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DESIGN AND EXPERIMENTAL INVESTIGATION OF A SINGLE-STAGE TURBTpaE 

By Henry W. Plobr, Donald E. Holeski, and Robert E. Forrette 

SUMMARY , 

The use of a high-work-output single-stage  turbine with a downstream 
stator   in   preference  to  a conventional  two-stage  turbine  appears t o  be 
aesirable for certain  turbojet-engine designs. In order t o  determine the 

perimentally  investigated. 
a performance of such a turbine, a cold-air  turbine was designed and ex- 

Y 
.V higher losses  in  the  rotor  than  anticipated  in  design. When the upstream- '5: 

The turbine as designed did not produce design work because of 

s ta tor  throat mea - reduced by 4 percent, the turbine produced the 
equivalent  design work of 22.31%~ per pound at equivalent  &sign blade 
t i p  speed of 522 feet per second w i t h  an mer-all rating  efficiency of 
0.830 and a weight flow 2 percent  less than design. The m a x i m   e f f i -  
ciency at equivalent  design  speed was 0.857. 

For  almost the whole range of turbine  operation, the downstream 
stator was effective Fn turning  the flow out of the rotor back t o  the 
axial   direction. A t  design work and blade speed the  enerw of the whirl 
component of velocity at the rotor  exit corresponded t o  5.7 percent i n  
turbine  efficiency. The downstream s t a to r  recovered 71 percent of this 
energy,  corresponding t o  4 .O percent in  turbine  efficiency . The 
downstream-stator  performance w a s  considered t o  be good whenever there 
was a fair amount of negative whirl t o  recover at the rotor  ex i t .  

The l imitations imposed  on t u r b j e t  engines fo r  high flight speeds 
by the  turbine component have been the subject of previous analytical  
investigations at the NACA Lewis  laboratory. The r8.nge of engine  design- 

bines  (turbines  without downstream stators)  is analyzed in  reference 1. 
Reference 2, which i s  a similm investigation f o r  one-stage  turbines 

P point  operation for engines  having  conventional one- and two-stage tur- 

- with damstream  stators, concludes that the improvement in  capacity of 



2 NACA RM E56IQ.O 
I 

t h i s  type  turbine  over that of conventional  high-output  one-stage  turbines 
is suff ic ient ly   large  to  warrant the use of such a turbine  for  certain LI 

engine applications. Also, when the turbine requirements  can be met by 
both a conventional  two-stage  turbine and a single-stage machine having 
downstream stators,  the Latter. unit has the mechanical  advantage i n  ap- 
plications  requiring turbine blade cooling.  For  certain  engine designe, 
it may a lso  be t rue that the u8e of a single-rotor turbine would result 
i n  a l igh ter  w e i g h t  engine. 

upon w h e t h e r  the  turbine w i l l  a t t a in  experimentally the performance assumed 5 
i n  analysis of reference 2. The rotor aerodynamic limfts used were 
considered c r i t i c a l  because of the high subsonic rotor  hub entrance Mach 
numbers, large  rotor  turning  angles, and  near-limiting-loading  rotor-exit 
whirl. In some cases the downstream-stator aerodynamics was considered 
c r i t i c a l  because of the high  subsonic  st&or-entrance Mach numbers and 
high turning  angles. By using a quasi-three-dimensional rotor design 
technique  and available transonic-compressor  design  information t o  design 
the damstream  stator, it appeared possible that the assumed performance L 
might be attained. 

R 
The successful use of this type of turbine  design  naturally depends 

In  order to determine w h e t h e r  a turbine of this type wfll yield sat- t 

isfactory performance, an  experimental  turbine was fabricated and investi-  
gated with cold-air inlet conditions. The turbine, having a single row 
of downstream-stator  blades, was designed to   d r ive  a hypehetical   transonic 
compressor st high flight Mach numbers. The purpose  of this report is 
(1) to  present the over-all performance resu l t s  of' the experimental. tests, 
and (2) t o  evaluate the performance of the downstream s ta to r   i n  terms of 
its effect  on over-all  turbine performance. I n  addition, a brief descrip- 
t ion of the engine analysis, as well as the turbine and hJade profile 
design  analysi8, is presented  herein. The experimental performance results 
are presented  for a range of blade  speed at turbine  pressure  ratios up t o  
that glving  limiting  turbine work. 

SYMBOLS 

A area, sq f t  

a local  velocity of sound, q/s 
adr cr i t ical   veloci ty ,  q/-- 

. " 

D dUfueion  factor, (. - '4,h)+ -Vu,3,h 
'3, h "hV3, h 

4 

B gravi ta t ioW  constant  , 32.174 ft /sec2 
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turbine work, Btu/lb 

Mach number 

pressure, lb/sq f t  

ra t ing  total   pressure,   s ta t ic   pressure plus velocity pressure 
corresponding t o  a x i a l  component of velocity, lb/sq ft 

gas constant, 53.35 ft-lb/(lb) (41) 

radius 

temperature, OR 

blade  speed, ft/sec 

absolute  velocity,  ft/sec 

relat ive  veloci ty ,   f t /sec 

weight flow, lb/sec 

absolute flow angle,  angle between air  velocity and axial wet- 
t ion,  deg 

r a t i o  of s p e c e i c  heats (rE2 = 1.4) 

r a t i o  of to ta l   p ressure   to  NACA standard  sea-level  pressure of 
2116 lb/sq f t  

faunction of y, - rs 2 
r 

adiabatic  efficiency 
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‘cr squared r a t i o  of c r i t i ca l   ve loc i ty   t o   c r i t i ca l   ve loc i ty  a t  NACA 
gRT’ - + 1  standard  sea-level  conditions, ’.,- 

