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A multi-pass intefferometer method has been used for visualization 
and determination of certaia flow parameters of a rarefied gas in the 
slip flow regime over axisymmetric blunt models. An experimental 
determination has been made of the density distribution in the region 
of the forward stagnation point ahead of a sphere and of the shock 
wave profile ahead of a desk at M = 3.85 and Re = 75. 

B e c a u s e  of the d i f f i cu l ty  of d i r e c t  so lu t ion  of hea t  
t r a n s f e r  p r o b l e m s  in h i g h - s p e e d  (~5 k m / s e c )  f l ight  
at high a l t i tude  (~120 kin), t h e r e  is  i n t e r e s t  in i m p r o v -  
ing and i n c r e a s i n g  the s e n s i t i v i t y  of dens i ty  d i agnos t i c  
me thods  in a r a r e f i e d  gas  (Knudsen n u m b e r  _>0.01). 
The dens i ty  d i s t r i b u t i o n  a round  a mode l  has  a s p e c i -  
fic dependence  on the t e m p e r a t u r e  r a t i o  Tw/T0. Ex-  
p e r i m e n t a l  d e t e r m i n a t i o n  of dens i ty  g ives  i n f o r m a t i o n  
about shock wave s t r u c t u r e ,  about the en tha lpy  of the 
r a r e f i e d  gas  s t r e a m ,  and about the hea t  loads  ac t ing  
on the model .  

One of the e f fec t ive  ways  of i n c r e a s i n g  the s e n s i -  
t iv i ty  of d i agnos t i c  me thods  fo r  a r a r e f i e d  gas  is  to 
use  a m u l t i - p a s s  i n t e r f e r o m e t e r ,  emp loy ing  mu l t i p l e  
p a s s e s  of the l ight  wave  th rough  the inhomogene i ty  
be ing  s tud ied  [1, 2]. This  method,  in con junc t ion  with 
p h o t o m e t r i c  r e a d i n g  of the i n t e r f e r o g r a m s ,  a l lows 
r e g i s t r a t i o n  of v e r y  s m a l l  changes  of r e f r a c t i v e  index 
in a nonun i fo rm gas  (An ~ 10-6--10 -7 in 1 c m  length) .  
However ,  the  m u l t i - p a s s  i n t e r f e r o m e t e r  has  h i the r to  
been  used  only fo r  the s tudy of p lane  f lows,  for  ex-  
ample ,  in [2]. 

The p r e s e n t  p a p e r  d e s c r i b e s  the r e s u l t s  of an in-  
ve s t i ga t i on  of dens i t y  d i s t r i b u t i o n  in a r a r e f i e d  gas  
a round  an a x i s y m m e t r i c  model .  It should be m e n -  
t ioned  that  a x i s y m m e t r i c  s t r e a m s  c 6 m p r i s e  a wide 
c l a s s  of f lows,  i nves t i ga t i on  of which is  a m a t t e r  of 
g r e a t  p r a c t i c a l  i n t e r e s t .  

The e x p e r i m e n t a l  equ ipmen t  c o n s i s t e d  of a m u l t i -  
p a s s  i n t e r f e r o m e t e r  (Fig.  1), the ma in  e l e m e n t  of 
which is a p l a n e - p a r a l l e l  p la te  4 p r o v i d e d  with r e -  
f l ee t ing  l a y e r s  with R = 80%. 

The c o l l i m a t i n g  sec t ion  c o n s i s t s  of a l igh t  s o u r c e  
1 ( w a t e r - c o o l e d ,  h i g h - p r e s s u r e  m e r c u r y  lamp) ,  an 
o p t i c a l  f i l t e r  2 (max imum t r a n s m i s s i o n  fo r  5770-  
5790 /~), and an ob j ec t i ve  3 (focal !ength 300 ram). 

