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INVESTIGATION OF A 0.6 HUB-TIP RADIUS-RATIO TRANSONIC 

'IWRBUYE DESIGNED FOR SECONDARY-FIXIW STtlDY 

I1 - DESIGN AND EXPERIMENTAL PERFORMANCE OF "URBINE 

WITH LOW-VELOCITY-TURNING STATOR AND STANDARD ROTOR 

By Harold E. Rohlik, W i l l i a m  T. Wintucky, and Herbert W. Scit,e 

A low-velocity-turning s t a t o r  was designed t o  reduce secondary-flow 
los s  cores by turning the  flow at  low ve loc i t ies  and accelerat ing it i n  
passages of constant flow angle with reduced cross-channel pressure 
gradients.  
measurements and de ta i led  surveys of t o t a l  pressure and flow angle made 
with the  turbine operating a t  design speed near design work. 
performance w a s  measured t o  determine the e f f e c t  of low-veloci tyturning 
i n  the s t a t o r  on the  over-all  turbine performance. 

Performance of t h i s  s t a t o r  was determined with s ta t ic -pressure  

Turbine 

The s t a t o r  e f fec t ive ly  eliminated l o s s  cores i n  the suction-surface 
passage corners but  developed very th i ck  inner-wall boundary layers  and 
blade wakes with an over-al l  total -pressure r a t i o  of 0.964. 

S t a to r  losses  affected ro to r  performance adversely and resu l ted  i n  a 
maximum work a t  design speed of only 98.5 percent of the  design value. 
Maximum turbine e f f ic iency  a t  design speed w a s  0.834, compared with 0.863 
obtained with the same ro to r  and the  standard s t a t o r .  

Rotor e x i t  surveys indicated a region of l o w  e f f ic iency  and ro to r  
underturning near the  blade midspan, which resu l ted  from r o t o r  secondary 
flows and t h e  large quant i t ies  of loss material i n  t he  s t a t o r .  

INTRODUCTION 

An invest igat ion of the effects of stator  8nd ro tor  secondary flows 
on over-al l  performance of a transonic turbine is  being conducted a t  the 
NACA Lewis  laboratory.  
changes in over-al l  performance and in te rna l  flow conditions t h a t  r e s u l t  

These e f f ec t s  are being evaluated by studying the 
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from modification of secondary-flow pa t te rns .  
design and over-all  performance of the  standard turbine as w e l l  as a 
detai led p ic ture  of i n t e rna l  flow conditions a t  design-point operation of 
t h e  turbine.  

Reference 1 presents t he  

A turbine s t a t o r  t h a t  tu rns  air a t  low ve loc i t i e s  and then accelerates  
it a t  constant flow angle t o  the design e x i t  ve loc i ty  has been designed, 
b u i l t ,  and t e s t ed  so  t h a t  low-velocity turning as e means of cont ro l l ing  
turbine-s ta tor  secondary flows can be evaluated. This s t a t o r ,  which is 
a three-dimensional adaptation of the  single-passage nozzle described i n  
reference 2 ,  was designed t o  keep l o s s  accumulations a t  t he  suction-surface 
passage corners small by minimizing cro$s-channel flows on t h e  passage 
end walls. 
t h e  a i r  takes place. Since turning occurs only a t  low ve loc i t i e s ,  loss  
accumulations would be l imi ted  i n  magnitude. Acceleration i s  accomplished 
w i t h  a guided passage of design e x i t  flow angle i n  which cross-channel 
pressure gradients a r e  grea t ly  reduced. This s t a t o r ,  however, i s  neces- 
s a r i l y  a compromise between reduced secondary-flow l o s s  accumla t ion  and 
the  possibly greater  losses  incurred by the  l a rge r  wetted area and end- 
w a l l  curvature. 

