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The  phase  o f  the FC is defined as  the sum of the phases  in Eqs.  (16) and (18). The  e r r o r  in the r e s u l t -  
ing  fo rmu la s  does  not exceed  1%. T h e s e  can  be  used to obtain the s p e c t r a  and the individual c a s e s  of  t u r b u -  
lent  ve loc i ty  f luctuations.  
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E X P E R I M E N T A L  I N V E S T I G A T I O N  O F  S O N I C  

A N D  S U P E R S O N I C  A N N U L A R  J E T S  

M.  A .  K o v a l '  a n d  A.  I .  S h v e t s  UDC 533.695.7 

A cons ide rab le  number  of t heo re t i ca l  and e x p e r i m e n t a l  r e p o r t s ,  which a r e  su rveyed  in [1, 2], e .g . ,  have 
been  devoted to the inves t igat ion of flow in supe r son ic  annular  je ts .  The  influence of the Mach number  of  the 
je t  and the expansion r a t i o  on the value of the b a s e  p r e s s u r e  has been  es tab l i shed  exper imen ta l ly  and the 
p r inc ipa l  m o d e s  of flow in annular  je t s  have been  de te rmined .  Until now, however ,  the influence of the r e l a -  
t ive  s i zes  of annular  nozz les  and of the prof i l ing of the f low-through pa r t  on the flow has  been  l i t t le  studied, 
in connect ion with which the p r e s e n t  work  was pe r fo rmed .  Compar i sons  a r e  made  of the expansion ra t io  of 
the escap ing  jet ,  the wave s t ruc tu r e ,  and the p r e s s u r e  in the b a s e  region.  

The  flow in th ree  sonic and th ree  supe r son ic  je t s  escaping  f rom annular  nozzles  with plane cuts was  
inves t iga ted  exper imen ta l ly .  The  subsonic  flow channels  in the nozz les  provided  for  not l e s s  than fivefold 
c o m p r e s s i o n  of the s t r e a m  and w e r e  prof i led  in such a way that  a uni form s t r e a m  was a s s u r e d  in the th roa t s  
of the supe r son ic  nozzles  or  a t  the cuts  of the sonic nozzles .  In the exi t  c r o s s  sec t ions  of the sonic nozzles  
the r a t io  of the inner  to the outer  d i a m e t e r  was  d /D = 0.5, 0.75, and 0.9 (Fig. 1). The  superson ic  channels  
w e r e  conical ,  and the nozzles  had the following p a r a m e t e r s :  d//D = 0.6; ~ = 15~ fl = 24~ Ma  = 2.63; d/D = 
0.68; # = 10~ fl = 6~ Ma  = 1.8; d / D  = 0.91; # = 10~ fl = 10~ Ma = 2.78 (M a is the r a t ed  Mach number  of 

the nozzle) .  

1 .  P r e s s u r e  i n  B a s e  R e g i o n  

In o rde r  to study the influence of the r e l a t ive  d i a m e t e r  of a nozzle  on the re la t ive  base  p r e s s u r e  Pl = 
Pb0/P~o m e a s u r e d  a t  the axis  of the nozzle  face (the index b is  for  the b a s e  cut, 0 for the nozzle  ax is ,  and 
for p a r a m e t e r s  of the flooded space  into which the je t  d i scha rges ) ,  in Fig. 1 we give the dependence Pl = f in )  
for  the th ree  sonic je t s  and one of the superson ic  ones (M a = 1: d / D  = 0.9 (1, 2), d /D = 0.75 (3, 4) d / D  = 
0.5 (5~ 6); M a = 2.63,/~ = 15 ~ fi = 24~ d / D  = 0.6 (7)). Since the expansion r a t io  of a sonic jet  cannot  be  l e s s  
than n = 1 (n = P a / P ~ ,  where  Pa is the p r e s s u r e  a t  the nozzle  cut), the quanti ty n '  = PaM2/p~ is taken as 

Kharkov,  Moscow. T r a n s l a t e d  f rom Zhurna l  Pr ik ladnoi  Mekhaniki  i Tekhnicheskoi  F i z ik i ,  No. 4, pp. 
83-89~ July-August ,  1979. Original  a r t i c l e  submi t ted  May 26, 1978. 
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the p a r a m e t e r  uniquely charac te r iz ing  the mode of subsonic flow. Henceforth it is assumed that la = n' when 
M a _ 1. The p r e s s u r e  curves  for the subsonic nozzles  and for the supersonic  nozzle with M a = 2.63 are  s i m -  
i lar  r ega rd l e s s  of the ra t io  d / D .  An exception is the dependence Pl = f(n) for the supersonic  nozzle at smal l  
expansion ra t ios ,  i.e.,  in the mode of flow with separat ion in the nozzle. 

