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The cons t ruc t ion  of opt imal  hypersonic  ae rodynamic  shapes  is an urgent  p rob lem.  In the c lass  of c o m -  
plex t h r ee -d imens i ona l  conf igurat ions ,  this cons t ruc t ion  is s t i l l  r ea l i zed  on the basis  of  approx imate  methods 
of  analyzing the hypersonic  flow (see [1-4], for  instance) .  

Within the f r a m e w o r k  of a Newtonian flow scheme  with a f r ic t ion  co r r ec t ion ,  a new c l a s s  of t h r e e - d i m e n -  
s ional  configurat ions with p o w e r - l a w  longitudinal and t r a n s v e r s e  contours ,  including pa r t i cu l a r l y  bodies of  
revolut ion ,  mul t i can t i l ever  wings,  a cu rv i l inea r  mult iwedge body with a c i r cu l a r  middle ,  is cons idered  below. 
The values  of the p a r a m e t e r s  descr ib ing  the op t imal  s t r eaml ined  su r face  a r e  de te rmined  by the method of 
r a n d o m  sea r ch  by m e a n s  of the bes t  s ample  [5] f r o m  the condition of m in imum total  body drag.  It  is e s t a b -  
l ished as  a r e s u l t  of computat ions  that  the op t imal  hypersonic  shapes  in the span r ange  0 < X< 4 a r e  t h r e e -  
d imens ional  bodies with s t a r l ike  middles .  

.... Expe r imen ta l  va lues  of  the  total  d r a g  coeff ic ient  a r e  p resen ted  for  ce r t a in  configurat ions which a g r e e  
qual i ta t ively  with the computed data. 

1. Th ree -d im ens i ona l  bodies of  unit  length whose equation of the cycl ic  su r face  (Fig. 1) is r e p r e s e n t e d  
in the f o r m  [1] 

I haehs: r "] 
_ : / ~ r - -  pxh, t + ks (1 ksx)k, e-h,,~ kO 0, 

where  r ,  0, x a r e  components  of a cy l indr ica l  coordinate  s y s t e m ,  p is the ra t io  between the rad ius  of the base  
(for x = 1, k 2 = 0) c i r c u m f e r e n c e  of  the body base  and i ts  length, n is the quantity of t r a n s v e r s e  body cyc l e s ,  and 
k i (i = 1, . . . ,  6) a r e  the " inner"  va r i ab l e  p a r a m e t e r s  (p, n a r e  the "ou te r"  (given) p a r a m e t e r s ) .  

The independent v a r i a b l e s  a r e  enclosed in the r anges  s  x <  1, s  (0n/g) -< 1, where  s is a sma l l  quanti ty 
se lec ted  f r o m  the condition cons t ra in ing  the app rop r i a t e  pa r t i a l  de r iva t ives  of  the function f. The va r i ab le  
p a r a m e t e r s  v a r y  between the l imits  

0 , 1 ~  k l ~  5, 0-~<k~<~ i0, 0 ~ k a ~  t,  0 ~ k 4 ~ 5 ,  
0 ~ k s ~ 1 0 ,  0~.~k s ~ 5 0 ;  O~n~iO0, 0 , 0 2 5 ~ p ~ 1 0 .  (1.2) 

The r anges  of va r i a t ion  of the " inner  w va r i ab le  p a r a m e t e r s  a r e  chosen so that  the e x t r e m a l  point will  
a lways be an inner point as the "ou te r"  p a r a m e t e r s  va ry .  

The function f (1.1) r e p r e s e n t e d  desc r ibe s  a c lass  of  s t r eaml ined  s u r f a c e s  without "ae rodynamic  shadow n 
under  the conditions r= Ile=~ -/> 0, r= le=0 ~ 0. A lower bound on the rad ius  of cu rva tu re  along the inner n o rma l  

of the running t r a n s v e r s e  contour is introduced for a s l ight  twist  in sho r t  and med ium bodies.  The lower bound 
of the so -ca l l ed  rad ius  of  cu rva tu re  equa l s  the t r a n s v e r s e  coordinate  of the inner edge (ONB in Fig. 1) in the 

s a m e  sect ion.  