Cross-channel pressure gradients e x i s t  only where turning of 

This report  presents the design and experimental performance of t h e  
low-velocity-turning s t a t o r  and the  over-al l  performance of the  turbine 
operated with t h i s  s t a t o r  and with the  standard turbine ro tor .  Results 
are compared with those obtained i n  a similar invest igat ion with t h e  same 
rotor  and the  s t a t o r  described i n  pa r t  I of t h i s  s e r i e s  (ref.  1). 
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SYMBOLS 

diffusion parameter 

spec i f ic  enthalpy drop, Btu/lb 

mean camber length, f t  

ro t a t ive  speed, rpm 

absolute gas pressure, lb/sq f t  

radius,  f t  

blade velocity,  f t / s e c  

absolute gas velocity,  f t / sec  

r e l a t ive  gas velocity,  f t / sec  
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w e i g h t  flow, lb/sec 

r e l a t i v e  g a s - f l o w  angle measured from axial direct ion,  deg 

ratio of spec i f i c  heats  

r a t i o  of inlet-air t o t a l  pressure t o  NACA standard sea-level pressure 
of 2116 lb/sq f t  

rsz 
r funct ion of r, - 

t o t a l  efficiency; r a t i o  of turbine work based on torque, weight 
flow, and speed measurements t o  ideal  work based on i n l e t  t o t a l  
temperature, and i n l e t  and out le t  t o t a l  pressure, both defined 
as sum of s t a t i c  pressure plus  pressure coqesponding t o  gas 
veloc i ty  calculated from flow area and continuity 

r a t i n g  eff ic iency;  r a t i o  of turbine work based on torque, weight 
f l o w ,  and speed measurements t o  idea l  work based on i n l e t  t o t a l  
temperature, and i n l e t  and out le t  t o t a l  pressure, both defined 
as sum of s t a t i c  pressure plus pressure corresponding t o  calcu- 
l a t e d  average a x i a l  component of ve loc i ty  

momentum-loss parameter 

squared r a t i o  of c r i t i c a l  veloci ty  at  turbine i n l e t  t o  c r i t i c a l  
veloci ty  a t  NACA standard sea-level temperature, vcr/Vcr, s z  

e f fec t ive  ro to r  momentum thickness based on measured turbine 
performance 

Subscripts : 

c r  conditions a t  Mach nuniber of 1.0 

h hub 

sZ NACA standard sea- level  conditions 

t t i p  

t o t  sum of suction- and pressure-surface quant i t ies  
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t angent ia l  d i rec t ion  

axial d i rec t ion  

s t a t i o n  upstream of s t a t o r  

s t a t i o n  i n  s ta tor-blade row at  end of turning 

s t a t i o n  a t  o u t l e t  of s t a t o r  just  upstream of t r a i l i n g  edge 

s t a t i o n  a t  free-stream condition between s t a t o r  and r o t o r  

s t a t i o n  a t  th roa t  a t  r o t o r  passage 

s t a t i o n  a t  o u t l e t  of ro to r  j u s t  upstream a t  t r a i l i n g  edge 

s t a t i o n  downstream of turbine 

Superscript : 

' absolute t o t a l  s t a t e  

STATOR DESIGN 

The low-velocity-turning s t a t o r  w a s  designed f o r  the  same e x i t  flow 
condition as t h e  standard s t a t o r  of reference 1. Figure 1 shows ve loc i ty  
diagrams f o r  t he  turbine.  The s t a t o r  is  a three-dimensional adaptat ion 
of nozzle 3 of reference 2, which was designed f o r  an i n l e t  Mach number 
of 0.1, turning through 60° t o  a Mach number of 0.2, and then acce lera t ing  
t o  sonic ve loc i ty  i n  a straight sect ion with constant width and converging 
end walls. Experimental r e s u l t s  obtained with t h i s  two-dimensional nozzle 
( r e f .  2 )  showed tha t  the  maximum loss i n  t o t a l  pressure i n  the  seconhry-  
flow loss  accumulation was only 4 percent,  compared w i t h  a maximum t o t a l -  
pressure l o s s  of 20 percent f o r  nozzle 1 ( r e f .  2 ) ,  which w a s  a comparable 
two-dimensional nozzle of conventional turbine s t a t o r  a rea  and ve loc i ty  
d is t r ibu t ion .  The nozzle designed f o r  low-velocity turning, however, 
had an appreciably greater wetted flow area  and consequently th icker  
w a l l  boundary layers .  

