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It has recently been established theoretically [1, 2] that star -shaped 
bodies may prove to be aerodynamically promising in the sense of 
reduced drag and increased performance at supersonic and hypersonic 
Speeds. Below a description is given of the results of experiments on 
flow over models with surface pressure taps 
The investigation was conducted in a wind runnel at Mach number 
g.85 :L 0.1 and Reynolds number 6.0 �9 106 [l = 0.2 m). 

I. M e a s u r e m e n t  technique and descr ip t ion  of m o -  
dels .  During the t es t s  the flow p a r a m e t e r s  in the 
working sec t ion  and the mode l  su r f ace  p r e s s u r e s  
w e r e  d e t e r m i n e d  as follows. The s tagnat ion p r e s s u r e  

was m e a s u r e d  with four  total  p r e s s u r e  tubes ,  and the 
s t r e a m  s ta t i c  p r e s s u r e  was m e a s u r e d  v ia  s e v e r a l  
o r i f i c e  taps loca ted  on the  wal l s  of the working sect ion.  

mode l  being 200 m m  long; a photograph of t he se  is 
shown in Fig.  1. The p r e s s u r e  tap s c h e m e  is  shown 
in Fig.  2. The re  w e r e  30 o r i f i c e s  on the  mode l  with 
rr/n = 30 ~ 22 on that  with ~r/n = 18 ~ and 19 on that  

with 7r/ri = 12 ~ The o r i f i c e s  w e r e  loca ted  on the 
inner  s ide of the wings,  in two sec t ions  n o r m a l  to 
the mode l  axis .  At p laces  where  the ins ide  s u r f a c e s  
of the wings w e r e  sharp ly  curv ing ,  the p r e s s u r e  

taps w e r e  c l o s e r  to one another ,  to give m o r e  a c -  
cu ra t e  p r e s s u r e  d i s t r ibu t ion  m e a s u r e m e n t  in that  
r eg ion .  The o r i f i c e s  w e r e  d r i l l ed  n o r m a l  to the wing 
su r f ace  and had a d i a m e t e r  of 0.9 ram. T h e r e  w e r e  
some  s y m m e t r i c a l  o r i f i c e s  on both s ides  of the wings,  
used  for con t ro l l ing  the angle of bank of the mode l  m 
the working  sect ion,  and for  checking the opera t ion  of 
the p r e s s u r e  tap sys t em.  

The mode l  was mounted  on a st ing at the r e a r ,  and 
the re  was p rov i s ion  for  t r ans l a t i on  of the mode l  along 
the tunnel  axis .  The mount ing a r r a n g e m e n t  included 

an angle of inc idence  m e c h a n i s m ,  a l lowing tes t s  in 
the range  of angles  - 5  ~ to 15 ~ . 

Fig. 1 

In addtion, to ta l  and s ta t ic  p r e s s u r e  tubes w e r e  
mounted  n e a r  the mode l ,  to d e t e r m i n e  the s t r e a m  
p a r a m e t e r s ;  these  w e r e  l oca t ed  20-40  m m  below the 

mode l ,  and w e r e  extended into the f r e e - s t r e a m  region.  

Model su r f ace  p r e s s u r e s  w e r e  m e a s u r e d  by two 

banks of  m a n o m e t e r s ,  the fluid be ing  t e t r a b r o m o -  
e thane with spec i f i c  g rav i ty  2 .96 g / c m  3. One s ide  of 
each  U-tube  was connected  to a p r e s s u r e  tap, while 
the o ther  went  to a c losed  vo lume main ta ined  at r e -  
duced p r e s s u r e  dur ing the e x p e r i m e n t ,  this p r e s s u r e  
being d i sp layed  on s e v e r a l  tubes of a m u l t i m a n o -  
m e t e r  open to the a t m o s p h e r e .  The total  p r e s s u r e  
behind the n o r m a l  shock was m e a s u r e d  by the drop 
in the l eve l  of a U- tube ,  a l so  opening to the a t m o s -  
phere .  The dura t ion  of the t e s t  was d e t e r m i n e d  by 
the a i r  supply and by the t i m e  to e s t ab l i sh  the t e t r a -  
b romoe thane  l eve l s ,  and was 3 0 - 4 0  sec.  The m a n o -  
m e t e r  r ead ings  w e r e  al l  photographed on an A F A  ap-  
para tus  with f r a m e  s ize  130 • 180 ram, which enabled 

the m a n o m e t e r  banks to be r ead  to an a c c u r a c y  of 
• mrn of t e t r a b r o m o e t h a n e  column.  The e r r o r  in 
m e a s u r i n g  mode l  p r e s s u r e  d i s t r ibu t ion  was roughly  
5%. 

