, 9 = 270, A i r ,  y = i .4 ,  7M4.  
w 
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i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 -  

7 -  

6 -  
0 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
a 

5 -  

4 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 -  

2 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

? -400 
v 
i 
W m 

-600 

-800 

X/L 

- 

- 

- 

t '  

F i g u r e  15c - Ma11 p l o t s  f o r  p/po, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p  w i t h  exper imen ta l  d a t a  i n c l u d e d ,  e, u 
,., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-03 QLP=27.00 NRz425 NZ=130 KBEG= 75 PO=3.33E+05 PERFECT 

4.08E-04 T0 1.64E-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 4.26E-05 LABELS Xl .OE+OS 

_ _  - 
INTERNFlL E NERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  L t V t L b J  I I 

I 

-I 

2.19E.09 T0 4.58E.09 STEP 8.23E.07 LRBELS X1.OE-07 

3.78E+05 T0 2.96€+06 STEP 8.91€+04 LABELS X1.OE-04 

\\ 
i 
i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i  gu re 15d - Who1 e- f  1 owf i el d contour-pl ots 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.03 RLP=27.00 NR1425 NZz130 KBEGz 75 PO=3.33E+05 PEFFEi:' 

_ _  - -  

_ _  - -  

- -  _ _  

_ -  - -  - 

\ \  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 7 2 - -  - - .  
_ -  - _  

-9.51E-01 TO 1.64E.00 STEP 8.6%-02 LABELS Xl.OE+OO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.26E.03 T0 7.44€+04 STEP 2.52E+03 LRBELS XI.OE+OO 

-2.04E.04 10 S.09E.03 STEP 8.49E.02 LABELS Xl.OE+OO 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.03 FILP=27.00 NRz425 NZ=130 KBEGz 75 PO=3.33E+05 P E C i ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL . 

SELF-SIMILRR R-VEL0CITY 130 LEVELS) 
I '  I I  \ 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
/ 

I 

I 

I 

I 

-5.10€*04 10 5.67E103 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.89E.03 LRBELS XI.OE+OO 

5.87E.09 T0 8.21€+09 STEP 8.08€+07 LABELS X1.OE-07 
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INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E g E L S  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

- 

4.05E-04 T0 1.45E-03 STEP 3.606-05 LRBELS k' l .OE+OS 2. 19E.09 T0 4.58E.09 STEP 8.23E.07 x : . z C  

-... , . 3.69E.05 10 2.46E.06 STEP 7.20€*04 LRBELS X l . O E - C 4  ~9.26E-3; *&3 ; .6ZE.31 5 - E '  ? . + < F  ' -  , . 

F i g u r e  15e - Rlowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.03 FILP=27.00 ILz295 IR=419 JT= 69 PO=3.33E+C5 FELL: . 

EXPERIMENTRL IS0PYCNICS FFiQM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL J ~ I L S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

5.93€+09 10 6.96€*09 STEP 3.55€+07 LABELS X1.OE-07 

SELF-SIMILRR VELQCITY VECTQRS 

................................. ................................. ................................. ............................... .............................. .............................. 
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0 
1 
1' 
2 
3 
a 
h 

d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 
f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 

1.00 
5 .63  
6 .89  
7.44 
5 .74  
9.53 

10 .16  
10.79 
11 .42  
12 .05  
12 .68  

Region 

g 
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.I 
k 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m 
n 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

13.32 
13 .95  
14.58 
15 .21  
15 .84  
16 .47  
1 7 . 1 0  
17 .73  
18 .36  
6 .37  
8 . 0 7  

. . . .  . 

_ _  . .  

XBB 859-7205 

Fi<j:ire 16h - C a l c u l a t e d  i s n p y c n i c s  Irsincj t h e  PxpPrimPntal f r i v g e s  
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X/L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

20 

18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
16 

14 

I2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
Is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

B 
S 

y 10 

a 
8 

6 

4 

2 

MS= 8.70 QLPHAz27 .00  nFINSEt4 
-1 

t 

i 

- o - ~ m o - m m ~ r n m o - ~ ~  

I - - - -  
X/L 

. . . . . . . . . . . . .  
0 -* ' ' ' ' 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ' ' 

4000 

3000 

2000 

w 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E 
3 0  

a 
- -1000 
f 
T 
5 -2000 

- 
U 

m \ 

E 

-I 

w m 

- 3000 

-4000 

-5000 

n_....-----------: 
/ 

F i g u r e  16c - Wal l  p l o t s  f o r  p/po, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, u 
- 
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6.16E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 8.73E-04 STEP 2.80E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALRBELS XI.OE+06 

3.13€+09 T0 5.95E*IO STEP 1.94€+09 LRBELS X1.OE-08 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16d - Whole-flowfield contour -p lo ts  
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8.62€+03 T0 5.09€+05 STEP 1.72E+04 LRBELS XI .OE-03  

. I  I , -  

-1.13E+05 T0 1.29€+05 STEP 8.07€+03 LRBELS X1.OE-03 

- 
- 

-3.86E.05 T0 3.38€*05 STEP 2.41€*04 LRBELS XI.OE-03 

-1.90€+05 T0 1.10€+05 STEP 1.00E+04 LRBELS X1.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.57E+l0 10 1.15E+ll STEP 2.04E+09 LRBELS X1.OE-09 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.70 RLP=27.00 ILz396 IR=503 J T z  73 P @ = 4 . 1 0 E + 0 4  b P : l l E h +  

5.90\-05 TB \7.20E-04 STEP Z.28E-05 LFlBELS X!.OE+06 

'Il wb 

3 . ! 3 E b 9  T0 5.95E.10 STEP 1.94E.09 LABELS Xl .OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SIl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16E.05 T O  \ 1.03E.07 STEP 3.49E.05 LRBELS X ! . O E - O S  -9.00E-01 T O  \ 2 .  10E+00 STEP 1.00E-01 LFIBEL5 X l . O E + O C  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
wb wb 

F i g u r e  16e - Blowup-frame p l o t s  
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Rc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 1.00 
1 5.h7  
1 '  6 .13  
2 6.63 
3 5.59 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ll h .  97 
12 7 . 3 0  
c 7 . 6 2  
d 7 . 9 4  
e 8 . 2 7  
f 8.59 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 8 . 9 1  
<e 

Rcqion p1/l'3 

h '3 .24 
i 9.56 
1 9 . 8 8  
k 10.21 
1 10.53 
m 10.85 
n 11.18 
0 11.50 
1' 11.82 
4 1 2 . 1 5  
r 12. :7  
S 5.91 

XBB 859-7206 
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a \ 
a 

80 - 

60 - 

40 - 

20 - 

I 

X/L 

2500 

2000 

1500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J 1000 

' 500 E 
= o  
a 
=! -500 

-1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 -1500 

-2000 

- 2500 

- 3000 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3500 

W In 

a 

I: - 
LL 

- o - - . n r m z -  r -  . . . . . . . . . .  

F i g u r e  17c - Wal l  p l o t s  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp /po ,  p / p o  w i t h  e x p e r i m e n t a l  d a t a  i n c l u d e d ,  e, u 
.., 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
DENSITY (30  LEVELS]  __ 

- 

- 

I 

- 

- 

- 

- 

- 

- 

- 

- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.12E-04 T0 1.2%-03 STEP 3.91E-05 LFlBELS XI.OE+OS 

INTERNQL ENERGY I30 LEVELS1 

i 

2.71€+09 10 3.52€+10 STEP I.I2E+09 LRBELS XI.OE-08 

Figure 17d - Whole-flowfield contour-plots 
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MS= 7.19 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=ZO.OO N R X 5 1 0  NZ=120  KBEG= 90 PO=8.00E+04 HRNSEN 

-8.98E-01 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. lOE+00 STEP 9.98E-02 LABELS X I . O E + O O  

6.04€+03 10 3.56E.05 STEP 1.2lE+04 LABELS X1.OE-03 

Z-VEL0CITY r30 LEVELS1 
I I I I I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY' ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7- --I 

1 4'; , I 

- i \ \  

-7.00E.04 T0 5.35E.04 STEP 4.12E.03 LABELS X I . O E + O O  
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S E L F - S I M I L Q R  R - V E L 0 C I T Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  L E V E L S )  
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI '  I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

03 
'* 1 1  

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-2.95E.05 10 2.95€+05 STEP l .97€+04 LRBELS X1.OE-03 

T 

-1.56E.05 10 4.75E.04 STEP 6.79E.03 LABELS Xl.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. 19 RLP=ZO.OO ILx383 IR=476 JT= 85 PO=8.,00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt-FipiSE’< 

1.08E-04 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI.OOE-03 STEP 3.08E-05 LRBELS Xl.OE*05 2.71E.09 T0 3.52E.10 STEP l . I2E+09 LREELS X1.3E-CB 

F i g u r e  17e - Blowup-frame p l o t s  
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MS= 7.19 FILP=ZO.OO ILz383 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIRz476 JT= 85 PO=8.0GE+04  HFINSEN 

3.66€+10 T0 4.92€+10 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.33€+08 LFlBELS X1.OE-08 
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Hs: 8.86 RLPHR=20.00 HRNSEN 

260 - 
240 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
220 - 

200 - 

180 - 

160 - 
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F i g u r e  18c - Wall  p l o t s  f o r  p/po, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp / p ,  w i t h  e x p e r i m e n t a l  da ta  i n c l u d e d ,  e, 
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DENSITY 130 LEVELS1 

5.72E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 6.76E-04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.13E-05 LREELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+06 

1 
INTERNQL ENERGY 130 L E V E L S )  

- 

3.32E.09 10 6.79€+10 STEP 2.23E.09 LREELS Xl.OE-08 

F i g u r e  18d - W h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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-8.97E-01 T0 2.09E+00 STEP 9.96E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+OO 

R - V E L 0 C I T Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 

- 
-_ 

- 
- 
.- 

-- 

7.80€+03 T0 4.60E.05 STEP 1.56E*04 LRBELS X1.OE-03 

1 
Z - V E L 0 C I T Y  (30 LEVELS1 

..d 

-8.72E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 7.63E.04 STEP 5.45E.03 LRBELS X l . O E + O @  
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r +  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMS= 8.86 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFILP=ZO. 00 NRz575 NZzllO KBEG= 75 POz4. 1 OE.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 l r - r  . ' ,  

SELF-SIMILRR R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LE 

' \  + / , /  / 

I L 

I 
1 
I 

~~ ~ 

-1.67E+05 10 6.08E.04 STEP 7.60E103 LRBELS xi.OE-03 

S.52E.10 10 I . I I E + I I  STEP 1.92E.09 LRBELS xI.OE-09 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.86 RLP=ZO.OO IL=466 IR=568 JT= 99 PO=4.10E+04 HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.496-05 TB 5.4X-01 STEP 1 . a - 0 5  L m L S  X l . O E 4 6  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.32€+09 T0 6.79E.10 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.236.09 LABELS X1.E-08 

1.696.05 10 7.61E.06 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.57E.05 L m L S  X 1 . E - 0 4  -8.97E-01 T0 2.09E40 STEP 9.96E-02 LABELS Xl.OE*oO 

F i g u r e  18e - Slowup-frame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.86 FILP=ZO. 00 ILz466 IR1568 JT= 99 P0=4.10E+04 HFINSEPJ 

5.48€*10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.01E+IO STEP 1.22€+09 LRBEI.5 X 1 . E - 0 8  

F i g u r e  18f - Reproduct ion o f  t h e  i n t e r f e r o g r a m  o f  Exp. 974, Kef. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC141; 
M, = 10.18, 0 = 200, A i r  

XBB 859-7208 
W 
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MS= 1.30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=45.00 NRr500 NZ=160 KBEGz125 PO=2.00E+04 PERFECT 

DENSITY (30 LEVELS) 
I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I 

2.36E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 5.57E-OS STEP 1.10E-06 LFl6ELS XI.OE+07 

SELF-SIMILRR MFlCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 

_ _  - _  

" / ,  

/ / / ,- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' / J / / / ,  

-8.69E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.33E.00 STEP 7.40E-02 LRBELS Xl.OE+OO 

F i g u r e  19. la - PIs = 1.30, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  19 - T r a n s i t i o n  s e t  1, e w  = 450 ,  y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.30 FlLP=45.00 ILz392 IRz443 JT= 48 PO=2.00E+04 PERFECT 