Turning Sect ion 

The first consideration i n  se l ec t ing  t h e  form of the  low-velocity- 
turning s t a t o r  w a s  t h e  prescribed e x i t  geometry: 
with a 0.6 hub-tip radius  r a t i o  and ( 2 )  a pa r t i cu la r  radial var ia t ion  i n  
flow angle. These conditions precluded dupl icat ing the  form of the  s ingle  

(1) a cy l ind r i ca l  annulus 
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passage of reference 2.  
concept w e r e  considered and re jec ted  i n  favor of a vaned s t a t o r  of annular 
cross sec t ion  a t  a l l  axial locations.  
area i n  the  turning sect ion than at  +.he out le t .  

Numerous modifications of the  single-passage 

This s t a t o r  has a greater annular 

A range of hub and t i p  r a d i i  was considered i n  se l ec t ing  the  dimensions 
Figure 2 shows t h e  e f f ec t  of var ia t ions  of the large are% tu rn ing  sect ion.  

i n  radius  r a t i o s  on t he  l e v e l  of ve loc i ty  ( i n  r a t i o  form) at the hub at 
the  completion of turning. Each curve of constant t i p  radius  r a t i o  has a 
minimum hub c r i t i c a l  ve loc i ty  r a t i o  at a pa r t i cu la r  hub-tip radius  r a t i o .  
A t  higher r a t i o s  the  ve loc i ty  increases because of t h e  decrease i n  flow 
area, w h i l e  at  lower r a t i o s  the  increase i n  flow area is  o f f s e t  by the 
grea te r  radial span, which, from equilibrium considerations, causes a 
g rea t e r  difference between hub and t i p  ve loc i t ies .  

The design point shown on figure 2 was se lec ted  because of th ree  
considerations.  The first w a s  the  requirement of r e l a t i v e l y  low ve loc i t i e s  
during turning, which r e s u l t s  i n  a low l i m i t  of possible  maximum pressure 
loss i n  t h e  secondary-flow loss accumulations, so that subsequent accelera- 
t i o n  without turning w i l l  cause mixing of the  accumulations and simple 
boundary-layer growth on t he  passage w a l l s .  The design point  selected 
spec i f ies  c r i t i c a l  veloci ty  r a t i o s  of 0.49 and 0.29 a t  hub and t i p ,  
respect ively.  The dynamic head a t  any point in  t h e  flow represents  t he  
maximum possible total-pressure l o s s .  The maximum possible  losses  cor- 
responding t o  these veloci ty  r a t i o s  are 13 percent of the free-stream 
t o t a l  pressure at  the  inner w a l l  and 5 percent at the outer  w a l l ,  compared 
with maximum possible losses  of 68 and 38 percent of t he  t o t a l  pressure 
a t  the  completion of turning i n  a conventional s t a t o r  d e s i p e d  f o r  t he  
same e x i t  flow condition. 

The second consideration was t i p  diameter. A minimum consis tent  with 
the  first requirement was desired,  s ince t h i s  would minimize the necessary 
a x i a l  length and wetted mea .  
ve loc i t i e s  t h a t  are somewhat higher than those of t he  s ingle  passage re- 
ported i n  reference 2 but  a r e  s t i l l  much lower than those of the s t a t o r  
e x i t j  these ve loc i t i e s  w e r e  considered sa t i s f ac to ry  f o r  evaluating the  
e f f e c t  of low-velocity turning on turbine performance. Lower values of 
t i p  radius r a t i o  were considered unsat isfactory because of t he  higher 
ve loc i t i e s .  

The t i p  radius r a t i o  se lec ted  provides 

The t h i r d  consideration i n  se lec t ing  a design point  on figure 2 was 
t h a t  of inner-wall geometry. The design point se lec ted  is  considered 
most s a t i s f ac to ry  in  t h i s  respect,  because it requires  no inner-wall 
curvature and provides the  minimum velocity f o r  the  t i p  diameter selected.  
Inner-wall curvature is undesirable, because the  curvature a t  the  point 
where the inner-wall radius approaches the s t a t o r  e x i t  radius  would be 
of the  same sign as curvature about t he  a i s  of ro ta t ion ,  which would 
cause a l o c a l  accelerat ion in  a high-velocity region and possible flow 
separation. Outer-wall curvature is not objectionable because of the  
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The fabr ica t ion  method se lec ted  spec i f ied  0.050-inch sheet-metal 
blades fastened by inner- and outer-wall  spacers contoured t o  the  passage 
shape. The need for sea l ing  t h e  clearances made easy a c c e s s i b i l i t y  of 
a l l  p a r t s  of t h e  passage desirable. This l e d  t o  the  se lec t ion  of 1 2  
blades and consequently la rge  passage areas - 

The blade passages i n  the  turn ing  p a r t  of t h e  s t a t o r  were l a i d  out 
a t  hub, mean, and t i p  r a d i i ,  and ve loc i t i e s  were calculated by the  
method of reference 1. The surface and midchannel ve loc i t i e s  f o r  t h i s  
part  of t he  s t a t o r  a r e  shown i n  f igu re  3. 

