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Exist ing computat ional  methods  [1-5] do not enable one to calcula te  complex flows behind 
s teps ,  accounting for  nonuniformity of the incident supersonic  flow and the effect  of c o m -  
p r e s s i o n  and expansion waves  a r r i v ing  in the nea r -wake  region.  For  example,  computa -  
t ional  methods  based  on the methods of [1] or  [2] a r e  used mainly  in uniform supersonic  
flow ahead of the base  edge and, fo r  the mos t  pa r t ,  cannot be used to ca lcula te  flow in 
annular  nozzles  with i r r e g u l a r  condit ions.  An except ion is r e f e r ence  [6], which inves t i -  
gated flow in an annular  nozzle  behind a cyl indr ica l  cen te r -body .  The p re sen t  pape r  sug-  
ges t s  a method,  based  on r e f e r e n c e s  [7, 8] for  calculat ing the base  p r e s s u r e  behind two-  
d imensional  and t h r ee -d imens iona l  s teps ,  washed by a supersonic  jet .  

w We cons ide r  an app rox ima te  flow scheme  in the base  region behind a step,  which provides  for  
typical  in te rac t ion  of a turbulent  boundary l aye r  with an external  pe r fec t  flow (Fig. 1). Between sect ions 1 
and 2 the re  is expansion of the flow, AS is the line of constant  m a s s  flow rate ,  and S is the c r i t i ca l  point. The 
dashed line indicates the bounda ry - l aye r  edge. Immedia te ly  behind the body, between sections 2 and 3, t he re  
is a c o n s t a n t - p r e s s u r e  sepa ra ted  region,  so that  flow in terac t ion  begins at some sect ion 3. The in te rac t ion  
of the viscous  l ay e r s  with the outer  ideal flow (jet) was calculated using bounda ry - l aye r  equations.  A c c o r d -  
ing to [7], the following s y s t e m  of equations can  be wr i t t en  for  the in te rac t ion  region: 

dS*/dx = F0(M, 6", 0"*, ~), dO**/dx = FI(M, 6", O**), (1.1) 
dM/dx  = F~(M, 6", 0"*), 

0"* e0** dr 
where F 0 = t g ~ - i - D ;  F~ = F ~ - - F ~ x F ( H + 2 ) - - - - 7 - - ~ f ;  

A * M A 2  M P-!la~ F'3 dFa A*=A*(M*) ;  M* M~-{-Ma 
F~=--TOHS**; F a :  p01 al = d-M; = 2 ; 

_ . .  11 0.5  P i .  

D = ~ \-~ -- . -~ \ Io l]  ' 

T O = O.5I~/Iol  4- 0.22Prl/3 + (0 ,5--0.22Prl /3)I1/Iol;  

= (• + 1)I(• -- 1); 

h* HIol/I~ + 0.5 (u -- i-) l~I~ (1.2) 
= H / H * + O . 5 ( z - - I )  M ~(H+I ) '  

h = HIo l / I1  + (I~jl/Ii - -  l). (1.3) 

Here  M is the Mach num ber  at the edge of the boundary l a y e r  and fl is the angle between the velocity vec to r  
at the b o u n d a r y - l a y e r  edge and the Ox ax is .  The f i r s t  equation of (1.1) for the va r ia t ion  in d isp lacement  
th ickness  was obtained f r o m  a re la t ion  in [2], which takes  into account mixing of the ideal pa r t  of the flow 
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into the boundary layer ;  the second equation is the m o m e n t u m  equation and the th i rd  connects  the p r e s s u r e -  
gradient  p a r a m e t e r  fo r  a c o m p r e s s i b l e  boundary l a y e r  with the p r e s s u r e - g r a d i e n t  p a r a m e t e r  for  the incom-  
p r e s s i b l e  boundary l aye r .  The ra t ios  between the p a r a m e t e r s  of the i ncompres s ib l e  turbulent  l aye r  H, H*, 
r ,  A appear ing  in Eq. ( 1 . 1 ) i n t h e  flow region between sect ions  SS and 4 (attached boundary layer ,  see  Fig. 1) 
w e r e  r ega rded  as  known and w e r e  chosen  in the f o r m  of the re la t ions  H=H(A),  r = r  m), H*=H* {I-I) g ivenin [7]. 