Q sol idi ty ,   ra t io  of chord t o  spacing 

T torque, f t - lb 
p i  

- p i  
w total-pressure-loss  coefficient, r 

1” 

- 

e 
I“ 
8 

Subscripts : 

h hub 

m mean 

SZ NACA standard sea-level conditions ( T S a  = 518.7O R) 

t “J iP 

t e  trailing edge 

U tangential component or direction 

X axial  component or  direction 

0 flight conditions 

measuring stations (see fig. 10) 
3,435 

Superscripts : 

1 abeolute stagnation state 

I t  relative  stagnation state 

a 
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w i n e  Design Analysis 

In  order   to   select  a turbine  configuration that is  typical  of the 
type under consideration, a brief engine  gas-generator  analysis  preceded 
the final choice of the turbine  design  point. The compressor and turbine 
components used i n  the analysis were selected w i t h  the aid of the turbine 
chart, figure 5 (b) of reference 2, in  the  following manner. Assuming an 
engine  temperature r a t i o  of 3.0, a flight Mach  number i n  the stratosphere 
of 2.8, and a downstream-stator diffusion  factor of 0.4, the chart indi- 
cates that a turbine having a blade centrifugal stress of 30,000 pounds 
per  square  inch and a hub-tip radius r a t i o  of 0.7 would drive a cmpressor 
w i t h  a pressure r a t i o  of about .3.5 and an equivalent  weight flaw of about 
20 pounds per second per  square  foot of f rontal   area.  A hypothetical 
transonic-compressor map was then chosen. The choice w a s  based on the 
preceding compressor requirements at the high flight Mach  number as w e l l  
as on the need f o r  suff ic ient  compressor operating  range  for  engine opera- 
tion at the lower flight Mach numbers. The engine operating  line chosen 
i s  shown on the compressor map in   f igure 1. 

The  mode  of engine  operation chosen w a s  one of constant  engine  rota- 
tional speed from the highest flight Mach umber {% = 2.8) down to that 
Mach  number (% = 1,136) at which compressor  aerodynamics lFmits the engine 
speed. In  this manner, turbine stress was the  lfmiting  factor at the  high 
f l i g h t  speeds, w h i l e  the compressor imposed the limit at the lower flight 
Mach numbers in the stratosphere. At takeoff, the turbine stress was 
again the l imiting  factor.  There is a possibi l i ty  that rotat ing stall 
within  the compressor m i g h t  limit operation at the highest flight Mach 
number. This would reduce  the flight Mach  number range of sat isfactory 
engine  operation  but  in no way af fec t  the turbine  design  requirements f o r  
purposes of t h i s  design  analysis. 

The 3023O R turbine-inlet  temperature used in  the  analysis presumed 
the  use of an  air-cooled  turbine. The engine  cycle w a s  penalized with 
compressor bleed f o r  cooling  purposes at flight Mach numbers below 2.0, 
but  the  turbine was not  charged with cooling-air pumping  work o r  losses 
due t o  mixing of the  cooling air w i t h  the working f lu id .  A t  higher flight 
speeds it WELS assume-d that ram air could do the necessary  cooling. The 
major assumptions that went into the final engine  analysis and the resul t -  
ing  turbine  requirements are l i s t e d   i n  table I. The m a x i m u m  equivalent 
turbine work required was chosen as the design w a r k  f o r  the subject 
turbine. 
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Cold-Air-Turbine Ve loc i ty  D i a g r a m s  

The design  requirements  for the subject  turbine are: .. 
Equivalent  turbine work, A h / G c r , l ,  Btu/lb . . . . . . . . . . . . 22.31 
Equivalent  specific w e i g h t  flow, w ~ ~ ~ & / ~ G ~ ,  (lb/sec)/sq f t  . . 10.5 

Equivalent blade t i p  speed, U t / d c l ,  f t / sec  . . . . . . . . . . 522 

The following  assumptions were used in  establishing the turbine 
* 
k velocity d i a g r a m s  : 

(1) Ratio of specific heats r of 1.4 

(2)  Free-vortex  distribution of whirl velocity 

(3) Simple radial equilwium 

(4) Hub-tip rad ius   ra t io  rdrt of 0.7 

(5) Diffusion  factor a t  hub  of  downstream stator % of 0.4 

(6)  Total-pressure loss across upstream s ta tor  p'/p' of 0.983 

(7) Adiabatic  efficiency  across  rotor q of 0.90 

(8) Damstream-stator  total-pressure-loss  coefficient of 0.05. 

2 1  

Transonic-compressor stator data (f ig .  6 of ref. 3) were used t o  a id  the 
choice of the downstream-stator loss coefficient  for the assigned value 
of s ta tor  hub-radius diffusion  factor o f '  0.4. The free-stream velocity 
diagrams as w e l l  as the velocity diagrams i n  the plane of the rotor  and 
upstream-stator trailing edges are sham i n  figure 2. The ve loc i t ies   in  
the plane of the t r a i l i n g  edge were computed from the free-stream diagrams 
assuming continuity of flow and zero total-pressure loss between the two 
stations.  The blockage area i n  the plane of the trailing edge was deter- 
mined from the blade profiles  discussed  in  the  fouowing  section of this 
report. 