Constant-Angle Section 

A s ing le  check of ve loc i ty  i n  t h e  constant-angle p a r t  of t h e  s t a t o r  
(downstream of s t a t i o n  1) w a s  made t o  determine whether t he  outer-wall 
configuration resu l ted  i n  ve loc i ty  l eve l s  subs t an t i a l ly  grea te r  than t h e  
outer-wall e x i t  veloci ty .  A streamline geometry i n  a r ad ia l - ax ia l  plane 
of axisymmetric flow w a s  assumed i n  the  calculat ion t o  obtain ve loc i t i e s  
along a l i n e  normal t o  streamlines i n  t h i s  plane.  The normal l i n e  se lec ted  
intersected t h e  outer  w a l l  near t he  e x i t ,  where outer-wall curvature i s  
high and the  l ikel ihood of a veloc i ty  peak i s  g rea t e s t .  The calculat ion 
s a t i s f i e d  equilibrium and cont inui ty  along t h i s  normal l i n e ,  using 
equations (3) and (5) of reference 3. The solut ion w a s  approximate because 
axial  symmetry w a s  assumed, bu t  it w a s  considered adequate as a check on 
midchannel ve loc i ty  l eve l .  The c r i t i c a l  ve loc i ty  r a t i o s  calculated 
f o r  t h i s  normal l i n e  were 0.92 a t  the  inner w a l l  and 0.84 a t  t h e  outer  
w a l l . '  The outer-wall geometry therefore  w a s  considered sa t i s fac tory ,  
and no fu r the r  calculat ions were made. Figure 4 shows a cross sec t ion  
of the s t a t o r ,  and f igu re  5 shows an a x i a l  view of one blade.  The 
circumferential  span a t  the  hub (139') i s  considerably grea te r  than t h a t  
a t  the t i p  (69'); t h i s  r e s u l t s  from t h e  smaller he l ix  angles and the  
smaller radius .  

APPARATUS, INSTRUMENTATION, AND PROCEDURF, 

L 

The apparatus, instrumentation, and method of ca lcu la t ing  the  per- 
formance parameters were the  same as those used i n  reference 1 with the  
exception of t he  turbine s t a to r ;  t h e  s t a t o r  used is  shown i n  f igu re  6. 
I n  addition, s t a t i c  pressures were measured along t h e  inner- and outer- 
w a l l  midchannel of one s t a t o r  passage by means of eleven outer-wall 
s t a t i c  taps  located approximately 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 6.5, 7.0, 
7.5, 8.0, and 9.0 inches, and eleven inner-wall s t a t i c  taps  located 
approximately 2.5, 3.25, 4.0, 4.75, 5.5, 6.0, 6.5, 7 . 0 ,  7.5, 8.0, and 
9 .0  inches a x i a l l y  downstream of the  leading edge of t he  s t a t o r  blades.  



The methods of operating t h e  turbine,  obtaining over-al l  performance, 
Surveys and annular surveying were the  same as those used i n  reference 1. 

at  s t a t o r  and ro to r  e x i t  were made with the ro to r  operating a t  design 
speed and near design work. 

REXULTS AND DISCUSSION 

Sta to r  Performance 

Performance of t h e  low-velocity-turning s t a t o r  w a s  determined with 
s t a t o r  e x i t  surveys of t o t a l  pressure and flow angle and with w a l l  s t a t i c -  
pressure measurements throughout t he  stator, with t h e  turbine operating 
a t  design speed and near design work. 

