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By David H. Silvern and William R. S l i v h  

An experimental  investigation of an 0.8 hub-tip  radius-ratio, 
nontwisted-rotor-blade  turbine desigaed f o r  a staguation-pressure r a t i o  
of 2.5 and an equivalent mean blade  speed of 643 f ee t  per second was 
made in a told-air  turbine  with  (a)  twisted stator blades  designed t o  
maintain  zero rotor-inlet  incidence  angles a t  all radii and (b) non- 
twisted stator blades  designed t o  malntain  zero  rotor-inlet  incidence 
angles a t  the mean radius  only. 

R Turbine efficiencies of approximately 0.85 a t  the  design  point were. 
obtained with a nontwisted-rotor-blade  turbine with a hub-tip radius 
r a t i o  of 0.80. The turbine with the twisted s ta tor  blades gave higher 
efficiencies at .  the design  point (of approximately 1.5 percentage  points). 
than  the  turbine with t&e nontwisted stator  blades. 

L 

INT?3ODUCTION 

The application of  internal  turbine-rotor-blade  cooling  to  aircraft 
gas-turbine  engines  introduces  certain  complications t o  blade  fabrica- 
'tion. In  order t o  simplify fabrication of blades both f o r  lnternal 
cooling and f.or  turbines for expendable engines, where economy of manu- 
facture is of utmost importance, sjnple  blade forms are  desirable. One 
of the simplest rotor  blade forms is one of uniform camber an& zero 
twist along the  blade  height. Analytical investigations of this type 
turbine-rotor  blade  are  reported in  references 1 and 2. Reference 1 
presents an analysis of the flow conditions in  a turbine  stage  consist- 
ing of nontw-isted rotor  blades in canibhation w i t h  nontwisted stator 
blades. The results of this study  Fndlcate that rotor-blade  hcidence 
angles are  encountered, but that these  angles  are reduced by w e  of high 
hd-t ip   radius   ra t ios .  An analysis of the flow conditions Fn a turbine 
stage  consistfng of nontwisted rotor  blades in  combination with  twisted 
stator  blades designed t o  maintain zero  rotor-entrance  incidence  angles 
is  presented in reference 2. This analysis indicates that the aero- 
dynamic chwacter is t ics  of these  turbines  are approximately  those of 
free-vortex  turbines  intended f o r  similar  applications. 
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In order  to  evaluate the aerodynamic  characteriatics of nontwisted 
rotor-blade  turbines, an experimental  investigation  was  conducted  at  the 
NACA Lewis  laboratory on an 0.80 hub-tip  radius-ratio,  nontwisted-rotor- 
blade  turbine  tested  successively in combination  with (a) twisted  stator 
blades  designed  to  maintain  zero  rotor-inlet  incidence angles at all 
radii  and (b)  nontwisted  stator  blades  de-signed  to  maintain  zero  rotor- 
inlet  incidence  angles at the mean radius only. These  investigations 
were  conducted on a single-stage  cold-air  turbine  having a tip  diameter 
Of 14.72 inches  with  inlet  conditions  of  atmospheric  pressure and a tem- 
perature  of 710° R. Over-all  performance  data  were  obtained  over 8, range 
of equivalent,  mean  blade  speeds  from 350 to 800 feet  per  second  and 
stagnation  pressure  ratios  from 1.75 to 4.0.  

The  following  symbols  are  used  in  this  report: 

A 

Q 

h 

Ah' 

M 

P 

R 

r 

T 

U 

v 
W 

u 

a 

P 

(Ba-P)z 

annulus area, square feet 

acceleration  due  to  gravlty,  feet  per  second  per  second 

enthalpy, Btu per  pound . . 

turbine-stagnation  enthalpy  drop, Btu per  pound 

Mach nuIriber based on speed  of  sound  at  static  state 

pressure,  pounds  per  square inch 

gas  constant,  foot-pounds per pound  per OF 

radius,  inches 

temperature, OR 

blade  speed,  feet per second 

absolute  velocity,  feet  per  second 

relative  velocity,  feet  per  second 

gas weight flow, poqnds per  second 

m e  of  absolute  velocity  from  tangential  direction,  degrees 

angle of relative  velocity from tangential  direction,  degrees 

rotor  incfdence  angle,  degrees 

. N  
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r r a t i o  of specific  heats 

6 r a t io  of i n l e t  t o t a l  pressure t o  NACA standazd  sea-level 
pressure 