Five cha rac te r i s t i c  modes having monotonic var ia t ion of the p r e s s u r e  are  distinguished in the p res su re  
curve  Pl = f(n)  for a sonic nozzle,  which, as will be shown below, is connected with the flow s t ruc ture  in an 
annular  jet. The boundaries  of the sections of the modes,  for the sonic nozzle with d/D = 0.9, for example,  
a r e  marked  in Fig. 1 by the points A, B, C, D, E, and F (A, B, C, D, E, and F are  used a rb i t r a r i l y  below to 
designate the values of the expansion ra t io  for the corresponding modes of other nozzles).  In sect ion AB the 
jet is subsonic everywhere  (point B cor responds  to n = 1), while for an expansion rat io  n > 1 the flow in the 
jet is supersonic.  The bends in the p r e s s u r e  curve at points C, D, and E establish the boundaries  for changes 
of the wave s t ruc ture  in the jet. For  example,  point D cor responds  to the s tar t  of reorganizat ion in the jet 
f rom an open to a closed base  region while point E cor responds  to the end of this reorganizat ion,  i.e., to c o m -  
pletion of the format ion of a sonic throat  at the jet axis. We note that the reorganizat ion of the flow in a jet 
f rom an open to a c losed base  region for sonic jets is not accomplished instantaneously bug over the extent of 
some sect ion DE. And this range of expansion rat ios nar rows with a dec rease  in the rat io d / D  (Fig. 2, n = 
f ( d / D ) ,  P2 = Pb0/Pa, Pa is the p re s su re  at  the nozzle cut, curve i is the s ta r t  of the reorganizat ion,  and II is 
the end of the reorganizat ion) .  For  sonic jets the reorganiza t ion  of the flow from an open to a closed base  r e -  
gion always occurs  at  n _ 1. For  supersonic  annular jets the reorganizat ion of the flow from open to closed 
can occur  both at n >_ 1 and at n <_ 1, depending on the Mach number M a and the ra t io  d /D .  An :increase in 
d / D  leads to an increase  in the reorganiza t ion  expansion ratio while an increase  in. the Maeh number of the 
jet leads to a dec rease  in this expansion ra t io  [2]. In a mode of flow with a closed base region the p res su re  
Pb0 inc reases  in propor t ion to the increase  in n, i.e., in proport ion to the increase  in the p re s su re  Pa" 

The p r e s s u r e  over  the face of an annular nozzle was measured  in the experiment~ Profi les  of the p r e s -  
sure  over the nozzle face at  different expansion ra t ios  for the sonic nozzle with d / D  = 0.9 a r e  presented in 
Fig. 3 (p3 = Pb/Pb0 and ~" = r / ( d / 2 )  is the relat ive rounding radius of the nozzle face). It is seen that up to 
the s t a r t  of the reorganiza t ion  of flow in the jet f rom an open to a closed base region (n < 6.7) the p re s su re  is 
constant  over the base,  but f rom n > 6.7 up to an expansion rat io  n = 10.6 (the expansion rat io  for the end of 
reorganiza t ion  of the base  region is n E = 8 ) the relat ive p res su re  over the base dec reases  toward the inner 
edge of the nozzle.  Then at  n _> 10.6 the p re s su re  is equalized over the nozzle base and at n > 11.2 it hardly  
depends on the expansion ratio.  For  example,  tes ts  with n = 12.3, 79, and 97 gave the same p re s su re  d i s t r i -  
bution as for n = 11.2. Thus,  stabil ization of the flow in a closed jet sets in at  an expansion ra t io  grea te r  than 
the expansion ra t io  corresponding to the end of a closed base region. 
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The proport ional i ty  of the p re s su re  va r i a t ion  to the expansion rat io f o r  a closed jet means that in the 
case  of a mode of flow with a closed base  reg ion  the ra t io  1~ = Pbo/Pa for each concre te  nozzle is a constant 
whose value is mainly determined by the nozzle geometry .  For  sonic nozzles the rat io P2 depends l inear ly  on 
d / D  and does not depend on n (see Fig. 2, points 1 for ~ = f ( d / D ) ,  line III) .  Extending the line III to the 
sect ion of d / D  = 0-0.5 gives a value of P2 -~ 0.7 at  d / D  = 0, which cor responds  approximately  to the ra t io  
Pb/Pa (where Pa is the p r e s s u r e  at  the cyl inder  near  the rim) for a cylinder with a flat r e a r  face when a 
sonic s t r eam flows over it longitudinally [2]. 