Figure 7 shows the inner- and outer-wall d i s t r ibu t ions  of t he  r a t i o  
of midchannel s t a t i c  pressure t o  i n l e t  t o t a l  pressure through the  low- 
velocity-turning s t a t o r .  Smooth acceleration i s  indicated along the e n t i r e  
inner w a l l  with a terminal value of pressure r a t i o  somewhat lower than 
the design value. The low e x i t  values indicate t h a t  t he  s t a t o r  w a s  
s l i g h t l y  overexpanded a t  t h i s  turbine operating point.  Flow along the  
outer w a l l  showed the  e f f ec t s  of w a l l  curvature, with a s m a l l  ve loc i ty  
peak indicated near t he  s t a t o r  e x i t  where the  w a l l  curvature is  high and 
opposite i n  sign from curvature about t h e  axis of ro t a t ion .  The experi- 
mental value of pressure r a t i o  a t  t h i s  point i s  0.657, compared with 
the  theore t ica l  value of 0.626. This degree of agreement is somewhat 
fo r tu i tous  i n  view of t he  approximate nature of the theo re t i ca l  calcu- 
l a t i o n  and the  locat ion of t he  s t a t i c  taps,  but  it confirms the locat ion 
and approximate ve loc i ty  l e v e l  determined i n  the design procedure. 

The r e s u l t s  of the s t a t o r  e x i t  surveys of t o t a l  pressure were used 
t o  p lo t  the contours of total-pressure r a t i o  shown i n  f igu re  8 ( a ) .  
These contours show t h i n  outer-wall boundary layers  but  very th i ck  
inner-wall boundary layers .  The blade wakes a re  comparable i n  magnitude 
of l o s s  with the  standard s ta tor-blade wakes described i n  reference 1, 
but  they cover a greater  area.  The inner-wallboundary layer  shows 
thickened regions between blade wakes, which may be a r e s u l t  of e i t h e r  
t h e  loss cores occurring upstream or t he  r a d i a l l y  inward flow of boundary 
layers  on both suction and pressure sides of t he  passage. N o  l o s s  cores 
are apparent, however, a t  the s t a t o r  ex i t .  The most prominent pa r t  
of t h i s  loss pat te rn ,  t he  extremely thick inner-wall boundary layer ,  
apparently i s  the  r e s u l t  of the large wetted area i n  t h e  s t a t o r  t h a t  
contributed t o  boundary-layer development 2nd the  r a d i a l  pressure gradient 
t h a t  caused blade boundary layers t o  flow toward the  inner w a l l .  For 
comparison, f igure  8(b)  shoiqs loss contours from reference 1 f o r  the  
standard s t a t o r .  
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The survey data used i n  preparing t h e  loss  contours of f igure  8 w e r e  
a lso used t o  compute a r a d i a l  d i s t r ibu t ion  of t h e  momentum-loss parameter 
for  each s t a t o r  ( f i g .  9 ) .  The momentum loss f o r  the low-velocity-turning 
s t a to r  is much greater in  the  inner-wall boundary layer  than the  loss f o r  
the standard s t a t o r  and is s l i g h t l y  greater i n  the  rest of t he  blade pas- 
sage. The calculated over-al l  total -pressure r a t i o  f o r  t h e  low-velocity- 
turning s t a t o r  w a s  0.964, compared with 0.975 f o r  t h e  standard s t a t o r .  
This difference would account f o r  a drop i n  turbine e f f ic iency  of 0.011 
a t  design work if ro tor  performance remained constant.  

The s t a to r - ex i t  s t a t i c  pressures and surveys of t o t a l  pressure and 
f l o w  angle w e r e  used t o  compute a r a d i a l  d i s t r ibu t ion  of moment of momentum 
i n  order t o  check t h e  performance of the  s t a t o r  i n  terms of work poten t ia l  
f o r  t h e  ro tor .  The d i s t r ibu t ion  indicated by these measurements ( f i g .  10) 
shows greater  than design moment of momentum throughout the  free stream. 
The mass-averaged value of t h i s  parameter a t  design turbine speed and 
maximum work was 2.6 percent higher than the  design value. Angle surveys, 
however, showed underturning of 5 . 2 O  near the  blade midspan. 

The r a d i a l  d i s t r ibu t ion  of re la t ive  i n l e t  flow angIe, calculated from 
known pressures, t o t a l  temperature, flow angle, and wheel speed, i s  shown 
i n  f igure 11 along with the  design d i s t r ibu t ion .  The maximum incidence 
angle i s  40. 

