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CALCULATING RODIES IN SIT PF.BSONIC FLOW AT GREAT ANGLES OF ATTAC K

‘Vu. N. D ’ y a k on o v , L. V. Pchelkina , I. IL Sandoair skay a

Tn s tud y i n g  rather long blunt bod ies in a flow at great an gle s

of attack a ~ (8 is the angle of slope of the contour) using

various num erical methods adapted for calculating smooth gas flows , a

feature was discovered in the leeward region of the flow f 1-3) w h i c h

made it im possible without taking special measures to cont inue

calcelatiag for the quantity x greater than a certain critica l lengt h

va le• XNp (g.n.rally depending on the parameters of the impinging flow

an d the geo..try of the body) . Analysi s of existing results and ,

for emost , the nature of the d is t r ibut ion of the peripher a l  com ponent

of velocity vector w cl ose to the surface of the body p e rmits us to

ii ~)9 1~~1
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assume that this phenomenon j~ related to the development in the

shadow reg ion of the flow of a feature such as a shock wave resulting

from the collision of supersonic flows directed toward one another at

great angles.

The ri.~sults of calculating flows nea r sharpe ned conical bodies

at great ingles of attack (4) also indicate the possibility of the

development of such a peculiarit y.

During experimental study of the flow past sharp cones and

rather lon g blunt cones at great angles of attack under actual

conditions in the presence of viscous forces on the shadow side of

the bod y,  developad separation zones are formed t5 and elsewhere ). It

is interesting to note that in the periphera l direction the flow

pattern greatly resembles a supersonic gas flow past a rou nd

cylinder. Speci fically, the va lue of meridional angle ‘P at which the

separation zone is formed in the three—dimensional case is not in

good agreement with corresponding results for the two—dimensional

flow. Thus, in the first approximation we can assume that even the

experimental results do not contradict the assumption of the

developmen’ of a shock wa ve type of peculiarity when a )~. 8 on the

leeward side of rather long bodies.

At great angles of att ack the pressure on the attack side of the
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body is generally significantly greater than the pressure on the

shadow side of the flow. Moreover, in the presence of levelope

se para t ion  zones , c a l c u l a t i o n  for  an idea l f l u i d  in t h i s  r e g i o n  can

d i f f e r mar ked ly  f r o m  t h e  real va lues  of t h e  gas d y n a m i c  pa ra me ters

because of t h e  s t rong  influence of viscous effects.

The s i t u a t i o n  m a y  prove analog ous to th at which occur s in a

superson ic f low past a sphere. U s ing  inviscid gas e q u a t i o n s we can

calculate th is f l o w  up to the  va lue  of 0 —— 160° (polar  a n g l e  f~ is

reckoned f r o m  t h ?  c r i’ica l  p o i n t ) .  However , wh im 43>OOT P —— 110—120 °

the  ob ta ined  s o l u t i o n  does not ref lect  the  real  flow pa t te rn , si nce

th i s  ent ire region lies w i t h i n  the  f l o w  se para t ion  zone. The re fo re , a

.r actica l so lut ion  to the  problem of ca l cula t ing  bodies in a

supersonic gas f l o w  a t  great angles  of a t tack m i g h t  be tt l ? fo l l owing .

Outs ide  of the  separa t ion zone the f l o w  is cal.cul~~te 1 us inq  t h e

model of an ideal gas , wh ich , as we know , in th is  case describes t h e

process very  well .  The distribution of pressure in the separation

zone is assi gned on the  basis of exper imental  dat a and o b ta i n ed

calculation results for the smooth flow region. Since pressure in

this zone is significantly lover than the pressure on the at tack side

of the flow and as analysis of calculation results shows, even a

rather rough distribution of gas parameters in the separation region

will not lead to great error in the values of the sum a e r o d y n a m i c
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character is t ics of b l u n t  cones. Thus ,  we can assume t h a t  such  a

system will provile ~in accuracy in calcul a t i n g  the f low pa st bodies

at qreat angles of a’tick which is sufficient from the practical

s t a n d p o i n t .

Tn this st uiy to calculat e a three—d imensional steady gas flow

in the supersonic range we used the grid method in the for m discussed

in f~~). 
Let us look at some modifications of the method wh ich must he

made in order t o  p e r f o r m  a ca lcu la t ion  accord ing  to the  system

described above (symbols of (6) used here).

Let us  assume that we have a uniform supersonic flow against an

a x i s ym m et r i c a l  body at  ang l e  of attack a and  (z , y, ‘I’ ) a :yl tn d r i ca l

coordinate system bound to the body; the  x axis  coincides wi th  the

axis of symmetry. Meridional angle ‘P is reckoned f rom t h e  p l ane  of

the angle of attack a, wh i le t h e  val e ~~O° is assignei to the

attaek sHe. In view of the symmetry with respect to variable it is

sufficient to examine the gas flow in the range O°~~’P~~I80°.