In the case  of the external  problem of flow over bodies the relat ive base  p re s su re  1~ dec reases  with an 
inc rease  in the Mach number of the undisturbed s t r eam,  with the exception of a narrow section of t ransonic  
veloci t ies  where a slight p r e s s u r e  increase  is observed,  and therefore  one can assume that for supersonic 
annular jets I~ mus t  be less than this value for a sonic jet at  the same d /D .  Under the exper imental  condi-  
t ions,  however,  the points 1~ for supersonic  je ts  a re  located above the curve for a sonic jet (see Fig. 2; 
points 2 cor respond  to M a = 2.63, p = 15 ~ fl = 24~ 3 to Ma = 1.8, p = 10 ~ fl = 6~ 4 to Ma = 2.78, p = 10 ~ 

= 10~ 5 to Ma = 1.99, p = 10 ~ fl = 10 ~ [3]). This  is due to the fact  that in the exper iment  we did not use 
Laval  nozzles  with a uniform velocity field at  the cut but conical  nozzles with bending of the s t r eam by angles 
# and ft. It is known that narrowing the r e a r  ends of s t reaml ined  bodies increases  the value of the base  p r e s -  
sure  [2]. In annular nozzles  the analog of the bevel  of the r e a r  end is the angle of inclination p of the inner 
shell to the axis. The angle of inclination fl of the outer shell  also affects the quantity P2, since the exper i -  
menta l  value of P2 for a supersonic  jet with ~ = 2.54, ~ = 0, and fl = 8 ~ [4] (see Fig. 2, points 6) is also lo-  
cated above the line III for a sonic jet. 

2 .  S t r e a m  S t r u c t u r e  i n  A n n u l a r  J e t s  

Since the s t ruc tu re  of a supersonic  annular jet  has been adequately studied [1, 2], below principal  a t ten-  
t ion is paid to the s t ruc tu re  of sonic annular jets. It is in terest ing to es tabl ish  the connections between (he 
flow s t ruc tu re  in a jet, the base  p r e s s u r e  Pb0, and the expansion rat io (see Fig. 1). At subcr i t ica l  p r e s s u r e s  
P0j in the fo rechamber  of the model  (n <_ 1) a subsonic annular jet forms at the nozzle cut; its outer diameter  
dec rea se s  up to the region of joining of the annular jet into a solid jet at a distance of (1-1.5)D f rom the 
nozzle cut  and then it inc reases  again (Fig. 4, d iagrams constructed f rom schl ieren  photographs of the flow; 
1 a re  shock waves and 2 a re  boundar ies  of the jet) .  The minimum relat ive d iameter  H/D of a closed sub-  
sonic jet grows with a dec rease  in d / D :  H / D  - 0.5 for d / D  = 0.9, H /D  - 0.7-0.8 for d / D  = 0.75, and 
H / D  = 0.91-1 for d / D  = 0.5 (the measuremen t s  of H cor respond to an expansion rat io  n v = n ~ 0.8). With 
an inc rease  in the expansion ra t io  the p r e s s u r e  Pb0 dec reases  monotonical ly in the mode of flow with a sub- 
sonic velocity.  At point B (see Fig. 1) the form of the p r e s s u r e  curve changes somewhat  with the presence  of 
a slight bend, and a t  n > n B = 1 a sys tem of compres s ion  shocks is c rea te  d in the jet. The formation of the 
wave s t ruc tu re  is essent ia l ly  influenced by the relat ive dimensions of the nozzles,  i.e.,  by  d /D .  For  thin an-  
nular jets (d/D = 0.9) within the l imits  of smal l  expansion ra t ios  the shape of the shock waves is close to the 
shape of the shock waves of plane jets with the corresponding expansion ra t ios .  But with a dec rease  in d / D  
the shape of the shock waves begins to be affected by the axial s y m m e t r y  in addition to the influence of the de-  
c reased  p r e s s u r e  in the base  region,  as a r e su l t  of which the shock waves a re  deflected toward the axis. 

