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The author examines the process of flow from one or more supersonic 
nozzles into a chamber with a diffuser or a wide cylindrical tube. 
The characteristic regimes are established. An analysis of the experi- 
mental data shows that the chamber pressure is at a minimum when 
critical flow conditions exist at the diffuser outlet. 

In c e r t a i n  equipment ,  such as wind tunnels ,  s u p e r -  

sonic gas e j e c t o r s ,  etc . ,  a supe r son ic  je t  e j ec t s  a i r  

f rom a c e r t a i n  c losed  space  the reby  c r ea t i ng  reduced  
p r e s s u r e .  At the out let  f r o m  these  s y s t e m s  the re  is 
usua l ly  a supe r son ic  d i f fuse r  or ,  m o r e  commonly ,  a 
cy l ind r i ca l  exhaus t  channel.  When a i r  is  not suppl ied 
f r o m  the outside,  apar t  f r o m  the nozz le  (i. e., when 
the e j ec t ion  coef f ic ien t  is  zero) ,  a t heo re t i c a l  ana lys i s  

is diff icul t ,  s ince  it is n e c e s s a r y  to take into account  
the v i s c o s i t y  on the ini t ia l  sec t ion  of the je t  and con-  
s i de r  the p r o c e s s  of r e c o n s t r u c t i o n  of the f r e e  je t  
into a channel  flow. 

To e s t ab l i sh  the c o r r e s p o n d i n g  phys ica l  flow model ,  
we c a r r i e d  out a l a r g e  number  of e x p e r i m e n t s  [1] on 
mode l s  of the type i l l u s t r a t e d  in Fig. 1. The e x p e r i -  
men t s  w e r e  p e r f o r m e d  with cold a i r  (k = 1.41). 

The i m m e d i a t e  object  of the e x p e r i m e n t s  was to 
d e t e r m i n e  the e f fec t  of the g e o m e t r i c  p a r a m e t e r s  Fe ,  
l, L, and the M a number  on the dependence of the 
c h a m b e r  p r e s s u r e  Pc on the p r e s s u r e  u p s t r e a m  f r o m  
the nozz le  P0 and a s c e r t a i n  the p r e s s u r e  reduc t ion  
m e c h a n i s m .  

A typical  r e s u l t  is p r e s e n t e d  in Fig. 1, whe re  Pc 
is plot ted aga ins t  P0. These  c u r v e s  take d i f fe ren t  
f o r m s  depending on the length of the channel  F. At 

I < / o p t  (curve  A on the graph),  as P0 i n c r e a s e s  the 
c h a m b e r  p r e s s u r e  f a l l s  s l ight ly  (branch I of the curve)  

unti l  P0 r e a c h e s  a c e r t a i n  value.  Then, any sma l l  in-  

c r e a s e  in P0 r e s u l t s  in a nonsteady p r o c e s s  of v a r i a -  
t ion of Pc  (i. e., Pc fa l l s  cont inuously at P0 = const) ,  
which cont inues  unti l  (branch II of the curve)  Pc 
r e a c h e s  a m i n i m u m  value  lying on the b ranch  of the 

cu rve  c h a r a c t e r i z i n g  the nli  m r e g i m e  co r r e spond ing  
to the condit ion P c / P 0  = const  (branch III of the curve) .  
Then the p r e s s u r e  in the c h a m b e r  becomes  p r o p o r -  
t ional  to the p r e s s u r e  u p s t r e a m  f r o m  the nozzle .  

A t / o p t  (Fig.  1, cu rve  B), the p r e s s u r e  Pc fa l l s  
monton ica l ly  as P0 i n c r e a s e s ,  r each ing  a m i n i m u m  

value  (Pc)min,  and the nli m r e g i m e  sets  in. The 
quanti ty nli m does not depend on the length of the out-  

l e t  c h a n n e l / .  The m a x i m u m  vacuum a lso  c o r r e s p o n d s  

to l >-/opt; m o r e o v e r ,  when l >-/opt the m i n i m u m  of 
Pc is r e ached  at the l e a s t  (as compared  with l < /op t )  
pressure upstream from the nozzle Pure. 
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Fig.  1. Chamber  p r e s s u r e  Pc,  a tm abs. ,  as a function 
of the p r e s s u r e  u p s t r e a m  f rom the nozz le  P0 arm abs. ,  
at M a = 2.45, Fe  = 16, L = 4.0 (open c i r c l e s - - l =  6, 
solid c i r c l e s - - T =  2): 1) nozzle ,  2) chamber ,  3) out let  

channel.  