T h r e e  s t ee l  mode ls  with swept  wings w e r e  d e -  

s igned for  the p r e s s u r e  d i s t r ibu t ion  t e s t s ,  each  

Fig. 2 

All  the mode l s  had iden t ica l  p a r a m e t e r s  ~ and 7, 
which d e t e r m i n e  the posi t ion of the shock wave,  but 
had subs tan t ia l ly  d i f fe ren t  va lues  of the p a r a m e t e r  
27r/n (the c l e a r a n c e  angle  be tween lobes) ,  which 
v a r i e d  f r o m  24 ~ (n = 15) to 60 ~ (n = 6). It was p roposed  
to e luc ida te  in this way the inf luence of the boundary 
l aye r  on the flow s t r u c t u r e ,  s ince  if the theory  for 
s m a l l  va lues  of n p roved  to be c o r r e c t ,  then sooner  

or l a t e r  as n i n c r e a s e s  and the lobes approach  one 
another ,  the gap between them wil l  be f i l led  by the 
boundary l aye r ,  which wil l  p romote  a r e a r r a n g e m e n t  
of the en t i r e  flow. It was expected ,  in p a r t i c u l a r ,  that  
the inf luence of the boundary l aye r  on the p r e s s u r e  

d i s t r ibu t ion  would be qui te  apparen t  even  at n = 15. 
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2. T e s t  r e su l t s  and compar i son  with theory.  The 
d i m e n s i o n l e s s  p r e s s u r e  at the n~odel su r face  was de -  
t e r m i n e d  from the fo rmula  

2 Pi 

where  w~ = 1.4, Moo is the Math  n u m b e r  of the on-  
eoming  s t r e a m ,  and P~ is the s t r e a m  stat ic  p r e s s u r e ,  
evaiuated  f rom the total  head and the Maeh number .  
The p r e s s u r e  coeff ic ient  Cpi was ca lcu la ted  as a rune-  
t ion of r/R, r be ing the d is tance  f rom the model  axis 
to the p r e s s u r e  tap point at a given sect ion (Fig. 2), 
and R the d i s tance  in the s ame  seet ion f rom the axis 
t o  the edge of the wing. Then a constant value of the 

var i ab le  r / R  co r r e sponds  to points lying on a s ingle  
s t r a igh t  l ine pass ing  through the apex of the model .  
The r e s u l t s  of the ca lcu la t ions  at va r ious  angles  of 
inc idence  a re  shown in Fig. 3. The expe r imen ta l  
p r e s s u r e  values  on the graph a re  data f rom both 
sec t ions ,  inc luding a lso  the s y m m e t r i c a l l y  located 
or i f ices .  The posi t ions  of the points indicate  that the 
m e a s u r e d  p r e s s u r e s  on all  the models  fit very  wet1 
on a s ingle  l ine,  which conf i rms  the postulate  of 
conica l  flow in these expe r imen t s .  It should be noted, 
however ,  that  there  were  "drop out" points  in the 
experiments which were not taken into account in 
constructing the experimental curves; these points 

appeared in both sections, and are apparently due to 

non-untformities of the field or other accidental 

causes. 
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Fig. 3 

Let us now proceed  to analyze  the graphs  of p r e s -  
su re  d i s t r ibu t ion  shown in Fig. 3 (n = 15). In spite of 

there being some scatter of the experimental data, the 

majority of the points decisively tr~dieate that the 
model surface pressure varies discontinuously, taking 
different constant values at the separate sections. For 

instance, the pressure curve at angle of attack ~ = 0 

(reference condition) is composed of two parts; the 
first low-pressure part begins at the wing edge (r/R -- 

= I) and extends to a point located at a distance ~0.8 

from the axis; the second part corresponds to a 
roughly doubled pressure, and extends from this point 

to the point where the wings run together. With in- 
crease of angle of attack (a = 5 ~ the pressure at all 
points of the surface increases uniformly, while the 

shape of the experimental eurve remains unchanged 

and again consists of two constant-pressure parts. 
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Fig. 4 

However, the first reduced-pressure part is elon- 

gated, while the second is shortened. At large angles 

(c~ = 15~ the pressure distribution curve retains 

its form qualitatively, but the increased-pressure 

region then breaks down into several eonstant-pres- 

sure levels. The low-pressure part continues to in- 
crease, and occupies more and more of the wing 

surface. 

