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SUMMmY 

An experimental  turbine waa designed for a high  weight f l o w  per  unit  
rl f r o n t a l  area, a high   spec i f ic  work output, a r e l a t i v e   c r i t i c a l   v e l o c i t y  

?S 

3 r a t i o  was 0.899. This value is 0.028 greater than t b  efffciency of a ' 

I r a t i o  of 0.82 at the   ro tor  hub i n l e t ,  and zero  rotor  blade  suction-surface 
diffusion.  A t  the  equivalent  design blade speed and work output,  the 
brake   in te rna l   e f f ic iency  based on the   ac tua l   over -a l l   to ta l -pressure  

turbine  with  the same veloci ty  diagrams and  approximately the same s o l i d i t y  
b u t  w t t h  high rotor blade suction-surface  diffusion. 

The calculated value of t h e   r a t i o  of e f fec t ive   ro tor   b lade  momentum 
thickness t o  man camber length of 0.0103 is i n  very good agreement with 
the  values  previously  obtained  for  transonic  turbines having the  same 
average  total   aurface  dfffuaion  parameter.  This value is much smaller 
than  that   obtained from a turbine  having  the same veloci ty  diagrams but 
with high  rotor  blade  suction-surface  diffusion. These r e su l t s   i nd ica t e  
that low suction-surface  diffusion is e s s e n t i a l   f o r  minimum over-al l   losses  
through a turbine-rotor blade row. 

A research program fa in   progress  st the  NACA Lewis  laboratory  to  
es tabl ish  values  of design  pwameters that wfll r e s u l t  i n  a turbine w i t h  
high  efficiency,  high mass flow per   uni t  frontal area, and  high  specific 
work output  per  stage.  In order t o  achieve these goals a value of s o l i d i t y  
f o r  the  rotor  bladk row should be se lec ted  that w i l l  give minimum over-al l  

the sum of-blade  and  end-wall surface areas where the  boundary layer  is 
produced. However, as the s o l i d i t y  of a blade row is decreased, there is 
an increase   in  blade loading  with a resul tant  increase   in  mamenturn loss 

4 ro tor   losses .  A decrease  in  solidity  has  the  advantage of a reduct ion   in  
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per   uni t   surface area (ref. 1). For  low-reaction  blade rows sn increase 
in   blade  loading results in  increased  values  of the t o t a l  blade surface 
d i f fus ion  parameter, which is equal   to  the sum of the suction-  and 
pressure-surface  diffusion  parameters. (The diffusion parameter is de- 
f i n e d   i n  the following  section, SYMBIIS.) This added d i f fus ion  may occur 
on either the suction  or pressure surfaces.   Therefore,   in  order  to 
establish values of design parameters that w i l l  r e su l t  i n  minimum over-al l  
blade loss, it  is necessary   to   es tab l i sh  the var ia t ion  of over-all blade 
loss with solidity,   pressure-surface  diffusion,  and  suction-aurface 
diffusion.  

%e var ia t ion  of r o t o r  blade boundary-layer momentum-thickness param- 
eter etot/2 with diffusion  parameter  for  f ive  transonic  turbine  designs 
is presented  in   reference 2.  These turbines,   designed  for high work out- 
put,  have a relative in l e t   c r i t i ca l   ve loc i ty   r a t io   o f   un i ty  a t  the hub of 
the r o t o r .  

I 

In  order  to  obtain  additional  Information on the e f f ec t   o f   so l id i ty  
and blade  surface  diffusion on over-all   blade loss, a program a s  i n i t i -  
ated t o  obtain the over-all  performance of a series of high  subsonic Mach 
nuuiber turbines  having high weight flow per un i t   f ron ta l  area and high I 

spec i f i c  work output. All the turbine  configurations of t h i s  s e r i e s  have 
the same veloci ty  diagrams. The ro to r  hub inlet r e l a t i v e   c r i t i c a l   v e l o c i t y  
r a t i o  is 0.82. The same s t a t o r  was used  throughout the invest igat ion.  
The ro to r s  have the same v a l u e  of radial t ip   c learance  (0.030 Ln.). The 
apparatus,  fnstrumentation, and tes t  procedure were the same for all the 
turbines of the series. The only  parameters that were allowed t o  vary 
were the rotor   blade  sol idi ty   and the surface   ve loc i ty   d i s t r ibu t ion  on 
the rotor   blades whfch  determine  the v a l u e  of b lade-sur face   d i f fus ion .  