The i n t e r f e r o m e t e r  was  a r r a n g e d  in such a way 
that  the gas  s t r e a m  flowed be tween  i t s  m i r r o r s .  The 
i n t e r f e r e n c e  p a t t e r n  (un i fo rmly  i l l u m i n a t e d  i n t e r f e r -  
ence  f ield)  was  r e g i s t e r e d  on the s e n s i t i v e  e l e m e n t  7 
with the aid of o b j e c t i v e  5 (focal length 300 mm),  in 
the  focal  p lane  of which was mounted  a d i a p h r a g m  6 

of d i a m e t e r  0.9 ram. 
We used  a p h o t o m e t r i c  r e c o r d i n g  method,  based  

on the dependence  of the pho tog raph i c  d e n s i t y  on the  

r e f r a c t i v e  index in the  inhomogene i ty  under  e x a m i n a -  
t ion [2]. 

It is  known [3] that  the in t ens i ty  d i s t r i b u t i o n  I in a 
m u l t i - p a s s  i n t e r f e r e n c e  p a t t e r n  has  the  f o r m  

l= lm( l__R)2 / [ ( l__R)2+4Rs in2  ~ ]  . (1) 

It is  a s s u m e d  in (1) that  t h e r e  is  no a b s o r p t i o n  in 
the med ium,  and tha t  c o l l i m a t e d  m o n o c h r o m a t i c  l ight  
f a l l s  on the i n t e r f e r o m e t e r  p l a t e s  at an angle  r c l o s e  
to v/2 .  In tha t  c a s e  the  e x p r e s s i o n  fo r  the  phase  d i f -  
f e r e n c e  may  be w r i t t e n  as  

~b = 4~ n/ 4- 6 4- 6'. (2) 
), 

If the refractive index of a gaseous inhomogeneity 
n differs from the value no in the undisturbed medium, 

we may write 

x 

I 4r, (n -- no) dx , (3) ar -V, 
- - x  

w h e r e  dx is  e x p r e s s e d  in t e r m s  of the v a r i a b l e  r ad i a ]  
c oo rd ina t e  of the inhomogene i ty  in the f o r m  

dx - 2rdr/(r ~ - -  g~)' " .  (4) 

At the s a m e  t ime ,  i t  is  known f r o m  [2] and [3] tha t  

A r  2.3 (s~ - -  s,,) ( l - - R )  [1 +2.3(sin--So)~?] �9 (5) 
~. I / R  2 12.3 (s,, ,--s,,) /~] '"-  

Then,  a f t e r  a n u m b e r  of t r a n s f o r m a t i o n s  of (3)-(5)  

we obta in  

r t l  

__X (su - -  so) =: ~ f (,o - -  90) r d r  
/r (r'-' - -  f ) '  '-' 

. t /  

(6) 

w h e r e  

16z~, 2.3 s , , , - s~  R 
~ =  2,3 _ "f 

/ [ 1  + 2 . 3  s-2"~s--2'L l Y  ( l - - R ) .  (7) 

The density difference between some point y in the 
inhomogeneity and the value P0 in the undisturbed re- 

gion is 
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Fig. 1. Experimental set-up. 
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Fig. 2. Density field around a 
sphere washed by a s t ream of 
rarefied gas (the numbers on 
the curves give the ratio p/p~). 
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Fig. 3. Shock wave profile ahead of a disk 
(Re = 75, M~o= 3.85, T O ~ 300 ~ C). 
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x e j '  (_s_-~);d__77 

r t 

w h e r e  r i = y / ro ,  r = r / ro .  
The funct ion 

I ;"S 

, ( 8 )  

(9) 

is a smoo the r  funct ion than sy - So. The re fo re  the 
d i f fe ren t ia t ion  with r e spec t  to y in (8) is c a r r i e d  out, 
a f ter  an approx imate  eva lua t ion  of the in tegra l  (9), to 
i n c r e a s e  the accu racy  of the method. The c ro s s  s ec -  
t ion of an a x i s y m m e t r i c  inhomogenei ty  is divided into 
a f ini te  n u m b e r  N of annu la r  zones ,  in each of which 
the f i lm dens i ty  d i f fe rence  s(r) - so is approximated  
by  a s econd -deg ree  po lynomia l .  F r o m  the e x p e r i m e n -  
t a l ly  obtained va lues  of s - s o at the boundary  points  
and at the c en t r a l  point  of a zone, 