P a r t i c u l a r  kinds of the c lass  of  ae rodynamic  shapes  to be studied a r e  the cone (kl = 1, k 2 = 0), the power -  
law body of revolu t ion  (n=0 or k~=0), the body of revolu t ion  with r ad i a l  p la tes  (ks~oo) and s l i ts  ( k s ~ 0 )  , a 
s t a r l ike  body with p o w e r - l a w  longitudinal contour f r o m  [1] (kl = 0.75, k s ~ 2, ks =k4 = k~ = 0), a s t a r l ike  body f r o m  
[6] (k 2 ~ 0.2, 0 < 1% < 0.05, k s ~ 5, k 1 = 1, k 4 = 0), the nose sect ion with p o w e r - l a w  longitudinal and t r a n s v e r s e  con-  
tours  with a c i r cu l a r  base  (k3 = 1, k4_> 1). Dif ferent  V-wing  shapes  a r e  obta ined  upon gluing jus t  two cycl ic  
e l emen t s ,  and a wing with a fuselage (n = 2) is designed d iverse ly .  

2. A modified Newtonian model  of the flow with a va r i ab le  su r face  fr ic t ion coeff ic ient  Cf 
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Fig. 1 

Cp = 2.09i(1fl~) ~, Cf = Cs0(i - -  ~t)z-~, 

is used to de sc r ibe  the ae rodynamic  drag  of the configurat ions being studied,  where  C_ is the p r e s s u r e  coeff i -  
cient ,  In is the unit  vec to r  n o r m a l  to the su r face ,  Lx is the unit  vec to r  of the Ox ax is ,  ~f0 is the mean  value of 
the f r ic t ion  coeff ic ient  with r e s p e c t  to the length, usual ly  taken equal  to 3" 10 -3 for hypersonic  inve,,~tigations, 
and ~ is a constant  equal  to 0.5 for a l aminar  s t r e am.  Then the e x p r e s s i o n  for the d rag  X r e f e r r e d  to the 
ve loc i ty  head q is wr i t ten  as 

~ln  l 

q -~r dOdx, - -  = \ , ~  , .~- q- ]~ + Vj ]~ -[-r~- (2 .1)  

where fx, fr~ f0 are partial derivatives of the function f with respect to the corresponding variables. 

In the numerical integration of (2.1), the wave drag of sections of the surface (I.i), which are in the "aero- 
dynamic shadow n on the downwind side of a possible wedge projection,vanishes. The drag of projections which 
are manifest upon variation in the "aerodynamic shadow" itself is considered by means of the unpe~.~ktrbed 
scheme. 

Consequently, for given spans k (or p =t/2k ) and a quantity n of transverse cycles,~the problem is formu- 
lated as follows. The drag integral (2.1) is minimized in a set of parameters ki defined by the relations (1.2), 
upon compliance with the constraint on the transverse contour for bodies with the span X< 4. The optimization 
is performed by the method of random search on the best sample. 

3. It is found because of the optimization that three-dimensional bodies with starlike cross section 
including the middle are best from drag respects for spans X<4 in the hypersonic range. Thus, it is seen from 
Fig. 2a, where configurations of the outer and inner (solid and dashed lines, respectively) edges r,(x) of opti- 
mal bodies with four transverse cycles, that three-dimensional aerodynamic shapes with a circular middle 
are the transition configurations from the power-law bodies of revolution to bodies with a starlike base. 
Axisymmetric bodies with an increasing exponent for the longitudinal generator as the span increases (Fig. 2b) 
are optimal for large spans. For X> I0 the optimal axisymmetric bodies are simulated by aerodynamic shapes 
with a nose spike. The edge configurations shown in Fig. 2c are obtained upon removing the constraint on the 
transverse contour for small and medium spans. The boundary values r, of the radius vector r corresponding 
to the angles 0 = ~/n (outer edge) and 0 = 0 (inner edge) are plotted along the ordinary axis in Fig. 2. The edges 
of bodies of the same span are connected by line segments collected from points for x=l. 