2.3BE-05 T0 5.57E-05 STEP 1.IOE-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.O€+07 2.17E.09 10 3.24€*09 STEP 3.70E+07 LRBELS XI.OE-07 

2.09€*04 T0 7. 16E.04 STEP 1.7SE*03 LABELS XI.OE*OO -2.2BE-Ol T0 9.12E-Ol STEP 3.80E-02 LABELS XI.OE*00 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 9 . l b  - M, = 1.30, blowup-frame p l o t s  

21 1 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.30 QLP=45.00 ILz392 IRz443 JTz 48 PO=2.00E+04 PERFECT 

21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 



MS= 1.40 QLP=45.00 NR1500 NZ1160 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKBEGz125 PO=2.00E+04 PERFECT 

DENSITY I30 LEVELS1 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t- 1 

2.39E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 6.49E-05 STEP 1.41E-06 LQBELS XI.OE*07 

-8.77E-01 10 1.52E+00 STEP 7.98E-02 LRBELS X I . O E + O O  

F i g u r e  19.2a - M, = 1.40, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

21 3 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.40 RLP=45.00 ILz393 IR1444 JT= 48 P O = Z O O C E + 0 4  PERFECT 

DENSITY r 3 C  LEVELS1 

2.39E-05 T0 6.49E-05 STEP 1.41E-06 LFlBELS X1.0€+07 2.18€+09 10 3.60E.09 STEP 4.90E.07 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE-07 

2.12€+04 10 8.80€*04 STEP 2.31E.03 LRBELS XI.OE*OO -3 .84E-01 10 1.05€+00 S T E P  4.80E-02 LFIBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX l . 0 E 4 G  

F i g u r e  19.2b - M, = 1.40, blowup-frame p l o t s  

21 4 



MS= 1.40  FILP=45.00 IL=393 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIR1444 JT= 48 PO=2.00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.04E.09 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.63E.09 STEP Z.04E.07 LABELS Xl.OE-07 

SELF-S IMILRR I R-VELBCITY I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 
I ’ I I /;?p (I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I ’  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

- - - - - - - 

-6.90E.04 10 -2.50E+04 STEP 1.47E+03 LABELS XI.OE+OO 

21 5 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 RLP=45.00 NR=500 NZ=160 KBEG=125 P O = Z m 0 0 E + 0 4  PERFECT 

DENSITY (30 LEVELS1 
I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 1 I I I I I t i 

2.41E-05 10 7.27E-05 STEP 1.68E-06 LABELS XI.OE+07 

_ -  - -  - 

~ -0.340632 - - - ~ _ _  - -  

- - -  - _  
- 

- 

-9.37E-01 10 1.62€*00 STEP 8.52E-02 LRBELS X I . O E + O O  

F i g u r e  19.3a - M, = 1.50, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 



MS= 1.50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=45.00 ILz395 IRz447 JT= 49 P0=Za00E+04  PERFECT 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 LEVELS1 

2.41E-05 10 7.27E-05 STEP 1.68E-06 LRBELS XI.OE*07 

2.14E.04 T0 1.05€+05 STEP 2.88E.03 LRBELS X1.OE-03 

INTERNQL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 

2.18E+09 10 3.91€+09 STEP 5.95€*07 LRBELS X1.OE-07 

SELF-S IMILQR MRCH NUMBER ( 3 0  LEVE 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

/ 

/ 

/ 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

I 

J 

, 

-4.47E-01 10 1.23E.00 STEP 5.5BE-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE*OO 

F i g u r e  19.3h - Ms = 1.50, hlowup-frame p1ot.s 

21 7 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 QLP=45.00 IL=395 IR=447 JT= 49 PO=2.00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.40E.09 10 6.07E.09 STEP 2.33E+07 LRBELS X1.OE-07 
- 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0. 
0 
lo 
L n  
I 

I I I I I I 1 I I 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.60 flLP=45.00 NR=500 N Z 1 1 6 0  KBEGz125 PO=2.00E+04 PERFECT 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 
I 1 I I 1 i i i 1 

2.42E-05 T0 8.05E-05 STEP 1.94E-06 LABELS XI.OE+07 

-9.I2E-01 10 1.82E*00 STEP 9.12E-02 LABELS X l . O E * O O  

F i g u r e  19.4a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 1.60, whole-flowfield c o n t o u r - p l o t s  

21 9 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.60 FILP=45.00 IL=397 IR=449 JT= 49 PO=Z.O,OE+04 PERFECT 

2.42E-05 10 8.OSE-05 STEP 1.94E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+07 2.19E.09 10 4.24E+09 STEP 7.06E.07 LABELS X1.OE-07 

2.17E.04 10 1.23E.05 STEP 3.50€+03 LABELS X1.OE-03 -5.17E-01 10 1.42E.00 STEP 6.46E-02 LABELS Xl.OE.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19.4b - M, = 1.60, blowup-frame'plots 

2 20 



5.79E+09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 6.S6E+09 STEP 2.66E*07 LABELS XI.OE-07 

I 
I 

I I 

I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
/ 

-7.84E+04 10 -1.65E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 2.06E+03 LABELS XI.OE+OO 
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MS= 1.70 RLP=45.00 NR=500 NZ=160 KBEGz125 P O = Z m 0 0 E + 0 4  PERFECl 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I I I I I I 

- - 

- 

2.43E-05 T0 8.87E-05 STEP 2.22E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+07 

-8.72E-01 10 Z.03E.00 STEP 9.69E-02 LRBELS XI.OE+OO 

F i g u r e  19.5a - M, = 1.70, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 1.70 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=45.00 ILz398 IRz450 JT= 49 P O = Z m 0 0 E + 0 4  PERFECT 

p 
2.43E-05 10 8.87E-05 STEP 2.2ZE-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+07 

Z.ZIE*04 T0 1.43€+05 STEP 4.16E.03 LRBELS X I . O E - 0 3  

INTERNRL ENERGY 130 LEVELS1 
I I 1 I I I I I 

2.19E.09 T0 4.59€+09 STEP 8.26€+07 LABELS X1.OE-07 

-6.58E-01 T0 1.54€+00 STEP 7.32E-02 LABEL5 Xl.GE+GO 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19.5b - M, = 1.70, hlowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.70 QLP=45.00 I L z 3 9 8  IR1450 JT= 49 PO=2.00E+04 PERFECT 

6.19E.09 T0 7.05E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 2.98€*07 LABELS X1.OE-07 -8.35E.04 T0 -1.19€+04 STEP 2.38€*03 LABELS XI.OE+OO 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.80 RLP=45.00 NRz500 NC160 KBEG1125 PO=Zm00E+04 PERFECT 

DENSITY (30 LEVELS1 
I I I I I I I 1 I 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19.6a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14, = 1.80, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhole-flowfield c o n t o u r - p l o t s  
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tlS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFiLP145.00 ILz400 IR1453 J T z  50 PO=2.00E+04 PERFECT 

DENSITY 130 LEVELS] 
I I I I I I I I I I 

Z.44E-OS T0 9.S4E-OS STEP 2 . 4 3 - 0 6  LRBELS XI.OEt07 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  L E V E L S ]  
I I I I I I I I 1 

- 

t 

Z.ZSE+04 10 1.66E.05 STEP 4.93E.03 LFIBELS Xl .0E-03 

INTERNQL ENERGY I30 LEVELS) 
I I I I I I I I I I 1 

2.20€+09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 4.96€+09 STEP 9.52E.07 LRBELS X1.OE-07 

1 

-6.49E-01 10 1.78€*00 STEP 8 .1 IE -02  LRBELS XI.OE*OO 

Figure 19.6b - MS = 1.80, blowup-frame p lo ts  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.90 RLP=45.00 NR=500 NZ=160 KBEGz125 P O = 2 . 0 0 E + 0 4  PERFECT 

DENSITY (30 LEVELS1 
1 I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

2.46E-05 T0 1.03E-04 STEP 2.71E-06 LRBELS XI.OE+06 

- -0.399374 - - - - - - _ _  - -  

_ -  - _  

-8.99E-01 T0 2.10E*00 STEP 9.98E-02 LRBELS X I . O E + O O  

F i g u r e  19.7a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 1.90, whole-flowfield con tou r -p lo t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.90 RLP=45.00 ILz401 IRz454 JT= 50 PO=2.00E+04 PERFECT 

INTERNRL ENERGY ( 3 0  L E V E L S )  
I I I I I I I I I 

DENSITY (30 L E V E L S ]  

2.46E-05 10 1.03E-04 STEP 2.70E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI30 LEVELS I 
I I I I I I 1 I I 

2.21E+C9 T0 5.35€+09 STEP 1.08€+08 LABELS X1.OE-07 

S E L F - S I M I L R R  MRCH NUMBER (30  L E V E L S )  
I I I I I I I I I 

2.ZBE*04 T0 1.86€+05 STEP 5.64€*03 LABELS X1.OE-03 -8 .03 -01  T0 1.87E.00 STEP 8.93E-02 LABELS X i . O E + O O  

F i g u r e  19.7b - M, = 1.90, blowup-frame p l o t s  
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MS 2.00 RLP=45.00 NR=S00 N C 1 6 0  K B E G 4 2 5  PO=2.00E+04 PERFECT 

2.48E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.1%-04 STEP 3.10E-06 LABELS XI.OE+06 

- -  - -  - 
- -  _ _  

_ _  - -  

-8.99E-01 TB 2.10€+00 STEP 9.98E-02 LABELS X I . O E + O O  

F i g u r e  19.8a - M, = 2.00, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhole-f lowfield c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.00 FiLP=45.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 'Lz403 IR1456 JT= 50 P O = Z m 0 0 E + 0 4  PERFECT 

I I I I I I I I I 

- 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 
I I I I I I I I 1 

2.47E-05 10 1.09E-04 STEP 2.92E-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+06 2.21E.09 10 5.77€+09 STEP 1.23E.08 LRBELS X1.OE-07 

I 

-8.85E-01 T0 2.06€+00 STEP 9.83E-02 LRBELS Xl.OE.00 

F i g u r e  19.8b - M s  = 2.00, blowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10 QLP=45.00-NR=500 NZ=160 KBEG=125 PO=Z000E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.50E-05 10 1.26E-04 STEP 3.49E-06 LRBELS XI.OE+06 

Figure 19.9a - M, = 2.10, whole-flowfield contour-plots 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10 RLP=45.0G IL1404 IR1457 JT= 50 PO=2.00E+04 PERFECT 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 1 I I I I I I I I I I 1 

- - - 1 

DENSITY 130 L E V E L S ]  INTERNRL ENERGY (30 L E V E L S ]  

2.4BE-OS T0 1.17E-04 STEP 3.1BE-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 2.22E.09 10 6.23€+09 STEP 1.38E.08 LABELS XI.0E-0’  

2.36E.04 10 2.35E.05 STEP 7.28€+03 LABELS X 1 . O E - 0 3  

Figure 19.9h - Ms = 2.10, blowup-frame plots 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.20 RLP=45.00 NR1500 NZz160 KBEGz125 PO=2.00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.52E-05 T0 1.38E-04 STEP 3.88E-06 LRBELS XI.OE+06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

Figure 19.10a - M, = 2.20, whole-f lowf ie ld contour -p lo ts  
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MS= 2-20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFiLP=45.00 ILz405 IRz458 JT= 50 P O = Z 0 0 0 E + 0 4  PERFECT 

I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 

- 

2.49E-05 10 1.2’4-04 STEP 3.41E-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

2.41E.04 T0 2.61€*05 STEP 8.17E.03 L W E L S  XI.OE-03 -8.87E-01 T0 2.07E.00 STEP 9.86E-02 LREELS X ! . O E * O C  

Figure 19.10b - M, = 2.20, hlowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.20 RLP=45.00 IL=405 IR1458 JT= 50 PO=2.00E+04 PERFECT 

SELF-SIMILRR R-VEL0CITY (30 LEVELS) 

I 

I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8.52E.09 10 I.OlE+IO STEP 5.39E.07 LRBELS X1.OE-08 -l.IlE+OS T0 2.78E104 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.63€+03 LABELS X 1 . O E - 0 3  