It i s  interest ing  to   note   the  cr i t ical  aerodynamic flow conditione 
imposed  on the turbine as a result of  choosing this particular engine 
operating  point. Tke rotor  has a hub inlet Msch nmber of 0.833 and must 
turn the flow  through 110.6O. The rotor-exit  axial Mach number is 0.694 
at the mean radius,  indicating that the rotor is near limiting loading 
(ref. 4) .  The damstream-stator hub in l e t  Mach number is 0.846, and the 
design flow turning angle at this radlus is  34.320. 

. .  
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B l a d e  Profile Design 

7 

With the  velocity diagrams specified, the upstream-stator and rotor  
blade shapes were designed and the downstream-stator blade surface veloci- 
t i e s  were calculated,  using a quasi-three-dimensional  flow analysis  f o r  
determining  the  blade  surface  velocity  distribution at three  turbine 
radii (hub, mean, and t i p ) .  The dawnstream-stator blade prof i le  w a s  
determined by using  accepted compressor blade  design  techniques. 

Design analysis. - The method of obtaining the blade  surface  veloci- 
ties w a s  considered t o  be quasi three-dimensional  because the analysis of 
the flow was divided  into two pmts ,  a two-dimensional blade-to-blade 
solution at three radii, and an axisymmetric solut ion  in  the radial-axial  
plane. The axisymetric  solution was obtained by using a mean stream 
surface, which w a s  considered  to be that surface comprising the midchannel 
l ines  of the  three  radial   blade  profile elements. The mfdchannel l i n e  at 
any radius was located midway along  velocity-potential lines between the 
convex and  concave surfaces of the blade profi le .  The blade surface ye- 
loc i t i e s  and the  velocity on the midchannel line were related assuming a 
linear  variation of streamline  curvature along velocity-potential   l ines 
between adjacent blade surfaces (ref. 5). The radial variation of  veloc- 
i t y  on the mean stream  surface was assumed t o  satisfy the  conditions of 
simplified  radial  equilibrium. 

These c r i t e r i a  establish the re la t ion  between the   ve loc i t ies   in  the 
three-dimensional f i e l d  bounded by the blade surfaces. If a varLation of 
total   pressure and temperature is assumed throughout the f ie ld ,   the  abso- 
lu te  magnitude of the velocit ies can be established and the mass flow thus 
determined w i t h  the   a id  of the stream-filament  charts of reference 5. The 
flow network that was assumed in  calculating the blade  surface  velocities I 

was checked for   i r ro ta t iona l i ty   ( re f .  5) before the solution w a s  considered 
complete. The blade surface  velocities on that portion of the blade SUC- 
t i o n  surface  not  in the blade channel w e r e  estimated from the  required 
average  suction-surface  velocity, the velocity diagrams,  and the channel 
velocity  solution, w h e r e  the  required average suction-surface  velocity 
was determined by considering  the  flow t o  be i r ro ta t iona l  between the 
free-stream  velocity  diagram sad the channel-bounding velocity-potential 
l ine .  

For the upstream s ta tor  and the rotor,  the radial   var ia t ion of mass 
flow, as well as the radial variation of midchannel tangential  velocity, 
was specified. Assuming a blade prof i le  shape at any radius  establishes 
the ent i re  blade shape, and the design problem becomes  one of finding 
that shape.  For  both blade rows, the  absolute midchannel tangential  ve- 
loci ty  was specified to be free-vortex  in  nature. A l inear  variation of 
the  stream-filament mass-flaw parsmeter (w, ref. 5) with axial   distance 
from the  entrance t o  the exi t  of each blade row established  continuity of 
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flow through the blade  passage and the radial variation of mass flow for  
a specified set of velocity diagrams. It also establishes an  assumption 
of linear  total-pressure loss w i t h  axial  distance. 

Number of blades. - An a s b i t r a r y  choice of approximately 1; inches 
f o r  the axial chord, along with the sol idi ty  Considerations of reference 
6,  resulted i n  a choice of 40 blades f o r  the upstream stator  and 74 blades 
f o r  the rotor  of the 15-inch-tip-diameter test f ac i l i t y .  

If 

The sol idi ty  of the downstream s t a to r  was established from the chosen I- C 
diffusion  factor a t  the hub, the design vector diagrams, and the- following a 
defini t ion of the diffusion  factor: 

% =  (. - '3 u) , h + "hV3 -'u,4,h ,h 

Using this eol idi ty  and an actual chord 09 1.25 inches, 50 downstream- 
s t a to r  blades were chosen for the same turb ine   t ip  diameter. - 

Upstream s ta tor .  - With the preceding  assumptions and conditione, a 
trial s t a to r  hub prof i le  converging t o  a throat at  the channel exi t  w e 6  
assumed. The throat opening w a s  set so tha t  it would pass the required 
mass flow w i t h  a sonic midchannel velocity. A slight curvature on the 
suction  surface was assumed downstream of the t"k.  The calculated 
surf ace  velocit ies shown in  f igure 3 (a) were deemed acceptable , 8 ince the 
flow velocities  accelerated along the suction  Surface. 