The above findings become comprehensible if we 

invoke the theoretical pieture of the flow and its pos- 
sible modifieations in nonreferenee conditions (~ 

0). In fact, if the flow at ~ = 0 is close to the re- 

ference situation (in the tests the Maeh number Moo 

differed from the reference value by 0.i, and the 

model dimensional errors did not exceed 5%), then 

the pressure distribution at the wall eonsists of a 

seetion of constant pressure determined by the shock 

attached to the leading edge, and a region of higher 
constant pressure arising after the flow passes 

through the second shock. In the reference condition 

the second shock is cancelled at the wall (at the break 

point), and even at small deviations from the refer- 
ence condition, a secondary reflected shock will 

evidently appear, detectable on sehlieren photographs, 

but not producing any noticeable pressure increase at 

the wall. Thus, at small deviations from the refer- 

ence condition, due to Maeh number or incidence 

angle changes, the shocks intersect regularly, and 
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the t h e o r e t i c a l  flow scheme  holds. We shall  now e x -  
amine  the case  of flow at la rge  angle of attack. A c -  
cord ing  to Fig. 3, in this case  the incident  shocks,  
and t h e r e f o r e  a lso  the r e f l ec t ed  shocks,  become 
cons ide rab ly  m o r e  intense.  Regions of i n c r e a s e s  p r e s -  
su re  now appear ,  co r re spond ing  to r e f l ec t ion  of 
secondary  and subsequent  shocks.  K we t r ace  a c -  
cording to Fig. 3 the var ia t ion  in posi t ion of the f i r s t  
shock r e f l e c t e d  f rom the wall  as a function of angle 
of a t tack,  we note that this point is d i sp laced  m o n o -  
tonica l ly  within the model .  This re la t ion  al lows us to 
a s sume  that  even at l a rge  angles  the f i r s t  shocks in-  
t e r s e c t  r egu l a r l y ,  s ince o therwise  the monotonic 
condit ion would be d i s tu rbed  f rom some point onwards.  
As far  as in te rac t ion  of the secondary  and subsequent  
shocks is concerned ,  Mach in t e r sec t ion  is not e x -  
cluded. 

The p r e s s u r e  d is t r ibut ion  on the r ema in ing  two 
mode ls  is qua l i t a t ive ly  s i m i l a r  in behavior ,  but the re  
a r e  apprec iab le  d i f fe rences  for the model  with n = 6 

at l a rge  angle of at tack,  namely ,  at a = 10 ~ and 15 ~ 
a backward d i sp l acemen t  of the point of r e f l ec t ion  of 
the f i r s t  shock, and a reduced  reg ion  of cons tant  p r e s -  
su re  behind the f i r s t  shock a re  observed .  The d i s -  
turbance  of the monotonic  change of the coord ina te  
of this point with i n c r e a s e  of angle of at tack,  o c c u r -  
r ing  for the o ther  mode ls ,  mos t  l ikely denotes t r a n -  
si t ion of the r e g u l a r  in t e r sec t ion  of the f i r s t  shocks 
to Mach in terac t ion .  The m o r e  so in that for the 
range of angles  a = 0 ~ to 15 ~ around this model  (n = 
= 6), t he re  a r e  r e a l i z e d  the mos t  intense shocks,  for 
which, o ther  condit ions being equal ,  the l imi t ing  
angle of r e g u l a r  i n t e r sec t ion  is less  than for the 
other  two mode l s .  In addition to the c a s e s  examined,  
Fig. 3 also g ives  graphs  of p r e s s u r e  d is t r ibut ion  for 
a negat ive  angle of at tack (a = -5~ For  this con-  
dit ion the p r e s s u r e  at the model  su r face  is p r a c t i -  
ca l ly  zero ,  accord ing  to the a r r a n g e m e n t  of the e x -  
p e r i m e n t a l  points.  This  a g r e e s  with the fact  that at 
c~ = - 5  ~ the d i r ec t ion  of the oncoming s t r e a m  roughly 
co inc ides  with the line of i n t e r sec t ion  of the wings,  
and they behave as f lat  p la tes  al igned with the s t r e am .  