Let us introduce into the region where we seek the sol~it ion x >

x~ , 0 4 ~ 
( 1, 0 4 ‘P ~ v , a gr id  w i t h  nodes ( i n , mh 1, 1h 2 ) , where

Ax; h~ A~; h, = Aip const; a a,, a, + I • a, 2 ,

m = 0 , 1 , 2, . , M; ~ z 0, 1, 2, , L; h1M I; Ii~L

The system of difference equations is written tot the  po in t

- — ~~~~~~~~~~ .— —-—— -—— - —-- -5 -- —--.—.~~~~~ - . . . .  ..~~ .. ~~~~~~ ~~~~ - - - uJu. ._ .~~ . — 1. ..
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For a p pr o x i a at i n ~ d e r i v a t i v e s  w i t h  respec t to ‘P me umu d i f f e r e n ce

re l a t ionsh ips  a n a l o g o u s  to the  f o r m ul a s  of (6) from (~~J:

(
~)4.~ 

= 

* ~~~~~~~~~~~~~~ + 
X~ 1+1— X ~~L1) +

+~~(X~÷1.~+1 — - X ,~ 1 . ,_ 1 +X 1+ i—X , .,_ i)I, (1)

where X ( u , v , w , w , ~ 1 represents  t h e  vector co lumn of u n k n o w n

functious, m, v, v — proj ect ion s  of t h e  v e l o c i t y  vector o n t o  a x i s  x~
y , and ‘P. respectivel y ; a ~ >~, 0, a + = 1.

For simplicity let is assume that the separatioa r.;ion

coincides wish on? of the beams W,”IlIe and I,d.L . Let us assume , for

exam p le, that . this beam 1 = L — 1, and then it will be the last even

beau. ISo matter how we write derivatives with respect to ‘P, as lon g

as we remain withi n the framework of the explicit iteration system

for tha t varia b le, the main calculation algor ithm remains virt ually

unchanged, although calculation of the right part of the difference

equations will be done somewhat differently. For approximation of the

derivat ive s wit h respec t to ‘P on this las t beam ‘P1”1h~ we migh t , for

exampl e, a ssume the following relationships:

-5— _ _  ~~~~~~ .. ‘~~~~_ ~~~~~~!~~ _ ‘~~~ ?~ itZ~ ~~~~t t ~~ .5- , ~~~~~~~~~~~~~~~~~~~~~~~~
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(~~~~~%~‘+ + _ _L (a ~~~~~ 
— ~ + x?,~ — +

\ à ç  /*+ J , i 2k, •

2 (2)
+ ~ (X~+~, ,— ~~~~ + ~~ — ~~~~~

2 
_ 

~~~~~~~~ (a(3X~.i~s ,~ 
— 4X~~ 1~ ~~~~ + X~t~1. ~-2 +

~~‘ J.~i..! 41 $
2 

+ 3X~~ — 4X~~L~ + X~~-i) + 
(3)

+ ~(3X~+i.~—4 X .+t .4_ i ~~~~~~~~~~~~~~~~~~ + X~,,_,)1.

Formula s  (2) and (3) are obtained by means  of “u n i l a t e ra l”

difference relationships , and when a = 8 and the  number  of ite ra t ion s

0 > 2 , t h e y  assure the f i r s t  and second order of accsracy,

r e spec t ively .  It is assumed tha t  the gas flow in region ‘P>’P has no

effect on t h e  p u r ? l y  gas d y n a m i c  region ~~~~~ i.e., no ad dit ional

condi t ions  need be imposed on th e  last ev en beau.

Results from experiments on and calculations of a supersonic

flow past bodies at  great  angles of a t tac k in man y cases confirm this

assumpt ion . S p e c i f i c a l l y ,  in ( 1 , 3, 7 and elsewher. ) it w a s

discovered t h a t  at high values of merid ional angle ‘1> on the shadow

side of the  f l ow  t h e  pe r iphera l  components  of the ve locity vector w

can reach supersonic values .

If in the last even beam per iphera l  velocity everywhere is

greater than the local spee d of sound , then the  pro posed s yste . is

—~~~ ~~~~~~~~~~~~~~~~~ .____S.s —rrr .~~~~r —,,s,-~~—.—-— _ . . —,.r—~~~—— — - - — , ..~~ U
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essentially based on the same idea s as the method developed in f ‘41

for calcu lating two—dimensional steady gas flows near conical bodies

at great arqles of attack. In this case such a formulation of the

H problem is obviously correct. As indicate d by the exoeri~ nce4 gained

fro. calculating and comparing results obtained by the proposed

H system and the standard met hod [6) (in the region where data can

still be obt ained using the standard difference system) , t h i s  sys tem

ca n be succe s s f u ll y  used even whe n  t he  c o n d i t i o n  i n d i c a t ed  above is

destroyed. The explanation for this is as follows: although the

peripheral velocity component on beam *~ ‘P~ is also lover than the

local speed of sound , for the studied flows it is comparable to it in

•aqnitud e. Therefore, little information is tra nsmitted from the

region *>~I’~ to the region ‘P (’Pi , and it has virtually no effect on

ca lculat ion when ‘P<’Pi .