The quantity A va r i e s  f r o m  A = 0 (ze ro-grad ien t  flow) to A S = 0.1 (the value of the p r e s s u r e - g r a d i e n t  
p a r a m e t e r  A at  the points  of s epa ra t i on  o r  r ea t t achmen t  of the boundary layer ) .  F o r  reg ions  of s epa ra t ed  
gradient  flow with r e v e r s e  flow, i .e . ,  in the flow reg ion  between sect ions  3 and SS (see Fig. 1), the quanti t ies  
H and A a r e  linked by the l inea r  r e l a t ion  H =H3 +10{I-I S - H3)A (0-<h -<A S, H 3 is the shape fac tor  for  the in- 
c o m p r e s s i b l e  boundary l a y e r  in the initial  sec t ion  where  the boundary l a y e r  in te rac t s  with the external  p e r -  
fect  flow), and we Can put app rox ima te ly  r = 0. The dependence of A * on M*,  obtained by co r re la t ing  expe r i -  
menta l  resu l t s ,  was g iven in [7]. During the calcula t ions ,  at  each x step in integrat ing the s y s t e m  of equa-  
t ions (1.1), we de te rmined  the p a r a m e t e r s  M, 5" ,  0* * and found the m o m e n t u m  loss  th ickness  6"*. Then the 
addit ional b o u n d a r y - l a y e r  p a r a m e t e r s  h, H, A, r ,  H*, h* were  calculated,  using Eqs .  (1 .1)-(1.3)and the r e -  
la t ionships  g iven  g raph ica l ly  in [7]. 

In defining the b a s e  region flow we cons ide r  in te rac t ion  of the boundary l aye r  with the external  pe r f ec t  
superson ic  flow. Fo r  two-d imens iona l  flow in equi l ibr ium ahead of the base  r i m ,  we calculated the unbounded 
p e r f e c t  flow using the P r a n d t l - M e y e r  re la t ion,  which r e l a t e s  the  angle of t u rn  of the veloci ty  vec tor  a t  the 
edge of the boundary  l a y e r  with the Mach number  var ia t ion :  

= v(M1) - -  v(M) § fi,. (1.4) 

With this r e l a t ion  we can  c lose  the p r o b l e m  [we have the unknowns M, d*, 0"*,  fl and the th ree  
different ia l  equations in s y s t e m  (1.1) and Eq. (1.4)]. in the solution o f  the sy s t em of equations (1 .1) in  
conjunction with Eq. (1.4), the boundary  l a y e r  af fec ts  the p e r f e c t  flow and the pe r f ec t  flow affec ts  the bound- 
a r y  l aye r .  This  kind of in te rac t ion  of v iscous  and inviscid flows is typical  of base  reg ion  flow. Fo r  an a x t s y m -  
me t r i c  flow, to ca lcula te  the ex te rna l  pe r f ec t  fl0w, i~ to obtain the p a r a m e t e r  fl, the method of c h a r a c t e r i s -  
t i c s  is used (see [7, 8]); this  method is a l so  app rop r i a t e  when the flow field ahead of the base  r i m  is nonuni- 
f o r m  and contains c o m p r e s s i o n  and r a r e f a c t i o n  waves .  