1 

With the hub profile  specified, the velocity  vectors on the mean 
stream surface  were-thereby established, and the shape of the mean and 
t i p   p r o f i l e s  were obtained by trial-and-error solution. The midchannel 
positions of the throats of all three blade sections were assigned t o  l i e  
on a radial l ine.  Thus, the assigned  velocity  vectors a t  the hub deter- 
m i n e d  the blade throat midchannel velocity  vectors a t  the other radii. 
The calculated blade surface  velocity  distributions  for the mean- and 
t ip-radius  profiles are shown in   f igures  3(b) and (c), respectively. The 
surface  velocit ies estimated from irrotatioaality  considerations are ale0 
shown. The velocity peak and  subsequent deceleration on the suction sur- 
face of the t ip-radius  profile are not considered  desirable  but were con- 
sidered  acceptable,  since  the  deceleration  occurred only at the  tip-radius 
prof i le  . 

Rotor. - Several t r i a l   r o t o r  hub profiles were  assumed before the 
desired surface velocity  distribution was attained. The rotor hub throat 
opening a t  the exit of the passage w a ~  se t  so that the midchannel velocity 
was sonic. A straight suction-surface  profile was assumed  downstream of 
the throat,  thereby establishing the midchannel flow angle at the throat. 
The channel  portion of the profile was adjusted u n t i l  the desired  sonic - 
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velocity was attained on the  suction  surface. The choice of blade suction- 
surface  profile upstream of the flow channel w a s  determined by estimating 
the  velocity  distribution on it. The average  velocity on this portion of 
the blade is determined by the amount of f luid  turning that is done between 
the f'ree-stream flow  and the f i rs t  velocity-potential line i n  the blade 
channel. A turning of loo was Fed, providing  an  average surface c r i t i c a l  
velocity r a t i o  of 0.935 on the suction  surface between the leading edge 
and the f i rs t  velocity-potential  line. The assignment of a sonic throat 
velocity  requires  an expansion downstream of the throat t o  the  re la t ive 
supersonic exit velocity  specified by the  velocity diagrams. Since the 
blade is of the  straight-backed  type, this expansion will be of the type 
analyzed in  reference 7. The surface  velocity  distribution of the hub- 
radius  profile i s  s h a m  in   f igure 4(a). 

The mean- and tip-radius prof i les  wer,e determined by trial-and-error 
solution  for the blade  shape. The centers of the throats  at the channel 
exit for  these two sections were s e t  at the axial position where the c d -  
culated midchannel velocity w a s  sonic. The surface velocit ies  for  these 
profiles  are s h m  in  f igures 4(b) and (c),  respectively. The slight 
dirfusion that exis t s  on the suction  surface of both these profiles was 
not  considered so undesirable as t o  warrant  another trial. E these sur- 
face  velocitFes were not  acceptable,  another  hub-rsdius  profile would 
have t o  be assumed, since only one blade shape w i l l  satisfy the flow con- 
ditions imposed by the hub prof i le  under the existing assumptions. 

Downstream stator .  - The design  flow  conditions  through the down- 
stream s ta tor  of the  subject turbine were very similaz t o  flow  conditions 
encountered in  an experimental  investigation of an axial-discharge  stator 
operating  behind a transonic-compressor rotor  (ref. 8). Information pre- 
sented  in  reference 8 was  therefore used t o  determine the blade profile 
of the downstream s ta tor  at three radii. A doub le -c i r ca -a rc   p ro f i l e  
was chosen  having a maximum thickness of 6 percent of the blade chord. 
The experimental  results of reference 8 show the incidence angle f o r  min- 
i m u m  loss fo r  a  circular-arc  profile  to be  approximately 3' over a range 
of i n l e t  Mach numbers. The turbine downstream-stator design incidence 
angle w a s  therefore chosen as 3O, constant  radially. Reference 8 showed 
that Carter 's  r u e  (ref.  9)  for  calculating  deviation  angle  inucated good 
agreement between theory and  experiment i n  the range of minimum-loss in- 
cidence  angle. A trial-and-error  solution of Carter's equation for devia- 
tion  angle was used to  obtain blade camber and deviatfon angles from the 
required  turning and specified  incidence  angle and sol idi ty .  The turbine 
downstream-stator design therefme  resul ted  in  a prof i le  having the fol - .  
lowing section prof- characterist ics (see f i g .  I of ref. 3): 

Radius Deviation Turning C a m b e r  I n l e t  Mach Diffusion 

Hub 0.399 

5.48 25.54 28.00 .766 .344 T ip  
5.87 29.34 32.30 .796 .366 Mean 
6.33 34.32 37.60 0.846 

factor  angle, deg angle, deg angle, deg number 
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The blade surface vebc i ty   d i s t r ibu t ion   for  the damstream s ta tor  was 
determined by the basic method described in the design analysis section - 
assuming a linear  total-pressure lose w i t h  axial distance. The calculated 
velocit ies are presented i n  figure 5. 