The f a c t  t h a t  we can d e t e r m i n e  the  n u m er i c a l  so lu t i on  ( w h i c h

corresponis to r?ality) in the region of the gas flow bounded by a

certa in line on which the velocity com pon ent which is normal to it is

below the speed of sound , but comparable to it in m a g n i t u d e  (despite

the fact that the formulation of the prob lem in this case becomes

incorrec t, strictly speaking), is also confirmed by the special

methodological calculation conducted in (81. Stud ied in this l ast

work was the flow pattern which develops when a supersonic freely

expanding stream strikes a surface. The charact erist ic feature of

- -
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such a f l o w  is the formation of an open n a r r o w  su bsonic f l ow  zone

ad loining the shock w a v e  in f r o n t  of the  obstacle. Let us note

certain peculiarities in the  f l o w  past t lu n t  bodies it hig h angles of

a t t ack .  If we compare  t he  da ta  in Pigs. 1—4 , where we see the flow

nat terns  fo r  a b l u n t  cone in an e q u i l i b r i u m  a i r  f low at nu mber i 0, =

?0 , pressure p~~~= 0.00 1 a t m  phys .  and  t e m p e r a t u r e  T 0,, = 250°~ , and the

pressure d i s t r i b u t i o n  on the  su r f ace  of t h e  cone , we see a m a r k e d

shor ten ing  in  t h e  region  effected by the blunting as the angle of

at tack  grows . Whe n a = 30° (Fig.  II) at great d is tance s f r o m  the

lead ing  ed ge , ‘h e  n a t u r e  of t h e  pressure di st r i b u t i o n  on t h e  body Ps

wi th  respect to t h e  mer id iona l ang le ‘P is in good agreemen t w i t h

corresponding results from (4] for sharp cones at grea t  a n g l e s  of

attack.

The use of t~ e system for the shadow side of the flow virtually

eliminates the significant limitations on the length  of a ca lcu la ted

bod y f l y i n g  at a grea t  angle  of a t t a c k , which  existed p r e v i o u s l y  ( for

example , the  s t a n d a r d  method of ca lcu la t ing  a f low past t h e  same

cone, even for a = 100 , not to ment ion  greater angles, could only h~#

done up  to x —— 10).

Since on the attack side the flow, even a t short d ist ances f rom

the blunt portion, becomes close to conical (wi th the exce pt ion of

the t h i n  vor tex  l aye r  near the body) , there develops a zone of

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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d ra s t i c  r e s t r u c tu r i n ’i  f r o m  the  “ al most c l i n i c a l”  f l o w  to a n  e n t i r e l y

l i f fer e nt. t y p e  of f l o w , cor r e s p o n d i n g  t o  t h e  f l o w  past.  ‘he l ead i ng

portion of a body . In the vicinity of this zone , in the field and on

the  sh ock wave , f l o w  p ec u l i a r i t i e s  of a d i f f e r e n t  t yo e  m a y  d eve lop .

To s t u d y  t h e m  we must  conduct  ca lcu l a t i c n s  w i t h  a dense gr i d  fo r

coor4ina~ e~ ~ and ‘P along with a thorough anal ysis of ‘he flow in the

compressed layer and the geometry of t h e  shock wave.

~atural].y ~~e obt ained results correspon d to the actual flow

pattern only in the gas dynamic region inside the separation zon’~.

Based on the data of experiments in [
~~
) for cones wit h a half—ang le

of ~ —— 10° at Math numbers of M .~~= ~ and great ang les of attack the

separation zone lies in the region of meridional angle values ‘P ?~

1400.

The proposed c a l c u l a t i o n  system can  be eas i ly  e x t e n d e d  to the

case where t h e  b o u n d a r y  of the  separat ion zon e is ass igned in t h e

form of a cer ta in  f u n c t i o n  (de t e rmined , let us say, from the results

of experimenta l studies) or is found by the gasdyna in ic paramet ers

obtained in the process of solving the çroblem . This is especially

true if we consider the fact that , in view of the above discussion ,

it is not necessary to assign this boundary with a high degree of

accuracy.
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Further refinement of the formulation of the problem and

obtained results requires that we conduct systematic calculational

investigations and a thorough experimenta l study of the shape of the

boundaries  of the  separa t ion  zone , distribution of gas parameters in

‘~his region , an d  t h e  e f f ect  of bodies flying at great angles of

attack , the pa ra m ~~ters of the impi nging flow, Re numbers , the nature

of the gas flow in the boundary layer , etc. on the flow patter n on

the shadow side.
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