‘It turbine-brake  internal  efficiencybased on stagnation condi- 
t ions 

n3 
N 
rp 8 r a t i o  of i n l e t  t o t a l  temperature t o  HACA standard  sea-level 
IP temperature 

Subscripts : 

I turbine W e t  

2 s ta tor  outlet, ro to r  inlet 

3 ro to r  crutlet 

d design 

-, m mean 

6 isentropic - 
U tangential 

Superscript: 

1 stagnation state 

TURBINE UESIGN 

General Specifications 

The turbine having twisted stator blades was designed according t o  
the following specifications : 

Equivalent mean blade speed, U&!fi, ft/sec . . . . . . . . . . . .  643 
Stagnation-pressure r a t i o  at  mean radius, l j m Y l *  /hY3l . . . . . .  2.50 

Equivalent weight flow, fld61, Ib/sec . . . . . . . . . . . . .  5.67 
Turbine. hub-tip  radius r a t fo  a t  midaxial chord 

Turbine outside diameter a t  midaxial chord 

L Exit  whirl a t  rotor  outlet  m e a n  radius, Vu,3, ft /sec . : . . . . . . .  0 

- position of rotor blade . . . . . . . . . . . . . . . . . . . .  0.80 

position of rotor blade, in. . . . . . . . . . . . . . . . . . .  14.72 
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The following agsumgtions were made .in. the. .des-ign: 

(1) me stawation  pressure a;nd the stagnation temperature are 
uniform Over the blade  height at the   in le t   to   the   s ta tor  and rotor. 

(2) The expansion in the turbine is adiabatic. 

(3) The average velocity  coefficient  (ratio of actual  to  ideal 
velocity)  for the s ta tor  is 0.985. 

(4) The r a t i o  of the effective d u s  me& to  the  actual  m u l u s  
area between the stator outlet  and rotor   inlet  is 0.980. 

(5) The flow losses in the  rotor reduce the kinetic energy  by 3 Btu 
per pound. (A design  brake  internal  efficiency of 0.89 results.)  

(6)  Simplified radial equilibrium exists a t   t h e  stator and the 
rotor  outlets.  . . . . . . . . . ,  . .  - _  .. - ." " 

(7) No diffusion of s ta tor  and rotor blade w&ee occurs at sta- 
t ions 2 and 3. 

- 
. " - " 

By u s i n g  these  design  requirements and Elsslrmptions, the mean radius 
velocity diagram3 at  the-s ta tor  and rotor outlets were calculated. The 
velocity diagrams f o r  the hub and' t i p   r a d i i ,  when zero  rotor-inlet  inci- 
defice angles (fla-P>z were.maintained  (twisted  stator), were obtained 
in  accordance with  the metplods described in  reference 2. These velocity 
diagrams are  presented i n  figure I for the ha, mean, and t i p  radii. 
The relative  rotor-inlet  Mach nmiber a t  the hub is equal t o  0.703 and a 

I - 

2 2  
small pressure drop (reaction, w h i c h  is defined by '3 "2 , equal t o  

W 3  
0.19) exists  across the rotor hub. 

. -  G 

When the  stator-outlet  angle was held constant  along the radius, 
the rotor  incidence  angles f o r  the nontwisted rotor blade were calcu- . 
lated i n  accordance with the methodipresented  in  reference 1. These 
results are presented i n  figure 2 where rotor-inlet  incidence  angle is 

' plotted  against  radlus  ratio. The incidence angle varies from Oo a t  the 
m e a n  radius t o  8O and -13O at  the hub and t ip ,  respectively. 

" 

Blade. Design 

Stator blades. - The outlet  angle and the cross  section of the 
nontwisted.s%ator blades were made t o  conform t o  those of the mean 
radius of the twisted  stator blades. The mean-radius cross  section of 
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- a stator blade is  shown in figure 3. The meas-radius prof i le  has a 
1/16-Fnch constant  thickness  distribution and was designed in the fol- 
lowing m e r :  The mean line had a short, straight axial section AE3 
( f ig .  3(a) ) , the mean l fne  f r o m  B t o  C was made  up of three arbitrary 
circular  arcs of increasing  radius, and the remainder of the line from 
C to D was straight and tangent to   the  curved section a t  point C. The 
sections at the  other  radiiwere  constructed In a similar manner f o r  the 
case where zero ro tor - in le t  Incidence angles are  maintained  along the 
radius. The stator-blade assenibly consisted of 36 sheet-metal  blades 
welded t o  two concentric,  cylindrical rings. The f i l l e t s  thus formed 
at the  roots and a t  the  t ips  of the  blades were hand-finished t o  pro- 
vide smooth flaw passages. 

