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A brief description is given of the facility, measuring instruments 8nd experimental 
technique. Experimental data is presented on hypersonic jets of rarefied gas, ob- 
tained by discharge of a gas from Laval nozzles, micro-nozzles and porous plates. 

The inves t igat ion was c a r r i e d  out in a low-dens i ty  wind tunnel, with max imum pumping speed of 
57,000 l / s e c  in the p r e s s u r e  range 10-2-10 -3 t o r r .  The fac i l i ty  (Fig.  1) was equipped with a r e m o t e -  
contro l led ,  t h r e e - p o s i t i o n  t r a v e r s e  mechan i sm 25, capable  of being pos i t ioned  to an a c c u r a c y  of 0.01 mm 
by means  of a type KM-8 ind ica tor .  Flow v i sua l i za t ion  was accompl i shed  by means  of a glow d i scharge  
gene ra t ed  in the space between two meta l  p l a t e s  to which a vol tage of 5 to 6 kV was appl ied .  The working 
g a s e s  used w e r e  N 2, C O  2 and He which were suppl ied to the f o r e - c h a m b e r  through the inflow sys tem,  c o m -  
p r i s i n g  the f i l t e r s  11 and 12 and the d r i e r  13. Heating of the gas  to avoid condensat ion was accompl i shed  
by means  of an ohmic tubular  hea te r  [1]. The gas flow ra t e  in the inflow s y s t e m  was r e c o r d e d  by type RS- 
3 r o t a m e t e r s  14. The flow stagnat ion p r e s s u r e  was m e a s u r e d  in t e r m s  of the f o r e - c h a m b e r  p r e s s u r e  as  
a function of the r ead ings  on the following ins t ruments :  

a) a s t andard  c l a s s  0.6 manome te r  3 with a m e a s u r e m e n t  range 0-4 kg/cm2; 

b) the U-tube m a n o m e t e r s  5, 4, f i l led  with dibutyl phthalate  with spec i f ic  weight y = 1.041 g / c m  2 
at 20~ or  with m e r c u r y ;  

c) the s tandard  vacuum gauge 2. 

The total  p r e s s u r e  in the jet  behind the shock was m e a s u r e d  by means  of a f l a t - f aced  cy l ind r i ca l  
gauge 24. Fo r  m e a s u r e m e n t  of total  p r e s s u r e  in the range  0.1-5 t o r t  a U-tube manome te r  23, was used 
f i l led  with dibutyl phtha la te .  In the p r e s s u r e  range 10-1-10 -2 t o r r  a type LT-2  the rmocouple  gauge 22 and 
a type VT-2A vacuum gauge 21 were  used.  The d i sp l acemen t  of the men i scus  of the l iquid column f rom 
i ts  ini t ial  pos i t ion  was m e a s u r e d  with a ca the tomete r  to an a c c u r a c y  of 0.01 ram. In the e x p e r i m e n t s  
heads  with e x t e r i o r  d i a m e t e r s  of 8, 5, 3, and 2 mm were used, nil with r a t io  of ex te rna l  to in ternal  d i a m -  
e t e r  of 0.75. A co r r ec t i on  to the flow dens i ty  was computed in t e r m s  of the p a r a m e t e r  Red/M accord ing  
to the method d e s c r i b e d  in [2]. The s ta t ic  p r e s s u r e  in the s t r e a m  was m e a s u r e d  by means  of a conical  
gauge with cone s e m i - a n g l e  of 10 ~ The s tagnat ion t e m p e r a t u r e  was a s s um e d  to be the gas t e m p e r a t u r e  in 
the f o r e - c h a m b e r ,  which was m e a s u r e d  by means  of a c h r o m e l - - a l u m e l  thermocouple  15 and r e c o r d e d  by 
a type EPV-2 po ten t iomete r  1. The f o r e - c h a m b e r  p r e s s u r e  was m e a s u r e d  by means  of a thermocouple  
17 and ionization gauge 18, and r e c o r d e d  by means  of a type VIT-2 vacuum gauge 19. Coar se  m e a s u r e -  
ments  of the f o r e - c h a m b e r  vacuum were taken by means  of the s t andard  vacuum gauge 20. The usual 
source  of supe r son ic  homogeneous i sen t rop ic  flow of r a r e f i e d  gas  was a Laval  nozzle .  The usual method 
of ca lcu la t ing  nozz les  was employed  to cons t ruc t  an ideal nozzle,  and the p rof i l e  subsequent ly  c o r r e c t e d  
for  d i sp lacement  th ickness .  