r 

6 ,  

The design  and  over-all  performance of the ffrst- turbine of the  series 
are presented in reference 3. The ro to r  of this turbine, hereinafter 
r e fe r r ed  t o  as configuration I, had 58 blades with r e l a t i v e l y  low di f fus ion  
on the blade  surfaces.  

The over-all  performance of the second of this series of high sub- 
sonic Mach number turbines,  hereinafter referred t o  as configuration 11, 
is presented  in   reference 4. The ro to r  of th i s  turbine had 40 blades with 
a considerably  higher v a l u e  of suction-surface  diffusion  than that of 
configuration I. 

The subject  investigation  evaluates the over-all  performance of con- 
f igura t ion  111, which has 40 rotor   blades and therefore  approximately  the 
same s o l i d i t y  as configuration I1 b u t  with zero  diffusion on the ro to r  
blade  suct ion  surface.  The r e s u l t s  of  the performance  investigation a t  
equivalent  design  conditions are a l so  evaluated i n  terms of the r a t i o  of 
ef fec t ive  rotor blade momentum thickness to mean camber length Qtot/2 

- 
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and are compared w i t h  the values   for  the f ive   t ransonic   tu rb ine   ro tors  of 

( r e f s .  3 and 4) . 4 reference 2 and with the values  f o r  the rotors  of  configurations I and I1 
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t u rb ine  t i p   f r o n t a l   a r e a ,  sq f t  

c r i t i c a l   v e l o c i t y  of sound, ft/sec 

pressure-surface  diffusion  parameter,  

Blade- in le t   re la t ive   ve loc i ty  "in. b lade   sur face   re la t ive   ve loc i ty  
Blade-inlet relative ve loc i ty  

suction-surface  diffusion  parameter, 

Max. blade   sur face   re la t ive   ve loc i ty-Blade-out le t  relative veloci ty  
Max. blade   sur face   re la t ive   ve loc i ty  

sum of suction- and pressure-surface  diffusion  parameters, Dp + Ds 
s p e c i f   i c  work output,  Btu/lb 

length of mean camber l i ne ,  f t  

absolute  pressure,  lb/sq ft 

radius ,  ft 

blade  veloci ty ,   f t /sec 

absolute  gas  ve loc i ty ,   f t / s ec  

r e l a t i v e  gas veloci ty ,   f t /sec 

weight flow, lb/sec 

r e l a t i v e  gas-flow angle measured from axial direction,  deg 

r a t i o  of spec i f i c  heats 

blade-chord angle, angle between blade chord  and axial direct ion,  

r a t i o  of i n l e t  
su re ,  p;/p* 
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E func t   ion  of r“ 
(‘“2‘ li”’ 

I 

rl brake internal   efr ic iency,   def ined as r a t i o  of turbine work (based 
on  torque,  weight  flow,  and  speed  measurements) t o  ideal work 
(based on in le t   to ta l   t empera ture   and   in le t   and   ou t le t   to ta l  
pressures,  both  defined as sum of   e ta t ic   p ressure  end pressure 
corresponding t o  gas velocFty) 

I 

brake in te rna l   ra t ing   e f f ic iency ,   def ined  as r a t i o  o f  turbine work rlX 
(based on torque, weight flow,  and  speed  measurements) t o   i d e a l  
work (based on i n l e t   t o t a l  temperature and i n l e t   a n d   o u t l e t   t o t a l  
pressures, both defined aa sum of s t a t i c  pressure and pressure 
corresponding t o  axial component of veloci ty)  

! 

e,, square6   ra t io  of c r i t i c a l   v e l o c i t y  a t  t u r b i n e   i n l e t   t o   c r i t i c a l  
veloci ty  at NACA s tandard  sea- level   temperature ,   (a~r , l /a~r)z  

