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Empi r i ca l  re la t ions  a r e  der ived  for  de te rmin ing  the r anges  of s table  and unstable  in terac t ion  
between a jet  and a b a r r i e r  and for  de te rmin ing  the d i sp lacement  of the cent ra l  compres s ion  
shock and of the t r ip l e  point f rom the b a r r i e r .  

The authors  genera l i ze  h e r e  the r e su l t s  of exper imenta l  s tudies  concerning the wave s t r u c t u r e  in a 
jet  impinging on an infinitely l a rge  flat b a r r i e r  located within the ini t ial  jet  region perpendicu la r ly  to the 
jet  axis .  The t e s t s  were  p e r f o r m e d  with a i r  je ts  d i scharg ing  f rom conical nozzles  (d iameter  of the exi t  
sect ion d e = 12, 20 m m  and s e m i v e r t e x  angles ~ v  = 5, 17~ The Mach number  at the exit sect ion of the 
nozzles  was Ma = 1-3, the ineff iciency ra t io  n = Pe /Pa  va r i ed  f rom 1.2 to 36. Photographs of the wave 
s t r u c t u r e  before  the b a r r i e r  we re  taken with the aid of a model  IAB-451 optical  device (Tepler  ins t rument) .  
The s ta t ic  and the stagnation p r e s s u r e s  at the b a r r i e r  we re  m e a s u r e d  with model DD-10 inductive p robes  
of the model  ID-2I  ins t rument  se t .  The p robe  readings  were  r eco rded  on a model  N-115 loop osc i l lograph.  
A detai led descr ip t ion  of the t es t  stand, the ins t rumenta t ion ,  the t es t  p rocedure ,  and the data p roces s ing  
was given in [1]. The resu l t s  were  compared  with ce r ta in  t e s t  data on the in terac t ion  between h i g h - t e m -  
p e r a t u r e  je t s .  

The in terac t ion  between a superson ic  jet  with a b a r r i e r  is cha rac t e r i zed  by the occu r rence  of a cen-  
t r a l  c o m p r e s s i o n  shock 4 in the je t  be fore  the b a r r i e r  (Fig. 1). An in te r sec t ion  between the cent ra l  shock 
4 and a dropping shock 5 r e su l t s  in a r e f l ec ted  shock 6 and the fo rmat ion  of a tangential  discontinuity s u r -  
face 7 (i. e. ,  the fo rmat ion  of a t r ip l e  node at point T). The tangential  discontinuity su r face  s e p a r a t e s  the 
subsonic  flow behind the cent ra l  c o m p r e s s i o n  shock f rom the ord inary  supersonic  flow behind the re f lec ted  
shock.  The s t r u c t u r e  of shock waves  in the je t  va r i e s  with the d is tance  h as follows: 

1) The c o m p r e s s i o n  shock curves  toward the  nozzle,  at d is tances  h approx imate ly  equal to the d i s -  
tance  f rom the nozzle  throa t  to the point where  the f i r s t  c h a r a c t e r i s t i c  or iginat ing at the nozzle  edge i n t e r -  
sec t s  the nozzle  axis .  

2) With inc reas ing  dis tances  h, the cen t ra l  c o m p r e s s i o n  shock may  pass  through inflections and then 
cu rves  toward  the b a r r i e r .  

3) With st i l l  l a r g e r  d is tances  h, the flow becomes  uns table  (h = hli) [1, 2]. The wave s t r u c t u r e  in the 
jet  be fore  the b a r r i e r  f luctuates at a high f requency and appea r s  ve ry  smudgy on the photographs .  The 
unstable  mode of in te rac t ion  between je t  and b a r r i e r  is  a c c o m p a n i e d b y  a genera t ion of s t rong  acous t ic  
waves in the surrounding space .  P r e s s u r e  m e a s u r e m e n t s  [1, 2] have shown that  t h e  occu r r ence  of a s t rong  
instabi l i ty  is  r e l a t ed  to the appearance  of a pe r iphe ra l  p r e s s u r e  peak  at the b a r r i e r .  No breakdown of the 
wave s t r u c t u r e  was noted at high values of the inefficiency ra t io  n, although the s ta t ic  p r e s s u r e  peaked out 
at the b a r r i e r .  

4) As the dis tance h between b a r r i e r  and nozzle  i n c r e a s e s  fur ther ,  the instabi l i ty  of the wave s t r u c -  
tu re  abates ,  until at some  dis tance  the compres s ion  shocks become s table .  According to Fig. 2, where  I 
r e p r e s e n t s  the zone of s t rong  instabi l i ty ,  the range  of d is tances  h at which s t rong  ins tabi l i t ies  occur  
n a r r o w s  down with i n c r e a s i n g  ineff iciency ra t io .  
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Fig. 1. Displacement Of compress ion  shock ~c and of 
t r ip le  point e T from the b a r r i e r :  e e (1), e T (2), e 
/ x  M -=- h/xM --1 (3), central  compress ion  shock (4), 
dropping compress ion  shock (5), ref lected compres -  
sion shock (6), tangential discontinuity (7). 