Over-all Turbine Performance 

Figure 12  shows turbine equivalent spec i f ic  work p lo t t ed  against  
weight-flow - speed parameter with contours of percent equivalent design 
speed, pressure ca t io ,  and ef f ic iency .  Maximum work a t  design speed w a s  
21.37 Btu per pound, o r  98.5 percent of design work. This f a c t ,  i n  
combination with the measured moment of momentum a t  t h e  s t a t o r  e x i t ,  
indicates t h a t  rotor-blade performance w a s  adversely a f fec ted  by the s t a t o r  
loss d i s t r ibu t ion  t o  the  extent  t h a t  considerably less than design turning 
w a s  a c c ompl is  hed . 

Total eff ic iency ( f i g .  12(a)) a t  design speed and ne.ar l imi t ing  work 
w a s  0.834. The combination of t h e  standard s t a t o r  and t h e  same ro tor  
operated with a t o t a l  e f f ic iency  of 0.863 a t  t h i s  condition. 
ference in  eff ic iency is  due p a r t l y  t o  the  greater  losses  incurred i n  
t h e  low-velocity-turning s t a t o r  and p a r t l y  t o  the  poorer rotor-blade 
performance. M a x i m u m  t o t a l  eff ic iency,  0.856, occurred a t  120-percent 
design speed and near l imi t ing  loading. 

The d i f -  

Maximum ra t ing  efficiency a t  design speed ( f i g .  1 2 ( b ) )  was 0.832, 
indicating an exi t -whir l  loss of less than 0.01 i n  eff ic iency.  

.......... ....................... 
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Rotor E x i t  Surveys 

Annular surveys of t o t a l  pressure and t o t a l  temperature were used 
with turbine i n l e t  conditions t o  obtain var ia t ions i n  loca l  t o t a l  e f f ic iency  
a t  the r o t o r  exi t -  
f igure  13. 
indicate  t h a t  both w a l l  boundary layers were qu i t e  t h i n  i n  contrast  t o  
conditions a t  the  s t a t o r  e x i t ,  where the inner-wall boundary layer  was 
very th ick .  The s ta tor-blade wakes effected a loss i n  turbine e f f ic iency  
t h a t  is apparent l o c a l l y  a t  the  r o t o r  ex i t .  The heavy dashed l i n e  passes 
through regions of lowest eff ic iency a t  each radius ,  indicat ing the  loch- 
t i o n  of a s ta tor-blade wake after passing through the  ro to r .  This blade 
wake appears t o  be superimposed on a pat tern of circumferential  bands of 
e f f ic iency  that indicate  high leve ls  of eff ic iency near the end w a l l s  and 
a r e l a t i v e l y  wide band of lower eff ic iency a t  the blade midspan. 
e f f e c t  is shown more c l e a r l y  i n  f i gu re  14, which is  a r a d i a l  p l o t  of 
c i rcumferent ia l ly  averaged loca l  e f f ic ienc ies  f o r  the turbine of t h i s  
repor t  a s  w e l l  as f o r  the  turbine of reference 1. 
iden t i ca l  i n  shape but  occur a t  d i f f e ren t  leve ls  of e f f ic iency .  This 
pa t te rn  is  believed t o  be a r e s u l t  of ro tor  secondary flows, a s  discussed 
i n  reference 1. 

Contours of eff ic iency a t  t h i s  s t a t i o n  a re  shown i n  
The total-pressure surveys, as w e l l  as the  e f f ic iency  contours, 

This 

The pa t te rns  are almost 

The r a d i a l  pressure gradient a t  the  s t a t o r  e x i t  r e s u l t s  f r o m t h e  
high l e v e l  of whir l  t h a t  dr ives  low-velocity material toward the  hub and 
r e s u l t s  i n  a fo rce  that is grea te r  than centr i fugal  forces  ac t ing  on the  
rotor-blade boundary layers  i n  the  early part of the  passage. 
accumulation of low-velocity material a t  the r o t o r  hub continues u n t i l  
the  ro to r  passages tu rn  t h e  air su f f i c i en t ly  t o  br ing the  two r a d i a l  forces  
in to  balance. Beyond th i s  point,  t h e  centr i fugal  forces  predominate, and 
low-velocity mater ia l  i n  t h e  rotor-blade wakes and boundary layers  w i l l  
move r a d i a l l y  outward. The net r e s u l t  appears t o  be an accumulation of 
l o s s  material near the  blade midspan a t  the ro to r  e x i t .  