As a r e s u l t  of an ana lys i s  of the e x p e r i m e n t a l  data 
we es t ab l i shed  the phys ica l  p i c tu r e  of the p r o c e s s e s  

in the c h a m b e r  when I </opt"  In this  ca se  b ranch  I 

of the Pc = f(P0)  curve  c o r r e s p o n d s  to sma l l  va lues  
of n. M o r e o v e r ,  in sec t ion  b the j e t  has t r a n s v e r s e  
d imens ions  much s m a l l e r  than the c l e a r  c r o s s  sec t ion  
of the out le t  channel,  and the re  is  an annular  gap be-  
tween the outer  edge of the j e t  boundary l aye r  and the 

channel wal ls .  
Owing to turbulent  t r a n s f e r  the je t  pass ing  through 

the c h a m b e r  and the out let  channel p icks  up and en-  

t r a in s  a c e r t a i n  m a s s  of a i r .  In the c o u r s e  of t i m e  (at 
P0 = const) the p r e s s u r e  in the c h a m b e r  should fall  as  

a r e s u l t  of m a s s  en t ra inment ,  but, as e x p e r i m e n t s  
show, it  does not depend on t ime  at constant  P0. This 
ind ica tes  the p r e s e n c e  of a constant  m a s s  influx through 
the annular  gap be tween the channel  wa l l s  and the je t  
to compensa t e  for  the addit ional  m a s s  of the jet .  D i r e c t  
e x p e r i m e n t a l  inves t iga t ion  c o n f i r m s  the p r e s e n c e  of 
this  counterf low,  the p r e s s u r e  in it fa i l ing f r o m  the 
ambien t  p r e s s u r e  to the p r e s s u r e  l eve l  in the chamber .  

As P0 increases, so does n, and hence the cross 

section of the jet increases. The annular gap is re- 

duced and the pressure falls, while the velocity in the 

counterflow Vc increases, since at each instant of 

time the flow rate in the reverse stream must be equal 

to the additional mass of the jet. This continues until 

the velocity of the counterflow in section b becomes 

equal to the Critical velocity Vc = acr. Further in- 
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c r e a s e  in P0 leads  to a d e c r e a s e  in the a r e a  of the 

annular  gap, but, obviously,  the ve loc i ty  v c cannot 

i n c r e a s e  any more .  Star t ing f rom this  instant,  the 
flow ra t e  in the r e v e r s e  d i r ec t ion  can no longer  c o m -  
pensa te  the addit ional  m a s s  of the jet,  and a nonsteady 
p r o c e s s  of r e m o v a l  of m a s s  f rom the chambe r  ensues .  
The chambe r  p r e s s u r e  fa l l s  at constant  P0. This c o r r e -  
sponds to b ranch  II of the curve  in Fig.  1. This  q u e s -  
t ion was examined  in deta i l  in [2]. 

The t r ans i en t  p r o c e s s  ends when the outer  edge of 
the je t  begins  to touch the wal ls  of the outlet  channel.  

A fu r the r  i n c r e a s e  in P0 leads  to a r e o r g a n i z a t i o n  
of the flow field in the outlet  channel unti l  the s t r e a m -  

l ine in the je t  boundary l aye r  on which the ve loc i ty  is  
equal to the c r i t i c a l  value touches the edge of the chan-  

nel inlet .  This  m a r k s  the beginning of the nli  m r eg im e .  
This a rgument ,  appl icable  to the s i tuat ion when the 

out le t  channel is not suf f ic ient ly  long (l < /opt) is i l l u s -  
t r a t ed  in Fig.  1 by the ve loc i ty  f ie lds  at the exi t  s e c -  
tion of the outlet  channel.  

It is c l e a r  f rom Fig.  1 that On b ranch  I of cu rve  A 
the re  a r e  two flows in the exi t  sect ion:  the je t  p r o p e r  
and a su r round ing  annular  coun te r j e t  with ve loc i ty  v c. 

At l >- /opt, the ve loc i ty  f ie lds  co r r e spond ing  to 

P0 > P0m a re  uniform.  Sharp nonuni formi ty  develops  

only at P0 > P0m. 
If l -> /opt, the je t  a l m o s t  i m m e d i a t e l y  touches  the 

edge of the channel wal ls ;  b ranch  II of the cu rve  is 
v e r y  sma l l  and is n o t d e t e c t e d e x p e r i m e n t a l l y ,  although 
it undoubtedly ex is t s .  

