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Results are given of a theoretical and experimental investigation of 
the interaction of a supersonic gas jet issuing from a conical nozzle 
with an inclined flat obstacle. Relations have beer~ obtained for deter- 
mining the boundaries of the spreading of the stream around the ob- 
stacle and the gasdynamic parameters. The results of the computation 
are confirmed by experiment. 

An account  is  g iven of an a p p r o x i m a t e  method  fo r  
d e t e r m i n i n g  the g a s d y n a m i e  p a r a m e t e r s  of a s u p e r -  
son ic  s t r e a m  inc ident  on an obs tac le ,  ba sed  on the r e -  
su l t s  ob ta ined  in e x p e r i m e n t s .  The e x p e r i m e n t a l  in-  
v e s t i g a t i o n  included the s tudy of the  s p r e a d  of a gas  
j e t  ove r  a f l a t  obs t ac l e ,  and a l so  the m e a s u r e m e n t  of 
s t a t i c  p r e s s u r e s  on it. The  t e s t s  w e r e  c a r r i e d  out in a 
s u p e r s o n i c  wind tunnel o p e r a t e d  by c o m p r e s s e d  a i r  
(k = 1.405). The s u p e r s o n i c  j e t  was f o r m e d  by con ica l  
nozz l e s  having the fol lowing g e o m e t r i c a l  and g a s -  
dynamic  p a r a m e t e r s :  d a = 20 ram,  ~a = 5~ Ma = 1.5, 
2.0, 2.5, and 3.0. 
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F i g .  1. B o u n d a r y  of s p r e a d i n g  of N e  gas  j e t  ove r  an 
o b s t a c l e  ( so l id  l i n e s - - e x p e r i m e n t ,  d a s h e d - - t h e o r y ) :  
1) for  M = 1.5, n = 10.8; 2) M = 2.0, n = 7.6; 3) M = 

= 1.0, n = 5.1. 
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A f i a t  s t e e l  o b s t a c l e  (400 x 350 x 10 m m )  was  a t -  
t a ched  to a t r a v e r s e  m e c h a n i s m  in the  wind tunnel  
work ing  sec t ion .  The  t r a v e r s e  m e c h a n i s m  a l lowed 
v a r i a t i o n  of the  ang le  of inc l ina t ion  of the o b s t a c l e  to 
the  n o z z l e  ax i s  q~ and of the  d i s t a n c e s  f r o m  the nozz l e  
ex i t  to the obs t ac l e .  To s tudy  the d i s t r i b u t i o n  of the  
p r e s s u r e  of the  gas  j e t  on the o b s t a c l e ,  h o l e s  w e r e  
d r i l l e d  in the  l a t t e r  (of d i a m e t e r  0.7 mm,  and with 
p i t ch  4 ram).  To a l low v i s u a l i z a t i o n  of the  s p r e a d i n g  
out  of the  j e t  o v e r  the  obs t ac l e ,  the l a t t e r  had f a s t e n e d  
on it a t r a n s p a r e n t  p l a s t i c  s h e e t  of t h i c k n e s s  10 ram.  

By put t ing a thin l a y e r  of a v i s cous  subs tance ,  e. g . ,  
l u b r i c a t i n g  g r e a s e ,  mixed  with p o w d e r e d  g r a p h i t e  

F ig .  2.  Schema t i c  of the  i n t e r a c t i o n  of a gas  j e t  with 
an inc l ined  f i a t  o b s t a c l e :  1) nozz l e ;  2) in i t i a l  point  
of i n t e r a c t i o n  of the  j e t  wi th  the  o b s t a c l e ;  3) l ines  of 
s p r e a d i n g  of the  j e t  o v e r  the  o b s t a c l e ;  4) obl ique  

shock;  5) o b s t a c l e .  

ahead  of the in jec t ion  po in t  on the p l a s t i c  s u r f a c e ,  we 
w e r e  ab le  to e s t a b l i s h  the r e l a t i o n s h i p  be tween  the 
angle  of s p r e a d i n g  and the angle  of s lope  of the o b s t a c l e  
r  the  Mach n u m b e r  at  the nozz l e  exit ,  the d i s t a n c e  
f r o m  the nozz le  exi t  to the obs t ac l e ,  and the o f f - d e s i g n  
f a c t o r  fo r  the j e t  d i s c h a r g e  n = P a / P  e.  