N 
Lu 
IP 
rp 

Rotor blades. - The rotor  blades were investigated  with  both  the 
twisted and nontwisted stator blades. The  me= section of the  rotor 
blade, which i s  shown in figure 3(b), w a s  designed for zero  angle of 
incidence; tha t  is, the air  angle p i s  equal t o  the  blade caniber angle 
and the same cross  section was maintained at  dl radii. The blade pro- 
f f l e  was constructed in the  following manner: An involute of a  circle 
w a s  arbi t rar i ly   selected  as   the part of the  suction  surface between 
points A and B ( f ig .  3(b.)). The involute of a c i rc le  provides  the suc- 
tion  surface  with a grdually increasing  radius of curvature. From the 
downstream  end of the involute  (point A, fig. 3(b)), the c o n t m  was 
faired to meet the straight line tha t  extends from E to the t ra i l ing-  
edge circle .  Upstream of the involute,  the  suction  surface was fa i red 
f r o m  point B t o  the leading-edge circle:  

The pressure  surface (concave surface of the ro to r  blade) was 
determined  by specifying a convergent  channel with a smooth area  vari- 
ation. The turbine wheel was made  up of 150 blades that were 
1.47 inches  long  with an axial chord of 0.6 inch. The axial  clearance 
between the  stator and r o t o r  blades was 0.18 inch. Each blade was made 
with an integral  cap a t  the  t ip ,  which  formed a shroud when the  blades 
were  clamped together. A cross-sectional view of the  turbine-blade con-' 
figuration showing mechanical detai ls  is presented in f fgure 4(a) . 

Ambient air was *awn through an electrostatic  precipitator  that  
removed foreign material. In order to avoid  water  condensation in the 
turbine,   the   f i l tered  a i r  was heated  by  passing through a thermostati- 
cally  controlled  air  heater. After passing through the turbine, the ab 
was 'exhusted by the  laboratory low-pressure  exhaust system. The power 
output of the turbine waa absorbed by a w a t e r  brake that was cradle- 
mounted fo r  torque measurement. 
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A cross  section of the  tLirbine showing the  location of the  instru- I 

mentation is presented in figure 4(b)'. Entrance  stagnation  pressure 
pll was indicated by four  stagnation-pressure  tubes  0.75  inch  upstream 
of  the  stator  blades; a circunferential  asd  radial  stagnation-pressure 
survey  at  the  stator  inlet was made to insure  that  these  tubes  indicated N 

the  average M e t  stagnation  pressure.  The  inlet  stagnation  temperature N 1p 
was  measured  with four stagnation-type  probes that were  arranged  circum- 
ferentially  and  located  at  the same axial station  as  were  the 
stagnation-pressure  probes.  'Ifhe  rotor-outlet  statrc  pressure was meas- 
ured  with 12 well taps  located 0.72 inch  downstream of the  rotor  that 
were  evenly  spaced  circumferen~ially, six on the  inner  exhaust-guide 
shell  and  six on the  outer  exhaust-guide  shell.  The  outlet  total  tem- 
perature  was  measured  with  three  s-kgnation-type themcouples at  the 
downstream  end of the two exhaust-guide shells. Although the  tempera- 
ture  variation  along the radius  may  have  prevented  these  thermocouples 
from  accurately  indicating a n  average  temperature,  the  effect on tur- 
bine  performance  is small because  this  temgerature was used  only  to 
compute  rotor-outlet  stagnation  pressure  (the  method  of  obtaining  outlet 
stagnation  pressure is described  in  the  section  entitled  "Procedure  and 
Performance  Calculations.") Thus  an error of 5O R would  change  the  com- 
puted  efficiency  less  than 0.003. 

P 

Torque wa8 measured with a commercial  springless  dynamometer  scale. 
Air flow was measured w i t h  a submerged 7-inch flat-plate  orifice 
upstream  of  the air heater.  Turbine  speed  was  indicated by 8 calibrated 
electric  tachometer. 