3 

s (r) -- So ~ ~ II ?) S (rk), (10) 
k = l  

where  

z~ ~' --F; (;)/(;--7j+~-,) F; (~;+~_,), (11) 

Fi(r ) = (r-- ~) (r-- ~.+,) (r-- ri+=). (12) 

Subst i tu t ing (11) and (12) into the exp res s ion  for $, we 

obtain,  a f ter  in tegra t ion ,  

N--I 3 

r (7,) = 2 ~-~ ai.2isk (~j+k-,). (13) 

i= T 

Here  

r=j+= 

~,.2jk _ F' "" " 1  f F (;)?dr_2 _', (14) 
( r2J*k-O - ( r - -  r2]+~-1) ( r  - -  & )'/~ 

r2] 

F o r  d i f fe ren t ia t ion  of $(ri)  with r e spec t  to r i ,  we 
approx imate  $(r) in the fo rm 

Then 

3 

(7) = ~ F (r) (15) 
(~ - ; . ~ - 0  F' ~=~ (q+k+2) * (q.~-~) 

d ~ ( r  i) _ N [ ~ ( q ~ ) - - ~ ( r i _ l ) ] ,  (16) 
dr~ 

and af ter  a s e r i e s  of t r a n s f o r m a t i o n s  (8) is reduced  

to the fo rm 

Z~--I } 
t' (q) - eo = I~i~ is (r 3 - Sol �9 

i ] 

(17) 

In a r a r e f i e d  gas flow with M~o > 1 over  b lunt  bodies,  
no concen t r a t ed  dens i ty  d i scon t inu i ty  is fo rmed  around 
the model ,  as occu r s  in con t inuum gasdynamics .  The 

dens i ty  v a r i a t i o n  p roceeds  m o r e  smoothly,  and the ex- 
p e r i m e n t a l  funct ion s(r)  - so is smoo the r  in c o m p a r i -  
son with the d i s t r ibu t ion  of i n t e r f e r e n c e  f r inge  shifts  
in the case  when a dens i ty  d i scon t inu i ty  is fo rmed  in 
a cont inuum.  

To reduce  the amount  of input data and the t ime  r e -  
qu i red  to ca lcu la te  dens i ty  (without i m p a i r i n g  the accu-  
r acy  of approx imat ion  to the funct ion s(r)  - so), it is 
expedient  to divide the sec t ion  of the inhomogenei ty  
into a sma l l  n u m b e r  of zones.  However,  it is  then 
n e c e s s a r y  to ca lcu la te  p{r) - P0 at m o r e  points ,  not 
only at the nodes ,  but a lso at i n t e r m e d i a t e  poin ts  of 
the zone. 

F o r  solving such p r o b l e m s  we have ca lcu la ted  and 
tabula ted  coeff ic ients  flj,i which p e r m i t  d e t e r m i n a t i o n  
of the quant i ty  p(ri) - P0 at the sys t em of nodal points  
with subd iv i s ion  into 25 zones:  {ri} = 0 . 0 4 , . . .  ,0.90 by 
0.02 f rom va lues  of the photographic  dens i ty  d i f fe rence  
at nodal points  r j ,  co r r e spond ing  to d iv i s ion  into 5 
zones:  r j  = 0.02, 0 . 1 , . . . ,  0.9 by 0.1 (see table).  

In the table  the coeff ic ients  flj,i ( f ive-place  n u m b e r s )  
a re  a r r a n g e d  by co lumns .  Above each coeff ic ient  col-  
umn  is given the va lue  of the coord ina te  r i, at which 
the de s i r e d  quant i ty  p(r i) - P0 is ca lcula ted ,  and to the 
lef t  of the coeff ic ient  co lumns  t he r e  a re  va lues  of the 
coord ina te  r j  at which the expe r imen ta l  funct ions  s (rj) - 
- so a r e  de t e rmined .  The coeff ic ients  fij,i a r e  multi-_ 
plied in pa i r s  by the c o r r e s p o n d i n g  quant i t i es  s(rj)  - 
- so, and give the va lue  of p - P0 at point  r i ,  as a r e -  
sul t  of summat ion ,  accord ing  to (17). F o r  example,  
to ca lcu la te  p - P0 at the point  r i = 0.04, the coeffi-  
c ien t s  6.0735, -3 .5850 ,  . . . ,  -0 .0163  (f i rs t  co lumn 
of coeff ic ients  flj,i of the table) a re  mul t ip l i ed  in_pairs  
by the va lues  s(~j) - so d e t e r m i n e d  at the points  r j  = 

