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A method is proposed for  determining the force acting on a spherical  obstacle in an underexpanded 
jet. The method is based on the application of the momentum law. 

If the p r e s s u r e  distr ibution over  the surface  of a body is known, then the total force acting on it is de-  
termined f rom the equation 

~ = -  ~ pFdS. (1) 
8 

The distribution of the pa r ame te r s  of a gas over  the surface of a body is determined with a high accuracy  
through the solution of the problem of the interact ion of a supersonic jet  with the body. Numer ica l  solutions of 
severa l  var iants  of this problem have now been obtained. They are  all ra ther  laborious and p re sume  the use 
of a computer .  A simple means of calculating the p r e s s u r e  of a jet  on an obstacle is Newton's  method. In 
flows containing shock waves ,  however ,  the possibi l i t ies  of its application are  limited. 

Since one is not always able to obtain the p r e s s u r e  distribution at the surface of the body, and hence to 
make use of the dependences (1), one often uses  the method of determining the total force  based on the use of 
the momentum law. When using this law one oftenknows the pa rame te r s  of the gas at the boundaries of a cen- 
trol  region assigned in the s t ream.  This fact  complicates  the obtainment of a calculating dependence for the 
force  acting on an obstacle of finite s ize ,  since one must  make cer tain assumptions about the charac te r  of the 
gas motion at those boundaries of the region where the flow pa rame te r s  are  unknown. 

We will consider  a scheme of flow when a jet interacts  with a spherical  obstacle whose t r ansve r se  size 
is comparable  with the d iameter  of the je t  (Fig. 1). In this case a compress ion  shock 5, which interacts  with 
the "hanging" shock 3 of the free jet ,  fo rms  ahead of the obstacle.  A ref lected shock 4 and a contact surface 
6 are  formed as a result .  The gas pass ing through the "hanging" and ref lected compress ion  shocks remains  
supersonic ,  as a rule,  while the gas pass ing through the central  compress ion  shock becomes subsonic. The 
reflected shock in te rac ts  with the jet boundary at the point F, producing a bend in it and spreading of the 
s t ream.  

We will apply the momentum law to the region bounded by the nozzle cut AA, the free boundary AF of the 
je t ,  the annular surface FE,  and the surface EO of the obstacle:  

.I [~-~ + (p - p.)-~ ds = o. (2! 
S 

If one considers  that v n = 0 at the boundary of the jet  and the surface of the body, and one designates the r e a c -  
tion of the jet on the obstacle as 

= ~ (p - -  p . )  ntiS, (3) 
Seo 

then one can rewri te  (2) in this form:  

~ =  - .I [~v~ + (pc - p,.) ~1 dS - -  .I [ P ~  + (P - - p , ) - , l  dS. (4) 
SAA SFE 
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Fig.  1. Scheme of in te rac t ion  of a j e t  with an obstacle :  1) nozzle;  2) j e t  bounda-  
ry ;  3) "hanging w shock; 4) re f lec ted  shock; 5) cen t ra l  shock; 6) contact  su r face ;  
7) obstacle .  

Fig. 2. Dependence of axial  fo rce  N* on dis tance x between nozzle and obs tac le  
(a: calculation; b: exper iment ) :  1) M a = 2.1, n = 2, 0 a = 10~ 2) M a = 2, n = 3.5, 
Oa = 1 0 ~  Ma = 2 ,  n = 4 ,  Oa = 1 5 ~  Ma = 2 . 1 ,  n = 4 ,  Oa =15  ~ . 

In Eq. (4) the f i r s t  t e r m  equals  the nozzle  th rus t  P ,  i . e . ,  

then we have 
SAA 

N = P - -  J" [pvv~ --~ (p - -Pn)  n] dS. (5) sr B 

We p ro j ec t  the l a t t e r  equation onto the x ax i s ,  

N = P - -  J~ [pv:cv,~ ( p - - p n )  sin~] dS = P - - Q ~ ( v x ) a v -  PavSr~sin~ ~- pnSFEsin'~, (6) 
SFE 

where  T is the angle of inclination of the gene ra t r ix  of the annular  su r face  to the je t  axis and (Vx)av and P a v a r e  
the ave rage  values  of the p a r a m e t e r s  in the c ro s s  sect ion FE ,  defined as the ha l fsum of the cor responding  
quanti t ies  at  the pohlts F and E. Such a definit ion of them is just i f ied by the near ly  l inear  p r e s s u r e  dis t r ibut ion 
in the c r o s s  sect ion FE. 