In o r d e r  to ca lcu la te  an ideal nozzle f rom the equat ions r e l a t ing  the m a s s  flow to the gas  p a r a m -  
e t e r  at the throat ,  one can use the following e xp r e s s i on  for  the m a s s  flow of a i r  through a nozzle [3]: 
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Fig.  1. Switching c i rcu i t  for  m e a s u r i n g  ins t ruments :  1) type EPV-2 
po ten t iomete r ;  2) vacuum re fe rence  gauge; 3) r e f e r ence  manomete r ;  
4) m e r c u r y  U-tube manomete r ;  5) oil U-tube manomete r ;  6) bottle;  
7) manomete r ;  8) gauge for  m e a s u r i n g  inflow f r o m  a tmosphere ;  9) 
reducing valve;  10) manomete r ;  11, 12) f i l te rs ;  13) d r i e r ;  14) type 
RS-3 r o t a m e t e r s ;  15) thermocouple  rake;  16) chambe r  p r e s s u r e  m e a -  
su remen t  tube; 17) type L T - 2  gauge; 18) type LM-2  gauge; 19) type 
VIT-2 vacuum gauge; 20) s tandard  vacuum gauge; 21) type VT-2A 
vacuum gauge; 22) type L T - 2  gauge for  measu r ing  the total p r e s s u r e  
P0'; 23) oil U-tube m a n o m e t e r  for  m e a s u r i n g  p r e s s u r e  P0; 24) Pitot  
tube; 25) t r a v e r s e  unit. 

where  

G -  0"4P~ 
l: To 

~+] k +1 

g ( 3 , , ) = : 3 [ ( ~ ) a k - ' )  / (  1 + ~k-- 1 M,)a k-t) 

Taking into account that fo r  a i r  at T = 300 K, 
G =: 1.55.10-6N, 

we obta in 

(1) 

(2) 

(3) 

%c P 1 -~7, 
*:=2.85. lO-:, 770 , (4) 

where 

c = PP-: :  P P  _5_ P~. ..... c, c2c3. (5) 
P Pd Pc P 

Here  C 1 = P p / P g  is de te rmined  by the l o s s e s  in the pipe leading f r o m  the faci l i ty  to the pumps,  
�9 C a = P d / P e  is the p r e s s u r e  inc rease  in the diffuser,  and C 3 = P c / P  is the d i scharge  fac tor .  If we neglect  
the pipe los ses ,  take the d i scharge  coefficient  to be 1, and omit  the diffuser ,  C = 1. After  finding F, we 
de te rmine  the throat  a r ea  f r o m  the i sent ropic  expansion formula  [3]: 
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TABLE 1. Nozzle  P a r a m e t e r s  

M T ~ ~K 300 500 800 1000 

l0 

15 

D, mlTl 
dcrit mm 
Po; torr 
T,  ~ 

D, tTlm 
dcrit mm 
Po, tort 

227 
203 

3,9.10"" 
167 

159 
49 

0,76 

315 
230 

3,9.10 -~ 
277 

180 
55,4 
0,76 

353 
257 

3,9.t0 --~ 
445 

201 
62 

0,76 
T, ~[4 

D, m m  
dcrit mm 
P.-, tor t  
T, ~ 

D, mm 
dcrit mm : 
Po; torr 
T, ~ 

D, rftrrt i 
derit mm ' 
Pc, tort  i 
T, :I< i 

7l ,4 

82,5 
5,98 
50 

21,6 

67,5 
2,9 
200 
14 

33,2 
0,452 
867 
6,6 

119 

92,5 
6,7 
50 

36,0 

75,0 
3,22 
200 
24 

43 
0,585 
667 
ii 

190 

I07,5 
7,75 
50 

57,60 

85 
3,05 
200 
28 

54.3 
0.684 
667 
17 

374 
273 

3,9.10 -z 
555 

214 
65,8 
0,76 
236 

112,5 
8,15 
50 
72 

92,5 
3,98 
200 
47 

60,7 
0,825 
667 
22 

J_ y+!. 
F 1 2 1 -~- - (6) 
F* Ni 9 

Values  of D, dc r i t ,  P0 and T were  ca l eu la t ed  for  v a r i o u s  Ma th  n u m b e r s  and s t agna t ion  t e m p e r a t u r e s ,  
for  Pp = P = 5-10 -a t o r t  and 8p = 57,000 l / s e e  which c o r r e s p o n d s  to cond i t ions  for  ideal  pumping  of the v a c -  
uum s y s t e m  with m a s s  flow G = 0.5 g / s e e .  The res t f l t s  a r e  shown in Tab le  1. 