I I I I I I I 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA39 



MS= 2 . 3 0  RLP=45.00 NR1500 NZ=160 KBEGz125 PO=2.00E+04 PERFECT 

I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 

- - 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.54E-05 10 1.4%-04 STEP 4.27E-06 LQBELS Xl.OE+06 

_ -  - _  

-8.98E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.1OE+00 STEP 9.98E-02 LRBELS xl .OE+OO 

F i g u r e  19.11a - MS = 2.30, w h o l e - f l o w f i e l d  con tou r -p lo t s  
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MS= 2.30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=45.00 IL1406 IR=459 JT= 50 PO=2.00E+04 PERFECT 

DENSITY (30  LEVELS)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 LEVELS1 

2.50E-OS 10 1.29E-04 STEP 3.586-06 LABELS X1.0€+06 2.24€+09 T0 7.ISE+09 STEP 1.69E.08 LABELS X1.OE-07 

S E L F - S I M I L R R  MRCH NUMBER (30 LEVELS1 

2.45E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 Z.87E.05 STEP 9.04E.03 LABELS X1.OE-03  -8.87E-01 T0 2.07E+00 STEP 9.86E-02 LABELS x l . C I E * O C  

FigL1r-e 19.11b - M, = 2.30, blowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.30 QLP=45.00 IL=406 IR=459 JT= 50 P O = Z a 0 0 E + 0 4  PERFECT 

8.97€+09 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.08E*IO STEP 6.25€*07 LABELS XI.0E-08 

I 1 I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

SELF-SIMILRR R-VELQCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 
I !  I I I I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI l l  I I, 

I 1 

F 

-1.15E*05 10 3.49€*04 STEP 4.99E.03 LFlBELS XI.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.40 FILP=45.00 NRz500 NZz160 KBEGZ125 PO=2.00E+04 PERFECT 

DENS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATY 30 LEVELS I 
I I I I I I I I I I 

2.56E-05 T0 1.60E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 4.65E-06 LABELS XI.OE*06 

- - -  - _  

- 
_ -  - -  - 

- 
_ -  - _  
- -  - _  

-8.98E-01 T0 Z.IOE+OO STEP 9.98E-02 LREELS Xl.OE+OO 

Figure 19.12a - M s  = 2.40, whole-f lowf ie ld contour-p lo ts  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.40 RLP=45.00 IL=406 IR=460 JT= 51 PO=2.00E+04 PERFECT 

INTERNQL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 L E V E L S )  

t 

2.51E-05 T0 1.35E-04 STEP 3.80E-06 LABELS XI.OE.06 2.2SE.09 T0 7.6SE.09 STEP 1.86E.08 LRBELS X1.OE-07 

I I 

Z.SIE.04 T0 3.19E.05 STEP 1.01E+04 LRBELS Xl.OE-03 -8.92E-01 10 2.0BE*00 STEP 9.91E-02 LRBELS Xl.OE*03 

F i g u r e  19.12% - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 2.40, b lowup- f rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.40 FILP=45.00 ILz406 IRz460 JT= 51 PO=2.00E+C4 PERFECT 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ - -  % 

-1.23E+05 T0 3.73E.04 STEP 5.33E.03 LRBELS XI.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.50 FiLP=45.00 NRz500 NZ=160 KBEGz125 P O = Z n 0 0 E + 0 4  PERFECT 

DENSITY I30 LEVELS) 

2.57E-05 10 1.71E-04 STEP 5.03E-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 

-8.98E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATO 2. IOE+OO STEP 9.98E-02 LRBELS XI.OE+OO 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19.13a - M, = 2.50, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MSz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.50 RLP=45.00 ILx406 IRz460 JT= 51 P0=Zm00E+04 PERFECT 

INTERNFlL ENERGY I 3 0  LEVELS1 

Z.53E-05 10 1.43E-04 STEP 4.07E-06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALQBELS XI.OE+06 Z.26€+09 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.21€+09 STEP 2.05€+08 LABELS XI.OE-07 

2.55€*04 10 3.47E.05 STEP 1.11E*04 LQBELS X1.OE-03 -8.95E-01 10 2.09€+00 STEP 9.9’3-02 LRBELS X l . O E + @ C  

F i g u r e  19.13b - P I s  = 2.50, blowup-frame p l o t s  
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MS= 2.50  QLP45 .00  IL=406 I R 4 6 0  JT= 51 PO=2.00E+04 PERFECT 

9.85E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.23E.10 STEP 8.30E.07 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE-OB 

SELF-SIMILRR R-VELBCITY (30  LEVELS1 
I 1 I I 1 I I 

I [ I ’  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t 

-1.24E+05 T0 4.SIE+04 STEP S.64E+03 LABELS XI.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS 

Z.59E-05 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.82E-04 STEP 5.39E-06 LRBELS XI.OE+06 

-8.98E-01 T0 2.10E+00 STEP 9.98E-02 LRBELS X I . O E + O O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 19.14a - Ms = 2.60, whole-flowfield c o n t o u r - p l o t s  
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M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.60 FiLP145.00 IL=407 IR=461 JT= 51 P O = Z 0 0 0 E + 0 4  PERFECT 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 
I I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

INTERNRL ENERGY ( 3 0  L E V E L S )  

1 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 

2.53E-05 10 1.47E-04 STEP 4.19E-06 LFlBELS Xl.OE+06 2.26E.09 T0 8.75€+09 STEP 2.24E.08 LABELS XI.OE-07 

RESSURE (30 LEVEL51 
I 1 I I I I I I I 

SELF-SIMIL 'QR MRCH NUMBER 130 LEVELS1 

1 1  

2.60E.04 10 3.73E.05 STEP l.20E.04 LABELS X I . O E - 0 3  

- 
F i g u r e  19.14b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, - 

-8.97E-01 T0 2.09€+00 STEP 9.96E-02 L W E L S  X I . O E + C j C  

2.60, b l  owup-f rame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l  o t s  
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1.04E+IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.31E+10 STEP 9.30E.07 LABELS X1.OE-08 

SELF-SIMILRR R-VEL0CITY (30 LEVELS1 
I ’  I I ‘ I  I I ’ I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ I  

I 1 

I 

I 

I 

I 

,’ ’ 
, -  . , 

I 

I I 
I 4, 
\ I 

-1.31E.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 4.75€+04 STEP 5.94E.03 LREELS X 1 . O E - 0 3  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.50 FiLP=45.00 NK=500 NZ=160 KBEGz125 PO=2.00E+04 HRNSEN 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I 

- 
- 

- 

2.41E-05 T0 7.33E-05 STEP 1.70E-06 LflBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+07 

F i g u r e  20.la - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI, = 1.50, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  20 - T r a n s i t i o n  s e t  1, e w  = 450, Hansen 
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MS= 1.50 RLP=45.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=395 IR=447 JT= 49 PO=ZO00E+04 HFlNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E V E L S )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.41E-05 10 7.33E-05 STEP 1.70E-06 LRBELS XI.OE*07 

INTERNRL ENERGY I30 LEVELS1 

2.1BE.09 T0 3.92E.09 STEP 6.00E+07 LRBELS XI.OE-07 

S E L F - S I M I L R R  MRCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 

)I 
, 

/ 

2.14€+04 10 I.O5E+05 STEP 2.89E.03 LQBELS xI.OE-03 ' -4.46E-01 T0 1.23E+00 STEP 5.58E-02 L R B E L S  xl.OE.00 

Figure 2O.lh - Ps = 1.50, blowup-frame p lo ts  
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MS= 1.60 RLP=45.00 NR=500 NZ1160 KBEGz125 PO=Z000E+04 HRNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I I 

2.42E-05 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.18E-05 STEP 1.99E-06 LABELS Xl.OE.07 

-9.IZE-01 10 1.82E*00 STEP 9.12E-02 LQBELS XI.OE+OO 

F i g u r e  20.2a - M, = 1.60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.60 RLP=45.00 ILz396 IR1448 JT= 49 P O = Z m 0 0 E + 0 4  HRNSEN 

2.42E-05 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.IBE-OS STEP 1.99E-06 LRBELS Xl.OE+07 2.19€+09 T0 4.26E.09 STEP 7.15€*07 LQBELS X1.OE-07 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 

2. lBE.04 10 1.256*05 STEP 3.55E.03 LRBELS X1.OE-03 -5.16E-01 T0 1.42E.00 STEP 6.4%-02 LRBELS Xl.OE*O:! 

F i g u r e  20.2h - M, = 1.60, blowup-frame p l o t s  
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MS= 1.60 RLP=45.00 ILz396 IR=448 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJT= 49 PO=Zm00E+04  HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.77E.09 T0 6.54E.09 STEP 2.66E.07 LABELS X1.OE-07 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.70 RLP=45.00 NR=500 NZ=160 KBEGz125 PO=2.00E+04 HFlNSEN 

DENSITY (30 LEVELS1 
I I I I I I I I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.43E-05 10 8.88E-05 STEP 2.22E-06 LRBELS XI.OE+07 

-8.72E-01 10 2.03E*00 STEP 9.69E-02 LRBELS XI.OE*OO 

F i g u r e  20.3a - 14, = 1.70, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.70 QLP=45.00 ILz398 IRz4S0 JT= 49 P O = Z m 0 0 E + 0 4  HQNSEN 

INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

2.20E*09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 4.61€+09 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.32€+0? LRBELS X1.OE-07 2.43E-05 10 8.88E-OS STEP 2.2ZE-06 LIWELS XI.M*07 

I 

I 

Z.ZIE*04 T0 1.44€*05 STEP 4.20€*03 LRBELS XI.OE-03 -5.81E-01 T0 1.60E+00 STEP 7.26E-02 LRBELS Xl.OE.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 20.3b - M, = 1.70, hlowup-frame p lo ts  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.80 FiLP=45.00 NR1500 NZ=160 KBEGz125 P O = Z S 0 0 E + 0 4  HRNSEN 

DENSITY 130 LEVELS1 
I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I 

i o  

2.45E-05 T0 9.74E-05 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.SlE-06 LABELS Xl.OE.07 

F i g u r e  20.4a - M, = 1.80, whole-flowfield contour -p lo ts  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.80 QLP=45.00 IL=400 IR=453 JT: 50 P O = Z 0 0 0 E + 0 4  HFiNSEN 

r I I I I I I I I I I I I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

\ -  

U I I I 1 I I k m l  
2.4SE-05 10 9.74E-05 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.SIE-06 LREELS X I . O E + O 7  Z.ZOE+09 10 4.98E.09 STEP 9.5BE.07 LRBELS Xl.OE-07 

SELF-SIMILFlR MFlCH NUMBER 130 LEVELS) 

2,2SE*04 10 1.65€+05 STEP 4.90E.03 LREELS X1 .OE-03  -7.34E-01 10 1.71€+00 STEP 8. IS€-02 LREELS XI.OE.00 

F i g u r e  20.4b - M, = 1.80, blowup- f rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.80 RLP=45.00 IL=400 IRz453 JT= 50 PO=Zm00E+04 HQNSEN 

6.60E.09 10 7.60E.09 STEP 3.44E+07 LABELS X1.OE-07 

I 

I 

N 
r- 
.^ 

I 

-8.94E.04 10 -8.13E*03 STEP 2.71E+03 LABELS X I . O E + O O  
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MS= 1.90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFiLP=45.00 NR=500 NZz160  KBEGz125 PO=2.00E+04 HRNSEN 

I I I I I 1 1 I 1 

- - 

2.46E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 !.OS€-04 STEP 2.78E-06 LABELS Xl.OE+06 

-8.99E-01 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ.IOE*OO STEP 9.98E-02 LRBELS X!.OE*00 

F i g u r e  20.5a - Ms = 1.90, whole-flowfield contour-plots 

264 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.90 FILP=45.00 IL=401 IR=454 JT= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 PO=Zm00E+04 HRNSEN 

I I I I I I I I I I 

2.46E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.04E-04 STEP 2.73E-06 LABELS Xl.OE*06 2.21E.09 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 5.39E.09 STEP l . lOE+OB LABELS XI.OE-07 