Blade profiles.  - Scale drawings of the blade  profiles at the hub, 
mean, and t ip   sec t ions   for  a l l  blade rows are shown in figure 6. The 
drawings are t o  scale for blade shape, blade sol idi ty ,  and axial location 
of blade r m .  The blade sol idi ty  and mean aspect   ra t io  of all three 
blade rows based on the axia l  chord are  as follows: 

I Upstream s ta tor  

Hub so l id i ty ,  ; 1 1.516 ~ 

Mean solidity,  am 1.298 
Tip solidity,  1.156 
Mean aspect  ratio, d 1.731 

Rotor Downstream s ta tor  

2.804 I. 849 
2.341 

1.830 1.775 
1.311 1.985 
1.535 

The section  coordinates  used  in  fabricating the blade shapes are 
presented i n  table 11. The geometrical  difference between the f la t -plate  
blade section  required  for blade fabrication and the  cylindrical-surface 
design  layout was taken  into account in determining these coordinates. 
The difference was only significant f o r  the hub- and mean-radius blade 
profile  sections of the upstream stator .  

Test Instal la t ion 

A 15-inch-tip-dlarneter turbine-component t e s t   f a c i l i t y  was used t o  
evaluate the performance of the subject  turbine  over a range of rotor 
speed and pressure  ratio. Figure 7 shows the experimental turbine i n s t a l -  
la t ion with the top ha19 of the outer  casing removed. The aluminum- 
bladed rotor is shown in   f igure 8. The blades of a l l  three blade rows 
were stud-mounted so that the angular posit ion  couldbe adjusted. 

The arrangement of the experimental equipment is  shown i n  figure 9. 
Ambient a i r  was drawn from the test c e l l  through  an electrostat ic  
precipitator-type air f i l t e r  and then  heated by passing through a heat 
exchanger. The temperature of the air at the  turbine  inlet  waa rnaintsined 
near 685' R by automatic  temperature-control  valves. This i n l e t  tempera- 
ture  was high enough t o  avoid  local  water-saturated airflow conditions 
within the turbine. The airflow w a s  measured by a calibrated f lat-plate 
or i f  i ce   ins ta l led   in  conformance w i t h  A m  specifications. The air w a a  
exhausted by the laboratory low-pressure  exhaust  system after passing 
through the turbine. A remotely controlled  valve downstream of a surge 
tank i n  the low-pressure  exhaust line was used t o  maintain  the  desired 
pressure  ratio  across the turbine. 
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The  power output of the turbine was absorbed by an  eddy-current  type 
1 dynamometer that was cradle-mounted for torque measurements. The torque 

force measurement was made with a calibrated commercial pneumatic load 
ce l l .  The rotat ional  speed of the turbine w a s  measured w i t h  an  electronic 
counter that determined the average turbine  rotational speed over a period 
of 1 second within 1 revolution  per minute. 

Instrumentation 

A cross section of the  experimental  turbine showing the axial location 
of the  instrumentation is presented i n  figure  lO(a) . The circumferential 
positions of the various  instruments fo r  all measuring stations  are shown 
in  f igure 10(b). Typical  instrument  probes  used in  the  investigation axe 
shown in   f igure  11. The measurement of flow angle was made w i t h  two types 
of pressure-differential  angle probes mounted in  self-balancing angle- 
positioning  actuators. The average angle of a radial traverse was tabu- 
lated as the f l o w  angle. The pressures w e r e  measured w i t h  te t rabrow- 
ethane f lu id  manometers and were photographically  recorded. 

MEmODs AND PROC- 

Experimental  Procedure 

Ekperimenttd data were taken at nominal values of i n l e t   t o t a l  to ex i t  
static-pressure  ratio.  A t  each pressure  ratio, the turbine rotor  speed 
was varied from 60 t o  120 percent of design equivalent  speed fn 10-percent 
increments of speed. The turbine-inlet  temperature was maintained between 
683' and 687O R. The i n l e t   t o t a l  pressure varied between 1500 and 1700 
pounds per  square  foot  because of pressure losses in  piping upstream of 
the turbine that depended on the Etf r f low.  A t  the equivalent  design  oper- 
ating  point, the inlet total   pressure was about 1500 pounds per square 
foot,  corresponding t o  a rotor  Reynolds number of 201,OOO based on average 
design  mean-section rotor   veloci t ies .  

Experimental Data Reduction  and Performance Calculations 

In order t o  evaluate the over-all  turbine performance as well as that 
of the downstream s ta tor ,  a calculated  total  pressure was .used to deter- 
mine t h e   f l u i d   t o t a l  state as it passed W o u g h  the turbine. This cal- 
culated  total  pressure w a s  determined from measurements of s t a t i c  pressure, 
t o t a l  temperature, and flow dlrection. A rating  total   pressure w a s  also 
calculated  in  order  to  evaluate the energy involved i n  the tangential  
velocity component behind  the  rotor and the  domstream  stator. The ideal 
work of the turbine was based on these pressures and the measured i n l e t  
temperature. The actual  turbine work was determined from torque, speed, 
and  weight-flow measurements. 
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The calculated  turbine  total   pressure  at   stations 1, 3, and 4 in 
the turbine annulus was determined from the following  equation: 

p ' = p [ f i F n / L +  1 

This one-dimensioml  equation w a s  derived from the  equations of continuity tP 
and  energy, the equation of s ta te ,  and the isentropic  relation between 
pressure and temperature. The etatic  pressure used i n  this equation is 
the numerical  average of' hub and t i p  s t a t i c   Fes su ree  measured by the w a l l  
static-pressure taps .at the axial s ta t ion  under consideration. The turbine 
weight flow used is that calculated from the or i f ice  measurements, while 
the area is the measured annular area. The total temperature is deter- 
mined by averaging the probe  total-temperature readlngs (corrected  for 
Mach number) a t  e i ther   s ta t ion 1 or   s ta t ion 4. Temperature measurements 
at s ta t ion 4 were also used i n  the total-pressure computation at s ta t ion  
3. The flow-angle measurements at stations 3 and 4 were plotted and 
fafred against the static  pressure at their .respective  stations. The 
faired flaw-angle measurement is used i n  equation (1). flow dl- 
rection a t  s ta t ion 1 is assumed t o  be axial. 