= 0.02, 0.1, . . . ,  0.98. 
It may be seen f rom the table  that  the points  r j  a re  

nodes (ext reme and cen t ra l )  of the zones c o r r e s p o n d -  
ing to N = 5, while r i a re  nodes  of zones c o r r e s p o n d -  

ing t o N = 2 5 .  
In the p r e s e n t  paper  these  coeff ic ients  a re  used  to 

d e t e r m i n e  the dens i ty  at points  n e a r  the cen te r  of the 
sec t ion  of the inh__omogeneity= It then becomes  pos s ib l e  
to d e t e r m i n e  P(ri) at sma l l  r i ( r  = 0.04), which allows 
the dens i ty  v a r i a t i o n  to be t r a c e d  along the axis of the 
s t r e a m ,  deta i led  inves t iga t ion  of the shock wave s t r u c -  
tu re ,  and eva lua t ion  of the shock s tand-of f  d i s t ance  

f rom the model .  
The method de sc r i be d  was used for the quant i ta t ive  

inves t iga t ion  of a supe r son i c  r a r e f i e d  gas flow over  

b lunt  bodies .  
F i g u r e  2 shows the dens i ty  field around a sphe re  

10 m m  in d i a m e t e r  in t h e  r eg ion  of the fo rward  s tag-  
na t ion  point. The a b s c i s s a  is d i s t ance  f rom the model 
along the s tagna t ion  s t r e a m l i n e ,  and the o rd ina te - -  
d i s t ance  f r o m  the axis  of the s t r e a m .  The expe r i -  
menta l  c u r v e s  a re  l ines  of equal dens i ty  ahead of the 
sphere .  This  p i c tu re  was obtained with the following 
oncoming  flow p a r a m e t e r s :  M~ = 3.85, Re : 75 (the 
Reynolds  n u m b e r  was ca lcu la ted  f rom s t r e a m  p a r a m -  
e t e r s  behind the shock and the sphere  radius) ,  To 

300 ~ C. 
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Table  

Coefficients  /3 for De te rmin ing  P(ri) - Po with N = 5 

Coefficients 

7.1 
7/=0.04 7i=0.06 7i=0.08 ri=0.10 ri=0.12 7i=0.14 

0,02 
0,10 
0,20 
0,30 
0.40 
0,50 
0.60 
0.70 
0.80 
0.90 
O.98 

6,0735 
--3.5850 
--1,3725 
--0.1575 
--0,2815 
--0,0805 
--0,1209 
--0.0424 
--0,0656 
--0,0316 
--0,0163 

3.6842 
--0.5356 
--2.0082 
--0.1770 
--0.2807 
--0.0853 
--0.1194 
--0.0445 
--0.0647 
--0,0318 
--0.0169 

1.8334 
1,9944 

--2.8042 
--0.0424 
--0 2962 
--0,0823 
:--0.1235 
--0.0427 
--0.0662 
--0.0319 
--0.0164 

0.4322 
3.8937 

--3.4091 
--0,0770 
--0.3008 
--0.0880 
--0,1228 

--0.0453 
--0.0657 
--0.0323 
--0.0172 

3,6928 
--2,4175 
--0,2544 
--0.3243 
--0,0853 
--0.1281 
--0,0439 
--0,0676 
p0,0323 
--0.0166 