PRESSURE r30 LEVELS] SELF-SIMILRR MRCH NUMBER (30 LEVELS) 
r i  I I I I I I I I I I 1 1 I I I I 1 

i 5 ~ + 0 3  LABELS X I . ~ € - 0 3  

I 

-8.18E-01 T0 1.9lE*00 STEP 9.09E-02 LRBELS xl.OE*OC 

F i g u r e  20.5h - PlS = 1.90, hlowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-00 RLP=45.00 NR1500 NZ=160 K B E G 4 2 5  P0=Za00E+04 HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS) 
I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 

‘t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
2.48E-05 10 1.18E-04 STEP 3.20E-06 LRBELS Xl.OE+06 

~ -0.399373 - - - - 
_ -  - -  - 

_ _  - -  

-8.9%-01 10 2.IOE*00 STEP 9.98E-02 LRBELS XI.OE*OO 

F i g u r e  20.6a - M, = 2.00, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= 2.00 F\LP=45.00 IL=402 IR=455 JT= 50 PO=2.00E+04 HQNSEK 

r 1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 1 I 

- - 

I I I I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 

- - 

INTERNFlL ENERGY (30 L E V E L S ]  
1 I I I I I 1 I I 1 c 

2.47E-05 10 1. IZE-04 STEP 3.00E-06 LRBELS Xl.OE.06 2.22E.09 10 5.83E.09 STEP 1.24E.08 LABELS X1.OE-07 

S E L F - S I M I L Q R  MRCH NUMBER (30 L E V E L '  
I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 I I I 

- 

I 1  

2.32E.04 T0 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIZE*05 STEP 6.50E.03 LABELS XI.OE-03 -8.87E-01 10 2.07E.00 STEP 9.86E-02 LQBELS Xl.OE-00 

Figure 20.6b - Ms = 2.00, blowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10 FILP=45.00 NR=500 NZ=160  KBEGz125 PO=2.00E+04 HRNSEN 

I I I I I I I I I 
- - 

2.50E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.30E-04 STEP 3.62E-06 LFlBELS XI.OE+06 

-8.98E-01 T0 2.10E+00 STEP 9.98E-02 LRBELS XI.OE*OO 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA‘20.73 - M, = 2.10, whole-flowfield c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10 RLP145.00 IL404 IRz457 JT= 50 PO=2.00E+04 HQNSEN 

DENSITY I30  LEVELS)  
I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 

1 
INTERNRL ENERGY (30 L E V E L S ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.496-05 TB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.X-04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.28E-06 L a L S  XI.OE+06 2.22E+09 TB 6.28E+09 STEP 1.40E+08 LABELS XI.OE-07 

PRESSURE (30 L E V E L S )  S E L F - S I M I L R R  MFlCH NUMBER (30 L E V E L S ]  

2.36E+04 10 2.35E+05 STEP 7.29E.03 LFlsELS X1.M-03 -8.84E-01 10 2.O6E+OO STEP 9.82E-02 L W L S  x ~ . O E + O O  

Figure 20.7b - M, = 2.10, blowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.20 RLP=45.00 NR=500 NZ=160 KBEG=125 PO=2.00E+04 HFlNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 
I I I I I I I 1 I 

2.52E-05 T0 1.43E-04 STEP ¶.OS€-06 LABELS Xl.OE+06 

-8.98E-01 10 2.10E.00 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9.98E-02 LABELS Xl .OE+OO 

F i g u r e  20.8a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 2.20, whole-flowfield c o n t o u r - p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.20 FlLP=45.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI L=404  IR=457 JT= 50 PO=2.00E+04 HFlNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 INTERNFlL ENERGY I30 LEVELS) 

2.SOE-05 10 1.27E-04 STEP 3.53E-06 LABELS Xl.OE+06 2.23€+09 10 6.77E+09 STEP 1.56€+08 LABELS X1.OE-07 

PRESSURE (30 LEVELS1 

- _- - -  - . \ , = s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z.41E.04 10 2.64E.05 STEP 8.27E.03 LRBELS XI.OE-03 -8.B6E-01 T0 2.07E.00 STEP 9.84E-02 LRBELS x l . O E + O O  

F i g u r e  20.8b - M, = 2.20, blowup-frame p l o t s  
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MS= 2.20 FILP=45.00 IL1404 IR=457 JT= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 PO=2.00E+04 HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8.49649 TB 1.01E+10 STEP 5.41E+07 LABELS X1.OE-08 

SELF-SIMILFIR R-VELBCITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS) 
I \ I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I  I 

I t I 
I 

I- 

I 
I 

I 

I 

I 

\ 

\ 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-30 RLP=45.00 NR=500 NZ=160 KBEG=125 P O = Z 0 0 0 E + 0 4  HQNSEN 

DENSITY ( 3 0  LEVELS1 
1 I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

I I I I I 

2.5%-05 T0 1.55E-04 STEP 4.4BE-06 LRBELS Xl.OE+06 

SELF-SIMILFIR MFICH NUMBER I30 LEVELS]  

- -0.399314 - - ~ - -  - _  
_ -  - -  

" / ,  

-8.98E-01 TO 2.10E+00 STEP 9.98E-02 LABELS X l . O E + O O  

F i g u r e  20.9a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 2.30, w h o l e - f l o w f i e l d  con tou r -p lo t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.30 FILP=45.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=405 IR=458 JT= 50 PO=2.00E+04 HRNSEN 

DENSITY 130 L E V E L S ]  
1 I 1 I I I I I I 

2.51E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.34E-04 STEP 3.76E-06 LABELS X1.0€+06 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

INTERNRL ENERGY (30  LEVELS]  

5 7  

2.24E.09 T0 7.24€*09 STEP 1.72E108 LABELS XI.OE-07 

S E L F - S I M I L Q R  MRCH NUMBER ( 3 0  LEVELS]  

i 

2.45€*04 10 2.88E.05 STEP 9.09E.03 LABELS X1.OE-03 -8.88E-01 T0 2.07€*00 STEP 9.87E-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+OO 

F i g u r e  20.9b - M, = 2.30, blowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.30 RLP=45.00 IL1405 IRz458 JTz 50 P O = Z 0 0 0 E + 0 4  HFlNSEN 

I I I I I I ' I  

B.97E.09 T0 1.07E+IO STEP 6.03E.07 LGBELS X l . O E - O B  

I1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

. I  

I 

. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Cn 
r- 

- 1  

I 

I 

I 

I 

1 

I 

I 

I 

I 

I 

I 

I 

-1.14E.05 T0 3.48€+04 STEP 4.96E.03 LRBELS X1.OE-03 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA78 



MS= 4.00 RLP=29.00 NRZ510 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANZ=llO KBEG= 90 PO=Z000E+04 PERFECT 

- 
- 
- 
- 
- 

- 
- 
- 
- 

2.69E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.40E-04 STEP 7.33E-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE.06 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21.la - e W  = 290 , who1 e - f  1 owf i el zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd contour-pl ots 

F i g u r e  2 1  - Transition set  2, Ms = 4.0, Y = 1.4 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=29.00 IL=381 IR=458 JT= 74 PO=Zm00E+04 PERFECT 

2.61E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.91E-04 STEP 5.70E-06 LRBELS Xl.OE*06 

3.41E.04 T0 8.55E.05 STEP 2.83E.04 LABELS X1.OE-03 

2.34E.09 10 1.34E+10 STEP 3.80E+08 LRBELS X1.OE-08 

-8.95E-01 T0 2.09E+00 STEP 9.95E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE*OO 

F i g u r e  2 1 . l b  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe w  = 290, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbl  owup-f rame p l  o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=29.00 IL1381 IRz458 JT= 74 P O = Z m 0 0 E + 0 4  PERFEC? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.46E*IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.95€*10 STEP 1.68€*08 LRBELS X1.OE-08 

SELF-SIMILQR I \  R-VELBCITY I I ' I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  I I  LEVELS: I 

I \ I , 

-1.74€+05 T0 6.32E.04 STEP 7.90€+03 LRBELS X1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=30.00 NR1510 NZzllO KBEGz 90 P O = Z m 0 0 E + 0 4  PERFECT 

2.69E-05 10 2.33E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 7.38E-06 LABELS XI.OE+06 

i 
I .-.&&<+- , _ _  f- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
- . .I .- 

2.10E.00 STEP 9.99E-02 LABELS X l . O E + O O  -8.99E-01 10 

F igu re  21.2a - e W  = 300, whole-flowfield contour -p lo ts  
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2.62E-05 10 1.97E-04 STEP 5.90E-06 LRBELS XI.OE+06 2.35€+09 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.36E.10 STEP 3.88E.08 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE-O@ 

Figure 21.2b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB W  = 300, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f rame p l o t s  
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1.47E+IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.99E*IO STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.79€+08 LRBELS Xl.OE-OB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t\ I 
I I ' I  1 /I I I I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I / - x, ~ ' 
\ 

1 
I 

/ 

t 

-1.69E.05 T0 7.23E.04 STEP 8.04E.03 LRBELS XI.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SELF-SIMILRR VELBCITY 
L l \ l l l L  I \'I I .1 \ \I\ 14 

2 84 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=31.00 NR1510 NZ=llO KBEG= 90 P O = Z 0 0 0 E + 0 4  ? E W E S T  

DENSITY 130 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
I I I I I I I I * 

-I 
i 

1 

2.69E-05 T0 2.42E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 7.41E-06 LABELS XI.OE+06 

F i g u r e  21.3a - e w  = 310, who1 e - f  1 owf i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAel d con to i i r -p l  o t s  
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r-, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=31.130 IL=377 IR=453 JT= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 3  P 0 = Z 0 0 0 E + S 4  t - E z Z z - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi_ 

DENSITY I30  L E V E L S )  
I I \  I \ I  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 

2.63E-05 10 2.03E-04 STEP 6.095-06 LQBELS XI.OE+06 

PRESSURE I30  L E V E L S )  
I I 1 I 1 I 1 I I I 

I NTERNFlL ENERGY I 3 0  LEVELS I - I I I I I - 1 

2.35E.09 T0 1.39E+l0 STEP 3.98E.08 LRBELS X l . O E - O B  

3.54E.04 10 9.31E.05 STEP 3.09E.04 LRBELS X 1 . O E - 0 3  -8.9’E-S: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 :.;9E.OC S’ED 3.XE I, --.@E.> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI * .  

F i g u r e  21.3b - e w  = 310, blowup- f rame p l o t s  

2 86 



~ _ _ - -  - - 
MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=31.00 IL1377 IRz453 J T z  73 P O = Z . O O E + C G  " tu--  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 -  SELF-SIMILRR R-VEL0CITU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 3 C  LE,:_: 
\ '  I ,  I I '  I I 1 , 1 

I 
\ 

I 

I , 
i 

I 

1.49E*l0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.04E*10 STEP 1.91€+08 LRBELS X1.E-08 -1.71€*05 10 7.34E.04 STEP 8. 16E.03 LABELS X i . 3 E - Z ?  