The  instruments  were  read with the following precision: 

Absolute  pressure,  inch of tetrabrmoethene . . . . . . . . . . .  kO.05 
Tentperatwe, O R .  . . . . . . . . . . . . . . . . . . . . . . . .  fl 
Orifice  pressure drop, inch of water . . . . . . . . . . . . . .  f0.05 
Torque  load, pound . . . . . . . . . . . . . . . . . . . . . . .  S . 2  
Rotative  speed, rpm . . . . . . . . . . . . . . . . . . . . . . .  &13 

For a stagnation-pressure  ratio of 2.00 or  greater,  the  probable 
error in reproducing  the  turbine  efficiency was -to. 005. 

Data  were  taken  at nominal d u e s  of stagnation-pressure  ratio from 
1.75 to 4.0. At each of the  pressure  ratios,  the  turbine was operated 
at  rotor  equivalent m e a n  blade  speeds from 350 to 800 feet  per  second. 
For all runs, the  inlet  stagnatibn tqperature was maintained  between 
708' and 712O R; the stator-Met stagnation  pressure  varied  between 26 
and 29 inches  of  mercury,  depending upon the air flow and  the  local. 
barometric presswe. 



NACA RM E51G14 - 7 

- The brake  internal  efficiency, which is based on expansion between 
the inlet and outlet  stagnation  pressures, was used t o  express  the  per- 
formance of t h e   t u r b ~ e ;   t h i s   e f f i c i e n c y  is defined as 

mere  Ah' i s  determined from turbine-shaft work. The ideal drop in  
enthalpy  (hl'-h3')s was camputed from the chart of air properties in 
reference 3 by using  the  inlet  stagnation  pressure and temperature and 
the  outlet  stagnation  pressure. The outlet stagnation  pressure w a s  cam- 
puted  by using the  following formula in &ich all quantities  are ham 
except p3' . 

This method of computing the  outlet  stagnation pressure  gives a con- 

ponent of the  velocity i s  neglected. The w e i g h t  flow of air was deter- 
&ea from the  or i f ice  measurements together  with  the data of 
reference 4. 

- servative  value  because any energy available from the  tangential com- 

- 
A l l  turbine-performance data were reduced t o  NACA standard sea- 

level  conditions a t  the rotor W e t .  The performance w a s  expressed in 
terrhs of the  following  variables:  brake internal efficiency, q t j  
stagnation-preesure  ratio, plt /pg ; equivalent  turbine-stagnation 
enthalpy drop, Ahl/Bl; r a t i o  of equivalent mean blade speed t o  equlTa- 
lent weight flow, - V& sl/wel; equivalent mean blade speed, %/PI. 

r 

The over-all performance of the  nontwieted-rotor-blade  turbine is 
presented in the form of a composite plot where the parameters of brake 
internal  efficiency,  equivalent mean blade speed, and s t aea t ion -  
pressure  ratio  are  plotted  against  equivalent  turbine  stagnation 
enthalpy drop a s  the  ordinate and the   ra t io  of equivalent mean blade 
speed t o  equivalent weight f low as  the  abscissa (fig. 5). A comparison 
of the turbFne w i t h  twisted and w i t h  nontwisted s t a to r  blades is also 
presented on a cross  plot of brake  internal  efficiency against equiv- 
alent mean blade speed f o r  constant  stagnation-pressure ratio (fig.  6 ) .  
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The  over-all  perfonaance of the  turbine  with  the  nontwisted  rotor 
blades  and  the  statnr  designed to maintain zero  rotor-inlet  incidence 
angles  is sham in figure 5(a). At the  design  point  the  turbine  effi- 
ciency  is 0.855 and the maximum efficiency  occurs  at  higher than design- 
pressure  ratio and blade  speed  (with  hub  relative  rotor-inlet  Mach num- 
bers of approximately 0.80) . 

The over-all  performance  of  the  turbine  with  nontwisted  rotor 
blades  and  the nodxisted stator  blades is Shawn in figure 5(b). The 
turbine  efficiency  at  the  design  point,  that  is,  where  the flow condi- 
tions  at  the mean radius are the same as  for  the  twisted-stator  config- 
uration,  is 0.84. Here  again,  the maximum turbine  efficiency OCCUTS at 
higher  than  design  pressure  ratio and blade  speed. 