The p r o c e s s e s  a r e  al l  s i m i l a r  in c h a r a c t e r  when 

the c h a m b e r  and ou t le t  channel  a r e  r ep l aced  s imply  
by a wide tube or  when s e v e r a l  nozz les  a r e  ins ta l l ed  
in any o r d e r  in the bot tom of a wide tube. 

Obviously,  then, the c h a r a c t e r i s t i c  quant i t ies  a r e  

as follows: the m i n i m u m  chamber  p r e s s u r e  (Pc)rain, 
the total p r e s s u r e  u p s t r e a m  f r o m  the nozz le  P0m at 

which (Pc)rain is r eached ,  and the ra t io  nli m. M o r e -  
over ,  t he r e  is a ce r t a in  opt imal  length of the out let  

channel  /opt which e n s u r e s  m a x i m u m  p r e s s u r e  r e d u c -  
t ion at  the l e a s t  p r e s s u r e  u p s t r e a m  f r o m  the nozzle .  

The quanti ty lop t depends only on the M a number  at 
the nozz le  exi t  and can be found f r o m  the e m p i r i c a l  
f o r m u l a  

F=I 78M~. 

A gene ra l i z a t i on  of the expe r imen t a l  data has shown 
that when M a = eonst  the p r e s s u r e  u p s t r e a m  f rom the 
nozz le  at which the chambe r  p r e s s u r e  is a m i n i m u m  
(provided that l >/opt)  is d i r ec t l y  p ropor t iona l  to the 
r e l a t i ve  c l e a r  c r o s s  sec t ion  of the outlet  channel Fe- 
An example  of this gene ra l i z a t i on  is shown in Fig.  2, 
where ,  as  may  seen  f r o m  the graphs ,  the p r o p o r t i o n a l -  
i ty fac to r  depends on M a. Thus, we have e x p e r i m e n t a l l y  
de omons t r a t ed  the ex i s t ence  of the condit ion 

P0m 
Te -- const whenM~ = const. (1) 

The ra t io  lgma/~" e is shown as a function of M a in 
Fig.  3, f r o m  which it fol lows that at a given M a t_he 

length of the c h a m b e r  }-, has a l m o s t n o  ef fec t  on P 0 m /  
/ F  e (at any ra te  within fa i r ly  wide l imi t s ,  ~, = 0-7) .  
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F i g .  2. P ressure  Pore, atm abs., at 
l -> /opt as  a function of the a r e a  of 
the outlet  channel  Fe  at L = 4: 1) M a = 
= 1.0; 2) 2.02; 3) 2.45; 4) 2 .85;5)3 .37 .  
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Fig.  3. The ra t io  P0m/l~e as a function 
of the Mach number  at the nozz le  exi t  
M a for  d i f fe ren t  mode l s  ( c u r v e - - c a l c u -  
la t ions  based  on Eq. (4); s t a r - - g r o u p  
of four  nozzles) :  1) L = 1.5; 2) 4.0; 

3) 7.0. 

Essen t i a l l y ,  P0m is  a quanti ty d i r e c t l y  p ropor t iona l  
to the flow ra te  through the nozz le  (in s u p e r c r i t i c a l  

r eg imes ) .  Consequently,  (1) can be r e p r e s e n t e d  as 
follows: 

ago 
Fe  --  a p e v  ~ = const, (2) 

s ince  the flow ra te  through the nozz le  G O is equaI to 
the flow ra t e  through the out let  channel  G e. Here ,  a 
is  a coef f ic ien t  depending on the gas  constant ,  the 
adiabat ic  exponent,  and the s tagnat ion t e m p e r a t u r e  
u p s t r e a m  f rom the nozzle .  It is eas i ly  d e t e r m i n e d  
f r o m  known re la t ions .  

A va r i e t y  of condit ions may  exis t  in the c h a m b e r  
and the outlet  channel.  At sma l l  H e the flow f r o m  the 
nozz le  wil l  be c h a r a c t e r i z e d  by ove rexpans ion  and 
the flow may  sepa ra t e  f r o m  the nozz le  wal l s ;  on the 
o ther  hand, at  h ighe r  va lues  of Fe  the underexpanded 
je t  is c h a r a c t e r i z e d  by a complex  s y s t e m  of shock 
waves  that causes  an e x t r e m e l y  nonuniform ve loc i ty  
f ie ld  at the inlet  to the outlet  channel and cons ide rab l e  
total  p r e s s u r e  l o s s e s .  Broad va r i a t ion  of the c h a m b e r  
length L should a lso  lead to cons ide rab l e  d i f f e r ences  
in the c h a r a c t e r  of the p r o c e s s .  However ,  as  fol lows 
f r o m  Fig. 2 r e l a t ion  (2) a lways  holds wha teve r  the 
condit ions.  