A n a l y s i s  of the e x p e r i m e n t a l  da ta  showed that  the 
angle  of s p r e a d i n g  of the j e t  o v e r  the f i a t  o b s t a c l e  m a y  
be c a l c u l a t e d  with suf f ic ien t  a c c u r a c y  f r o m  the P r a n d t l -  
M e y e r  f o r m u l a  fo r  p lane  expans ion  f low (Fig ,  1). In 
doing this  the p a r a m e t e r s  of the  u n d i s t u r b e d  flow 
should  be  taken  as  t hose  of the  gas  behind  the obl ique  
de ns i t y  d i scon t inu i ty  which is  f o r m e d  at  the point  w h e r e  
the  j e t  m e e t s  the obs t ac l e ,  and it should  be  a s s u m e d  
that  the expans ion  o c c u r s  up to a t m o s p h e r i c  p r e s s u r e .  
We put f o r w a r d  the fo l lowing me thod  fo r  c a l cu l a t i ng  the 
p a r a m e t e r s  of the i n t e r a c t i o n  of the s u p e r s o n i c  je t  with 
the  o b s t a c l e ,  b a s e d  on the good a g r e e m e n t  b e t w e e n  e x -  
p e r i m e n t a l  and c a l c u l a t e d  da ta  o n t h e  angle  of s p r e a d i n g .  

We d e t e r m i n e  the p a r a m e t e r s  a t  the  b o u n d a r y  of 
the  j e t  d i s c h a r g i n g  f r o m  the nozz le :  Mach n u m b e r  

f r o m  the  r e l a t i o n  

k--lM  Pe T 
Me= , (1t 
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dens i t y ,  t e m p e r a t u r e ,  and the  o the r  g a s d y n a m i c  pa- (  
r a m e t e r s - - f r o m  the known f o r m u l a s  fo r  i s e n t r o p i c  
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Fig .  3. D i a m e t e r  of the  f i c t i t i ous  nozz le  df as  a 
funct ion of angle  of inc l ina t ion  of  the  o b s t a c l e  to 
the  j e t  ax i s  ~, and of the  angle  of s p r e a d i n g  of 
the  s t r e a m  o v e r  the  o b s t a c l e  0s: 1) 0 s = 60~ 

2) 50~ 3) 40~ 4) 30 ~ . 

g a s  f low [1]. 
t h e o r e t i c a l  j e t  bounda ry  we have  

0e--  ~}a + co (Me) - - o  (Ma) , (2) 

w h e r e  

--.arctg 1 / ' ~  - -  1. (3) 

F o r  the in i t i a l  angle  of inc l ina t ion  of the  

Knowing the j e t  p a r a m e t e r s  at the bounda ry  and the 
angle  of inc l ina t ion  of the o b s t a c l e  to the j e t  axis ,  we 
can  d e t e r m i n e ,  f r o m  the f o r m u l a s  of obl ique shock 
t h e o r y ,  the  angle  of s lope  fl of the  l a t t e r ,  and the  p a -  
r a m e t e r s  beh ind  it (Fig.  2): 

ctg (0e + (p) = 

P_A= 2k M 2 s i n ~  k - - 1  (5) 
Pe k--F1 k + l '  

p. k - - 1  M~sin2 ~ + ' (6) 

M~ sin 2 (~ _.S.' Oe__,tp) = 

k ~ s' " - -  �9 (7) 

Tak ing  the p a r a m e t e r s  behind  the obl ique  shock a s  
the  p a r a m e t e r s  of the  u n d i s t u r b e d  s t r e a m  in P r a n d t l -  
M e y e r  flow, we d e t e r m i n e  the ang le  of s p r e a d i n g  of 
the  j e t  o v e r  the  o b s t a c l e  s u r f a c e  [2]: 

O, = co (M~. ~,) - -  co (M~), (8)  

w h e r e  the  M a t h  n u m b e r  at  the  j e t  bounda ry  in the 
p l ane  of the  o b s t a c l e  i s  d e t e r m i n e d  f r o m  the r e l a t i o n  
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(M,) . -  PMP., = P , .  
(9) :~ ( -~ , )  Pd ' , ,  g 

F i g u r e  i shows the r e s u l t s  fo r  s p r e a d i n g  angle  a s  
c a l c u l a t e d  by the above  method,  c o m p a r e d  with the  
e x p e r i m e n t a l  data.  