5) During cer ta in  modes of jet d ischarge  there  is an interval of second instabili ty (h := h2i) (Fig. 2, 
zone iI). The acoustic field and the fluctuations of the wave s t ruc ture  are  m u c h  weaker here  than during 
the f i rs t  instabili ty mode. 

6) The weak instability is  followed by a stepwise t ransi t ion to stable interact ion between jet and 
b a r r i e r  (h = h . ) .  Here the s t ruc ture  of shock waves corresponds  to the position of shock waves in the 
f i rs t  "rol l"  in an i m m e r s e d  jet ,  and before the b a r r i e r  there  appears a second central  compress ion  shock. 
A per ipheral  p r e s s u r e  peak at the b a r r i e r  occurs  within the entire interval of distances hli <- h -< h . .  At 
high inefficiency rat ios  such a peak will occur  also when h ~ h . .  

The general  features of this t rend in the variat ion of the wave s t ruc ture  were observed throughout the 
entire range of p a r a m e t e r  values during jet d ischarge  from the nozzles .  Depending on Ma and n, however,  
each of the h intervals  had its pecul iar  cha rac te r i s t i c s .  These have been analyzed thoroughly in [1, 2]. 

P r e s s u r e  measurements  at the b a r r i e r  and process ing  of over 250 Tepler  photographs have yielded 
cer ta in  empir ical  formulas  for finding the location of shock waves in a jet before a ba r r i e r ,  as a function 
of the jet d ischarge  pa rame te r s  (Ma, d e, k, n) and the distance h from the nozzle throat  sect ion to the 
b a r r i e r .  The maximum rela t ive  e r r o r  in measur ing  the l inear  dimensions on the photographs did not ex- 
ceed 2%. 

The graph in Fig. 3 represen ts  the relat ion between the b a r r i e r  position at the s ta r t  of the f i rs t  
�9 (strong) flow instability and the jet d ischarge  pa rame te r s .  The values of hli were determined f rom Tepler  

h,i ~ i  

/,~ o,9 i'-.. ~ ,  . 

Fig. 2 Fig. 3 

Fig. 2. Boundaries of unstable interaction between jet 
and barrier, at Ma=2, k= 1.4, ~v= 5~ zone of 
strong instability (1), zone of weak instability (}I). 

Fig. 3. Start of a strong instability (appearance of a 
peripheral pressure peak): according to Eq. (1) (1), 
according to Eq. (1') (2). 
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Fig .  4. Some  t e s t  v a l u e s  fo r  t he  d i s t a n c e  f r o m  the  n o z z l e  
exi t  s e c t i o n  to  the  c e n t r a l  c o m p r e s s i o n  s h o c k  (Xe): Ma 
= 1.0 and n = 36.0 (1), 31.4 (2), 26.2 (3), 15.9 (4), 7 .55  
(5), Ma = 1.5 and n = 20.8 (6), 15.9 (7), 5.1 (8), Ma = 2.0 
a n d n = 9 . 8  (9), 7.55 (10), 5 . 1 ( 1 1 ) ,  M a = 2 . h a n d n =  5.1 
(12), 2.45 (13), M a = 3 . 0 a n d n = 2 . 4 5 ,  k =  1.25, 0 v = 1 7  ~ 
(14), Ma = 2.0 and n = 25 (15), 15 (16), Ma = 3.0 and r~ 
= 4 (17), 2.5 (18), t r a n s i t i o n  to  Xc[X M = 1 at  Ma = 3.0 and 
n = 2.45 (19), at  Ma = 2.0 and n = 9.8 {20). 

p h o t o g r a p h s  (hli r e p r e s e n t i n g  the  d i s t a n c e  at  which the  wave  s t r u c t u r e  in  the  j e t  b e f o r e  t he  b a r r i e r  began  