It can be s een  f r o m  Tab le  1 that  the exit  d i a m e t e r  of an ideal  nozz le  fa l l s  off r ap id ly  with i n c r e a s e  

in M, and  depends  a p p r e c i a b l y  on the s t agna t ion  t e m p e r a t u r e  T 0. We used  th is  method  to ca l cu la t e  and 
c o n s t r u c t  two con ica l  n o z z l e s  for  M = 4 (D = 180) and M = 8 (D = 94), with opening  ang les  of 90 ~ in the sub -  
sonie  par t ,  and  30 ~ in the s u p e r s o n l e  p a r t .  The se  nozz l e s  were  used  for  a s e r i e s  of e x p e r i m e n t s  to study 
the effect  of the gas p a r a m e t e r s  in the f o r e - c h a m b e r  on the flow, the effect  of cool ing  of the noz z l e s  with 
wa te r  n e a r  the th roa t  and cool ing  by m e a n s  of l iqu id  n i t r o g e n  in the s u p e r s o n i c  r e g i on .  A Pi to t  tube was 
used  to study the d i s t r i b u t i o n  of total  p r e s s u r e  a long the ax is  and over  v a r i o u s  c r o s s  s ec t ions  of the je t .  
F i g u r e  2 shows the d i m e n s i o n l e s s  p r e s s u r e  p ro f i l e s  P0 ' /P0,  taken at the nozz le  exit  for  M = 8. Here  
cu rve  I c o r r e s p o n d s  to d i s c h a r g e  of a i r  with s tagna t ion  t e m p e r a t u r e  T e = 300~K, and cu rve  2 c o r r e s p o n d s  
to s t agna t ion  t e m p e r a t u r e  T o = 600~K. Curve  3 r e f e r s  to d i s c ha r ge  of a i r  with s tagna t ion  t e m p e r a t u r e  T O 
= 600 ~ with the nozzle  wal ls  cooled to T O = 100~ In al l  t h ree  e a s e s  the s ize  of the i s en t rop i c  core  r e -  
m a i n e d  p r a e t i e a l l y  unchanged,  but  with cool ing  of the nozz le  wal ls  it was o b s e r v e d  that the total  p r e s s u r e  
f ie ld  in the i s e n t r o p i e  co re  b e c a m e  m o r e  u n i f o r m .  With eool ing  of the nozz le  wal l s  (M = 4) an i n c r e a s e  in 
d i a m e t e r  of the i s e n t r o p i c  eo re  of roughly  10% was obse rved ,  a long with the i m p r o v e m e n t  in the co re  p r e s -  
s u r e  p ro f i l e .  The r e s u l t s  ind ica ted  that the je t  t o r e  d i a m e t e r  r e m a i n e d  p r a e t i e a l l y  unchanged  over  a s ig -  
n i f i can t  l ength  of the je t  and was of the o r d e r  42~ of the nozz le  exit  d i a m e t e r  at M = 4, and 39% for  M = 8. 
The  Mach n u m b e r  d i s t r i b u t i o n  was ca l cu l a t ed  f r o m  the p r e s s u r e  f ie lds  m e a s u r e d .  The r e s u l t s  show that 
the t r a n s v e r s e  M a t h  n u m b e r  g rad ien t  was neg l ig ib ly  sma l l ,  and the hor izon ta l  g rad ien t  dM/dx  was of the 
o r d e r  0.05 pe r  era .  The  n o z z l e s  were  i nves t iga t ed  unde r  d i f fe ren t  cond i t ions .  In the e x p e r i m e n t s  with 
the M = 8 nozz le  the f o r e - c h a m b e r  p r e s s u r e  (P0) was v a r i e d  f r o m  20 to 59 torr ,  the c h a m b e r  p r e s s u r e  
(Pc) was v a r i e d  f r o m  5.10 -a to 1 .4 .10  -a t o r t ,  and the m a s s  flow r a t e  G f r o m  0.2 to 0.6 g / s ee ,  while the 
v a r i a t i o n  in M did not exceed  0.2. S i m i l a r  r e s u l t s  were  ob ta ined  fo r  the M = 4 nozz l e .  In the reg ion  
s e l ec t ed  for  the tes t s ,  the j e t s  with m a s s  flow r a t e  O = 0.5 g / s e c ,  p roduced  in the Laval  nozz les ,  had 
the p a r a m e t e r s  shown in Tab l e  2. Here  