I. c . 

In order  to  compare  the  performance of the  two  turbine  configura- 
t-ions  investigated  more  efficiently,  cross  plots of the  turbine  effici- 
ency f o r  constant  stagnation-pressure  ratios of 2.5 (design), 3.5, and 
1.75 were  made.  This  comparison  is  presented in figures 6(a), 6(b) ,  and 
6(c), respectively,  where  brake  internal  efficiency  is  plotted  against 
equivalent  mean  blade  speed.  At  the  design  stagnation-pressure  ratio of 
2.5 (fig.  6(a)), maximum efficiency  occurs  at  design  speed (643 ft/sec) 
f o r  both  turbines. An improvement of 1.5  percentage  points  is  obtained - 
at  design  speed by using  the  twksted  stator  blades  rather  than  the non- 
twisted  stator  blades.  'Phe  decrease in the  efficiency of the  turbine 
with  nontwisted  stator  blades  is  probably  due to the  rotor-inlet inti- 
dence  angles sham in  figure 2. The  effect of incidence  angle for 
various Mach  numbers is shown in reference 5. This effect is seen  to 
be small for the  angles of attack  encountered  in  this  investigation. 
Similar  plots  for  stagnation-pressure  ratios  of 3.50 and 1.75, respec- 
tively,  are  shown in figures 6 (b)  and 6( c) . A maxirmrm improvement of 
1 percentage  point  at a stagnation-pressure.  rat.io. or  3.5Q and an improve- -_ . ~. 

ment of 4 percentage  points  at a pressure  ratio of 1.75  is  obtained  with 
the  use of twisted  stator  blades. 

.. . - 
.. 

" 

. . & .  
.. 

SUMMARY OF IZESULTS " 

An experimental  investigation of an 0.80 hub-tip  radius  ratio, 
nontwisted-rotor-blade  turbine w a s  made with:  (a)  twisted  stator 
blades  designed  to  maintain  zero  rotor-inlet  Fncidence  angles at all 
radii  and (b) nontwisted  stator  blades  designed  to  maintain  zero  rotor- 
inlet  incidence  angles  at  the  mean  radius  only.  The Pollowing results 
were  obtained  in a single-stage  turbine  having a tip diameter of 
14.72 Inches  with  inlet  conditions  of  atmospherFc  prEasure and a tem- 
perature  of 710° R: - " 

.. . 

. .. . .. 

1. Turbine  efficiencies of approximately 0.85 at  the  design  point 
were  obtained  with a nontwisted-rotor-blade turbine w i t h  a hub-tip 
radius  ratio of 0.80. 

- 
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* 2. The  turbine  with  the  %wisted  stator  blades  designed to maintah 
zero  rotor-inlet  incidence  angles  at all radii  gave  higher  efficiencies 
at  the  design  point  (approximately 1.5 percentage  points)  than  the t&-- 
bine  with  the  nontwisted stator blades designed to mahtain zero rotor- 
inlet  incidence angles at  the mean radius only. 

N 
N 
lP 
IP 

3. At  off  -design  point  operation,  the maximum improvement of the 
turbine  efficiency  with.  the  use of twisted  stator  blades  varied  from 
4 percentage points at a stagnation  pressure  ratio of 1.75 to l p e r -  
centage  point at a stagnation-pressure  ratio of 3.50. 
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Figure 1. - Design velocity diagrms for nontwisted rotor-blade turbine 
with stator designed f o r  zero incidence .&&es' (twisted  stator). 
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Radius r a t i o ,  r/r, v 
Figure 2. - Computed r o t o r - i n l e t  incidence angles for nontwisted rotor 

;Then used w i t h  nontwisted  stator.  
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(a) Twisted and nontwieted stator  blades. 

Figure 3. - Mean-section  profiles of blades. (All dimensions in inches .) 
” 
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(b) Rotor blade. 

Figure 3. - Concluded. Mean-section profiles of blades. (All 
dimensions inches. ) 
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90 

80 

'Pwisted stator 
70 - - - - Nontwisted  stator 

cn "" 
(a) ~ e e t g n  stagnation-pressure  ratio, 2 .SO. 

. 

(b) Stagnation-pressure r a t i o ,  3.50. 

Equivalent  mean  blade speed, Urn/&, ft/sec 

(c) Stagnation-pressure  ratio, 1.75. 

Figure 6. - Comparison of brake internal  efficiency for 
nontwisted  rotor-blade  turbine with twisted  stator and 
-4+h nontxisted  stator. 

. " 
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