- 
Btot e f f ec t ive   ro to r  blade momentum thickness based on turbine  over-al l  w 

performance, f t 

Subscripts! 

h hub 

m mean . .  

t tip 

U tangent ia l  

X axial 

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

2 s t a t i o n  a t  t r a i l i n g  edge of s t a t o r  

3 s t a t i o n  at free-stream  conditFon  between  stator  and  rotor 

4 s t a t i o n  at t r a i l i n g  edge of ro tor  

5 s t a t i o n  downstream of ro tor  
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Superscripts : 

* NACA 6 tsndard  condition I 

t s tagnat ion   s ta te  

II re la t ive   s tagnat ion  state 

Design  Requirements 

The design  requirements of the  subject  turbine, which a r e   t h e  same 
as those  for  a l l  the  turbines  of th is  ser ies ,   a re   inc luded   here in   for  
convenience : 

Equivalent  specific work output, Btu/ lb  . . . . . . . . . 20.60 
Equivalent  speciflc  weight flow, e w G / 6 A f ,  (lb/sec)/sq f t  . . . 15.06 
Equivalent blade t i p  speed, Ut/&, ft/sec . . . . . . . . . . . . 720 

r 
The velocity  diagrams f o r  the  subject  turbine  and  configuration I1 

are ident ica l   and  are shown I n   f i g u r e  1. Cpnfiguration I has the same 
free-stream  velocity diagrams b u t  has a s l igh t ly   d i f f e ren t   ve loc i ty  i n  
the  plane of  t h e   t r a i l i n g  edge ( s t a t i o n  4) becauee  of a small difference 
i n  blockage. 

d 

The ro to r  of the  subject   turbine was  designed with the  same  number 
of blades  and  approximately  the same s o l i d i t y  as that of configuration I1 
but  wFth zero  diffusion on the  suct ion  surface.  It w a 6  assumed t h a t  Simpli-  
fied rad ia l   equi l ibr ium  ex is t s  along radial elements through the  midchannel 
streamline at each axial station through  the blade passage. The t o t a l -  
pressure drop between s t a t i o n s  3 and 4 was assumed t o  occur  Unearly €n 
the ax ia l   d i r ec t ion .  

Procedure 

In general,  the  three-dlmensionalblade  design  procedure of reference 
5 was used. The following steps summarize this procedure: 

(1) A blade  shape w a s  first approximated. 

(a} For  the hub, mean, and t i p   r a d i a l   s t a t i o n s  a s t r a igh t   suc t ion  
surface was dram f romthe   tbxoat  t o  t h e   t r a i l i n g  edge at 
angles P4,ht P4,=, and  P4,t,  respectively- 
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(b) A t  each radial s t a t i o n  a straight suction  surface  from the 
leading edge t o  the p o t e n t i a l   l i n e  a t . the  channel   inlet  was 
drawn at an   angle   equal   to   o r   s l igh t ly  less than the flow 
In le t   angle  p3. 

(c)  The channel was then drawn such that a reasonable  blade 
shape resulted. 

. .  

(2)  In   o rder   to   ob ta in  a reasonable hub midchannel  velocity  distri-  
but ion as a first trial, a constant   veloci ty  e q u a l  t o  the blade- 
ou t le t   ve loc i ty  was assumed on the  suct ion  surface  within the 
guided  channel,  and the method of appendix B of reference 5 was 
applied.  

(3) By using the midchannel  velocity-dxtribution a t  the hub and the 
radial e q u i l i b r i u m  r e l a t i o n  of appendix B of  reference 5, the blade 
shape was analyzed to   ob ta in  the midchannel  and  surface  velocity 
d is t r ibu t iona  at the hub, mean, and t i p  sec t ions .  

(4) With the blade  surface  velocit ies  determined at the three 
sections,  the weight flow was calculated at each axial s t a t i o n  
u s i n g  the method given  invreference 6. 