Norma l i z ing  all the quant i t ies  QaVa (the dynamic  t e r m  of the thrus t ) ,  and cons ider ing  that 

S~s sin 7 = S~ --SE, 

we obtain the expres s ion  for  N* in the following f o r m :  

1 1 ~ (MF) cos 0~ -}- ~ (ME) COS 0~ 
N * = I +  kM~ kM~n + 2~ (M~) 

(r~--r~)(~--l) [ ] r ~ r 2 F - - E  

where  the rad ia l  coordinates  a r e  no rma l i zed  to the nozzle  radius  a t  the exit .  

(7) 

As follows f r o m  the l a t t e r  dependence,  to calculate  N* one m u s t  know the p a r a m e t e r s  of the je t  behind 
the cen t ra l  and re f lec ted  c o m p r e s s i o n  shocks  and the Mach number  M at  the point E on the su r face  of the sphere  
in addition to the flow p a r a m e t e r s  at the nozzle cut. In this connection we sugges t  the following calculat ion 
sequence.  

1. The  posi t ion of the point T on the "hanging" c o m p r e s s i o n  shock is ass igned.  (The flow in the f r ee  je t  
is a s s u m e d  to be known.) I ts  vicini ty  is calculated.  

2. The cent ra l  c o m p r e s s i o n  shock is approx imated  by a quadra t ic  pa rabo la ,  the coeff ic ients  of which a r e  
de t e rmined  through the p a r a m e t e r s  of the je t  at  the points T (the coordinates  and angle of inclination of the 
shock) and H (the angle of inclination of the shock). The p a r a m e t e r s  at the point H a re  de te rmined .  
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3. The ref lected shock T F  is approximated by a s traight  line. 

4. The joint of intersect ion of the shock TF with the boundary of the jet is determined.  

5. F r o m  the condition of equality of the flow ra tes  through the central  shock and the cross  section TD one 
finds the relat ive position 5TD of the compress ion  shocks and the spherical  obstacle ,  

nq (Mo) 
8Tz) = rr [q (Mr) or sin 0T + q (MD) ~H sin 0D]' (8) 

where the quantities with an index T per ta in  to the flow pa rame te r s  on the side of the subsonic region. 

The Mach number M D is ei ther  es t imated f rom the modified Newton's  equation 

(MD) = sin z Oo (9) 

or  is found f rom the momentum law applied to the region bounded by the shock TH and the generatr ix TD. In 
addition, to determine the quantity M D one can use the condition 

(Pvn)rD = const 

All three var iants  of the determinat ion of MD give close resul ts .  

6. The Mach number  M E is determined ei ther  f rom Eq. (9) or  with the condition that the pa rame te r s  of 
the point E are  cri t ical .  In the la t ter  case 

h [ 2s 
M e = l ,  ~ (Me)=  k + l J  " (10) 

7. The total force  acting on the spherical  obstacle is calculated f rom Eq. (7). 

The functions N*(x) obtained by calculation and experimental ly for an air  jet  (k = 1.4) flowing onto a 
sphere of radius R / r  a = 2.4 with a t r ansve r se  size r0/r a = 1.5 are  presented in Fig. 2. As follows f rom the 
graphs,  the grea tes t  d i sagreement  between the experimental  and calculated data does not exceed 15%. 

It should be noted that the flow scheme under considerat ion charac te r i zes  a mode of stable interaction 
of the jet with the obstacle.  It is known [2] that at a cer tain location of the obstacle in the jet  the stable cha r -  
ac te r  of the flow is disrupted:  The compress ion  shocks oscil late ahead of the obstacle with a high frequency.  
The location x. at which the unstable flow begins can be determined f rom the empir ica l  dependence 

x ,  = 1.4M~ ] f l~  (1.26 - -  0.17 M~). 
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NOTATION 

rat io of specific heats ;  
Mach number;  
force  of action of jet on obstacle;  
degree of underexpansion; 
thrust ;  
p r e s s u r e ;  
mass  flow rate;  
radial  coordinate;  
a rea ;  
velocity;  
angle of inclination of velocity vector  to jet  axis;  
density; 
ratio of stagnation pressures at compression shock; 
relative gas flow rate through central compression shock; 
departure of shock from obstacle; 

are  the gasdynamic functions. 
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I n d i c e s  

a is  the nozzle cut; 
0 is  the s tagnat ion p a r a m e t e r s  o ther  l e t t e r  indices denote c h a r a c t e r i s t i c  points of the jet.  