E 

In   addi t ion  to  this  total-pressure computation at measuring stations 
1, 3, and 4, a calculated  turbine  rating  total  pressure w a s  computed at 
stations 3 and 4. This rating t o t a l  pressure at a particular axial sta- 
t ion is defined as the s t a t i c  pressure at that stat ion pXus the pressure 
corresponding t o  the axial-component of velocity. This rating  total. pres- 
sure can be stated i n  equation form as 

where 4 is the axial component  of one-dimensional  annulus Mach number. 
The axial Mach  number used in  equation (2) is calculated f'rorn the   to ta l  
pressure  calculated by equation (l), the measured s t a t i c  pressure, and 
the  fa i red flow-angle. measuFement.. When this rating  total   pressure is 
defined as the turbine-exit  pressure at s ta t ion 3 or 4, the  turbine is 
charged f o r  the energy of the tangential component of velocity a t  that 
stat ion. 

The experimentally  obtained  equivalent  torque and weight-flow data 
were plotted and faired against.the  over-all  rating  total-pressure  ratio 
~ i / p ; , ~   f o r   l i n e s  of constant  equivalent  blade  speed. The rotor speed 
control on the experimental  tuxdine was sufficiently  accurate so that data 

" 

- 
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were taken with the turbine  operating  within 1/10 of 1 percent of the 
desired  blade speed. Informition taken from the   fa i red  curves of torque 
&nd weight flow at even  increments of the  rating  pressure  ratio w a s  used 
to compute the performance map. 

Calculated  values of pi&, pi/~:,~,  and pi/pi were plot ted an& 
f aired  against ~ i / p i , ~ .  The faired  values of these calculated pressure 
ratios were used to compute the ideal work upon which the  turbine effi- 
ciencies 
r a t i o  were also used t o  compute the  darnstream-stator  recovery  factor: 

T3J T,,3J and '1 were based. These faired values of pressure 4 

The downstream-stator  recovery factor used i n  this report  is derived  in 
reference 10. 

The first experimental t e s t s  were made with the turbine blading as 
designed. The m a x i m u m  turbine work output  attained a t  design  blade speed 
was 4 percent less than the design value. From the axial static-pressure 
dis t r ibut ion  in  the turbine annulus, it was determined % h a %  the upstream- 
stator-exit  velocity was below the design  value. This indicated that the 
stator-exi t  w h i r l  was l e s s  than  the design value, if it was assumed that 
the  stator-exit  flow angle was approximately  equal to the design value. 
Since the exit of the ro to r  w a s  designed t o  operate  very near its Limiting 
value of ex i t  w h i r l ,  lower than  design whirl at the rotor inlet w a s  the 
primary reason the turbine did not produce design work at maximum pressure 
rat io. 

In order t o  determine why the stator-exit   velocity waa below the 
design value, it is  necessary t o  note f i r s t  that the turbine was designed 
t o  have an undhoked upstream s t a to r  and a choked rotor at the design 
point. Reference 11 indicates that, fo r  this type of turbine, the flow 
conditions between the rotor and upstream s ta to r  are controlled by the 
stator-exit  flow  angle and the effective  rotor-to-stator  throat area r a t i o  
at a given blade speed. The term  "effective"  rotor-to-stator  throat  mea 
r a t i o  is used to denote the fact that the  actual area r a t i o  must be modi- 
f i e d  by the total-pressure  losses between the stator and rotor  throats.  
Figure 10 of reference ll indicates that a reduction  in the r a t i o  of 
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rotor-to-stator  throat areas and/or an  increase  in  stator-exit flow angle 
(as measured f'rom the  tangential  flow  dlrection) would resu l t   in  a reduc- 
t i on   i n   s t a to r - ex i t  whirl velocity  for a given bLade speed.  For the sub- 
ject   turbine it was concluded that the  apparent low value of stator-exit  
w h i r l  was due t o  an  effective  rotor-to-stator  throat  area  ratio less than 
design.  Since the measured blade throat areas were equal t o  the design 
valuee, it was concluded that the subject tu rb ine  failed t o  produce design 
work because the losses   in  the rotor  were  higher than  anticipated  in de- 
sign. The flow i n  the turbine compensated for thlf3 additional loss by 
increasing the relative  total   pressure t o  the rotor  through a reduction ; 
i n  stator-exit w h i r l  velocity. 