(5.) If the results of s t ep  ( 4 )  indicated  that  the blade would not 
pass the design wetght f low  a t .any axial s t a t ion ,  the midchannel 
ve loc i ty   d i s t r ibu t ion  a t  the hub was altered, and s t eps  (3) and (4 )  
were repea ted   un t i l - t he   ca l cu la t ed  va lue  of w e i g h t  flow was within 
1 percent of the design  value. 

( 6 )  If there was an  apprectable amount of  suction-surface  diffusion 
a t  any  section, the blade  shape was a l te red ,  a new midchannel ve- 
l o c i t y   d i s t r i b u t i o n  w&s assumed, and s teps  (3) t o  (5) were repeated 
u n t i l  a final sat lafactory  blade was evolved. 

The resul t ing  blade-sect ion profiles obtained from these  s teps  are 
shown i n   f i g u r e  2, and the coordinates   are   given  in   table  I. 

In   o rder   to   ob ta in  the f inal   b lade  shape the b lade   p ro f i l e s   fo r  the 
hub, mean, and t i p   s e c t i o n s  were stacked so that the midpoints of the 
poten t ia l   l ines   acrosa  the channel exits at the three  sect i~ons were on a 
radial l i ne .  A photograph of the ro to r  is shorn i n  figure 3. 

Comparison of Subject  Turbine with Configurations I and I1 

The design  midchannel  and blade surface ve loc i ty   d i s t r ibu t ions   fo r  
the hub, mean, and t i p   s e c t t o n s  as obtained From the previous  procedure 
are shown i n  f i gu re  4. The number o f  blades  and the values of the surface 
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dlffusion  parameters  and  solidity  for  the three configurations  are  given 
in  table 11. Very low values of suction-surface  diffusion have been  ob- 
ta ined w i t h  diffusion  parameters Ds equal  t o  0.02, 0.07, and 0.03 at 
the  hub, mean, and t i p   s ec t ions ,   r e spec t ive ly .  Thus, t he  subject turbine 
has an  average  value of ro to r  blade suction-surface  diffusion equal t o  
0.04, which is much lower than  the  value of  0.24 f o r  the ro to r  of con- 
f igura t ion  I1 and ia   cons idered   negl ig ib le   in  this repor t .  On the pressure 
surface,  however, the subject   turbine has an  average  value of 0.42 as com- 
pared with a value  of 0.15 fo r   t he   ro to r  of conffguration 11. The re- 
sul t ing  average value of the   to ta l   d i f fus ion   parameter  i s  0.46 as compared 
w i t h  a value'of 0.39 f o r  the r o t o r  of configuration 11. 

1 

In   order   to   obtain low suction-surface  diffusion it is generally 
necessary  to  'design  the  blades with a long ,   th in   p rof i le  downstream  of 
the midchord pos i t ion .  A comparison of the   b lade   p rof i le  of the subject  
turbine w i t h  that of configuration I1 (ref. 4) shows that the subject  
tu rb ine   ro tor  blades are considerably  thinner ,   par t icular ly   near  the blade 
t r a i l i n g  edge. Th i s  may be  undesirable  from a mechanical  design  standpoint 
i n   a n  ac tua l  turbine.  

1 
The so l id i t ies   (based  on blade chord) at the hub, mean, and t i p  

sect ions of the  subject   t l i rbine  rotor   are  1.9, 1.7,  and 1.6, respect ively.  
The turb ine   ro tor  of configuration I1 has s o l i d i t i e s  a t  the hub, mean, 

tu rb ine   ro tor  has a s l i g h t l y  lower va lue  of s o l i d i t y ,  a s l igh t ly   h igher  
value of t o t a l   d i f fus ion ,  and a much lower va lue  of suction-surface dif-  
fusion  than the turbine  rotor   of   configurat ion 11. 

v and t i p   s e c t i o n s  of 2.1, 1.8, and 1.8, respect ively.  Thus, the   subjec t  

A comparison of the subject  40-blade  turbine  rotor with the 58-blade 
ro to r  of configuration I shows t h a t  the average  values of  suction-surface 
d i f fus ion   fo r  the two r o t o r s  are nearly  equal. The rotor   of   configurat ion 
I has a pressure-surface diffusion  parameter equa l  t o  0.15 as compared 
with the  much l a rge r  value of  0.42 for   the   subjec t   tu rb ine   ro tor .  AB a 
r e s u l t ,  the value of the t o t a l   d t f f u s i o n  parameter f o r  the subject   turbine 
ro to r  (0.46) is much la rger   than  the value fo r   t he   ro to r  of configuration 
I (0.21).  