2,6467 
--0.8628 
--0.7398 
--0.3363 
--0.0921 
--0.1284 
--0,0466 
--0.0672 
--0.0328 
--0.0175 

r] 7i=0.16 ri=O. 18 7/=0,20 ri=0,22 ri=0.24 ri=0.26 

1.7965 
0.3453 

--1,0555 
--0.3724 
--0,0895 
--0,1349 
--0.0454 
--0.0696 
--0.0330 
--0.0170 

1.1001 
1,2887 

--1,2635 
--0,3968 
--0,0975 
--0.1363 
--0.0484 
--0.0695 
--0.0336 
--0.0179 

0.6849 
1.3050 

--0.5888 
--0.6666 
--0.0767 
--0.1536 
--0.0489 
--0.0761 
--0.0341 
~0,0143 

0.1080 
2.4166 

--1.2636 
--0.5062 
--0.1028 
--0.1475 
--0.0508 
--0.0724 
~0.0346 
--0.0184 

--0.1998 
2.5886 

--1,0031 
--0.6250 
--0.0938 
--0.1583 
--0,0499 
--0.0755 
--0.0350 
--0.0179 

0.10 
0.20 
0.30 
O. 40 
0.50 
O, 60 
0,70 
0.80 
0.90 
0.98 

--0.4005 
2,5521 

--0.6438 
--0.7238 
--0.1043 
--0.1632 
--0.0539 
--0,0762 
--0.0359 
--0.0190 

r i 7i~-~-0.28 7i=0 30 7i=0.32 7i=0.34 ri=O. 36 ri=O, 38 

0.I0 
0.20 
0,30 
0.40 
0.50 
0,60 
0,70 
0.80 
0.90 
0,98 

--0.3812 
1.8804 
0,4063 

--1.1671 
--0.3871 
--0.1775 
--0.0532 
--0.0799 
--0.0364 
--0.0186 

0.6226 
1.0330 

--0.4797 
--0.5302 
--0.0644 
--0,1273 
--0.0413 
--0.0649 
--0.0062 

2.3287 
--1,4272 
--0.1573 
--0.2054 
--0.0572 
--0.8856 
--0.0381 
--0,0194 

1.7329 
--0,4900 
--0.4735 
--0.2186 
--0.0628 
--0.0874 
--0,0394 
--0.0208 

1.2132 
0.2920 

--0.6979 
--0.2478 
--0.0621 
--0.0929 
--0.0402 
--0,0204 

0.7624 
0.9405 

--0.8589 
--0.2701 
--0.0685 
--0.0954 
--0.0418 
--0.0219 

7i=o.4o 7i=o.42 ri=o.44 ri=o. 46 ri=0.48 ri=0.50 

0.30 
0.40 
0.50 
0,60 
0.70 
0,80 
0.90 
0.98 

0.5649 
0,8820 

--0.4135 
--0.4509 
--0.0559 
--0.1103 
--0.0433 
--0.0180 

0.0761 
1,7806 

--0,8958 
--0.3593 
--0.0745 
--0.1060 
--0.0447 
--0,0233 

--0.1499 
1.9334 

--0.7206 
--0.4523 
--0,0690 
--0.1149 
--0,0459 
--0.0231 

--0,3027 
1.9310 

--0.4628 
--0.5334 
--0,0776 
--0,1203 
--0,0482 
--0,0251 

--0,2926 
1.4442 
0.3268 

--0.8766 
--0,0289 
--0.1320 
--0.0498 
--0.0250 

0.5186 
0.7825 

--0.3683 
--0.3980 
--0.0498 
--0.0983 
--0.0077 
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Table (eont'd) 