to  b r e a k  down) as  wel l  as  f r o m  the  d i s t r i b u t i o n  of s t a t i c  p r e s s u r e  at  t he  b a r r i e r  ( b a s e d  on the  a p p e a r a n c e  
of a p e r i p h e r a l  p r e s s u r e  peak) .  The  v a l u e s  of h t i  have  been  r e f e r r e d  h e r e  to  t he  c o r r e s p o n d i n g  d i s t a n c e  
x M f r o m  the  n o z z l e  to  the  Mach  c i r c l e  in  an i m m e r s e d  j e t  ( l ine  1) (the v a l u e s  of x M w e r e  m e a s u r e d  on 
T e p l e r  p h o t o g r a p h s  of i m m e r s e d  j e t s )  o r  to  t he  quan t i ty  deMa  kr ( l ine 2). The  t e s t  v a l u e s  of  h l i  w e r e  ob -  
t a i n e d  at  Ma  = 1.0, 1.5, 2.0, 2.5, and 3.0 o v e r  a wide  r a n g e  of n .  F o r  each  v a l u e  of Ma we ob t a ined  at  
l e a s t  10 v a l u e s  of h t i /XM f r o m  which  then  the  m e a n  va lue  h i i / x  M was  found by a v e r a g i n g .  The  s t a n d a r d  
d e v i a t i o n  of  po in t s  f r o m  th i s  m e a n  v a l u e  d id  not  e x c e e d  0.02 fo r  a l l  Mach n u m b e r  v a l u e s .  The  fo l lowing  
l i n e s  w e r e  f i t t ed  t h rough  the  t e s t  po in t s  (F ig .  3): 

h l i  : t.26--0.17Ma, (1) 
X M  

hli  _ - = = 0 . 8 8 - - 0  12Ma. ( I ' )  
deMa V kn 

The  s t a n d a r d  d e v i a t i o n  of po in t s  was  a '  = 0.028 f r o m  l i ne  1 and  u" = 0.020 f r o m  l i ne  2. 

D i s p l a c e m e n t s  of the  c e n t r a l  c o m p r e s s i o n  shock  e c and  of the  t r i p l e  po in t  e T f r o m  the  b a r r i e r  s u r f a c e  
a r e  shown in F ig .  1. The m a g n i t u d e s  of  t h e s e  d i s p l a c e m e n t s  have  b e e n  r e f e r r e d  to  the  d i s t a n c e  f r o m  the  
Mach  c i r c l e  XM as  wel l  a s  to  t he  a b s c i s s a  of  t he  t r i p l e  po in t  (XT 0) in  an i m m e r s e d  j e t .  The  d i s t a n c e  to  t he  
b a r r i e r  h a s  been  r e f e r r e d  to  x~v I.  In o r d e r  to  p lo t  t h i s  c u r v e  f r o m  T e p l e r  p h o t o g r a p h s ,  we  m e a s u r e d  t h e  
d i s t a n c e s  f r o m  the  n o z z l e  to  t he  c e n t r a l  c o m p r e s s i o n  s h o c k  x e and to  the  t r i p l e  po in t  x T.  The  r e l a t i o n  
Xc/X M = f (h /x  M) i s  shown in F ig .  4. The  c o m p r e s s i o n  s h o c k  d u r i n g  u n s t a b l e  m o d e s  of j e t  and  b a r r i e r  i n -  
t e r a c t i o n  a p p e a r e d  s m u d g y  on the  p h o t o g r a p h s  and,  fo r  t h i s  r e a s o n ,  i t s  l o c a t i o n  wi th in  t h e s e  r a n g e s  of h 
have  not  been  p l o t t e d  on the  c u r v e .  S ince  the  i n s t a b i l i t y  m o d e s  o c c u r  at  d i f f e r e n t  v a l u e s  of  h/XM, d e p e n d -  
ing  on M a  and n, and t h o s e  f o r  l a r g e  v a l u e s  of n h a v e  not  been  r e c o r d e d ,  h e n c e  the  t e s t  po in t s  f i t  on the  
c u r v e h e r e  s m o o t h l y .  The  c u r v e  of Xc/X M as  a func t ion  of  h / x  M a p p r o a c h e s  un i ty  s m o o t h l y ,  but  at  t he  
d i s t a n c e  h .  t h e r e  o c c u r s  f o r  each  d i s c h a r g e  m o d e  (i .  e . ,  f o r  each  v a l u e  of Ma and n) a j u m p w i s e  t r a n s i t i o n  
f r o m  the  c u r v e  to  the  s t r a i g h t  l i ne  Xc/X M = 1. As  an  e x a m p l e ,  such  t r a n s i t i o n s  a r e  shown in F ig .  4 by  
d a s h e d  l i n e s  for  Ma = 3.0, 2.0 and n = 2.45, 9.8 r e s p e c t i v e l y .  A s i m i l a r  g r a p h  had  been  p lo t t ed  in  [3], but  
t h e r e  the  h v a l u e s  w e r e  r e f e r r e d  to  h , .  H o w e v e r ,  t he  c u r v e  ob t a ined  by  the  a u t h o r s  of [3] ha s ,  in ou r  
opin ion ,  s e v e r a l  s h o r t c o m i n g s :  
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1. Since it is r a t h e r  difficult to de t e rmine  the vMue of h .  f rom the je t  d i scharge  p a r a m e t e r s ,  hence 
that  graph cannot be used  for  calculat ing the shock d isp lacement .  