. 
APPARATUS, INSTRUMENTATION, AND TEST PROCEDURF: 

For  the  subject  turbine the apparatus,   instrumentatton,  and  test  
procedure are the same as those  described in reference 3. The over-al l  
performance data were taken at nominal values of t o t a l -p re s su re   r a t io  
pi/p& from 1.3 t o  the maximum obtainable  (about 2.31, while the wheel 
speed was varied  in  5-percent  intervals  from 60 t o  110 percent of equiv- 
a lent   design speed. The abso lu te   i n l e t   t o t a l   p re s su re  was  s e t  at 50 

was  about * 70° F. 

u .  

- inches of mercury (24.6 lb/sq i n .  abs), and the in le t   t o t a l   t en rpe ra tu re  

1 
I 

I 

I 

t 
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I 
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RESULTS AND DISCUSSION 

Cornpariaon of Over-all  Performance of Subject  Turbine 

with That of Configurations I and I1 

The over-all  performance map f o r  the subject  turbine,  based on the 
ac tua l   ove r -a l l   t o t a l -p re s su re   r a t io   p i /p i ,  i s  presented   in   f igure  5(a) .  
The equivalent   specif ic  work &!/acr is p lo t ted   aga ins t  the w e i g h t  flow - 
mean blade speed parameter E w q 8  with the ac tua l   over -a l l   to ta l -pressure  
rat io ,   percent   design blade speed, and the brake   in te rna l   e f f ic iency  as I 

parameters. The maximum eff ic iency,  which is a lso   the   e f f ic iency  at the 
poin t  of equivalent  design  specific work and blade speed, is 0.899. This 
value is  0.028 greater than the eff ic iency  for   configurat ion I1 a t  design 
point  and 0.024 greater than the eff ic iency  for   configurat ion I at the 
same point .   Eff ic iencies  of 0.89 or greater are obtained  over a large 
range of operating  conditione  around  design  point  for  total-pressure  ratios 
greater than 1.8 and the percent  equivalent  design  speed greater than 0.90. 
The ef f ic iency  is greater than 0.87 over a large  port ion of-.the map. 

The turbine  performance is a l s o  rated by a performance map based on 
the rating over-a l l   to ta l -pressure   ra t io  pi/pSlx as presented   in   f igure  I 

5(b) .  The r a t ing   e f f i c i ency  at the poFnt  of  equivalent  design  specific " 
work output  and blade speed is 0.891. Thus, 0.008 in   t u rb ine   e f f i c i ency  
was l o s t   i n   t he -ene rgy  of the e x i t  whirl  velocl ty  component Vu,5.  

b 

An indicat ion of the d i f fe rences   in   e f f ic iency  between the subjec t  
turbine and the turbines  of configurations I and I1 at  the pofnt of equiv- 
a len t   des ign   spec i f ic  work and blade speed can-be  found-by an examination 
of the velocFt-Lee downstream of the s t a t o r  and r o t o r  blades (s ta t ions  3 
and 5). The var ia t ion  of the static pressure a t  these s t a t ions  wi th  the 
ac tua l   ove r -a l l   t o t a l -p re s su re   r a t io  at equivalent  design blade speed I s  
presented   in  figure 6. A t  s t a t i o n  5, downstream of the rotor,   the  average 
of.hub  and t i p  values of static pressure is presented  because there is 
little var ia t ion  in s ta t ic   p ressure   over  the blade height. A stattc- 
pressure rise occurs  across the r o t o r  hub from s t a t i o n s  3 t o  5 f o r   t o t a l -  
p re s su re   r a t io s  up t o  about 2.16, at which point  the ro tor   b lades  are 
choked. 