It has  been observed exper imental ly  that for both supersonic  and sonic jets the f i r s t  two to four cells  
fo rmed by the shock waves of the jet a re  re la t ively stable. The subsequent cel ls  undergo marked oscil lat ions 
accompenied by i r r egu la r  reorganiza t ions  of the Mach waves and regular  interact ions of the waves at the 
nodes. In the region of joining of the jet into a solid jet the shock-wave s t ruc ture  of the jet in schl ieren  photo- 
graphs  becomes  poorly distinguishable. 
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As the point C is approached (see Fig. 1) the la rges t  number of cells  occurs  in the jet, c lear ly  visible 
in the photographs,  and the thinner the annular jet (d /D - -  1), the l a rge r  the number of these cells. At point 
C on the p r e s s u r e  curve  Pl = f(n) a slight bend forms ,  while the monotonic nature of the p r e s s u r e  curve 
changes again at n _> %. In this case  the cei ls ,  except for the f i rs t  and second, s t a r t  to b reak  up, and by the 
t ime an expansion ra t io  n D occurs  (see Fig. 1) only the f i rs t  two cells  are  c lear ly  distinguished in the jet 
(Fig. 4c). 

An increase  in the expansion ra t io  n > n D is accompanied by intensive reorganiza t ion  of the wave s t r u c -  
ture  of the jet and by a s t rong dec rease  in the p re s su re  Pl (see Fig. 1, section DE).  Reorganizat ion of the 
flow in the base  region f rom an open to a closed base  region occurs  in sect ion DE. The t ransi t ion to an ex-  
pansion ra t io  n E leads to closing of the base region of an annular jet with sonic and supersonic  flow at the 
axis.  In sect ion DE the hanging wave NK (Fig. 4c) of the second cell becomes  unstable with an increase  in the 
expansion ra t io  and is smea red  out on the photographs near point N, approaches the axis,  and by the t ime an 
expansion ra t io  nE occurs  the wave NK becomes  a lmos t  plane, forming a kind of Mach disk. 

At n > n E the plane wave NK changes into a near ly  conical  wave which is regular ly  ref lected f rom the 
axis as wave KO (Fig. 4d). Such behavior  of wave NK (n > n E ), r ega rd less  of the expansion ratio,  was only 
observed  for the jet with d / D  = 0.9. An a lmos t  conical  wave did not exist  in jets with d / D  = 0.75 and 0.5. In 
these jets the plane wave NK is reorganized  into a b r idge-shaped  wave NRK with an increase  in the expansion 
ra t io  n > n E (Fig. 4e) .  

An increase  in the expansion ra t io  (n > n E) is accompanied by a dec rease  in the wave NQ until the 
points N and Q merge  (Fig. 4e), forming a regula r  wave ref lect ion at the point R (Fig. 4f),  while the b r idge -  
shaped wave RN is considerably  removed  f rom the nozzle cut in this case.  The wave RC created at the point 
R is ref lected f rom the wave QC and again forms ogival and br idge-shaped  compress ion  waves DE. Fur ther  
downst ream the wave s t ruc ture  of the jet is repeated and gradually smeared  out, undergoing some oscil lations.  

The independence of P2 f rom the expansion ra t io  and the occur rence  of shock waves intersect ing the 
flow axis beyond the base region (Fig. 4d-f)  indicate the reorganiza t ion  of the flow f rom an open to a closed 
base  region. In a c losed jet  the inner hanging wave of the f i rs t  b a r r e l  at  point F (Fig. 4d, e) can curve con-  
s iderably,  depending on the expansion rat io.  

However,  the posit ion of point F depends mainly on the ra t io  d / D  (Fig. 5, i n / d  = f ( d / D ) ;  points 1 c o r -  
respond to sonic jets in the mode at point E of Fig. 1). An increase  in the expansion rat io  n > hE, a c c o m -  
panied by a dec rease  in p r e s s u r e  away from the axis of the face (see Fig. 3), leads to a decrease  in the 
values of l and m. The dec rease  in l and m proceeds until those expansion ra t ios  when the p res su re  at  the 
face s ta r t s  to level out somewhat.  The min imum values of l and m are  shown in Fig. 5 (points 2). With a 
fur ther  increase  in the expansion rat io,  however,  the values of l and m increase  again to the initial values 
(Fig. 5, points 1) and then no longer depend on the expansion ratio.  