Coefficients 

7] 7i=o.52 ri=O,54 7/=0.56 7i=o,58 }i=o.6o 7i=o,62 

0.50 
0.60 
0.70 
0,80 
0.90 
0,98 

0150 
0.60 
0.70 
0,80 
0.90 
0.98 

1.8394 
--1.1039 
--0.1212 
--0.1562 
--0.0544 
--0.0273 

7i=0.64 

--0.1251 
1.6100 

--0.5904 
--0.3659 
--0.0701 
--0,0391 

1,3820 
--0.3717 
--0.3731 
--0.1683 
--0.0580 
--0.0306 

7/=0.66 

--0.2532 
1.6161 

--0,3789 
--0.4360 
--0,0761 
--0.0441 

0.9761 
0.2510 

--0.5561 
--0.1926 
--0.0602 
--0.0303 

7i=o.68 

--0.2463 
1.2162 
0,2807 

--0,7246 
--0,0396 
--0.0461 

0,6182 
0.7762 

--0,6905 
--0.2126 
--0.0644 
~0.0334 

}i=0.70 

0.4510 
0:6554 

--0.3094 
--0.3306 

0.0052 

0.4815 
0.7106 

--0,3351 
--0.3598 
--0.0565 
--0.0295 

ri=O. 7 2 

1,5680 
--0.9250 
--0,1213 
--0.056t 

0.0620 
1.4752 

--0.7306 
--0,2881 
--0.0712 
--0.0380 

;i=o,74 

1.1834 
--0.3035 
--0,3355 
--0,0652 

7 i Q=0.76 7i=0.78 7i=0.80 7i=0.82 7i=0.84 7i=0.86 

0.4255 
0.6114 

--0.3327 
--0.1281 

0.0536 
1,3009 

--0.6673 
--0,1208 

--0.1095 
1.4300 

--0.5687 
--0.1488 

0.70 
0.80 
0.90 
0.98 

0.8392 
0.2227 

--0.4972 
--0.0714 

0.5335 
0.6849 

--0.6173 
--0.0852 

--0,2221 
1.4410 

--0,3857 
--0.1946 

7 i 

0.70 
0.80 
0.90 
0.98 

7i=0.88 ~i=0.90 

--0.2168 --0.3782 
1.1322 1,0716 
0.0923 0.5628 

--0.3106 --0.5949 



6 IN Z HEblERNO-FI ZIC HESKII ZHURNAL 

Analysis  of the densi ty dis t r ibut ion shows that with 
the above s t r e a m  p a r a m e t e r s  a zone of re la t ive ly  con- 
stant  densi ty is observed behind the shock. Its value 
behind the shock agrees ,  to within the exper imenta l  
accuracy,  with that calculated f rom the Hugoniot r e -  
lation. The densi ty inc rease  proceeds  more  slowly 
at the beginning of  the shock l aye r  than at i ts  end. 

F igure  3 shows the exper imenta l  shock prof i le  for  
a flow at Moo = 3.85, R e =  75, T O ~ 300 ~ C over  a d i s k  
10 mm in d iamete r .  As in the case  of flow over  a 
sphere ,  the shock wave is broadened,  and a constant 
densi ty sect ion occurs  behind the shock for  which the 
Hugoniot re la t ion holds. Fo r  the disk,  however,  a 
g r e a t e r  shock l aye r  s tand-off  d is tance  is observed,  
and a more  extensive constant  densi ty region behind 
the shock. 

The data obtained a re  in good agreement  with the 
r e su l t s  of recen t  invest igat ions of a r a r e f i ed  gas by 
a method based  on e lec t ron  beam sca t t e r ing  |7]. This 
speaks for  the effect iveness of using the mul t i -pas s  
i n t e r f e rome te r  for  d iagnosis  of a supersonic  gas flow 
at low density,  which provides  sufficiently high mea-  
su rement  accuracy  when the above calculat ion tech-  
nique is used. 

NOTATION: 

T O is the stagnation t empera tu re ;  T w is the wall  
t empera tu re ;  R is the re f lec t iv i ty  of i n t e r f e r o m e t e r  

m i r r o r s ;  ~b is the phase difference of neighboring in- 
t e r f e r o m e t e r  rays ;  I is the light intensity in in te r -  
fe rogram;  A is the wavelength of light; k is the Glad- 
s tone-Dale  constant;  5 , 5 '  a re  the phase  discontinui t ies  
at m i r r o r  surfaces ;  l is the geometr ic  length of ray  
path in inhomogeneity; y is  the cont ras t  of photogra-  
phic mate r ia l ;  s is the photographic density; r0 is the 
radius  of ax i symmet r i c  inhomogeneity; p is the den- 
sity; M is the Mach number.  The subscr ip t  0 r e fe r s  
to the undisturbed flow, y to the point under study in 
the d is turbed region,  and m to points located at maxi -  
mum intensity in the tn te r fe rogram.  
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