ALSO ehown i n  figure 6 are the measured va lues  of s t a t i c -   t o   i n l e t  
to ta l -preesure   ra t ios  at the poin ts  of equivalent  design  specific work 
f o r  the subject  turbine,   configuration I, and  configuration 11. A t  the 
poin ts  of equivalent  design specific work a t  both   s ta t ions  3 and 5, the 
values of the r a t i o  of s t a t i c  pressure t o   i n l e t   t o t a l   p r e s s u r e   p / p i   f o r  
the subject  t u rb ine  a r e   s l i g h t l y  greater than  those  for  configurations I 
and 11. Since a l l  the turbines  of the ser ies   used the same s t a t o r  and 

I 

e 

- 8  
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operated at the same inlet   condi t ions,  the s ta t ic -pressure  measurements 
i nd ica t e   t ha t  at the points  of equivalent   design  specif ic  work the rotor-  
fn le t   t angent ia l   ve loc i ty  component Vu,3 is s l i g h t l y  less f o r  the subject  
turbine  than for the turbines  of  configurations I and 11. Figure 6 a l s o  
ind ica tes  that, a t  the ro tor  exit and at the same points  of equivalent 
design  specif ic  work, the r a t i o  of static p r e s s u r e   t o   t o t a l   p r e s s u r e  

= pi ps p5 pi. 

for  the subject   turbine (0.73) is s l i g h t l y  greater t h a n   f o r  the turbines  
of  configurations I and I1 (0.72). Thus, the subject  turbine ro to r  has 
a s l i g h t l y  lower value  of  exit   velocity V5 as well  a s  a lower value of 
the ro tor - in le t   t angent ia l   ve loc i ty  component VUJ3. For the same design 
work output  and  blade speed the exit relative  f low  angle  and  thus the 
amount of turning must be greater f o r  the subjec t   tu rb ine   ro tor .   In  fact, 
a radial survey of the flow angle at the ro to r  exit a t  the point of  equiv- 
a len t   des ign   spec i f ic  work indica tes  the amount of   tu rn ing   for  the subject  
t u rb ine   ro to r   t o  be about 3.0° greater than that for the r o t o r  of  con- 
f igu ra t ion  I and  about 5.0° greater than t h a t   f o r  the r o t o r  of configura- 
t i o n  11. It follows that  the losses  through the ro to r  blade row are less 
f o r  the subjec t   tu rb ine   than   for  the turbines of configurations I and 11. 

As s t a t e d   i n  a previous  section, the subject   rotor   and the ro tor   o f  
configuration I1 have the same v a l u e  of radial t ip   c learance   and  the same 
nmber  of  blades.  Therefore, it is assumed that they  have  approximately 
equal  values  of t i p  clearance  losses.  These two ro to r s  differ mainly i n  
the amount of ro to r  blade average  suction-surface  diffusion. Thus, the 
lower  value  of  rotor  blade  losses f o r  the subject turbine,  as collIpared 
with that f o r  the turbine of’  configuration 11, is  a t t r i b u t e d  t o  a much 
smaller value  of average suction-surface  diffusion. 

Suction-surface  diffusion usually occurs  along  the  part  of the blade 
toward the trailing edge where a boundary layer  has developed. The com- 
bined  effect   of a decelerat ing flow and a thick  boundary  layer is conducive 
to   f low  separat ion and the r e s u l t a n t  blade losses .  Pressure-surface dif-  
fusion  usually  occurs  along the p a r t  of the blade near the leading edge 
where the boundary  layer is t h i n  (see f i g .  4) . Thus, there is less chance 
for   f low  separat ion  to   occur   on a blade w i t h  pressure-surface  diffuaion 
than on  one with suction-surface  diffusion. Even if there is flow sepa- 
r a t i o n  on the pressure surface, it is  very  probable  that  the flow w i l l  
r e a t t a c h   t o  the blade surface because  of the acce lera t ing  flow along the 
p a r t  of the blade toward the t r a i l i n g  edge. 