Comparison of Calculated and Experimental Values of P0m and (Pc)min 

Ma 

2,45 

2.85 

Pore, atm obs. 

E 
calc. from I experim. 

(4) 

38_ 1 36 

31.2 29 

APom, % 

5.5 

7 

(Pc)rain, atm, abs, 

calc. from experim. 
(s) 

O. 197 O. 200 

O. 171 0~ 160 

a(Pc )re, in, % 

1.5 

5.5 

M e a s u r e m e n t  of the ve loc i ty  f ie lds  at the exi t  f r o m  

the out let  channel in va r i ous  typical  r e g i m e s  (Fig.  1) 
shows that in the r e g i o n w h e r e  the p r e s s u r e  Pc r e a c h e s  

a m i n i m u m  (i. e. ,  at P0 = P0m), the na tu re  of the f ie ld  
changes  sharply .  

It fol lows that  the only point  where  the flow con-  
di t ions r e m a i n  unchanged is  the exi t  sec t ion  of the 
out let  channel.  It is  na tura l  to a s s u m e  that  this point  
is c h a r a c t e r i z e d  by a flow with c r i t i c a l  p a r a m e t e r s  

when P0 = P0m. 
We can now wr i te  the equat ion r e l a t ing  the flow 

r a t e s  through the nozz le  and the exi t  sec t ion  of the 
out let  channel  for  the r e g i m e  in which Pc r e a c h e s  i ts  
m i n i m u m  value:  

PomF~ q(Xa) P~7..q(~.e~) Fe ~ m  .~,~ % m (3) 

E x p e r i m e n t a l  inves t iga t ions  of the p r e s s u r e  d i s -  
t r ibut ion  along the wal l s  of the outlet  channel  show 
that in the exi t  sec t ion  it is a lways equal to the ambient  

p r e s s u r e  Pn" M o r e o v e r ,  for  the c r i t i c a l  flow r e g i m e  
at the channel exi t  q(Xem ) = 1. Then, se t t ing  To = Toe, 

fio~ __ Po.~ F~ __ % 1 ( 4 )  

T e P~ F e ~ z~ (~.~m) q 0~) 

Here ,  ~a  and ~e a re  the flow coef f ic ien ts  of t h e n o z z l e  
and the outlet  channel.  E x p r e s s i o n  (4) c o r r e s p o n d s  
qua l i t a t ive ly  to e x p r e s s i o n  (1) obtained on the bas i s  of 
a gene ra l i z a t i on  of the e x p e r i m e n t a l  data. Calcula t ions  
based  on (4) a r e  in good a g r e e m e n t  with the e x p e r i -  
menta l  data at ~e/~a = 0.5 i rresp_ect ive of the M a 
n u m b e r  and the va lues  of F e and L. 

Vary ing  the p a r a m e t e r s  ove r  a wide range  leads  to 
cons ide rab l e  changes in the total  p r e s s u r e  l o s s e s  due 
to impor t an t  changes  in the s y s t e m  of shock waves  in 

the jet .  The only e l e m e n t  to be r e t a ined  in the e x p e r i -  
men t s  is the shape of the exi t  s ec t ion  of the outlet  
channel  and, obviously,  the coef f ic ien t  (9 e is c o m -  
p le te ly  d e t e r m i n e d  by this e lement .  This is r e i n f o r c e d  
by the fact  that in r e l a t ion  to mode l s  of o ther  shapes  
(flow into a wide tube f r o m  a s ingle  supe r son ic  nozz le  
or  a group of nozz les )  the na tu re  of the va r i a t ion  of 
base  p r e s s u r e  as a function of the p r e s s u r e  P0 is the 
same  as in the bas ic  s i tua t ion  cons ide r ed  above. In 
these  ca se s ,  too, the p r e s s u r e  P0m is in good a g r e e -  
merit with the ca lcu la ted  value  (Fig.  3) at ~e/~a = 0.5. 

It should be noted that in examin ing  flow into a 
c h a m b e r  or  a wide tube f r o m  a group of s e v e r a l  nozz le s ,  
the a r e a  of the out let  channel  F e m u s t  be r e l a t ed  to 
the total  a r e a  of the exi t  s ec t ions  of al l  the nozz les .  