/- )4 (7) 

F u r t h e r  i n c r e a s e  in the Mach n u m b e r  of j e t s  ob ta ined  us ing  Laval  noz z l e s  would r e q u i r e  a s u b -  
s t an t i a l  i n c r e a s e  in the flow ra te ,  en t a i l i ng  an  i n c r e a s e  in the power  of the pumpi ng  s y s t e m .  T h i s  can  be 
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TABLE 2. Nozzle Jet  P a r a m e t e r s  with G = 0.5 g / s e c ;  T O = 600~ 

d--M Ucm tiT4 1<n~ D, rnm dcrit mm x, mm u, mm Po, torr Ream M --~-~-, --~j-, l /am 

180 52 150 x< 190 --40<y<40 0,71 173 4 0,02 0 0,3 
96 6 90 <: x < 130 --30 < y <30 63 250 8 0,04 0,02 0,5 

TABLE 3. P a r a m e t e r s  of J e t s  f r o m  M i c r o - N o z z l e s  with G = 0 .5  g / s e c ;  T O = 6 0 0 ~  
I 

Pcrit' ram. x, mm y, mm P0,torr Recm ~ d~i ~-~ -7;-' l/cm "~7' 1,,'em Kn6 

--30< y < 30 
--40 < y<40 
--20<y<20 

I 
II 

Ill 

255 31t 
645 490 

1980 1170 

14 
17 
19 

0,4 
0,t4 
0,8 

0,21 
0,1 
0,5 

0,787 
0,77 
0,557 

TABLE 4. P a r a m e t e r s  of J e t s  f r o m  P o r o u s  P l a t e s  with G = 0.5 g / s e c ;  T o = 600~K 

F~ dM Kn 5 Porous plate K, Darcy x, mm !!, mm &, tort Recm ~ , UC "-/Z' Ucm 

0,066 
0,64 
30 

I00<x<200 
100<x<200 
100<x<: 150 

--40<y<40 
--40<y<40 
--35 <y<35 

1054 
655 
41 

o - - 2  

475 
350 
I00 

22 0, 1 0,3 
20 0, I 0,3 
10 0,1 0,26 

1,01 
1,07 
1 

i 
-o,o 

I 

1 

J 
0,00~+ 

i 
I 

] 

I 
1 100<:x< t50 
2 100<x<250 
3 , 50<x< 150 

o o,~ o,e - ~  ~/'~ 

Fig .  2 F ig .  3 

F ig .  2. D i m e n s i o n l e s s  s t agna t ion  p r e s s u r e  p rof i l e  at the nozz le  

exit  for  M = 8: 1) at T O = 300'K; 2) 600~ 3) 600~K with l i qu id  n i -  

t r ogen  cool ing  of the s u b l a y e r .  

F ig .  3. V i s u a l i z a t i o n  of an u n d e r - e x p a n d e d  jet  of n i t r o g e n  d i s -  

c h a r g i n g  f r o m  a m i c r o - n o z z l e  with dc r i t  = 3 m m  (P0 = 255 t o r t ;  

T O = 600'Is 

avoided  by t u r n i n g  to o the r  me thods  of ob ta in ing  h y p e r s o n i c  j e t s .  One method  for  ob ta in ing  low dens i ty  
high Mach n u m b e r  flow is  to use  f r ee  unde r e xpa nde d  j e t s .  In th i s  event  the je t  d i s c h a r g e s  e i t he r  through 
an a p e r t u r e  in a thin wall ,  o r  th rough  a m i c r o - n o z z l e .  In the e x p e r i m e n t s  h e r e  m i c r o - n o z z l e s  were  used  
with th roa t  d i a m e t e r s  of 3, 2, and  1 m m .  The  gene ra l  c on f i gu r a t i on  of the j e t s  and the n a t u r e  of g e o m e t r y  
of the shocks  were  i n v e s t i g a t e d  by a v i s u a l i z a t i o n  method .  A typ ica l  l u m i n o u s  p i c t u r e  of an unde rexpanded  
je t  of n i t r o g e n  d i s c h a r g i n g  th rough  a m i c r o - n o z z l e  with dc r i t  = 3 is  shown in F ig .  3. The  long i tud ina l  and 
t r a n s v e r s e  Mach n u m b e r  g r a d i e n t s  in the j e t s  a re  r a t h e r  l a rge ,  the m a x i m u m  va lue  be i ng  on the o r d e r  of 
1 / c m .  However ,  n e a r  the Mach d isk  the re  is  a zone of s m a l l e s t  g r a d i e n t s .  In the r e g i ons  chosen  for  the 