SELF-SIMILRR VELQCITY VECT0RS 
h 1 Y 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh I U I 1 h \ 'd \ \ h 'a 11 \ '\ 't 'b ' a  " a  * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
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DENSITY I30 LEVELS] 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

- 

- 
- 
- 
- 
- 

_ _  - -  

- 
- - -  - _  

- 
- 

_ _  - -  

- 

2.70E-05 10 2.45E-04 STEP 7.51E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE*06 

F i g u r e  21.4a - e W  = 320, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=32.00 IL=375 IR=450 JT= 72 PO=2.00E+04 PERFECT 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 1 I I I I I I I I 

INTERNRL ENERGY (30 LEVELS1 
1 l \ l \  I I I I I I 1 

\\ i 

2.64E-05 10 2 .0s-04  STEP 6.3OE-06 LABELS Xl.OE46 2.36E+09 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.41E+lO STEP 4.06€+08 LABELS XI.OE-08 

S E L F - S I M I L Q R  MRCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 

,-. I 

-8.96E-01 10 2.09E.00 STEP 9.95E-02 i W E - S  l : . : f  3.62E.04 10 9.73E45 STEP 3.23E.04 LFIBELS X1.OE-03 

F i g u r e  21.4h - e W  = 320, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f rame p l o t s  
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M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=32.00 IL=375 IR=450 JT= 72 P0=2.00€+04 PERFES' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.50E+IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.08E*10 STEP 1.99€+08 LRBELS X l . O E - O B  

SELF-SIMILQR R-VEL0CITY I 3 0  LEVELS!  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I  I , I  I I I 1 1  I I 
I I 

I 

k\ I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

-1.74E.05 T0 7.44E.04 STEP 8.27E.03 LRBELS X 1 . O E - 0 3  

SELF-SIMILRR VEL0CITY VECT0RS 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=33.00 NRz510 NZzllO KBEGz 90 PO=ZO00E+04 PEKFES-  

2.70E-05 T0 2.44E-04 STEP 7.50E-06 LRBELS XI.OE+06 

_ -  - -  
_ -  - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I ,  , - - -  
- -  - -  

-8.99E-01 T0 2.10€*00 STEP 9.99E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE*OO 

F i g u r e  21.5a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 330, whole-flowfield zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcontour-plots 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 R L P 3 3 . 0 0  IL=371 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIR=446 JT= 72 PO=2.00E+04 PERFECT 

E N S I T Y  (30 LEVELS1 
I I I I I I 

- 

NTERNRL ENERGY (30 LEVELS) 
I I I I I I I I I 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.65E-05 10 2.17E-04 STEP 6.56E-06 LABELS XI.OE+06 2.36E.09 T0 1.44E+IO STEP 4.14E+08 LRBELS X1.OE-08 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS)  
I I 1 I I I I I I 

- 

3.70E.04 10 1.02E.06 STEP 3.40E.04 LR6ELS X1.OE-04 -8.96E-01 T0 2.09E.00 STEP 9.96E-02 LCIBE-5 a:.:!*:: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 21.5h - e w  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA330, bl owup-f rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 FILP=33.00 IL1371 IRz446 JT= 72 P O = Z n 0 0 E + C 4  PERFEC' 

SELF-SIMILFIR R-VEL0CITY (30 LEVELS1 
I 1  I 1 1  1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI '  I I '  1 
I I I 

I 
1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I 

I 

- 

, k I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
I 

I 
I 
I 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I.SZE+lO 10 2.IZE*lO STEP 2.07€+08 LABELS XI.OE-08 -1.76€+05 T0 7.55E104 STEP 8.38E+03 LQBELS X1.OE-03 

SELF-SIMILRR 

1\11\11 

11\11 

293 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP134.00 N R Z 5 1 0  NZ=llO KBEGz 90 P O = Z a 0 0 E + 0 4  PERFECT 

- 
- 
- 

- 
- 
- 
- 

_ -  - -  - 

- 
- 

- -  - -  

D E N S I T Y  (30 LEVELS1 

2.70E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.48E-04 STEP 7.61E-06 LABELS Xl.OE+06 

-8.99E-01 T 0  2.10€+00 STEP 9.98E-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+OO 

F i g u r e  21.6a - e w  = 340, who1 e - f  l o w f i  e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd c o n t o u r - p l  o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=34.00 IL1369 IR=443 JT= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA71 PO=Zm00E+04 PERFECT 

DENSITY (30 LEVELS) 

1 
INTERNRL ENERGY (30 LEVELS] 

I I I I I I 

- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.66E-05 10 2.24E-04 STEP 6.81E-06 LABELS XI.OE+06 

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3V LEVELS] 
I I 1 I I 1 I I I 

2.37E.09 10 1.47E.10 STEP 4.26E.08 LRBELS X1.OE-08 

SELF-SIMILRR MRCH NUMBER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS] 
I I 1 

3.79E.04 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOM+O6 STEP 3.58E.04 LRBELS X I .  OE-04 -8 98E-01 10 2.0%-00 STEP 9.97E-02 L R ~ E L S  t : .X. :  

F i g u r e  21.6b - e w  = 340, blowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=34.00 ILx369 IR1443 JT= 71 PO=Zm00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.54E+lO T0 2.18€+10 STEP 2.21E.08 LABELS X1.OE-08 

S E L F - S I M I L R R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI f  R-VELBCITY I I l l  I (30  I 1  LEVELS1 I 1 

I 

\ 

I 

I 

I 

I 

I 

I 

, 

I 

/ 

/ 

\ 

\ 

-1.79E.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 7.66€*04 STEP 8.SIE*03 LABELS Xl.OE-03 

S E L F - S I M I L R R  VELBC 

111111111111 
111111111111 

111111111\. 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=25.00 NR=510 NZ=llO KBEG= 90 PO=2.00E+04 HRNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 

- 
- 
- 

- 

2.73E-OS T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.62E-04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.11E-06 LRBELS Xl.OE+06 

_ -  - -  - _  

_ -  - -  
_ _  - -  

- -  - -  

1 ' .  ' I \ ' I '  

-8.99E-01 10 2.10E+00 STEP 9.99E-02 LABELS Xl.OE*OO 

F i g u r e  22.la - e W  = 250, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  22 - T r a n s i t i o n  s e t  2, Ms = 4.0, Hansen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4-00 RLP=25.00 IL=388 IR=467 JT= 76 PO=2.00E+04 HFlNSEN 

2.61E-OS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.93E-04 STEP S.76E-06 LFIBELS X1.OE+06 2.33E.09 T0 I.ZBE+IO STEP 3.62€+08 LABELS XI.OE-08 

3.26E.04 T0 7.65E.05 STEP Z.S2E*04 LRBELS Xl .OE-03 

- - F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 2 . l h  - e w  

S E L F - S I M I L R R  MRCH NUMBER 130 LEVELS1 

-8.96E-01 T0 2.09€*00 STEP 9.96E-02 LABELS XI.OE*OO 

250, b l  owup-f rame p lo ts  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=25.00 ILx388 IRz467 JT= 76 PO=2.00E+04 HFlNSEN 

S E L F - S I M I L R R  ENTHRLPY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1.40E+10 T0 1.82E.10 STEP 1.45E+O8 LABELS Xl.OE-08 

E L F - S I M I L R R  R-VELBCITY 130 LEVELS1 
I \  I I I  I 
/ I I  ,I' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 

I I  I 

mi 
I/ 

-1.64Ec05 T0 5.97E.04 STEP 7.46Et03 LABELS X1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLPi26.00 NR=510  NZ=llO KBEG= 90 P O = Z m 0 0 E + 0 4  HRNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI30 LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.74E-05 10 2.71E-04 STEP 8.39E-06 LRBELS XI.OE+06 

-8.99E-01 10 2.10€+00 STEP 9.99E-02 LRBELS XI.OE+OO 

Figure 22.2a - ep, = 260, whole-flowfield contour-plots 
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MS= 4.00 RLP=26.00 IL1387 IR=465 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJT= 75 PO=Z000E+04 HQNSEN 

INTERNFlL ENERGY ( 3 0  LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Z.6ZE-05 T0 1.99E-04 STEP 5.95E-06 LRBELS XI.OE+06 2.34E.09 10 1.30€+10 STEP 3.69€+08 LRBELS Xl.OE-08 

3.31E.04 T0 7.95E105 STEP 2.63€+04 LRBELS XI .OE-03 -8.95E-01 T0 2.09€*00 STEP 9.95E-02 LABELS X I . O E + O O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 22.2b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 260, b l  owup-f rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 FILP=26.00 ILx387 IR465 JT= 75 P O = Z 0 0 0 E + 0 4  HFlNSEN 

S E L F - S I M I L R R  R - V E L 0 C I  

\* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 

\ 

\ 

\ 

I 

T 
- 

Y 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

, - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' I  ' ,' - - -  - - ',, , 

1 .41E+10  T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.8SE+10 STEP I.SZE+OB LFIBELS Xl.OE-08 -1.67E+OS T0 6.07E.04 STEP 7.S9Et03 LABELS X1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=27.00 NRZ510 NZ=llO KBEGz 90 PO=2.00E+04 HFlNSEN 

2.7%-05 10 2.78E-04 STEP 8.64E-06 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 

-8.99E-01 T0 2.1OE+00 STEP 9.99E-02 LRBELS Xl.OE+OO 

Figure 22.3a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB W  = 270, whole-flowfield contour-plots zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 FiLP=27.00 IL=384 IR=462 JT= 75 P O = Z 0 0 0 E + 0 4  HRNSEN 

2.63E-05 T0 2.05E-04 STEP 6.17E-06 LQBELS X l . O E + O S  

INTERNRL ENERGY ( 3 0  LEVELS1 

2.34E.09 T0 1.33EiIO STEP 3.78E.08 LQBELS X1.OE-08 

3.37E.04 T0 8.30€+05 STEP 2.74E.04 LRBELS Xl.OE-03 -8.97E-01 T0 2.09E.00 STEP 9.97E-02 LRBELS Xl.OE+OC 

F i g u r e  22.3b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 270,  b l  owup-frame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=?7.00 IL1384 IR1462 JT= 75 P O = Z m 0 0 E + 0 4  HRNSEN 

SELF-SIMILRR R - V E L 0 C I T Y  130 L E V E L S 1  

I ?i\ ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI \- I I r I I (  I 

l.¶ZE+IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.88E+IO STEP 1.57E.08 LRBELS X1.OE-08 -1.70E*OS T0 6.17€+04 STEP 7.71€+03 LRBELS X1.OE-03 

. . . . . . . . . . . . . . . . . . . . . .  
I I I I I I I I 1 

305 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=28.00 N R X S 1 0  NZzllO KBEG= 90 P O = Z O 0 0 E + O 4  HFlNSEN 

D E N S I T Y  130 LEVELS)  
- 

- 
J 

- 
- 

- 
- 

- 

2.76E-OS T0 2.80E-04 STEP 8.71E-06 LRBELS Xl.OEt06 

-8.99E-01 10 2.IOE+00 STEP 9.99E-02 LABELS X I . O E + O O  

F i g u r e  22.4a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 280, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhole-flowfield c o n t o u r - p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4-00 RLP=28.00 IL1383 IR=460 JT= 74 P O = Z m 0 0 E + 0 4  HFINSEN 

2.64E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.12E-04 STEP 6.40E-06 LABELS XI.OE*06 2.35E.09 10 1.35€+10 STEP 3.86€*08 LABELS X1.OE-08 

3.43E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 8.66E.05 STEP 2.87€*04 LABELS XI.OE-03 -8.96E-01 T0 2.09€+00 STEP 9.96E-02 LABELS XI.OE+OO 

F i g u r e  22.4b - O w  = 280, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAblowup-f rame p l o t s  
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MS= 4.00 FiLP=28.00 ILz383 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIRz460 JT= 74 PO=ZO00E+04 HFlNSEN 

SELF-SIMILRR R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 
Pa\ 1 I ,  I I ,  I I I 1 I I  

I I I I 
\ 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

\ I  , -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.43E+IO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.91E+10 STEP 1.64E.08 LABELS XI.OE-08 -1.65E.05 10 7.06E.04 STEP 7.85E.03 LABELS X1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 QLP=29.00 NRZ510 NZzllO KBEGz 90 PO=2.00E+04 HQNSEN 

DENSITY 130 LEVELS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.7%-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.77E-04 STEP 8.59E-06 LRBELS Xl.OE+06 

SELF-SIMILQR MQ1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

-8.99E-01 10 2.10E+00 STEP 9.99E-02 LRBELS X1.OE*00 

= 2 9 0 ,  who1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe- f l  o w f i  e l d  contour -p lo ts  - e w  
Figure 22.5a 
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MS= 4.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=29.00 ILx379 IRz456 JT= 74 P O = Z m 0 0 E + 0 4  HFlNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.65E-05 10 2.1%-04 STEP 6.63E-06 LABELS XI.OE+06 2.35E+09 10 1.38E+IO STEP 3.94E+08 LABELS X1.OE-08 

SELF-SIMILRR MRCH NUMBER (30  LEVELS1 

I ' I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' A  

-8.96E-01 10 2.09E.00 STEP 9.96E-02 LFIBELS ) ( 1  .OE*OO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 22.5b - O w  = 290, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f rarne p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=29.00 IL=379 IR=456 JT= 74 PO=Zm00E+04 HQNSEN 

I '  1 I I I I I  I 
I I1 
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YI \':, 1 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 RLP=30.00 NR=510 N C 1 1 0  KBEG= 90 P O = Z a 0 0 E + 0 4  HFlNSEN 

2.76E-05 T0 2.83E-04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.82E-06 LABELS XI.OE+06 

-8.99E-01 T0 2.IOE*00 STEP 9.98E-02 LABELS XI .OE+OO 

Figure 22.6a - O w  = 300, whole-flowfield c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 QLP=30.00 ILz379 IRz455 JT= 73 PO=2.00E+04 HFiNSEN 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA130 L E V E L S ]  
I I I I I I I I I 

INTERNRL ENERGY (30 L E V E L S ]  
I I I I I I I I I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.67E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.26E-04 STEP 6.89E-06 LRBELS Xl.OE+06 

PRESSURE (30  L E V E L S ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h I  I I I I 1 I I I 

2.36E.09 T0 1.41E+IO STEP 4.04E.08 LRBELS X1.OE-08 

3.57E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 9.47€*05 STEP 3.14E.04 LRBELS XI.OE-03 -8.98E-01 T0 2.10€+00 STEP 9.98E-02 LFIBELS *I.OE+?i 

F i g u r e  22.6b - e W  = 300, blowup-frame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.00 QLP=30.00 IL1379 IR1455 JT= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 3  P O = Z 0 0 0 E + 0 4  HQNSEN 

1.46€+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.98E+l0 STEP 1.80€+08 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE-08 

SELF-SIMILRR I ,I R-VEL0CITY I I I I I  (30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI LEVELS1 1 1  

-1.70€*05 T0 7.28€+04 STEP 8.09€+03 LRBELS Xl.OE-03 

SELF-SIMILRR 

\\I\\\ 

\I\\\ 
\\.\.\\ 

VEL0C I T Y  
Tx-nTrG 
\I\\\\\ 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 6.00 NRz525 NZ=160 KBEG= 75 P O = Z q 0 0 E + 0 4  PERFES-  

\ 

\ \ T \  

2.56E-05 10 1.63E-04 STEP 4.74E-06 LRBELS Xl.OE*06 

’ -0.399459 - . 