It is seen from a comparison of the transverse contours of four-wedge bodies r(0)]x=const (Fig. 3a-d are 
the results of optimization with a constraint on the radius of curvature, and Fig. 3e-h are the results of free 
optimization) that for small spans the constraint on the cross section of the body being optimized substantially 
weakens the rotation of the transverse generators with respect to each other, thereby practically eliminating 
the stream twist. It is also shown in Fig. 3 how the transverse body contours vary with the change in span. 
Fig. 3a and e correspond to the body span ~=0.125, Fig. 3b and f to ?~=0.75, Fig. 3c and g to k=2.25, and Fig. 
3dandhto k =4. 
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4. I t  shou ld  be noted t ha t  f o u r - w e d g e  c o n f i g u r a t i o n s  wi th  the p a r a m e t e r s  k t - -0 .764,  k2=2.462 , k3 = 0.027,  
k 4 = 1.999,  k 5 = 1.463,  and k s = 2.346 in the  c a s e  of  o p t i m i z a t i o n  wi th  a c o n s t r a i n t ,  and kl = 0.827,  k 2 = 4.412,  k 3 = 
0.330,  k4 = 1.053,  k 5 = 2.8 78, and k 6 = 0.422 in  the  c a s e  o f  f r e e  o p t i m i z a t i o n ,  have  the  m a x i m u m  e m e r g e n c e  of the  
o u t e r  e d g e s  beyond  the d i a m e t e r  of  the  b a s e  c i r c u m f e r e n c e  o f  the b a s e  fo r  the  s p a n  •= 0.75 ( see  F i g .  2a and c) ,  
and r e a c h  the  m a x i m u m  r e d u c t i o n  in  d r a g  r e l a t i v e  to the  e q u i v a l e n t  cone .  The so l id  l ine  in  F ig .  4 shows  the 
d e p e n d e n c e  o f  the r a t i o  b e t w e e n  the d r a g  X c of a cone  o r  e q u i v a l e n t  s p a n  and the d r a g  Xob of the  o p t i m a l l y  
c o n s t r u c t e d  f o u r - w e d g e  body with a c o n s t r a i n t  on the t r a n s v e r s e  c o n t o u r ,  whi le  the  d a s h e d  l ine  i s  for  a f o u r -  
wedge  body  ob t a ined  d u r i n g  f r e e  o p t i m i z a t i o n ,  and the d a s h - d o t  l i ne  i s  an ana logous  d e p e n d e n c e  for  a p o w e r - l a w  
a x i s y m m e t r i c  m i n i m u m - d r a g  body.  I t  i s  s e e n  f r o m  F i g s .  2 and 4 tha t  a e r o d y n a m i c  s h a p e s  wi th  a s t a r l i k e  
c r o s s - s e c t i o n  have l e a s t  d r a g  for  s m a l l  and  m e d i u m  s p a n s ,  whi l e  p o w e r - l a w  b o d i e s  of  r e v o l u t i o n  a s s u r e  m i n i -  
m u m  d r a g  for  l a r g e  s p a n s .  

5 .  The  in f luence  of  the quan t i t y  of  t r a n s v e r s e  c y c l e s  n o n  the d r a g  of  t h r e e - d i m e n s i o n a l  b o d i e s  o p t i m i z e d  
with  a c o n s t r a i n t  on the  t r a n s v e r s e  c o n t o u r ,  i s  shown in F ig .  5 for  t h r e e  s p a n s  ( cu rve  1 c o r r e s p o n d s  to ? ,=0 .75;  
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2 to ~ = 0.125; 3 to ~ =2.25) where the rat io between the drag of an optimal body of revolut ion Xob r and the drag of 
an optimal three-d imens ional  body Xot b is plotted along the ordinate axis. It is seen in Fig. 5 that the ex t re-  
mum point for the spans considered is near  n = 40 (log n = 1.6), where k= 0.75 at the "peak ~ span, and the ord i -  
nate of the maximum is g rea tes t  here.  Taking account  of the interference of shock layers  at  the junctures of 
the cyclic surfaces  [7] permi ts  re f inement  of the optimal quantity of ~ a n s v e r s e  cycles  for plane and ruled 
aerodynamic  shapes with sharp leading edges [8, 9]. Taking account  of the secondary  coll ision of the gas 
par t ic les  on the surface in the inner edge region is fraught with g rea t  computational difficulties for curvi l inear  
th ree-d imens iona l  bodies [10] since the pa ramete r  distribution within the shock layer must  be obtained for 
this. Because of the absence of the mentioned accounting and es t imates  of  the forces  concentrated on the rea l  
leading edges,  the dependences Xobr/Xotb = f(n) obtained for large n requi re  ref inement.  