Consequently, 

Radial surveys of flow angle a t  the  ro tor  e x i t  show t h a t  the hub and 
t i p  portions of t he  ro to r  blades turn  t h e  a i r  much more e f f i c i e n t l y  than 
the  middle p a r t  of blades.  The flow-angle var ia t ion  from hub t o  t i p  was 
15.4O, compared with t h e  design var ia t ion  of 2.7'. 
flow angle, determined with measured flow angle, veloci ty ,  and wheel speed, 
indicated underturning of 10' at the blade midspan. This underturning ap- 
parent ly  was caused by the presence of loss material  in t he  blade boundary 
layers ,  which adversely a f fec ted  blade-element performance. 

A calculated r e l a t i v e  

A s ingle  value of ro tor  e f fec t ive  momentum thickness, calculated as 
i n  reference 1 f o r  turbine operation a t  design speed near design work, 
i s  shown in  figure 15. This value is  an index of t h e  aerodynamic per- 
formance of t he  ro to r  and is appreciably higher (about 18 percent) than 
the  value obtained with the same ro to r  and w i t h  the  standard s t a t o r ,  
indicat ing that  the  e f f e c t  of the  thickened s t a t o r  inner-wall boundary 
layer and s ta tor-blade wakes on ro to r  performance w a s  t o  induce grea te r  
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SUMMARY OF RESULTS 

The design of a low-velocity-turning turbine s t a t o r  and t h e  experi-  
mental performance of t he  turbine and i ts  components have been described 
herein. Results may be summarized as follows: 

1. Surveys of t o t a l  pressure a t  the  s t a t o r  e x i t  indicate  e f f ec t ive  
elimination of secondary l o s s  cores .  
the development of very th i ck  inner-wall boundary layers  and blade wakes, 
with a ne t  loss  of 0.011 i n  t o t a l  pressure when compared with a conventional 
s t a t o r  designed f o r  the  same appl icat ion.  

This w a s  accompanied however by 

2 .  Maximum turbine work obtainable a t  design speed w a s  only 98.5 
percent of design work. 
induced by high loca l ized  losses  a t  t he  s t a t o r  e x i t ,  even though t h e  
s t a t o r  set up more than design moment of momentum. Turbine e f f i c i ency  
a t  design speed near l imi t ing  loading w a s  0.834, compared with 0.863 f o r  
the  combination of the same ro to r  and the  standard s t a t o r .  This drop i n  
e f f ic iency  is t h e  r e s u l t  of greater losses i n  t he  s t a t o r  as w e l l  as 
poorer ro to r  performance. 

This l i m i t  r esu l ted  from poor ro to r  performance 

3. Contours of l o c a l  turbine e f f ic iency  from ro to r  e x i t  surveys show 
the s ta tor-blade wake l o s s  pa t t e rn  superimposed on circumferential  bands 
of eff ic iency developed i n  t h e  r o t o r .  The predominant p a r t  of t h i s  e f f i -  
ciency pa t te rn ,  t he  presence of a low-efficiency region near t h e  midspan 
w i t h  much higher e f f ic ienc ies  near both end w a l l s ,  i s  believed t o  be 
t h e  r e s u l t  of ro to r  secondary flows which r ed i s t r ibu te  losses  developed 
i n  the s t a t o r  as wel l  as the  ro to r .  The region near t he  blade midspan 
aJso included poor ro to r  performance with regard t o  turning, with about 
10' l e s s  turning than i n  the  region near t he  end w a l l s .  

L e w i s  F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, May 13, 1957 
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Figure 9. - R a d i a l  d i s t r i b u t i o n  of momentum-loss parameter a t  s t a t o r - e x i t  
survey s t a t i o n .  
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Figure 14. - Radia l  d i s t r i b u t i o n  of c i r c u m f e r e n t i a l l y  averaged l o c a l  e f f i c i e n c y  
from r o t o r  e x i t  surveys.  
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