Since l and m indirect ly  ref lec t  the size of the throat  of the near wake, de termined f rom the viscous 
boundary of the jet, and its position relat ive to the plane of the nozzle cut, and with allowance for the fact that 
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in an unbounded s t r eam the throat  of the near  wake dec rea se s  and approaches  the base with an increase  in the 
Mach number of the undisturbed s t r eam [2], one would expect that l and m would have smal le r  values for 
supersonic  jets than for sonic jets with the same rat io  of d iameters .  However,  the values of l and m (Fig. 5, 
points 3 and 4, respectively) for supersonic  jets (Ma = 2.63, # = 15 ~ fl = 24~ M~ = 2.78, ~ = 10 ~ fl = 10 ~ ) 
pract ica l ly  coincide with the values of l and m for sonic jets. As is seen, an increase  in the angle ~ p ro -  
motes  not only an increase  in the p r e s s u r e  Pb0 but also an increase  in the re la t ive  s izes  l and m. 

The movement  of the point F on the inner hanging wave of the f i r s t  cell  (Fig. 4d, e), shown in Fig. 5 by 
the functions of l / d  and m / d  on d / D ,  quali tatively ref lec ts  the var ia t ion  in the size of the throat  of the near 
wake and of its location relat ive to the nozzle cut. Consequently, the ra t ios  of the d iameter  of the wake throat  
and of its distance f rom the nozzle cut to the d iameter  of the inner shell of the nozzle grow with a dec rease  
in d / D .  An increase  in the angle ~ also leads to an increase  in these pa rame te r s  of the throat  of the near 
wake. 

3.  On H y s t e r e s i s  i n  A n n u l a r  N o z z l e s  

It is known that in annular jets the t rans i t ional  modes of flow from an open to a closed base  region and 
vice ve r sa  a re  accompanied by hys t e re s i s  phenomena [2, 4]. Hys te res i s  was not detected for the sonic jets 
in the investigated range of d /D .  In Fig. 1 the values of Pt a re  indicated for sonic jets (points 1, 3, 5 c o r r e -  
spond to d / D  = 0.9, 0.75, 0.5), obtained during an increase  in the expansion ra t io  n and (points 2, 4, 6) du r -  
ing a dec rease  in n. 

Consequently, hys t e r e s i s  phenomena occur  only for supersonic  jets. Even in supersonic  jets hys te res i s  
phenomena do not always appear,  however.  For  example,  hys t e r e s i s  is pract ical ly  absent for the supersonic  
jet  with Ma = 2.63, d / D  = 0.6, # = 15 ~ and fi = 24 ~ judging f rom the osc i l logram (Fig. 6, curve I). But for 
the jet with ]Via = 2.78, d / D  = 0.91, # = 10 ~ and fl = 10 ~ (Fig. 6, curve II) hys t e r e s i s  occupies a considerable  
range of expansion ra t ios .  If we cons t ruc t  the ra t io  5 = (nE -- nD)/nE,  then for sonic jets 5 = 0.22-0.25 (6 
grows somewhat  with an increase  in d / D ) ,  5 = 0.36 for a jet with 1~  = 2.63, and 5 = 0.1 for 1~  = 2.78. In 
compar ing  the values of 5 for these jets we see that hys t e re s i s  is observed a t  smal l  values of 5. Since a 
change in d / D  has little effect  on 0 (e.g., for  sonic jets with d /D  = 0.5-0.9, 6 = 0.22-0.25),  a compar ison  of 
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the flow in je t s  with c lose  Mach number s  Ma = 2.63 and 2.78 and with d i f ferent  nozzle g e o m e t r i e s  s h o w s t h a t  
with an i n c r e a s e  in the angle ~ (see  Fig.  1), i .e . ,  with an  i n c r e a s e  in 6, the h y s t e r e s i s  phenomena d e c r e a s e  
and d i sappea r .  Conver se ly ,  a d e c r e a s e  in the angle p p r o m o t e s  the development  of h y s t e r e s i s .  For  example ,  
for  a jet  with Ma = 2.54, d / D  = 0.753, ~ = 0, and fi = 8 ~ [4] (Fig. 6; points 1 co r r e spond  to an inc rease  in n, 
and points 2 to a d e c r e a s e  in n) the h y s t e r e s i s  zone has  the m a x i m u m  range  of expans ion  ra t ios .  Thus,  
h y s t e r e s i s  phenomena in supe r son ic  je ts  e s sen t i a l ly  depend on the Mach number  and the prof i l ing of the 
nozzles .  
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A E R O D Y N A M I C  F O R C E S  A C T I N G  ON T H E  B L A D E S  