6. A compar i son  of the computations by means of a modified Newtonian approximation to descr ibe  the 
drag of three-d imensional  bodies with a smal l  quantity of t r ansve r se  cycles  and the experimental  dependences 
of the total drag coefficient Cx0 at  zero  angle of at tack on the Mach number M for an equivalent cone (dashed 
line) and a four-wedge body with the pa rame te r s  k I = 0.742, k 2 =0.724, k3 = 1.0, k 4 = 2.491, k 5 = 2.538,p and k~ = 
6.915 (solid line) is shown in Fig. 6 for the span k =2.25. The tests  were per formed in the T-313 and IT-301 
wind tunnels of the ITPM SO ANSSSR (Institute of Theoret ical  and Applied Mechanics,  Siberian Branch of the 
USSR Academy of Sciences) for M=3,  4, 6, 8 and the Reynolds number Re ~ 10 ? on models with the middle 
diameter  60 mm and the leading edge thickness 0.2 mm. The points indicate the computational dependence 
Cx0(M) for the cone, and the d a s h - d o t  line is for the three-d imens ional  body. Both computational dependences 
a re  below their corresponding exper imenta l  graphs,  where  the d iscrepancy between the resul ts  of the computa-  
tion and the exper iment  diminishes as the Mach number increases .  Despite the somewhat  more  degraded 
agreement  between the computed and exper imenta l  data, as compared  to the cone, the accuracy  obtained in the 
descript ion Cx 0 of the experimental  four-wedge body permi t s  the hope for qualitatively c o r r e c t  resul ts  of the 
optimization of three-d imens ional  aerodynamic  shapes with a low number of c r o s s - s e c t i o n  cycles  and a con- 
s t ra in t  on the contour and for smal le r  spans,  where the maximum computed drag reductions a re  observed.  

1. 
2. 
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C R O S S F L O W  D E V E L O P M E N T  IN THE B O U N D A R Y  L A Y E R  

D U R I N G  L O N G I T U D I N A L  F L O W  A R O U N D  A R I G H T  

D I H E D R A L  A N G L E  

V. I.  K o r n i l o v  a n d  A. M. K h a r i t o n o v  UDC 532.526 

Cases of the interaction of both laminar and turbulent boundary layers a re  real ized in the flow around 
angular configurations. Investigations [1, 2] executed ear l ie r  indicate that during the interaction of turbulent 
boundary layers in the neighborhood of a bisectorial  plane of a corner ,  crossflows in the form of counter- 
rotating vortex pairs develop. 

This paper is devoted to an experimental  investigation of the conditions for the origination and develop- 
ment of erossflows in the domain of boundary-layer interaction during the transition from the laminar to the 
turbulent state. 

The tests were performed in the low-turbulence T-324 wind tunnel of the Institute of Theoretical and 
Applied Mechanics of the Siberian Branch of the USSR Academy of Sciences [3] under conditions of gradient- 
free flow around a r ight dihedral angle model. The description of the model construction and the fundamental 
measurement  methodology a re  elucidated in [2]. The experiments were conducted at a mean s t ream velocity 
of u~ = 7.6 m/sec and a Reynolds number Re 1 ~ 0.53" 106, m -l ,  initial degree of turbulence ~ 0.03%, and zero 
radius of conjugation of the angle faces in the working section. A constant temperature thermoanemometer 
55D00 of the f i rm DISA in connection with a 55D10 l inearizer  was used as recording apparatus in measuring 
the longitudinal velocity component and its pulsations. A transducer with 0.65-ram-long and 3-pm-diameter  
Wollaston wire was used in the majority of tests ,  which assured a sufficiently low time constant r.  The working 
frequency band hence exceeded 40 kHz, All this permitted obtaining an acceptable resolution of the thermo- 
anemometer  system as a whole under the investigated conditions. The spectral  character is t ics  of the velocity 
pulsations were investigated by using a frequency analyzer of 2010 type of the f i rm of Br~iel and Kjer. The 
experience accumulated in the Institute of Theoretical  and Applied Mechanics and other organizations [4-9], 
was used in measuring the velocity pulsations with the thermoanemometer.  

The results of investigating the laminar- into-turbulentboundary-iayer  transitions daring the flow around 
a r ight dihedral angle at supersonic speeds [10] showed that the boundary layer in the bisectorial  plane becomes 
turbulent directly from the leading edge although laminar boundary layers are  real ized and interact on a ce r -  
tain section outside the domain of interaction on the faces of the angle. 
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