The l inea r  d imens ions  a r e  no rmal i zed  to the nozzle radius  at  the exit .  

l o  

2. 
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A s imi l a r i t y  p a r a m e t e r  is  sugges ted  fo r  the longitudinal d imens ions  of the wave s t ruc tu re  of a 
superson ic  underexpanded j e t  d i scharg ing  into an opposing supersonic  s t r e a m ,  and e m p i r i c a l  
equations a r e  obtained fo r  the calculat ion of these d imens ions .  

A number  of r epo r t s  devoted to the expe r imen ta l  invest igat ion of the d i scharge  of a superson ic  je t  into an 
opposing superson ic  s t r e a m  a re  p re sen t ly  known [1-6]. These  invest igat ions made it poss ib le  to es tab l i sh  the 
ex is tence  of two types of a x i s y m m e t r i c  in terac t ion  of a je t  with an opposing s t r e a m .  If the underexpanded je t  
is r e t a rded  within the l imi t s  of the f i r s t  b a r r e l  then an in te r face  1 concave to the je t  (departing to infinity) 
and a disconnected bow shock wave 2 (type I flow) develop in the s t r e a m .  Ahead of the su r f ace ,  which is an 
i m p e r m e a b l e  b a r r i e r  to the je t ,  a middle compres s ion  about 3 f o r m s  in the l a t t e r  (Fig. 1). Nea r  the bow s u r -  
face of the body a c i rculat ion zone,  closed or  open depending on P = P0a/PT~ and D = dm/d a develops  with a 
p r e s s u r e  Pc di f ferent  f rom poo [2l. In flow of type II (penetrat ion mode) ,  obse rved  with n ~ 1, the r e t a rda t ion  
of the j e t  occu r s  f a r  ahead of the body, in i ts  main section.  The in terac t ion  of the je t  and the s t r e a m  has a 
nonsteady c h a r a c t e r .  These  types of flow a re  a lso  obse rved  in a r a r e f i ed  s t r e a m  [5, 6]. 

The wave s t r u c t u r e  fo rmed  in type I flow is analyzed below. A un iversa l  p a r a m e t e r  of geomet r i ca l  s i m i -  
l a r i ty  of the longitudinal d imensions  of the developing wave s t ruc tu re  is suggested on the bas is  of the r e su l t s  
of [1-4] and the expe r imen ta l  data of the authors .  The p r e sence  of an infinite concave in te r face  makes  type I 
flow qual i ta t ively  s i m i l a r  to the wel l - s tudied  flow when an underexpanded je t  e scap ing  into a flooded space  with 
a p r e s s u r e  pf ac t s  on an infinite plane b a r r i e r .  I t  is known [7] that in the case  of the in te rac t ion  with a b a r r i e r  
the introduction of the p a r a m e t e r  N = Ma~'~ makes  it poss ib le ,  by using the dis tance h to the b a r r i e r  as the 
c h a r a c t e r i s t i c  d imens ion ,  to obtain an empi r i ca l  dependence connecting the standoff of the middle  shock 
fo rmed  in the j e t  ahead of the b a r r i e r  with its location and with the d i scharge  p a r a m e t e r s .  On the bas is  of 
the indicated qual i ta t ive analogy of the p r o c e s s e s ,  we apply the complex N to the analys is  of expe r imen ta l  data 
on the locat ion of the shock waves  and the in ter face  in the d i scharge  of a je t  into an opposing s t r e a m .  The 
range  of the p a r a m e t e r s  under  considera t ion is given in Table  1. The dis tance Xm to the middle shock is used 
as  the c h a r a c t e r i s t i c  geome t r i ca l  d imension in the invest igated flow. This  dis tance is calculated f r o m  the 
condition of equali ty of the s tagnat ion p r e s s u r e s  on the sides of the je t  and the s t r e a m  at  the common cr i t i ca l  
point R (Fig. 1). When the dis t r ibut ion of Mach numbers  M along the axis of the f r ee  j e t  is known this condi-  
tion leads to the following equations for  the de te rmina t ion  of Xm: 

_ _ ~  l 

/ 2 k - - l l  h-1 { 2k M 2 k - -  ~ I Mm=M(xm).  (1) 
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