O F  A T H R E E - D I M E N S I O N A L  A N N U L A R  A R R A Y  

W I T H  N O N S T E A D Y  F L O W  

V .  P .  R y a b c h e n k o  UDC 532.5:621.22 

We p re sen t  a compute r  r ea l i za t ion  of the solution of the t h r e e - d i m e n s i o n a l  p rob lem of the nonsteady 
flow over  the vane c rown of an axia l  turbine by an i r ro ta t iona l  s t r e a m  of an ideal  i ncompress ib l e  fluid, based  
on the v o r t e x  theory  of a s c r e w  [1] and of a wing of finite span  [2]. 

To  solve this  p rob lem in [3, 4] the g e o m e t r y  of a blade crown was modeled  by a s t r a igh t  t h r e e - d i m e n -  
s ional  a r r a y  of p la tes  enc losed  be tween two planes ,  while in [5, 6] it was  modeled  by  an annular  a r r a y  of 
vanes  cons is t ing  of pa r t s  of he l ica l  su r f aces .  In the p r e sen t  r e p o r t  we adopt the second model ,  which ev i -  
dent ly  b e t t e r  d e s c r i b e s  the g e o m e t r y  of an actual  turbine.  

Because  of the complex i ty  of the a lgo r i thm sugges ted  in [4-6], t he re  a r e  only individual examples  of the 
ca lcu la t ion  of nonsteady ae rodynamic  c h a r a c t e r i s t i c s .  Below, on the b a s i s  of a s imple  a lgo r i thm which is a 
genera l i za t ion  of the working method of [7] for an es tab l i shed  flow, we analyze  the influence of the t h r e e -  
d imens iona l i ty  of the flow on the nonsteady ae rodynamic  fo r ce s  act ing on the vanes  of a round a r r a y  in a 
wide range  of va r i a t ion  of the p a r a m e t e r s  of the a r r a y .  

1. Let  us cons ide r  a uni form s t r e a m  of an ideal  i ncompres s ib l e  fluid with an axia l  ve loci ty  v through 
one a r r a y  of vanes  which a r e  ro ta t ing  with a cons tant  angular  ve loci ty  w in a coaxial  cy l indr ica l  channel 
which is infinite in the ax ia l  d i rect ion.  We a s s u m e  that  the vanes  can undergo synchronous ,  s teady,  ha rmonic  
v ib ra t ions  of low ampl i tude  a t  a f requency o~l and a constant  phase  shif t  ~ (/z = 2~/N,  where  ~ = 0, • 
~ 2 , . . .  ; N is  the number  of  vanes  i n t h e  a r r a y ) .  

We introduce c a r t e s i a n  (x, y, z) and cy l indr ica l  (x, r* ,  8")  coordinate  s y s t e m s  connected with the r o -  
ta t ing vane  a r r a y .  The x axis  is  d i rec ted  a long the axis  of ro ta t ion  while the y and z axes  a r e  drawn in the 
plane perpendicu la r  to it. The r* and 0* coord ina tes  a r e  connected with y and z by  the usual  equations,  
y = r* cos  0* and z = r* s in  0",  where  the angle 0* is reckoned in the posi t ive d i rec t ion  f rom the y axis 
(Fig. i). 

We a s s u m e  that  the vanes  Z n (n = 0, . . . .  N - 1) a r e  infinitely thin and in the cen t ra l  posi t ion they con-  
s i s t  of pa r t s  of he l ica l  su r f aces  bounded in the (r*,  0* ) plane by a rec tang le  {r  1 _< r* _< rz, an  - ~ - (~* - 
c~n + r }. H e r e  a n  = 2~rn/N; n is  the number  of  vanes ;  r 1 and r z a r e  the rad i i  of  the inner and outer  cy l in -  
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