Knowing the p a r a m e t e r s  M, 6*, 0"*, fl at  the initial  bounda ry - l aye r  sec t ion  3, we can  in tegra te  the s y s -  
t e m  (1.1) up to the end sec t ion  4. The initial conditions for  s y s t e m  (1.1) descr ib ing  the flow in terac t ion  in 
the n e a r - w a k e b e h i n d  the s tep,  a r e  de te rmined  f r o m  the condition that this  flow should match  the flow in the 
c o n s t a n t - p r e s s u r e  mixing zone [7]. We denote the b o u n d a r y - l a y e r  th ickness ,  the d i sp lacement  th ickness ,  the 
momen tum loss  th ickness ,  the Mach number  M, and the angle between the veloci ty vec tor  at the edge of the 
boundary l aye r  and the OX axis  ahead of the step by the symbols  6i, 61", 61"*, M 1, ~l-  Consider ing f i r s t  two-  
d imensional  flow, we shal l  a s s u m e  that  at sec t ion  2, where  we have the value ~2 =v (M1)--v (M2) +~1, the bound- 
a ry  l aye r  s t a r t s  u p w i t h p a r a m e t e r s  M 2, 62, 6~*, 6~*. We shall  take the re la t ions  between the p a r a m e t e r s  St* * 
and 6~* in the fo rm [3] 

52 / i f : (P,uiM2)i/(pxu, M2)2" 

We now d e t e r m i n e  the p a r a m e t e r s  in the c o n s t a n t - p r e s s u r e  zone. F rom the second equation of s y s t e m  
5_, and then, using the conditions fo r  conse rva t ion  of m a s s  and (1.1) we ca lcu la te  the d i sp lacement  th ickness  * 

conse rva t ion  of m o m e n t u m  in the c o n s t a n t - p r e s s u r e  zone, we de te rmine  the m o m e n t u m  loss  th ickness  6_* *- 

8* (81 T b) ~ ~_z, 2 , ~ -  = tg ~+ (M_ = M..,). (1.5) 

Matching of the in te rac t ion  flow and the c o n s t a n t - p r e s s u r e  flow is accompl i shed  through the condition that  the 
d i sp lacement  th ickness  and the m om en t um  loss  th ickness  a r e  kept constant  at sec t ion  3: 

~3- = 6~+, 6~- = 6a+. (1.6) 
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These two relat ions a re  sufficient to determine the p a r a m e t e r s  5~'+ and 5 ~ ,  if the length of the cons tan t -p res -  
sure  region x 3 is known. Calculating x 3 using the method of [4], we obtain, f rom Eqs. (1.5) and (1.6!, ^ 

6 ; + = ( 6 ~ + b ) + x ~ t g ~ l  2, 53+=f l t~ ,  M~+=M~. ( 1 : 7 )  

These equations give us initial boundary conditions for  integrating the sys tem (1.1). For  an ax isymmetr ic  

flow the initial boundary conditions have the fo rm 
~a 

* ~* r~ ~* M~+ = M2" ( 1 . 8 )  53+= (6; + b ) + y t g ~ d x ,  153+= r-'~-]6i , 
0 

For  a uniform flow ahead of the base r im,  the flow conditions on a flat plate or  a cylindrical  surface f14 = 0, 
A 4 =0, serve  as final boundary conditions at sect ion 4. In solving the boundary problem for the sys tem of dif- 
ferential  equations (1.1) we integrate the sys tem f rom sect ion 3 to sect ion 4 in the direct ion of the main flow; 
here  a "ranging" method is used to choose a value of ]V[ 2 (or  P2) such that the pa r ame te r s  B4 = 0 and A 4 = 0 a re  

obtained at sect ion 4. 