\ \ \ \ \  

\ \ \ \ \  

\ \ \ \ \ \  

‘ \ \ \ \ \ \ \  

-8.99E-01 T0 2.10€*00 STEP 9.99E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE*OO 
.- 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23.la - B w  = 60, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  23 - T r a n s i t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs e t  3, Ms = 8.75, y = 1.4 
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MS: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 6.00 ILz332 IRz494 JT1155 P O = 2 . 0 0 E + @ 4  P E R L E C '  

2.54E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.49E-04 STEP 4.27E-06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 2 . 7 6 ~ + 0 9  10 3 . 7 7 ~ + 1 0  STEP I . ~ I E . O ~  LABELS xi.cE-oe 

F i g u r e  23. lh - O w  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 0 ,  b l  owrrp-f ramp p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 6.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL1332 IRz494 JT=155 P O = Z a 0 0 E + 0 4  PERFECT 

I \ I  v 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

I I I 
4.83E.10 10 6.14E.10 STEP 4.52E+08 LABELS Xl.OE-08 

I 1 1  
I 

-3.12E.05 10 6.24E+04 STEP 1.2SE.04 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75  RLP= 7.00 NR=525 NZ=160 KBEG= 75 P O = Z q 0 0 E + 0 4  PERFECT 

- 

- 

- 
\- _ -  - -  - 

-. - -  _ _  
- 

~ ' -0.399386 - . 
- 

- 

- \ \ \ \  

\ \ \ I \  

\ , \ \ \ \  - / f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI > \ , #  

- 
, I \ \ ,  # _ _  

' 

I I +' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\ \ \ \ I \ \  , / --= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt- - _  \, \ I , )  I , I  I 

2.57E-05 T0 1.68E-04 STEP 4.89E-06 LRBELS XI.OE+06 

F i g u r e  23.2a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe W  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 0 ,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 7.00 IL=332 IR=494 JT1155 PO=2.00E+04 PERFECT 

2.54E-05 10 1.53E-04 STEP 4.40E-06 LABELS XI.OE+06 

5.74E.04 10 Z.Z2E*06 STEP 7.47E.04 LFlBELS Xi.OE-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 23.2b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe W  

INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS) 

- 

- 

2.77E+09 10 3.84E.10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 1.23E.09 LRBELS XI.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
_ r  _ _  - -  - _  

. 
I 
-i ,. - -  - -  - _  

... - . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 _ -  - -  - 

. . 
'-- 

A 

-8.99E-01 10 2.10E+00 STEP 9.98E-02 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,WEL? 1 : .  - i .  

= 70,  bl  owup-f rame p l  o t s  
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M S =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 7.00 ILz332 IRx494 JT=155 P O ~ 2 . 0 0 E + 0 4  PERFECT 

4.91E.10 T0 6.22E.10 STEP 4.SZE+08 LRBELS X1.OE-08 -3.13E.05 T0 6.25E.04 STEP 1.25E+O4 LRBELS XI.OE-03 

SELF-SIMILRR VELQCITY VECT0RS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h U  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi i l i  i R i U 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi l l  I 1  1 ll 1 l l i  1 Y J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd q  

_ _ _ . .  

E - . . .  . . . .  

I I I .__-_ & -J 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP= 8.00 NR=525 NZz160 KBEG= 75 PO=2.00E+04 PERFEL- 

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS)  
I 1 1 I I 1 I 1 I , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i 

1 

-! 

i i 

S E L F - S I M I L R R  MFICH NUMBER (30 LEVELS1 

- 

- 

- 

- 

- -  1- _ _  - -  

- 

- 

._ - -  - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-0.399362 - - 

- -  - - ' , \ \ \  

- . \ \ \ \  . 
- \ \ \ \ \  

' \  \ \ \ \ \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI \ I  \ \ \ \ I l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( 1 ,  /---?,I - ' -  - - t \ I l l  I l l  1 1 )  

- -  
- 

I ' / l l r l  - _ _  - ' 

-8.99E-01 T0 2.IOE*00 STEP 9.98E-02 LABELS Xl.OE+OO 
. 

F i g u r e  23.3a - e w  = 80, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQLP= 8.00 ILz332 IRz494 JTz155 PO=2.00E+04 PERFECT 

2.55E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1.56E-04 STEP 4.50E-06 LRBELS XI.OE+06 

F i g u r e  23.3b - e w  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 0 ,  blowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 8.75 RLP= 8.00 IL=332 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIR1494 JT=155 PO=2.00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.95E.10 10 6.33E.10 STEP 4.78E+08 LABELS Xl.OE-08 

-4 

-3.13E+05 T0 6.27E*04 STEP 1.25E.04 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX1.OE-03 

T Y  VECTQRS - SELF-SIMILRR 
m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 8.75 RLP= 9.00 NR=525 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANZ=160 KBEG= 75 PO=Ze00E+04  PERFECT 

DENS 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

I30 LEVELS) I I I 1 I 
I I I I 

2.59E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 1.80E-04 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.31E- 

Figure 23.4a - B w  = 90 ,  w h o l e - f l o w f i e l d  contour-plots 
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2.55E-05 10 1.58E-04 STEP 4.58E-06 LRBELS Xl.OE+N 

5.95E+04 10 2.3SE.06 STEP 7.916+04 LRBELS Xl.JE-04 

2.79E+09 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.99E.10 STEP 1.28E+09 LR8ELS X1.OE-08 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 3 . h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- B W  = 90 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbl  owup-f rame p l  o t  s 

325 



MS= 8.75  RLP= 9.00 I L = 3 3 2  IR=494 JT=155 PO=2.00E+04 PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.98€+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 6 .4K* IO  STEP S.O9E+08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALABELS X1.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

VECTQRS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP=lO.OO NR=525 NZz160 KBEG= 75 PO=2.00E+04 PERFECT 

DENS 1. 

r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 L E V E L S )  I 1 
I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I 

_ -  - -  

_ -  - _  

, - -0.398733 - - . 

- -  _ _  
\ \ \ \  

\ \ \ \  

, \ \ I \ \  
\ \ 1 ’  I I[ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI / I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-8.97E-01 10 2.09€*00 STEP 9.97E-02 LFIBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE*OO 

F i g u r e  23.5a - B w  = 100 , who1 e- f  1 owf i el d contou r - p l  o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=lO.OO IL=332 IR=494 JT=155 P O = Z m 0 0 E + 0 4  PERFECT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.56E-OS 10 1.63E-04 STEP 4.74E-06 LABELS Xl.OE.06 

6.llE.04 10 2.44E.06 STEP 8.21E.04 LABELS XI.OE-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 23 .5b  - B w  = 100, b l  owup-f rame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp lo ts  
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5.01E+10 10 6.5K.10 STEP 5.32E.08 LRBELS X1.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

\ ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 

I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 

I 

I 

\\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

\ 

I \\ 

\ \  

I 

I 

I 

I 

I 

I 1 I 

-3.19E.05 10 6.37E.04 STEP 1.27E.04 LRBELS X1.OE-03 
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=22.00 NR=550 N Z = 1 1 5  KBEG- 75 PO=Z.@@E+04  PERFECT 

F i g u r e  23.6a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB w  = 220, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhole-flowfield con tou r -p lo t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 Fll-P=22.00 I L = 4 2 1  IR=518 JTZ110 PO=Za00E+04 PERFECT 

DENSITY (30  L E V E L S )  INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  L E V E L S ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.646-05 T0 2.10E-04 STEP 6.33E-06 LABELS XI.OE+06 

7.86E.04 T0 3.48E.06 STEP 1.17E.05 LABELS X1.CE-04 

:is; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23.6b - B w  = 220, bl owup- f  rame p l o t s  
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MS= 8 .75  QLP=22.00 IL=421 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIR=5!8 JTX110 PO=2.00E+04 PERFEC' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PI  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I '  I I '  I / I  

I 
I 

I 
I I - - \\ 

-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

- 

I 

\ . 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FlLP=23.00 NR=550 N Z 1 1 1 5  KBEG= 75 P O = Z Q 0 0 E + 0 4  P E 2 F E 3 -  

2.79E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.99E-04 STEP 9.34E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+OG 

-8.99E-01 T0 2.1OE+OO STEP 9.99E-02 LFIBELS Xl.OE+OO 

F i g u r e  23.7a - O w  = 230, w h o l e - f l  o w f i  e l d  c o n t o u r - p l  o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 8.75 FILP=23.00 ILz421 IRz518 JTz110 P O = Z O 0 0 E + 0 4  PEBFEC' 

INTERNQL ENERGY ( 3 0  LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i g u r e  23.7b - g w  = 230, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP=23.00 IL=421 IR=518 JT1110 PO=2.00E+04 P E ? F E I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5.4AF*10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 7.66E.10 STEP 7.52€+08 LRBELS X1.OE-08 

I 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 

\ 

- 
\ 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

\ 

' I  

'1 

'I 
: ',A 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP=24.00 N R z 5 5 0  N Z 1 1 1 5  K B E G l  75 PO=2.00E+04 PERFECT 

- 
- 
- 
- 

- 
- 

_ _  - -  

- 
- 

- -  - _  

- _ -  - _  

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30 LEVELS) 

- 

- 
- - 

2.82E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 3 . 1 5 ~ - 0 4  STEP 9.88E-06 LRBELS Xl.OE+06 

-8.99E-01 T0 2. IOE+00 STEP 9.99E-02 LABEL5 

F i g u r e  23.8a - e w  = 240, w h o l e - f l o w f  

( I.OE+OO 

el d c o n t o u r - p l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP=24.00 IL=421 IRz518 J T 4 1 0  PO=2.00E+04 PERFECT 

2.66E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.23E-04 STEP 6.76E-06 LABELS XI.OE+06 

8.38E.04 10 3.78E.06 STEP I .28€*05 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE-04 -8.96E-01 '0 2.09E.00 51EP 9.965-C, , W E - '  * ' . - ! -  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23.8b - e W  = 240, blowup-frame p l o t s  
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFILP=24.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAILz421 IR=518 JT=l lO P O = Z m 0 0 E + 0 4  PERFECT 

L0C I T Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

I 

I 

r30 LElJE 

T-l-- 
I i 

1 
I 

I 
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.83E-05 10 3.23E-04 STEP 1.02E-05 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl,OE+06 

- -  - _  

_ -  - _  

-8.9%-01 10 2.10E*00 STEP 9.99E-02 LABELS X l . O E + O O  

F i g u r e  23.9a - e W = 250, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=25.00 IL=421 IR=518 J T X 1 1 0  P 0 2 . 0 0 E + 0 4  PEPFEC’  