The value  of nli m can be found by the method p r o -  
posed in [3], but with ce r t a in  r e f inemen t s .  In [3] it is  
a s sum ed  that  the n l im r e g i m e  deve lops  when the ideal  
boundary of the j e t  touches  the edge of the in le t  to the 

out let  channel.  It appea r s ,  however ,  that  c l o s e r  a g r e e -  
ment  with e x p e r i m e n t  can be obtained by a s suming  that 
the n l im r e g i m e  is r e a l i z ed  when the s t r e a m l i n e  in the 
boundary l a y e r  of the je t  on which the ve loc i ty  is equal  
to the c r i t i c a l  value  touches  the edge of the inlet.  The 

ve loc i ty  d i s t r ibu t ion  in the boundary  l a y e r  can be found 
f r o m  the f o r m u l a  

: t  - , (5) 

and the condit ion nil  m c o r r e s p o n d s  to 

I" e = r t Jr- t j  l ~ , = l .  (6) 

Since the point  P0m l i es  on the branch of the Pc = 
: f(P0) curve  a l m o s t  co r r e spond ing  to the nli m r e g i m e ,  
knowing nl im,  we can eas i ly  d e t e r m i n e  the m i n i m u m  
cham ber  p r e s s u r e  (Pc)rain or  the base  p r e s s u r e .  

Since 

we have 

P~ _ P o ~ ( ~ )  (7) 
n l i 2  p~ P~ ' 

(Pc)rnin -- P~ ~Pe ~ (~'a) ~'e (8) 
nlim n lirnq (}~a) " 

Values  of P0m and (Pc)min  d e t e r m i n e d  f rom the r e l a -  
t ions obtained above, and the i r  e x p e r i m e n t a l  values ,  
a r e  p r e s e n t e d  in the table.  

F r o m  the table  it is c l ea r  that  on ave rage  the d i s -  
c repancy  does  not exceed  5%. 

The r e g i m e  co r r e spond ing  to (Pc)rain is the m o s t  

i n t e r e s t i ng  f rom the standpoint  of appl ica t ions .  Using 

the above r e l a t i ons  we can a lso  find the total  p r e s s u r e  
l o s s e s  in this r eg ime :  

Poe - ~ l  q(~o) (9) 
:= P0~-= % Fe 

It should be noted that the ca lcu la t ions  and e x p e r i -  
men t s  show that in the P0m r e g i m e  the total  p r e s s u r e  
l o s s e s  r each  a m a x i m u m  and at n = nli m re t a in  this 
value.  Calcula t ions  based on Eq. (9) ag ree  with the 
e x p e r i m e n t a l  data  to within 15%. Thus, i t  is poss ib l e  
to d e t e r m i n e  the c h a r a c t e r i s t i c  quant i t ies  n l im,  P0m, 

(Pc)rain,  and #. 
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NOTATION 

F e is the clear cross section of the outlet channel; 
F a is the area of the nozzle exit section; Fe = Fe/Fa 
is the relative flow section of the outlet channel; L is 

the length of the chamber; I is the length of the outlet 

channel; d a is the diameter of the nozzle exit section; 

d e is the diameter of the outlet channel flow section; 

L = L/d a is the relative length of the chamber; l= 

= I/d e is the relative length of the outlet chambers 

r e = de/2; Fop t is the relative length of the outlet 

chamber ensuring minimum chamber pressure; rt is 
the coordinate of the boundary of an ideal jet; b is the 
thickness of the jet boundary layer; y is the variable 
coordinate (the y-axis is directed from the boundary 

of the ideal jet toward the outer edge of the boundary 
layer); k is the adiabatic exponent; g = 9.81 m/sec 2 

is the acceleration of gravity; R is the gas constant; 

acr is the critical velocity; M is the Mach number; 

= V/acr is the characteristic velocity; P is the pres- 

sure; T is the temperature; p is the density; v is the 

velocity; p is the total pressure loss. 

k l 

7:(k)= 1 k + l  , q(X)=), • 

i 

• 1 ~ + 1  

mq ('Aa) Fa 

Subscripts: 0--stagnation parameters upstream from 
nozzle; a--parameters at nozzle exit; c--parameters 

in chamber or wide tube (outside jet); m--parameters 

in regime corresponding to minimum Pc; n--param- 

eters of ambient medium; e--parameters in exit sec- 

tion of outlet channel; t--parameters at boundary of 
ideal jet. 
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