As is shown experimental ly  [9], with a nonuniform flow ahead of the base r im,  and also when there  a re  
no expansion waves,  the flow in the near-wake has the same features as in uniform flow. However, in this 
case  the end boundary conditions for the sys tem (1.1) require  supplementary information. We evaluate the 
parameter/~4 at the end sect ion of the interact ion region (at sect ion 4) for  A 4 = 0. To do this we convert  the 
compress ib le  boundary- l aye r  equations to incompress ible  boundary layer  form and write equations for  the 
z e r o - o r d e r  and f i r s t - o r d e r  moment  of momentum at r2=cons t  [4]: 

dO** _~ 0,* dU~ (H + 2) = F2; (1.9) 

0"* dH H (H + 1) ( H  2 - -  t )  0 "*  dU1 i 72 = 2 v, dX + H ( H 2 - - 1 ) r 2 + ( H + I )  (H2--t) .  r2, d(Y/O) (1.10) 
0 

(here P 2 = ~/p~U~). 

By substituting the value An=0 into Eqs. (1.9) and (1.10), and taking into account the f i rs t  equation of 
sys tem (1.1), we obtain 

I0x A* 

1 

where b~ = t' (F./F) "2 d (Y/O), 0 ~ b~ ~ 1. 
6 

By giving experimental  value to the base p r e s s u r e  and calculating fll and/~4 (for M 1 = 1.4-4), we est imate 
the p a r a m e t e r  flo = I flJflll <- 0.03. The calculations show that the p r e s s u r e  distr ibution in the interact ion region 
is prac t ica l ly  independent of fl~ if f l ~  0.03. Therefore ,  for convenience we shall assume conditions of the 
following form for  the final boundary conditions for  a nonuniform flow ahead of the base r im:  f14=O and h4=O. 
These boundary conditions coincide with the final boundary conditions with a uniform flow ahead of the step. 
In calculating the base p r e s s u r e  behind the step using the method suggested one must  f i rs t  determine the 
boundary- layer  p a r a m e t e r s  before it separa tes ,  61, 6~', 6~*. Then we choose the value of M 2 in the constant-  
p r e s s u r e  region ( ze ro -o rde r  approximation) and calculate the pa r ame te r s  ~f*, 5"*, and fl at the beginning of 
the interact ion sect ion 3, using Eqs. (1.7) or  (1.8) for  a two-dimensional  or  an ax i symmetr ic  flow, respect ively.  
Therea f te r  we integrate the differential equations (1.1) up to the sect ion where A--0.  This section is assumed 
t o b e  behind the final sect ion 4. If f14~0, then a new value of M 2 is adopted, and so on (the "ranging" process)  
until we obtain the value/~4 = 0 with a given accuracy .  The method allows us to calculate flow in the base region, 
both with a uniform and a nonuniform flow ahead of the base r im,  and also where there  a re  expansion and com-  
p re s s ion  waves a r r iv ing  in the near-wake region. This method was used when the base support radius r2>> 51. 
It is shown experimental ly  [4], that when the relat ive size of the base bracket  r2 / r  I var ies  f rom ze ro  to 0.3, 
the base p r e s s u r e  var ies  very  little (~5~ Therefore ,  for  the case  of no base bracket  we can use this method 
and a relat ive size of r2 / r  1 -  0.3. Calculation of the base p r e s s u r e  behind the truncated central  body of an 
annular  nozzle was p e r f o r m e d  using the method suggested above and a base bracket  size of r J r  1 = 0.3. 

w We now examine the flow at the base region formed with a t runcated centra l  body in an annular 
nozzle.  Current ly  available publications [10, 11] deal mainly with numerical  and experimental  investigations 
of the design conditions for annular nozzles with a full-length central  body. I r r egu la r  operat ion conditions 
for  an annular  nozzle with a covered crank- type  support and a full-length centra l  body a re  considered in [12], 
where a detailed experimental  and theore t ica l  investigation was made into flows where the external p r e s s u r e  
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Pe is g r e a t e r  than  the p r e s s u r e  Pa in the one-d imens iona l  approx imat ion  f r o m  the ra t io  of the nozzle exit  
sec t ion  a r e a  to the th roa t  a r e a .  Using the method of c h a r a c t e r i s t i c s ,  one can  ca lcula te  the flow in an annular  
jet  washing the cen t ra l  body. H e r e  no densi ty  discont inui t ies  a r i s e  in the jet  and t h e r e  a r e  only c o m p r e s s i o n  
and expansibn shock waves .  The condition for  m i n i m u m  total  l o s ses ,  allowing fo r  f r ic t ion,  equivalent weight, 
and o ther  f ac to r s  r educes  to the fact  that  in the actual  conditions we a r e  in te res ted  in p r a c t i c e  in nozzles 
with a t runca ted  cen t ra l  body. The end of such a body is acted on by the base  p r e s s u r e ,  which in the genera l  
c a se  mus t  improve  the th rus t  c h a r a c t e r i s t i c s  of an  annular  nozzle.  