The difference  in   losses   through the r o t o r  blade row between the 
subJect  turbine  and the turbine of configuration I is probably  caused by 

I 

I 

I 

I 

i 

I 

I 
I 
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the d i f f e rence   i n   so l id i ty .  These two turbines  have  approximstely e q u a l  
values of rotor  blade  suction-surface  diffusion. However, the ro to r  of  
configuration I has a considerably  larger  value of s o l i d i t y  and, therefore,  
a greater rotor   blade surface area over  which  boundary-layer  losses are 
developed  (ref. 1). 

Comparison of  Rotor Blade hbmentum Thickness of Subject 

Turbine w i t h  That of  Configurations I and I1 

The-ratio of e f fec t ive   ro tor   b lade  momentum th ickness   to  mean cauiber 
length  6tot/2  for the subject   turbine was calculated by the method of 
reference 2. This calculated  value af 0.0104 was then   cor rec ted   for  
Reynolds nuuiber by  assuming the momentum thickness  inversely  proportional 
t o  the one-fif'th power of the Reynolds number and  using the Reynolds num- 
ber for the transonic  turbines (620,000) as a reference value. The cor- 
rected value of 0.0103 is p lo t ted   aga lns t  the average   des ign   to ta l   d i f -  . 

fusion parameter of 0.46 i n   f i g u r e  7. This f igure  also presents  the c%ta 
for the s i x  transonic  turbine8 of reference 2 and f o r  the turbines  of 
configurations I and II. Although it  has been  s ta ted that  suction-surface 
diffusion  appears   to  be a more important  parameter i n  determining  blade 
losses   than pressure-surface diffuaion, the latter is a l s o  a contr ibut ing 
factor.  Therefore, it is t o  be noted that the blade loss parameter i s  
p lo t t ed  against the sum of the pressure- and  suction-surface  parameters 
in f igu re  7.. The data f o r  the subject   turbine show very good agreement 
with those   fo r   t he  s ix  transonic  turbines.  

A comparison of the subject   turbine w i t h  the   tu rb ine  of configuration 
I1 shop  that the subject   turbine has a stmller v a l u e  of the loss param- 
eter eto& even  though the value o f  the to t a l   su r f ace   d i f fus ion  param- 
eter f o r  the subject   turbine is e l i g h t l y  larger. As stated previously, 
this d i f f e rence   i n  blade loss is a t t r i b u t e d   t o  a much smaller value of 
average  suction-surface  diffusion  for the subjec t   tu rb ine   ro tor  as com- 
pared with the value  for the ro to r  of configuration 11. A simllar e f f e c t  
of  suction-surface  diffusion on blade loss was obtained  in   the  invest iga-  
t ion   o f  the transonic  turbines (ref. 7 ) .  

The value of the loss parameter  for the subject   turbine rotor i s  
spproximte ly   equal   to  that  for the turb ine   ro tor  of configuration I. 
These two r o t o r s  have nearly  equal  values of suction-surface  diffusion 
but differ considerably i n  s o l i d i t y  and t o t a l   d i f f u s i o n .  However, the 
effect of s o l i d i t y  is minimized in the ca lcu la t ion  of the loss parameter 
gtot/2 ( r e f .  2).  Apparently, t h i s  l o s s  parameter is  not   affected  great ly  
by changes i n  the values of pressure-surface  diffusion if the r e s u l t i n g  
values of total   surface  diffusion are within the limits represented by 
these two rotors .  
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SUMMARY OF FG3SuLTs 

The over-all  performance  of a high subsonic Mach  number turbine w i t h  
comparatively low s o l i d i t y  and  zero  suction-surface  diffusion is presented. 
The resul ts  of the inves t iga t ion  are compared with  previously  obtained 
resul ts   for   t ransonic   turbines   and  for   turbines  tha t  have  the same veloci ty  
diagrams but   different   values  o f  ro to r  blade suction-surface  diffusion. - 

Tne brake   in te rna l   e f f ic iency  based on the ac tua l   to ta l -pressure  
r a t i o  at the equivalent design blade speed  and  specific work output was  
0.899. This value is 0.028 greater than that obtained from a turbine 
having the same veloc i ty  diagrams and  approximately the same solid-lty  but 
w i t h  high  rotor  blade suction-surface  diffusion; it is a l so  0.024 greater 
than  the  design-point  efficiency  obtaFned  from a turbine  having  the same 
veloci ty  diagrams and  approximately  the same value of suction-surface 
diffusion  but  having a larger  value of s o l i d i t y .  The ef f ic iency  based on 
t he   r a t ing   t o t a l -p re s su re   r a t io  at equivalent  design blade speed and 
spec i f i c  work ou%put was 0.891. 