To ca l cu l a t e  the s t a t i c  p r e s s u r e  d i s t r i b u t i o n  ove r  
the o b s t a c l e  in the  i n t e r a c t i o n  reg ion ,  we a s s u m e  that,  
in the p lane  of the obs tac le ,  d i s c h a r g e  of the  s u p e r s o n i c  
j e t  o c c u r s  f r o m  some  f i c t i t ious  nozz le  (of d i a m e t e r  
dr) with a un i fo rm d i s t r i b u t i o n  of p a r a m e t e r s  a t  i t s  
ex i t  sec t ion .  The  p a r a m e t e r s  at  the nozz le  exi t  a r e  
a s s u m e d  to be  those  behind  the obl ique Shock. The 
d i a m e t e r  of the  f i c t i t i ous  nozzle ,  df, is  found f r o m  the 
fo l lowing r eason ing .  The  l ines  of i n t e r a c t i o n  of the  j e t  
with the o b s t a c l e  in the v i c in i ty  of the in i t i a l  i n t e r -  
ac t ion  point  m a y  be  d e t e r m i n e d  as  l ines  of i n t e r s e c t i o n  
of  the s u r f a c e  of the j e t  with the p lane  of the  obs t ac l e .  
Then, s t a r t i n g  f r o m  c e r t a i n  poin ts  on the i n t e r a c t i o n  
l ines ,  s p r e a d i n g  out of the j e t  t a k e s  p l a c e  in the  p lane  
of the  o b s t a c l e  ins ide  an angle  of 20 s (Fig.  2). 

T he re fo r e ,  at  t he se  po in t s  an i n t e r a c t i o n  l ine  i s  
tangent  to the s ides  of angle  20 s.  The d i s t a n c e  b e -  
tween  the  po in t s  of t a n g e n c y  should be  a s s u m e d  to be  
the  d i a m e t e r  of the  f i c t i t i ous  n o z z l e .  
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Fig.  4. D i s t r i bu t ion  of s t a t i c  
p r e s s u r e  o v e r  the o b s t a c l e :  1 
and a - - t h e o r y  and e x p e r i m e n t ,  
r e s p e c t i v e l y ,  fo r  a j e t  wi th  
in i t i a l  p a r a m e t e r s  M a = 3.5, 
n = 1.0 and ~ = 30~ 2and  b - -  
the s a m e ,  fo r  M a = 3.0, n = 
= 1.0 and ~ = 30~ 3 and c - -  
M a = 3 . 0 ,  n = l . 0 a n d ~ = 2 0  ~ . 

We sha l l  e x a m i n e  d i s c h a r g e  of gas  f r o m  a nozz le ,  
when the o f f -de s ign  f a c t o r  is  n = 1. The  s i m p l i c i t y  of 
th is  c a s e  i s  f i r s t l y ,  that  the bounda ry  of the j e t  is  
g iven  by the equat ion of a c y l i n d e r  {whence i t  is  c l e a r  
that  the l ine  of i n t e r a c t i o n  of the  j e t  with the  o b s t a c l e  
in a c e r t a i n  ne ighborhood  of the poin t  O wil l  be  an 
e l l ipse ) ,  and secondly ,  that  the gas  p a r a m e t e r s  a r e  
un i fo rm at the nozz l e  exi t .  
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We shall  wr i te  down the equation for  the f ree  s u r -  
face of the jet  in a coordina te  sys t em assoc ia ted  with 
the jet  axis (Fig. 2): 

(y')~ + (z') ~ = R ~. (10) 

The equat ion of the obs tac le  plane,  which is  at a d i s -  
t ance  so f rom the nozzle  exit  along the axis  O 'x ' ,  has 
the fo rm,  in this  coord ina te  sys tem,  

(x' .-- s0) tg (p = g'. (11) 

Solving Eqs. (10) and (11) s imul taneous ly ,  we find 
the equation of an el l ipse:  

(z') ~ + (x ' - -  so) tg~ q~ = R ~. (12) 

We shal l  go over  to a coordina te  sys t em assoc ia ted  
with the obstacle .  The convers ion  fo rmulas ,  as may 
be seen f rom Fig. 2, have the fo rm 

x'= ( x sin~R ) 

y' = ycos r 

z' = z. (13) 

Simul taneous  solut ion of (10) and (11) in the new co- 
o rd ina te  sy s t em gives 

z2 + ( x R )  ~" R 2. sin 2 qD = (14) 
, sinq~ 

Going over  to the d i m e n s i o n l e s s  quant i t ies  z = z /R  and 
= x /R,  we obtain 

x l 2 
(15) 