Using the above method we calcula ted the base  p r e s s u r e  behind a t runcated  cen t ra l  body for  an annular  
nozzle with a cove red  c rank ,  at Mach num ber  M a = 3.71. The p r e s s u r e  ra t io  f ac to r  n var ied  f r o m  0.1 to 0.6 

(n =pa /Pe  , Pa = It (Ma)Po). 

We can  c o m p a r e  the computat ions  with the resu l t s  of exper imen t s  p e r f o r m e d  by Vilenskii  [12] in a i r ,  
where  the c h a r a c t e r i s t i c  d imensions  of the annular  nozzle  we re  R0=51 m m  and l o / R o  = 0.06, and the length of 
the t runca ted  cen t ra l  body var ied  in the range  1< l~ 2.1 ( l ~  and I is the length of the cen t ra l  body). 
F igure  2 shows a flow p ic tu re  in the annular  jet  washing a t runcated cen t ra l  body. The r a r e f a c t i o n  waves  1, 
coming f r o m  the edge of the  c rank ,  a r e  re f l ec ted  f r o m  the su r face  of the cen t ra l  body and r each  the jet  bound- 
a ry ,  f r o m  which c o m p r e s s i o n  waves  2 a r e  re f lec ted .  Thus,  t he re  is a complex  flow between the body and the 
jet  boundary,  containing both expansion waves  and c o m p r e s s i o n  waves .  This  flow was calcula ted by t h e m e t h -  
od o f c h a r a c t e r i s t i c s  byVolkonskaya  [12]. In o r d e r  to ca lcu la te  the base  p r e s s u r e  behind the t runcated  cen t ra l  
body of the annular  nozzle (and a l so  to ca lcu la te  the  flow in the jet  a f t e r  the flow turns  behind the base  r im),  
we f i r s t  Used the method of [12] for  each value of l ~ and n, to ca lcula te  the flow ahead of the nozzle r im ;an d  
f r o m  the p r e s s u r e  dis t r ibut ion on the cen t r a l  body, we used the method of [13] to find the c h a r a c t e r i s t i c  bound- 
a r y - l a y e r  th i cknesses  5~ and 5~'*. Then we calcula ted  the flow in the base  region,  and in computing the outer  
pe r f ec t  flow (an ideal superson ic  jet) we used the flow p a r a m e t e r s  on a c h a r a c t e r i s t i c  of the f i r s t  family  c o m -  
ing f r o m  a r ay  point on the base  su r face  and reaching  the je t  boundary.  