The calculated va lue  of the r a t i o   o f   e f f e c t i v e   r o t o r  blade momentum 
thickness t o  mean camber length of 0.0103 is i n  very good agreement wfth 
the values  previously  obtained  for  transonic  turbines.  This value is much 
smaller than  that   obtained f r o m  a turbine  having the same veloci ty  diagrams 
and  approximately the same s o l i d i t y   b u t  with a larger   value of ro to r  blade 
suction-surface  diffusion. It is approximately  equal to that   obtained 
from a turbine  having  the same veloci ty  diagram and  about  equal  values 
of  suction-surface  diffusion  but  having a larger   value  of   sol idi ty .  

These re su l t s   i nd ica t e   t ha t  low suction-surface  diffusion is desirable 
f o r  minimum over-all   losses  through a tu rb ine   ro tor   b lade  row. However, 
i n   o r d e r   t o   o b t a i n  low suction-surface  diffusion it is generally  necessary 
to   des ign  the blades w i t h  a long, thin p r o f i l e  downstream of the midchord 
posi t ion,  which may be undesirable from a mechanical design standpoint in 
BLL actual   turbine.  

i 

Lewis Flight  Propulsion  Laboratory 
National  Advisory  Cowittee for Aeronautics 

Cleveland, Ohio, October 24, 1957 
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TABLE I. - ROTOR BLADE-SECTION COORDINATES 

13 

+ 
Rad. = 0.015'' 
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I. 453 
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1.5 

Hub I Mean 

00 yo = 22.8' 

r/rt = 0.60 r/rt = 0.80 
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0.015 
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TABLE 110 - COMPARISON OF ROTOR DESIGN P-S FOR SUBJECT TURBIIfE 

W I T K  TROSE FOR TURBINES OF REFEREWCES 3 AND 4 

Turbine 

Zonfiguration 
I 

(ref. 3) 

Zonfiguration 
“-I- LL 

(ref. 4) 

:onfiguration 
111 

(subject ) 

Section I Rotor  blade  surface  diffusion  parameter I 
I Suction I Pressure I Total, 1 Solidity I Number of I 

I l D S  1 %  I I surface,  surface, Dtot blades 

Hub 

.21 .15 .06 Average 
2 .o .18 06 .12 Tip 
2.2 .18 .12 .E Mean 

58 2.8  0.27  0.27 0.00 

Average 

Mean 

Average 

0.31 40 2.1 0.56 0.25 
.27 1.8 .34 e07 
15 1.8 28 -13 

. .24 

0.59 0.02 

.39 .15 

40 1.9 0.61 
-07 

46 42 04 
1.6 .19 .16 03 
1.7 0 58 50 
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Figure 1. - Velocity diagrams for subject turbine ( s a m e  ae those of configuration I1 (ref. 
4)). 
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Figure 3. - Subject turbine rotor. 
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(c) Hub. 

Figure 4 .  - Design rotor blffde midchanneland surface 
veloc i ty  dletribution at hub. mean, and tip sections. 
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Configuration I ( re f .  3) 
0 Configuration 11 (ref .  4) 
A Subject  turbine 

.018 

si 
8 

g a b  

-s* 
$ 2  

O A  

!2 0 

-5 o .014 
a - P  

d o  

% 9-10 3 .010 

.rl 0-P * 0 

.006 
.2 .3 .4 .5 a 6  

Design total   surface  diffusion  parameter,  Dtot 

t 

Figure 7. - Canparison of ratio of effect ive  rotor   blade 
momentum th ickness   to  mean camber length of subject tux- 
bine with values fo r  turbines of references 2, 3, and 4. 
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