It is of i n t e r e s t  to c o m p a r e  the e x p e r i m e n t a l  p r e s -  
su re  d is t r ibu t ion  with the exac t  theory  [2] for a = 0. 
The t heo re t i c a l  cu rves  a r e  shown as broken l ines in 
Fig. 4, and the a v e r a g e  e x p e r i m e n t a l  va lues  a r e  the 
continuous l ines.  The a g r e e m e n t  between e x p e r i m e n t  
and theory  on al l  the graphs may be cons ide red  good. 
The d ive rgence  of the data mainly  per ta ins  to the 
d imens ions  of the i n c r e a s e d  p r e s s u r e  regions .  Going 
f rom model  to model  (n = 15 to n = 6), the re  is a 
def ini te  reduct ion  in the d i f fe rence  between theory  
and expe r imen t .  It is na tura l  to suppose that bes ides  
the devia t ions  of e x p e r i m e n t a l  data f rom theory  
a r i s ing  f rom model  d imens iona l  e r r o r s ,  Mach n u m -  
ber  d e p a r t u r e s  f rom the r e f e r e n c e  value,  and other  
acc identa l  causes ,  the re  is some constant  fac tor  

which i n c r e a s e s  as n i n c r e a s e s .  It is mos t  l ike ly  that 
this f a c t o r  is the boundary l aye r ,  which mani fes t s  i t -  
se l f  m o r e  fo rc ib ly  at l a r g e r  values  of n. 

Apropos of this ,  we should point out that  one of 
the models  (n = 15) was tes ted  at ze ro  incidence in 
another  faci l i ty  at M~o = 3.85 and substant ia l ly  g r e a t e r  
Reynolds number ,  R = 3 .6 .  107. The p r e s s u r e  m e a -  
s u r e m e n t  r e su l t s  a r e  shown by the square  symbols  on 
Fig. 4 {courtesy of A. I. Zubkov). The re  is good 
a g r e e m e n t  between the data for the two tunnels ,  and 
a g r e e m e n t  with theory  improves  as the Reynolds 
number  i n c r e a s e s .  Thus the theore t i ca l  flow scheme  
is con f i rmed  both qua l i t a t ive ly  and quant i ta t ive ly  by 
e x p e r i m e n t  in the range  n -< 15. 

We a lso  note that in all  ca ses  the t heo re t i c a l  s o l u -  
tion of [2] containing two weak shocks was compared  
with exper iment .  If we a s sume  that one of the shocks 
is s t rong,  then the data of the theory  and e x p e r i m e n t  
differ  by a fac tor  of two. We should point out that  if 
we p roceed  to the l imi t  when M~ - -  ~o and ~ - -  i in 
the fo rmulas  of  [2] (~ is the spec i f ic  heat  ra t io) ,  we 
obtain the Newtonian approximat ion  in the case  of 
weak r e f l ec t ed  shocks.  When the r e f l ec t ed  shocks a r e  
s t rong,  ex t r a  concen t ra ted  fo rces  of finite intensi ty  
appear  a t  t he  points where  the lobes meet .  We may 
the re fo re  expec t  that for the s t a r - s h a p e d  bodies  e x -  
amined,  the Newtonian approximat ion  will  p rove  to be 
tenable at l a rge  Mach numbers .  The s i tuat ion for 
flow over  conica l  bodies  is evident ly  analogous to the 
plane case ,  for which it is known that  r egu la r  r e f l e c -  
tion with a weak shock is r e a l i z e d  expe r imen ta l ly .  

F r o m  the p r e s s u r e  d is t r ibut ion  data obtained, it 
is not diff icul t  to ca lcula te  the wave drag  coef f ic ien t  
of the s t a r - s h a p e d  bodies.  The e x p e r i m e n t a l  va lues  
of C x prove  to be 0.029 {n = 6), 0.035 (n = 10), and 0.042 
(n = 15}. The co r respond ing  t heo re t i c a l  values of C x 
a r e  0.026, 0.029, and 0.032. The ra t ios  of  the wave 

drag  of the equiva len t  c i r c u l a r  cone C~ to that  of the 
s t a r - s h a p e d  models  tes ted  a r e  as fol lows:  C~/C x = 
= 3 . 9  ( n = 6 ) ,  2.2 (n= 10), 1.95 (n=15) .  Thus theory  

and e x p e r i m e n t  show good ag reemen t ,  and a s e v e r a l -  
fold reduct ion in wave drag is r e a l i z e d  as p red ic ted  
by theory.  
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