Since sp read ing  out of the s t r e a m  takes place with-  
in an angle 20s, the equation of the tangent  to the i n t e r -  
ac t ion  l ine  (an el l ipse) ,  making this angle, has the 
f o r m  

--- -- ctgO s. (16) 
sin~o ] / / 1 - - P  

The las t  equat ion also d e t e r m i n e s  the d i a m e t e r  of 
the f ic t i t ious  nozzle  (af = 2z): 

2sin q) 
d~=  V ~ O s  + sin2 ( p (17) 

F i g u r e  3 shows a graph of the funct ion (17) for a 
c e r t a i n  range  of va r i a t i on  of the p a r a m e t e r s  (p and 

0 s �9 
We shal l  ca lcu la te  the p a r a m e t e r s  of the gas 

sp read ing  out over  the obstacle .  Knowing the d i a m e t e r  
of the f ic t i t ious  nozzle ,  and also the in i t ia l  p a r a m e t e r s  
of the d i scha rge  at its exit  sec t ion  (the p a r a m e t e r s  
behind the oblique shock, found f rom fo rmu la s  (4 ) -  
(7)), we d e t e r m i n e  the p r e s s u r e  and the Mach n u m b e r  
at the obs tac le ,  following the usual  method of c a l cu l a -  
t ion for  f r ee  j e t s  [2]. 

Expans ion  of the flow takes  p lace  in a penci l  of 
expans ion  waves. The Mach angles  of the boundary  

waves  a re  d e t e r m i n e d  by the fo rmula  

1 
a = arc s i n - - ,  (18) 

M 

where  M = Mf is taken for the in i t ia l  wave, and M = 
= M e for  the f inal  wave. 

La te r  on, in ca lcu la t ing  the gas p a r a m e t e r s  down- 
s t r e a m  in the plane of the obstacle ,  we shal l  divide 
the penci l  of expansion waves into a f in i te  n u m b e r  of 
waves of equal in tensi ty ,  i. e , ,  if the s t r e a m  is tu rned  
by an angle 0 s in going through the whole penc i l  of 
waves ,  then in going through an individual  wave,  the 
s t r e a m  is turned through an angle 0s/n .  We can ob-  
ta in  a r e l a t ionsh ip  between the angle through which 
the flow is tu rned  by an expansion wave and its Mach 
number ,  if we in tegra te  the equation of the c h a r a c -  
t e r i s t i c s ,  wr i t t en  in the hodograph plane,  ly ing on the 
obstacle :  

dO_+ c tga  dv=O. (19) 
V 

To cons t ruc t  an expans ion  wave with n u m b e r  
i =  1, 2 . . . . .  n, we mus t  plot the mean  angle a ,  
found f rom the Mach n u m b e r s  before  and a f te r  the 
wave,  

d-= arcsin 2 (20) 
Ml + M,.+I 

from the mean flow direction 

~-= O~ + Oi+ 1 
" 2~" (21) 

The static pressures on the expansion wave charac- 

teristics are determined from the formula 

[( k_, ,) P~ 1 + . =  M 2 " • 

Pi-1 ~ 2 - -  . 

k 

(22) 

Figure 4 shows a graph comparing experimental 

values with the pressure distribution along the axis 

of symmetry of the gas flow over the obstacle (Ox), 

obtained by calculation as described above. For each 

case the error does not exceed 5%. 

NOTATION 

M is the Mach number; P is the static pressure; 

p is the density; v is the flow velocity; n is the off- 

design factor for the jet; k is the adiabatic exponent; 

gp is the angle of inclination of the obstacle to the 

jet axis; Sa is the half-angle of the nozzle; 0 is 

the angle of inclination of the jet boundary; a is the 

Mach angle; p is the angle of inclination of the shock; 

s is the distance from the nozzle exit to the obstacle 

along the jet axis; d is the diameter of the exit sec- 

tion of the nozzle; d is the dimensionless diameter of 

the nozzle exit section, referred to the exit radius of 
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the actual nozzle; w(M) is the Prandtl-!Vieyer func- 
tion. All dimensionless linear quantities are referred 
to the radius of the exit section of the actual nozzle. 
Subscripts: a) parameters  at the exit of the actual 
nozzle; e) parameters  at the flow boundary; f) pa ram-  
eters at the exit of the fictitious nozzle; s) pa ram-  
eters relating to spreading of the flow over the ob-  
stacle; 2) parameters  of the gas behInd the inclined 
shock. 
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