8.67E.04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 3.96E.06 STEP 1.33E.05 LRBELS XI.OE-04 

F i g i r r e  23.9b - e w  = 250 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh l  ownp-f rarne zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l  o t s  
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M Y  8.75 RLP=25.00 IL1421 IRz518 J T X l l O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPO=2.00E+04 PERFECT 

5.55€*10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.08E*IO STEP 8.71€+08 LRBELS XI.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 8.75 QLP=26.00 NR=550 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN Z 1 1 1 5  KBEGz 75 PO=Zm00E+04 PERFECT 

2.82E-05 T0 3.14E-04 STEP 9.85E-06 LRBELS XI.OE+06 

-8.99E-01 T0 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10E+00 STEP 9.99E-02 LFIBELS X I . O E + O O  

F i g u r e  23.10a - e w  = 260, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhole-flowfield c o n t o u r - p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP126.00 IL1421 IR=518 JTX110 P0=Zm00E+04 PERFECT 

INTERNFlL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3.03E+09 10 5.39E+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 1.75€+09 LABELS X1.OE-08 

VEL 

\ \  

x \I\ 
\ I  

, . ,  

8.97E104 10 4.13E.06 STEP 1.39E.05 LRBELS X1.OE-04 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23.10b - O w  = 260, bl owup-f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArame p lo ts  

5' 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=26.00 IL1421 IRz518 J T X 1 1 0  P O = Z a 0 0 E + 0 4  PERFECT 

SELF-SIMILRR R-VEL0CITY 130 LEVE 

i j  
I 

I I , A  

LS 

5.60€*10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 8.27€*10 STEP 9.20€*08 LRBELS XI.OE-08 -3.76E.05 10 1.37E.05 STEP 1.71€*04 LOBEL5 X1.OE-03 

SELF-SIMILQR VEL0CITY V E C T Q R S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E: : : . I _ -  
. . .  
. .  
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MS= 8.75 RLP= 5.00 NR1525 NZ=160  KBEG= 75 PO=2.00E+04 HFINSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.62E-05 T0 1.98E-04 STEP 5.93E-06 LRBELS XI.OE+06 

\ \ \ \  

' \ \ \ \ '  

\ , \ \ \ \  

' , \ \ \ \ \ \  

, \ \ \ \ \ \ I  

-8.99E-01 10 Z.IOE+OO STEP 9.99E-02 LRBELS X I . O E + O O  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24.la - e w  = 50 , w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  

F i g u r e  24 - T r a n s i t i o n  s e t  3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF1, = 8.75, Hansen 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 5.00 IL=345 IR1497 J T 4 5 0  PO=Zm00E+04 HRNSEN 

2.60E-05 T0 1.85E-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 5.49E-06 LRBELS XI.OE+06 

5.74€*04 T0 Z.2ZE+06 STEP 7.47E.04 LRBELS X1.OE-04 

2.80€+09 T0 4.00E+10 STEP 1.28€+09 LABELS XI.OE-OB 

1 

, _ _  - -  - -  - 

_ _  - -  - 

-8.99E-01 T O  2.10€+00 STEP 9.99E-02 LRBELS X l . O E * O O  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 4 . l b  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe w  = 50,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAblowup-f  rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 R I P =  5.00 ILz345 IRz497 JT1150 P O = Z 0 0 0 E + 0 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH R N S E N  

4.78€+10 T0 6.07E.10 STEP 4.44E.08 CREELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE-08 -3.  13E.05 T0 6.27E.04 STEP 1.25€+04 LRBELS X 1 . O E - 0 3  

SELF-SIMILRR I I I V E L Q C I T Y  I I 

Y i i i L  I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi i I i i I 1  
I 

V E C T Q R S  

1 1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl i i l i i l  
i i i l i i i i i  
1 1 1  i i i d i l l  
i i i i i i i i l i  
l l i i i i i i l  

1 1  i l l i i i i i  

i l i l i i i i i i  i 1 1  1 l i l i i i i  I 1  i l l i i i i i  i i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI i i d  i /  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 QLP- 6.00 NRz525 NZ.1160 KBEGz 75 PO=Zm00E+04 HRNSEN 

2.63E-05 T0 2.06E-04 STEP 6.18E-06 LREELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H \  _ -  - 

. _ -  - 

, \ \ \  

\ \ I \  

, , \ I \ \  

. \ \ \ \ \ \ \  

\ \ \ \ \ i l l  

-8.986-01 T0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.10E+00 STEP 9.9EE-02 LREELS X I . O E + O O  

F i g u r e  24.2a - e w  = 6 0 ,  who1 e - f l  owf i e l  d c o n t o u r - p l  o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 6.00 IL1345 IR=497 JT=150 P O = Z n 0 0 E + 0 4  HFiNSEN 

2.60E-05 10 1.89E-04 STEP 5.63E-06 LABELS XI.OE*06 2.81E+09 T0 4.07€+10 STEP 1.31E+09 LRBELS XI.OE-08 

S.85E.04 T0 2.296.06 STEP 7.706.04 LABELS xI.OE-04 -8.9BE-01 T0 2.IOE+00 STEP 9.98E-02 LRBELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx l .OE*aC 

F i g u r e  24.2h - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 60, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f rame p l o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 6.00 IL=345 IRx497 JT=150 P O = Z m 0 0 E + 0 4  HRNSEN 

SELF-SIMILRR I I I VEL0CITY I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I VECTBRS I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~ ~ ~ \ \ \ \ ~ L I l I I 1 1 1 1 1 I 1 1 I I I  
~ ~ \ \ \ L \ L \ L I 1 1 1 1 1 1 1 1 1 i i I L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mii\\\\L L L 1 1 1 1 1 1 1 1 1 1 i i i l  
~ \ \ \ \ \ \ ~ I l L L i i i 1 1 ~ I I J I I l  
~ \ \ \ \ \ \ L L l ~ I 1 1 1 1 1 J i i J I / f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v J \ \ \ \ \ L L \ L L 1 1 1 1 1 1 1 I I J I I /  
v J \ \ \ \ \ L L L A L I l i i 1 1 1 1 I 1 ~ I I  - 
- \ \ \ \ \ \ \ \  L L I i i 1 1 1 1 1 1 1 1 1 /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- \ \ \ \ \ \ \ I  b i I i 1 1 1 ~ 1 1 1 1 1 / /  

- + ? % \ > \ \ \ \ \  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\ I I 1 1 1 1 1 1 I 1 I 1 I / T  

- > \ .  - , , b , L  l L I I I  1 l l l 1 1 d / / /  

~ . . . , , , , ,  . . . . . . . . . . . . . . .  
~ . . . ~ , , , ,  . . . . . . . . . . . . . . .  
~ . . . . , , , , , , , , ' , , , , , , , , , r  

~ r . . . . , , , , , , , , , , , , , , , " ,  

- - " . . . . . . . . . . . . .  . . . . . . . . . . . .  

~ ~ ~ ~ \ ~ b ~ L I i l I i I l l l l l ~ l ~ /  

- 

- . . . . . . . . . . . . . . . . . . . . . . . .  - 
. . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . .  , , , , , , , , , , , , *  * . . -  

. . . . . . . . . . . . . . . . . . . . . . .  
- . . . . . . . . . . . . . . . . . . . . . . .  

I I I I I I I I I 

- 
. . . . . . . . . . . . . . . . . . . . . . . .  

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

4.87E.10 T0 6.14E.10 STEP 4.39E+08 LRBELS Xl.OE-08 

ELF-SIMILRR R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30  LEVELS1 
I 1  I I I l l  I 1 I I1 

\ ,' - I (  \ '  
I / \  I 

\ 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

I 

I 4  

-3.14E+05 T0 6.28E+04 STEP 1.26E+04 LABELS X1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 7.00 NR=525 NZ=160 KBEG= 75 PO=2.00E+04 HQNSEN 

2.64E-05 10 2.13E-04 STEP 6.43E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 

, - -  - -  
,. - -  - -  

\ \ \ \  

' \ \ \ \ \  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ \ \ \ t i  

\ \ \ \ \ \  

-8.99E-01 10 2.10E*00 STEP 9.99E-02 LRBELS Xl.OE+OO' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 24.3a - B W  = 7 0 ,  whole-flowfield contour-p lo ts  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 7.00 IL=345 IR1497 JT=150 P O = Z 0 0 0 E + 0 4  HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.61E-05 10 1.93E-04 STEP 5.76E-06 LRBELS XI.OE+06 2.82€*09 T0 4.15€+10 STEP 1.33€+09 LABELS Xl.OE-08 

5.96E.04 TO 2.36E.06 STEP 7.93.04 LFIBELS X1.OE-04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 24.3b - e w  

-8.99E-01 10 2.IOE+00 STEP 9.99E-02 LRBELS XI.OE*OO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 0 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f rame p l  o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 7.00 IL1345 IRz497 JTz150 P O = Z n 0 0 E + 0 4  HRNSEN 

4.90E*IO T0 6.25€+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASTEP 4.64E+OB LABELS XI.OE-OB 

iIMILFlR FL0W 

~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

1 

I I 

-3.15€+05 T0 6.30E+04 STEP 1.26€+04 LABELS X1.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQLP= 8.00 NRz525 NZz160  KBEGz 75 PO=2.00E+04 HQNSEN 

2.66E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 2.20E-04 STEP 6.69E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+06 

\ "  

\ \ \ \  

' , \ \ \ \  

\ \ \ \ \ \  

\ \ \ \ \ \  

\ \ \ \ \ \ I  

-8.96E-01 T0 2.09€+00 STEP 9.96E-02 LRBELS XI.OE*OO 

F i g u r e  24.4a - B W  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 0 ,  w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP= 8.00 ILz345 IRz497 JTz150 P O = Z 0 0 0 E + 0 4  HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.62E-05 10 1.97E-04 STEP 5.91E-06 LABELS XI.OE+06 

6.07E.04 10 2.42E.06 STEP 8.14E104 LRBELS XI.OE-04 

INTERNQL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 

- 

- 

- 

2.83E.09 T 0  4.22€+10 STEP 1.36E.09 LQBELS X1.GE-08 

.* , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\ I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
/ I  ,I,--+ 'j - +  - 4  I '  I ' I  

-8.96E-01 T0 2.09E.00 STEP 9.96E-02 LRBELS X l . O E * c l i 3  

F i g u r e  24.4h - B W  = 80, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb l  owup-f  rame p lo ts  
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP= 8.00 IL=345 IR1497 JT=150 PO=Zm00E+04 HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4.92E.10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 6.36E+10 STEP 4.95E.08 LABELS Xl.OE-OB 

M I L R R  FLBW 

~~ 

1 

30 LEVELS) 

1 
-3.16E+05 T0 6.31E.04 STEP 1.26E+04 LRBELS X1.OE-03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MSz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 9.00 NR1525 N Z 1 1 6 0  KBEGz 75 PO=2.00E+04 HRNSEL 

2.67E-05 T0 2.29E-04 STEP 6.98E-06 LABELS X l . O E + O S  

-8 .9 ’5-01 T0 2.09€*00 STEP 9.95E-02 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXl.OE+OO 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24.5a - e = 90, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  
W 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP= 9.00 IL1345 IRx497 JT1150 P O = Z m 0 0 E + G 4  HRNSEN 

2.63E-05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.03E-04 STEP 6.09E-06 LABELS XI.OE+06 2.84€+09 T0 4.29€+10 STEP 1.38€+09 LRBELS XI.OE-08 

PRESSURE (30 LEVELS) 

- 

6.2IE.04 10 Z.SlE+06 STEP 8.43E.04 LRBELS X1.OE-04 -8.95E-01 10 2.09€+00 STEP 9.95E-02 LRBELS Xl.OE.00 

F i g u r e  24.5b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 90, b lowup- f rame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l o t s  
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfiW= 9 J O  IL=345 IR=49? JTx150 PO=2.00E+04 HRNSEN 

4.96€+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 0  6.45E.10 STEP 5.14€+08 LREELS X1.OE-08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-3.18€+05 T0 6.36E.04 STEP 1.27Ei04 LREELS X1.OE-03 