2. Our r e su l t s  indicate  that  Xc/X M = f(h/x  M) cannot approach the Xc/X M = 1 line continuously.  

3. An evaluat ion of our data in coordinates  p roposed  by the authors  of [3] has resu l ted  in a s c a t t e r  of 
t e s t  points with r e s p e c t  to Mach number  va lues .  

The d i sp lacement  of the cent ra l  c o m p r e s s i o n  shock in hot je ts  (T o = 2800~ k = 1.25) is  de te rmined  
f rom p r e s s u r e  readings  at the center  of t h e  b a r r i e r .  The p r e s s u r e  at the center  of the b a r r i e r  was a s -  
sumed  h e r e  equal to the total  p r e s s u r e  behind the cent ra l  compres s ion  shock -- an assumpt ion  which had 
been ver i f i ed  exper imenta l ly .  Knowing the total  p r e s s u r e  before  and behind the cent ra l  c o m p r e s s i o n  
shock, and knowing the Mach number  dis t r ibut ion along the jet  axis [4], one can locate  the shock in the jet  
be fore  the b a r r i e r .  The values thus obtained a r e  shown in Fig. 4. The Xc/X M = f(h/x  M) curve  was ca lcu-  
lated on a " P r o m i n '  " compute r  by the method of leas t  squa re s .  The re la t ion  e c = h - -  x c has  yielded an 
empi r i ca l  equation for  the shock d i sp lacement  8 c f rom the b a r r i e r  sur face :  

% _ h l + l . 1 3 e x p ( - - 1 . 3 6  x ~  ) .  (2) 
XM XM 

By the s a m e  p r o c e d u r e  we der ived  the m o r e  convenient fo rmula  

deNa 1/kn ~/~i~ 1/Vnn 0.745+0.83 exp --1.73 d e M ~ ~ n  " (2') 

The mean-squared errors of formulas (2) and (2') are ~ = 0.015 and 0.024 respectively, i.e., with a 

95% probability level the confidence intervals are 0.03 and 0.048 respectively. 

Analogous equations have been derived for the displacement of the triple point from a barrier: 

e~ h _ _ _ l  1.18exp ( - - 1 . 2 8  x ~  ) ,  ~==0.020 (3) 
Xxo X M  , , 

and 

~T h ( 
deM~ V'~-n -- deMa V-~- --0.72+0.88exp - -  1.75 

a-- 0.020. 

h) 
deM~ V~d ' (3,) 

At distances h > h. the wave structure of the first "roll" is unperturbed, i.e., x c = x M and the 

straight line in Fig. 1 is described by the equation ec/X M = h/x M --i. The transition to an unperturbed 

first "roll" occurs jumpwise and, therefore, according to Fig. I, at distances h = h. such are the transi- 
tions from curves 1 and 2 to the straight line 3. 

The distances h, were determined not only from Tepler photographs of a jet impinging on a barrier 

but also more precisely from pressure measurements at the center point of the barrier [i]. Under the 

same gasodynamic conditions at the nozzle exit section, at increasing distances h the pressure at the cen- 

ter point decreases until h = h.. When h = h., there appears before the barrier a second central compres- 

sion shock and at the center point of the barrier one notes a pressure spike. For this reason, the distance 

h. is more conveniently determined from pressure spikes on the oscillogram rather than from photographs. 
An analysis of the results has shown that at n >- 4 the distance h, can be calculated by the formula 

h. 2.05--0.003 (4) 
de V~M~ 

with a mean-squared error 0.034. 

For n < 4 the test points do not fit on a single straight line but they scatter, instead, with respect 

to the Mach number values. The curves which correspond to the lower values of the Mach number have a 
larger positive slope. 

The empirical equations derived here render an approximate description of the wave structure in a 
jet before a barrier, if the jet parameters at the nozzle exit section (Ma, de, n, k) are known. 

NOTATION 

Ma is the Mach number; 
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d e 

~v 
n 

Pc 
Pa 
h 

hii 
h2i 
h .  

XM, XT O, Xc, x T 

ec, e T 

is the d iameter  of nozzle exit section; 
is the nozzle semiver tex  angle; 
is the inefficiency ratio; 
is the static p r e s s u r e  at the nozzle exit section; 
is the ambient static p re s su re ;  
~s the distance from nozzle throat  to ba r r i e r ;  
is the s tar t  of the f i rs t  (strong) instability; 
is the s tar t  of the second (weak) instability; 
is the t ransi t ion to a flow with an unperturbed f i rs t  "roll" in the jet; 
a re  the d i s tance  from the nozzle throat  to the Mach circle ,  to the tr iple point in a free 
jet, to the central  compress ion  shock, and to the t r ip le  point respect ively;  
are  the displacement of the compress ion  shock and of the t r ip le  point f rom a ba r r i e r .  

la 

2. 

3. 
4. 
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