t e s t s  the j e t s  ob ta ined  f r o m  m i c r o - n o z z l e s  had the p a r a m e t e r s  shown in  Ta b l e  3. 

The next  s tep was to i nves t i ga t e  j e t s  ob ta ined  with d i s c h a r g e  th rough p o r o u s  p l a t e s .  We i n v e s t i -  
ga ted  t h r ee  types  of p o r o u s  p la tes ,  I, II, and  III, with d i f fe ren t  p e r m e a b t l i t i e s .  The i n v e s t i g a t i o n s  showed 
that  a d i s c h a r g e  th rough  a p o r o u s  p la te  is s i m i l a r  in n a t u r e  to an unde r e xpa nde d  jet ,  with c h a r a c t e r i s t i c  

b a r r e l - s h a p e d  suspended  shock waves  and a Mach d isk .  
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Figure  4 shows a typical  distr ibution of the total p r e s s u r e  f ield in a d i scharge  f r o m  porous  plate I. 
The r e su l t s  show that the m a x i m u m  d i a m e t e r  of the i sent ropic  pa r t  of the jet is about 140 ram, and the d is -  
tance to the Mach disk is about 350 ram.  The porous  p la tes  II and III with l a r g e r  pe rmeab i l i t i e s  were  also 
invest igated.  The r e s u l t s  a r e  shown in Table  4. It can be seen that a porous  plate can be used to obtain 
quite a uni form flow with a cons iderable  region of isentropic  core .  

Compar ing  the r e s u l t s  one can conclude that to obtain supersonic  flow at smal l  M (M < 10) without 
gradients ,  the Laval  nozzle is the mos t  sui table.  To c rea t e  hypersonic  flow of a r a r e f i e d  gas it is expe-  
dient to use an underexpanded jet  or  d ischarge  f r o m  porous  plates ,  and the flow downs t ream of porous  
p la tes  gives s m a l l e r  grad ien ts  of M in the je t s  than for  d i scharge  f r o m  m i c r o - n o z z l e s .  

N O T A T I O N  

Red, Reynolds number ,  r e f e r r e d  to the external  d i ame te r  of the Pitot  tube; D, nozzle d iameter ;  
6, boundary l a y e r  thickness;  P0, stagnation p r e s s u r e ;  T 0, stagnation t empe ra tu r e ;  T w, t e m p e r a t u r e  of 
nozzle wall in the supersonic  par t ;  F, a rea  of nozzle exit section; Sp, pumping speed at the pump inlet 
points;  N, volume flow rate ,  r e f e r enced  to a p r e s s u r e  of 1 to r r ;  Pp, p r e s s u r e  at the pump inlet or i f ices ;  
Pd '  p r e s s u r e  in the diffuser;  Pc,  cham be r  p r e s s u r e ;  F*, a r ea  of nozzle throat;  p~ ,  stagnation p r e s s u r e  
behind normal  shock; Recto, Reynolds number  r e f e r r e d  to 1 cm; M, x ave rage  of axial Mach number  for  
a given section of the jet; l, mean f ree  path; dM/dy, t r a n s v e r s e  Mach number  gradient  for  a given jet 
section, ave raged  ove r  x and y; dM/dx, longitudinal Mach number  gradient  for  a given jet section, a v e r -  
aged over  x and y; Kns, Knudsen number ,  r e f e r enced  to 5; AMma x, m a x i m u m  var ia t ion  in M in the core  
for  a y var ia t ion  of 10 ram; h, th ickness  of porous  plate;  dpl, plate d iamete r ;  K, poros i ty  of plate;  k, ra t io  
of specific heats;  R, nozzle exit rad ius .  
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