SELF-S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI M 

m 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=15.00 NR=550 N Z = 1 1 5  KBEG= 75 P O = Z e 0 0 E + 0 4  HRNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.77E-OS 10 2.87E-04 STEP 8.93E-06 LRBELS XI.OE+06 

SELF-SIMILRR MFlCH NUMBER I30 LEVELS1 

' \ '  
\ ' \  

\ \ \ ,  

-8.9SE-01 10 2.09E.00 STEP 9.94E-02 LABELS XI.OE*OO 

F i g u r e  24.6a - B W  = 150, w h o l e - f l o w f i e l d  c o n t o u r - p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2.68E-05 TO 2.35E-04 STEP 7. 16E-06 LABELS Xl.OE+OS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

INTERNRL ENERGY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 0  LEVELS1 

3.llE.09 TO 5.84€+10 STEP 1.91€+09 LABELS XI.OE-08 

MS= 8.75 RLP=15.00 IL=406 IRz523 JT=115 P O = Z . G O E + 0 4  HFINSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

W 

7.00€+04 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.97€*06 STEP 1.00E*05 LABELS Xi.OE-04 

Figure 24.6h - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,.I = 

-8.95E-01 T0 2.09E.00 STEP 9.94E-02 LRBELS rl.OE*CS 

150, b l  owup-f r a m  p l o t s  
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MS= 8.75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLP=15.00 IL=406 IR=523 JT=115 P O = Z m 0 0 E + 0 4  HQNSEN 

LEVELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

===I 
SELF-SIMILRR ENTHRLPY (30 

w - c  ------I 

5.05E+10 T0 7.74E*10 STEP 9.28E+08 LABELS X1.OE-08 

ELF-SIMILRR R-VEL0CITY (30 LEVELS1 
I I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk I I 1  I '  I ' I  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-3.26E.05 T0 9.92E+04 STEP 1.42E+04 LABELS X1.OE-03 

VECT0RS 
I I I 

\ \ \ l I l l 1 I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP=16.00 NR1550 NZz115 KBEGz 75 P O = Z m 0 O E + 0 4  HRNSEN 

2.79E-05 T0 2.97E-04 STEP 9.27E-06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALABELS Xl.OE+06 

-8.98E-01 10 2.09E+00 STEP 9.98E-02 LABELS X I . O E * O O  

F i g u r e  24.7a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO w  = 160, who1 e - f  1 owf i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd c o n t o u r - p l  o t s  
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=16.00 IL=406 IR=523 JT=115 PO=2.00E+04 HRNSEN 

2.69E-05 T0 2.42E-04 STEP 7.41E-06 LRBELS Xl.OE+06 

7.20E.04 10 3.09E.06 STEP 1.04E.05 LABELS X1.OE-04 

- - F i g u r e  24.7b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB w  

3.12E.09 T0 5.89E+10 STEP 1.92€+09 LRBELS XI.OE-08 

-8.98E-01 T0 2.09E.00 STEP 9.98E-02 LRBELS X l . O E + O O  

160, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAblowup-frame zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp l o t s  
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MS= 8.75 RLP=16.00 IL=406 IR=523 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJT=115 PO=2.00E+04 HflNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, , , . . , , I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, . I *  . . . . . . .  
--. . . .  - - ,  . , , . . . . . . . .  --1 

A . 1  I I 1 I I 1 I I _ ]  

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

SELF-SIMILRR R-VEL0CITY (30 LEVELS1 

I I -  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I 

/ 

-3.34E+05 T0 1.02E+05 STEP 1.45E+04 LRBELS XI.OE-03 

SELF-SIMILQR VEL0CITY VECT0RS 
I I I I I I I I 

5.09E+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 7.79E*10 STEP 9.33E.08 LRBELS XI.OE-08 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FiLP=17.00 NRz550 NZ.1115 KBEGz 75 P O = Z a 0 0 E + 0 4  HFlNSEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z.80E-05 10 3.07E-04 STEP 9.62E-06 LRBELS Xl.OE.06 

-8.96E-01 T0 2.09€+00 STEP 9.95E-02 LRBELS X I . O E + O O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 24.8a - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo w  = 1 7 0 ,  whole-flowfi el zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd c o n t o u r - p l  o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FILP=17.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL1406 IRz523 JTz115 PO=Zm00E+04 HFINSEN 

2.71E-05 T0 2.50E-04 STEP 7.68E-06 LRBELS XI.OE+06 3.IZE*09 T0 5.94€*10 STEP 1.94€+09 LABELS Xl.OE-08 

7.42E+04 10 3.2ZE.06 STEP 1.08E*05 LABELS XI.OE-04 -8.96E-01 10 2.09E100 STEP 9.95E-02 LWELS xl.OE*OC 

F i g u r e  24.8b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB W  = 1 7 0 ,  hlowup-frame p l o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= 8 .75  FiLP=17.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=406 IR=523 JT=115 P O = Z m 0 0 E + 0 4  HFiNSEN 

SELF-SIMILRR R-VEL0CITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr30 LEVELS1 
I '  I 1 

I 

I I -  

I '  
I 

I 

I 

I 

I \ \ I 
I 

I 

I 

\ 

\ / 

1 
, I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

' I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

I I I - 
' I  

\ -  
I 

I 
I 

I 
I - 

- 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 FiLP=18.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANR=550 N Z = 1 1 5  KBEG= 75 P O = Z 0 0 0 E + 0 4  HRNSEN 

Z.82E-05 10 3.16E-04 STEP 9.92’-06 LRBELS XI.OE+06 

_ -  - _  

-8.98E-01 T0 2.10E+00 STEP 9.98E-02 LABELS XI.OE+OO 

F i g u r e  24.9a - B w  = 180, who1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe - f  1 o w f  i el d contowr-pl o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

369 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75  FILP48.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIL=406 IRz523 J T = 1 1 S  PO=Zm00E+04  HRNSEN 

2.72E-05 10 2.57E-04 STEP 7.93E-06 LABELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXI.OE+06 

- 

7.64€+04 10 3.35E.06 STEP 1.13E.05 LABELS X1.OE-04 

F i g u r e  24.9b - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe W  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 8 0 ,  b l  owup-f rarne p l o t s  

370 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=18.00 ILz406 IR1523 JT1115 PO=2.00E+04 HRNSEN 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S.21€+10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT0 7.78E.10 STEP 8.88€+08 LRBELS X1.OE-08 

SELF-SIMILQR I 1  R-VELQCITY I II I I 130 I ,  LEVELS1 I 

I I I I 

-3.36E.05 10 1.22E+OS STEP I .S3E+04 LABELS X1.OE-03 
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=19.00 NR=550 NZ1115 KBEGz 75 PO=2.00E+04 HFINSEhl 

DENSITY (30 LEVELS) 
I I I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.84E-05 T0 3.26E-04 STEP 1.03E-OS LRBELS XI.OE+06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I , -0.397699 - - . 

-8.95E-01 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 2.09€+00 STEP 9.94E-02 LRBELS XI.OE+OO 

F i g u r e  24.10~1 - e w  = 190, whole-flowfield contour-plots zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=19.00 IL=406 IR=523 JT=115 PO=2.00E+04 HRNSEN 

Z.73E-05 10 2.6%-04 STEP 8.21E-06 LABELS XI.OE+06 3.03€+09 10 5.38E+10 STEP 1.75E+09 LABELS XI.OE-08 

7.896+04 10 3.49€*06 STEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.18E+05 LABELS X1.OE-04 -8.95E-01 10 2.09€+00 STEP 9.94E-02 LABELS X I . O E * O O  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24.10h - O w  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA190, h l  owup-f rame p l  o t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
373 



MS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.75 RLP=19.00 ILz406 IRz523 JTz115 P O = Z a 0 0 E + 0 4  HRNSEN 

5.25€+10 TO 7.23€*10 STEP 6.83E.08 LABELS XI.OE-08 -3.42Ei05 T0 1.24Ei05 STEP 1.56E.04 LRBELS X I . O E - 0 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

374 



Region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 / [ 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 1.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 3 .78  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 6.69 
3 3.91 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 7 . 9 4  
h 9.19 
c 6.69 
d i.4G 

XBB 859-7209 
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MS= 7 .10  RLP=50.00 NR=575 NZ=115 KBEG= 80 PO=2.00E+04 FiRG0A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.74E-05 T0 2.97E-04 STEP 8.95E-06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALABELS Xl.OE+06 

F i g u r e  25c - o w  = 500 

MS= 7.10  FILP=Sl.OO NR=575 N Z 4 1 5  KBEG= 80 PO=2.00E+04 G K Z ' ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DENSITY (30  LEVELS1 1 
I I I I I I I I I I - 

3.74E-05 T0 3.01E-04 STEP 9.08E-06 LABELS Xl.OE*06 

F i g u r e  25d - e w  = 510 

MS= 7.10 RLP=52.00 N R 5 7 5  NZ=115 KBEG= 80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPO=2.00E+04 R P K ' .  

DENSITY (30  LEVELS) I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I I I I I 1 

3.75E-05 T0 3.04E-04 STEP 9.20E-06 LRBELS XI.OE*06 

F i g u r e  25e - e W  = 520 
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MS= 7.10 RLP=52.75 NR=575 NZ1115 KBEG= 80 PO=2.00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqRGD:, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 . X - 0 5  10 3.W-(H STEP 9.3%-06 LRBELS Xl.OE46 

F i g u r e  2 5 f  - e w  = 52.750 

MS= 7.10 RLP=53.00 NRz575 NZ=115 KBEG= 80 PO=2.00E+04 FIRG0ti 

DENSITY (30 LEVELS1 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I i 1 

3.76E-OS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 3.11E-04 STEP 9.43E-06 LABELS Xl.OE*06 

F i g u r e  259 - O w  = 53.00 

DENSITY (30 LEVELS) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe I I I I 1 

3 . X - 0 5  10 3.lZE-04 STEP 9.47E-06 LFIBELS X I  .E46 

Figure 25h - e W  = 53.100 
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r- r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.10 FILP=53.20 NR1575 N Z z 1 1 5  KBEG= 80 PO=2.00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

DENSITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr r l  (30 LEVELS1 -4 

3.77E-05 10 3.14E-04 STEP 9.52E-06 LABELS XI.OE+06 

F i g u r e  25 i  - B w  = 53.200 

DENSITY (30 LEVELS1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI <  i 

I 1 1 I I 
4 

-. , 1LJ.I I I 

3.77E-05 10 3.15E-04 STEP 9.55E-06 LRBELS Xl.OE+06 

F i g u r e  2 5 j  - e = 53.300 
W 

- 
- 

3.77E-05 10 3.16E-04 STEP 9.6OE-06 LABELS XI.OE*06 

F i g u r e  25k - e w  = 53.400 
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MS= 7.10 FILP=53.50 NR=575 NZxl15 KBEG: 80 PO=2.00E+G4 FiFILZ', zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.77E-05 T0 3.18E-04 STEP 9.65E-06 LABELS X 1 . N .  

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA251 - o w  = 53.500 

MS= 7.10 FILP=53.75 NRz575 NZ=115 KBEG= 80 PO=2.00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQPSZ'. 

DENSITY (30 LEVELS1 

1 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1 I I I 

4 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

, -  

03E-04 STEP 9.1%-06 LABELS Xl.OE+ 

F i g u r e  25m - B w  = 53.750 

MS= 7.10 RLP=54.00 NR=575 NZz115 KBEG= 80 PO=2.00E+04 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW S S ' .  

/," zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

F i g u r e  2% - 8, = 540 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r -  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 ,  MS= 7.10 RLP=55.00 NRx575 NZ1115 KBEG= 80 PO=Z.OOE+Gq + + w d C  I 

1 I 

DENSITY 130 LEVELS1 I I I -1 c 
1 I I I I - 

_- - 
- - 

- 
- 0 

3.75E-05 10 3.03E-04 STEP 9.16E-06 LFIBELS Xl.OE.06 

F i g u r e  250 - B w  = 550 
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e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g u r e  26 - P l o t  of DMR Mach stem h e i g h t  versus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 , e x t r a p o l a t e d  t o  z e r o  h e i g h t  

f o r  RR(h/L = a f o r  e w  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA53.850),  h / ~  = a f o r  eww= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA540 i s  a n u m e r i c a l  r e s u l t  
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