The r e su l t s  of the ca lcula t ions  of the base: p r e s s u r e  P0 using this  method for  p r e s s u r e  ra t io  f ac to r s  
n=0.148 and n=0o6 a r e  shown in Fig. 3 ( theoret ical  c u r v e s  3 and 4), and the exper imen ta l  r e su l t s  a r e  shown 
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by points 1 and 2 for  n= 0.148 and 0.6, respect ively .  It can be seen that the computations a re  in good ag ree -  
ment  with the experimental  resu l t s .  We note that per turbat ions  of the outer flow (in this case  they a re  ex- 
pansion waves) have an appreciable  influence on the flow, reducing the base  p r e s s u r e ,  if we calculate for 
n= 0.148 without accounting for  these  per turbat ions  (e.g., using the method of [14] and the equivalent surface 
and interpolat ion relat ions proposed there),  the results  (curve 5) a re  markedly  different f rom the exper i -  
mental  data. It should be  noted that for l ~ =2.12 andn=0.148 a very  weak expansion wave reaches  the base 
region. Therefore ,  the calculated curves  3 and 5 obtained with this method and the method of [14] a re  in 
close agreement .  For  l ~ = 1.1 and n= 0.148 a s trong expansion wave reaches  the base region, the Mach num- 
be r  on the f i rs t  family charac te r i s t i c  coming f rom a ray point on the base var ies  f rom M 1 = 1.96 on the su r -  
face of the cent ra l  body to M 2 = 2.4 on the jet boundary, while the angle between the velocity vector  and the 
Ox axis var ies  f r o m - 1 4 . 5  ~ to 0. This leads to an appreciable reduction of base p r e s s u r e .  The investiga- 
tions which have been conducted (e.g., for n= 0.6 and l ~ = 1.5-2.1) show that the compress ion  wave reaching 
the base region increases  the base p r e s s u r e .  A s the s trength of this wave increases  the base p r e s s u r e  r i ses ,  
and for  some intensity of the wave there  comes  a t ime when p0 > 1. In this case  a compress ion  shock leaves 
the edge of the base r im.  

Since the computer  p r o g r a m  was not suitable for  calculating flow with a compress ion  shock, the ca lcu-  
lation was ca r r i ed  out only for  p0 < 1. The points 1 on Fig. 4 show the base p r e s s u r e  as a function of the 
p r e s s u r e  rat io p a r a m e t e r  n for  l ~ = 2.1 obtained experimental ly.  With variat ion in n the base p r e s s u r e  var ies  
f rom 0.56 to 1.27, and the maxima in p0 a re  seen to be at n~0.13 and 0.6. For  the range 0 . 1 2 -  ~ n ~  0.14, the 
base p r e s s u r e  becomes g rea t e r  than 1. Flow calculations made by means of the method of charac te r i s t i c s  
ahead of the base r im [12] for  this range of n (0 .12-<n-  < 0o14) show that a s t rong compress ion  wave reaches  
the base region. Figure 4 shows the resul ts  of our calculations (solid lines) for  the region of values p0 < 1. 
The calculat ions made show that the proposed method can be applied to determine the base p r e s s u r e  behind 
a t runcated centra l  body of an annular  nozzle with a covered crank.  

w In some s t ruc tu res  one can meet  the case  where the base p r e s s u r e  behind a two-dimensional  step, 
formed by s t ruc tura l  elements,  depends on the t r a n s v e r s e  size of the jet flowing above the step. We consider  
flow in the base region behind a two-dimensional  step, washed by a supersonic jet with a p r e s s u r e  rat io 
fac tor  n = p l / p e  = 1 (Fig. 5). Per turbat ions  a r i se  at the edge of the step as expansion waves a re  propagated 
in the jet, reach the jet boundary, and, reflected as compress ion  waves, a r r i ve  at the base region, affecting 
the flow there .  There  is complex interact ion between the turbulent wake and t h e o u t e r  supersonic  jet. B y  
writing the boundary conditions at the jet boundary, i.e., P2 =Pe =const ,  and using the above method, we can 
calculate the base p r e s s u r e .  The resul t s  of calculations for  Ml= 2, fll = 0, 61**/b =0.02, and n = l  a re  shown 
in Fig. 5, where B is the jet width, b is the step height, and Pe is the p r e s s u r e  in the submerged space in 
which the jet is flowing. In cont ras t  with the calculat ions made in Sec. 2 for  an annular  jet with n=0 .1-0 .6  
and l ~ 1-2.2, and which yielded a unique solution to the problem,  in the present  case  (for M 1 = 2, n= 1, b /B = 
0.58-1.23) we obtain th ree  solutions.  Inthe regions 0< b /B< 0.58 and 1.23< b /B<  3.33 a single solution is 
found. With increase  in the p a r a m e t e r  b /B  f rom 0 to 0.58 the base p r e s s u r e  remains  constant and achange 
in the jet width does not affect the flow in the base region.  The reason  is that the compress ion  waves coming 
f rom the jet boundary do not s t r ike the near-wake region ( 2 - 3 - 4 ) .  With a variat ion of b /B in the  range 1.25 
to 3.33 the base p r e s s u r e  increases ,  and a compress ion  wave reaches  the interact ion region behind the step, 
causing an increase  in base  p r e s s u r e .  For  0 .58<b /B<  1.25 there  a re  three  solutions (see Fig. 5, curves  1-3). 
For  the second solution no compres s ion  wave reaches  the interact ion region, and the length of the 2 - - 3 - 4  
region is less than the length of this region cor responding  to the second solution. The third solution is an 
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in te rmedia te  case ,  where  a c o m p r e s s i o n  wave f r o m  only a smal l  pa r t  r eaches  the in te rac t ion  zone in the 
neighborhood of Sec. 4. 