- 

In  order  to  increase the experimental turbine work output t o  at least 
the  design  value, it was decided t o  change the actual  rotor-to-stator 
throat  area ra t io .  This could be accomplished by adjusting the angular 
position of either % b e  ro tor  or  s t a to r  blades. If the rotor  throat area 
were thus  increased, it w a s  f e l t  that the change in   ro to r  blade channel 
dimensions  upstream of the throat would tend t o  further increase  the  lossee. 
In   addi t ion  to  this, the downstream s ta tor  would be required  to pass a 
greater specific mass flow, which  would probably choke the downstream 
s t a to r  and again limit the turbine work output. On the other hand, if 
the upstream-stator area were reduced, the Losses i n  the s ta tor  upstream - 
of.the  throat would probably not change, but the turbine would not pass 
design w e i g h t  flow. The latter solution was chosen. I n  order t o  increase 
the turbine  limiting work output t o  a value greater than t?3e &Sign value, 
reference 11 was used t o  estimate a requfred  4-percent  decrease in  
upstream-stator flow area. 

.i 

Over-All Performance 

The experimental data obtained f o r  the subject  turbine  with the 
upstream-stator  area  reduced 4 percent below the design  value are shown 
in   f igures  1 2  t o  14. The faired  values of these data were used t o  obtain 
the  over-all  turbine performance m p  sham i n  figure 15. Thjs figure is 
a plot  of the equivalent  turbine work &/ecr against the weight-flow - 
speed parameter wUt&/&61 for constant  values of equivalent blade speed 
and rating  pressure  ratio  p ' /p '  The efficiency  contours shown charge 
the  turbine w i t h  any exit whirl out of the downstrem stators. The maxi- 
mum work at design  speed was 102 percent of design work. The choking 
w e i g h t  flow through the turbine at the design point was 2 percent  less 
than the design  value a s  a result of reducing the s ta tor  =ea. The tur- 
bine  rating  efficiency a t  equivalent  design work and blade speed was 
0.830. A maximum rating  efficiency of 0.857 was attained at design blade 
speed and at a turbine work output of about 80 percent of the design 
value. 

- 

1 x,4' 
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Turbine Choking Chazacteristics 

15 
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The subject  turbine was designed to operate with the rotor  85 the 
choked blade row. Tbe torque and weight-flow characterist ics of the tur- 
bine  presented  in  figures 13 and 14 can be used t o  determine that such 
was the  case at equivalent  design work and blade  speed.  Figure 14 shows 
that the  turbine was choked for all blade speeds at rating  total-pressure 
ratios greater  than 2.25 (choking is indicated by no  change in  equivalent 
w e i g h t  flow with rat ing  total-pressure  ra t io  f o r  a given blade speed). 
A t  a rating  total-pressure r a t i o  (2.35) corresponding to  equivalent de- 
sign work, figure 14 also shows that the upstream s ta tor  was unchoked at 
equivalent design blade speed. This is indicated by the fact that the 
choking  weight flaw varies w i t h  blade speed in  the vicini ty  of equivalent 
design blade speed. The f a c t  that the  equivalent  torque  for  equivalent 
design  blade speed increases 'as the rating pressure  ratio is increased 
above that requbed  to  produce design work (fig. 13) indicates that the 
dawnstream s ta tor  was unchoked at the same operating  point. This could 
not happen if the downstream stator were  choked, since the change i n  
pressure downstream of the s ta tor  could  not fe l t  behind the ro tor .  
Therefore, the  conclusion it3 that the rotor  was the choked blade row at * 

the  operating  point  corresponding t o  equivalent design work and blade 
speed. 

A l i m i t  on the maximum work output of a single-stage turbine having 
downstream stators can be imposed by ei ther  choking fn the downstream 
stator   or  limiting loading in   the   ro tor .  For the subject turbine, the 
pressure  ratio at which the  turbine work is  limited can be determined 
from figure 13 for  any blade speed investlgated. With this information 
and the  static-pressure  distribution  in the turbine annulus as a f'unction 
of the  turbine  rating  pressure  ratio, it is  possible t o  determine  whether 
the  turbine  rotor limited the turbine work output  before the downstream 
stator choked. 

Figure 16(a> shows the variation of s t a t i c  pressure i n  the turbine 
annulus as a function of the  ra t ing  total-pressure  ra t io  for the Larest 
blade  speed  investigated. The torque  data for this blade speed indicate 
that the turbine work was limited at pressure ra t io s  peater than 2.27 
(f ig .  13). Figure 16(a) shows that the  static  pressure behind the   rotor  
(s ta t ion 3) decreased  slightly as the turbine  pressure  ratio was increased 
above 2.27. 'Bis means that, at the  lowest bade  speed, the  rotor  reached 
limiting  loading  before the downstream s ta tor  choked. A sirnilas: trend is 
evident at 70- and 80-percent-design  speeds (f igs .  16(b) and ( c ) ) .  

The same cr i ter ion cannot be used at the higher blade speeds (figs. 
16(d) t o  (g) ) , because the l imiting torque output  occurs at or  new  the 
maximum calculated  turbine  rating  pressure r a t i o .  The statfc  pressure 
behind  the downstream s ta tor  dropped sharply as the  pressure downstream 
of the  turbine was lowered beyond that exhaust  pressure which gave the 
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highest  calculated  pressure  ratio- ~ i / p i , ~  across  the  turbine. This 
sharp drop in  pressure w a s  due to   t he   f ac t  that the downstream s ta tor  
choked at some slightly lower pressure  ratio and subsequently expanded 
downstream of this choked-flow area into  supersonic flow. The calculated 
t o t a l  pressure at the ex i t  of the downstream s ta tor  for this type of 
operating  point was not  considered t o  be the correct  turbine rating exi t  
pressure, because it represented a decrease i n  rating pressure r a t i o  w i t h  
an  increase  in  inlet   total-   to  exit   static-pressure  ratio.  These data 
points are shown in .figure 16 without fa i red  curves  through the points. b! 