Thus,  in a nonuniform flow containing c o m p r e s s i o n  and expansion waves ,  the in te rac t ion  of a turbulent  
wake with an ou te r  supersonic  s t r e a m  (a superson ic  jet) can  have a m o r e  complex  and uonunique c h a r a c t e r  
than  the in te rac t ion  of a turbulent  wake with an outer  supersonic  uni form unbounded flow. 

N O T A T I O N  

x, y, longitudinal t r a n s v e r s e  coord ina tes ;  X, Y, t r a n s f o r m e d  coordina tes ;  6, 6", and 6"*, th ickness ,  
d i sp l acemen t  th ickness ,  and m o m e n t u m  th ickness  of the c o m p r e s s i b l e  boundary layer ,  r e spec t ive ly ;  0, 0 *, 
and 0 **, th ickness ,  d i sp lacemen t  th ickness ,  and m o m e n t u m t h i c k n e s s  of the i ncompres s ib l e  boundary layer ,  r e -  
spect ive ly ;  u, U, ve loci ty  in the c o m p r e s s i b l e  and incompres s ib l e  boundary  l aye r s ;  p,  p ' ,  densi ty  of the c o m -  
p res  s ible  and incompres  sib le boundary  l aye r s ;  p, p ' ,  d y n , m i c  v i s cos i t y  o f the  c o m p r e s s i b l e  and incompres s ib l e  
boundary  l a y e r s ;  M, Maeh number ;  p, p r e s s u r e ;  a, sound speed; I, enthalpy; r ,  f r ic t ion s t r e s s ;  Pr ,  Prandt l  
number ;  b, height of the s tep;  r ,  r l, and r2, radius ,  radius  of the base ,  and radius  of the base  b racke t ,  r e s p e c -  
t ively;  ~, P r a n d t l - M e y e r  angle;  s = 0, for  two-dimens iona l  flow; s = 1, for  a x i s y m m e t r i c  flow. Indices:  0, 
s tagnat ion flow; 1, at the outer  edge of the boundary l aye r  or  ahead of the step; 2, at the outer  edge of the m i x -  
ing zone, immed ia t e ly  behind the step;  w, p a r a m e t e r s  at the wall;  +, i n the in t e r ac t i on reg ion ; - - ,  i n t h e c o n s t a n t -  

p r e s s u r e  flow region;  
h = 6"/~**, h* = ~*/6, h** = 6"*/~, H = 0"/0"*, H* = 0"/0, 

1t** = 0"*/0, • = cplcv, 
'*du~ A2 1-~1 d~T1 

1~ -}- t \ t/2 t)/i/2 -- arctg - - i ,  p~ (~--4-7 (M~ - l .r~ " = ) - -  
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