A t  90, 100, 110, and 120 percent of designblade speed, the condition of I- 

choking in  the downstream stators  coincides w i t h  m a x i m u m  turbine work s 
output;  therefore, it is not  possible t d  determine from these data whether 
the  turbine  rotor limited the work output  before  the stator choked. 

- 

- 

In  order t o  determine  whether the downstream etator  limited  the flow, 
experimental  torque measurements  were made without the downstream s ta tor  
i n  place. These data indicated a slight  increase  in  turbine  limiting 
work at the two highest blade speeds, and it is therefore  possible  to - 
conclude that the downstream s ta tor  limited the turbine work only at the 
two highest blade speeds. 

Downstream-Stator Performance 

The performance of the downstream s ta tor  of the subject  turbine was 
analyzed from the calculated  total   pressures upstream and downstream of 
the s ta tor .  The effectiveness of the s ta tor  w a s  analyzed with regard t o  
the e f fec t  of the s t a to r  on over-all t u r b i n e  performance and not on s ta tor  
losses as such. 

The turbine  efficiencies based on the calculated  total  pressures 
ahead of and behind  the downstream stator   are  shown in   f igure  1 7 .  The 
turbine  efficiency q3 w a s  determined by using  the  calculated  total  pres- 
sure  behind the rotor  (station 3) f o r  the ideal work. The turbine effi-  
ciency q4 w&s determined i n  a similar manner from the calculated  total  
pressure behind the downstream stator   (s ta t ion 4 ) .  The turbine  rating 
eff ic iencies  qx,3 and q were determined using the ra t ing   t o t a l  
pressures and p'  The efficiency q3 is always highest, since 
it does not  include any total-pressure loss across the downstream sta tor  
and  does not  charge the rotor  for the energy In the whirl component of 
rotor-exit  velocity. The rating  efficiency q credits  the  turbine 
fo r  the energy i n  the axial component of velocity and  charges the turbine 
with the energy in  the  tangential  component of velocity. It is therefore 
lower than qg, except when the absolute  velocity  out of the rotor  is 
axial, when q is equal t o  q3. The same c r i t e r i a  hold fo r  the effi-  
ciency q4 and the rating efficiency qx,4 at s ta t ion 4 .  For this 

x,* 
pi ,  3 x,4' 

x33 

- 
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investigation the rating  efficiency qx,4 was essentially equal to the 
efficiency q4, because the measured flaw angle  out of the downstream 
s ta tor  w a s  essentially axial f o r  most of the range of turbine  operation. 
The angle data taken downstream of the  s ta tor  shown in  f igure 12(b) 
scatter  within a band that is &% from axial-flaw direction  except at 10 

very low work levels.  The difference between q4 and qx,4 fo r  an ex i t  
flow angle of % is negligible. 10 

When the  rating  efficiency q is  greater  than the ra t ing  effi- x,$ 
ciency rl,, 3 J the downstream s ta tor  i s  recovering more w h i r l  energy than 

any loss, q,,4 would be equal t o  q3. A t  design work and blade speed 

qx, 3 

it loses i n  a total-pressure drop across the blade row. E the downstream 
stator recovered all the  available w h i r l  e n e r a  without itself incurring 

(fig. 17(e)),  the  turbine  efficiency was 0.847 and the rating  efficiency 
was 0.790. Thus, the whirl energy at the exit of the ro to r  corre- 

sponded t o  5.7 percent in turbine efficiency. Dawnstream  of the s ta tor ,  
the turbine  rating  efficiency q was 0.830, the  s ta tor  having  recovered 
energy  corresponding t o  4.0 percent  in  turbine  efficiency. The downstream 
s ta tor  thus had a total-pressure loss across  the blade row corresponding 
to 1.7 percent in  turbine  efficiency at the design  point. 

x94 

I n  order t o  express  the  effectiveness of the dawnstream stator i n  
recovering w h i r l  energy while s t i l l  taking  into  account the losses across 
the  blade row, a downstream-stator  recovery factor  3 was camputed. This 
recovery factor was first used t o  evaluate a turbine downstream stator i n  
a similar type of investigation  in  reference 10. The recovery factor  f o r  
the  subject blade r o w  is shown plot ted  in   f igure 18 f o r  all turkfne speeds 
investigated as a function o r  equivalent  turbine work. A recovery factor  
corresponding t o  1.0 indicates complete recovery of the energy i n  the 
whirl component at the  rotor exit wdthout any total-pressure loss &cross 
the downstream s ta tor .  A recovery f ac to r  of 0 indicates that the whirl 
energy recovered by the   s ta tor  just equals  the  total-pressure loss across 
the  blade row. A negative  recovery  factor indicates that the energy l o s t  
i n  a total-pressure drop across  the downstream s ta tor  was higher than the 
w h i r l  energy recovered by the blade row. Thus, the recovery factor can 
become negative if there is very little w h i r l  energy available for the 
stator t o  recover  and/or a high total-pressure Loss across the downstream 
stator. 

A t  design turbine work and speed, the  recovery  factor w&s 0.71, de- 
creasing  rapidly as the turbine work approached i ts  limiting  value because 
of an  increase  in  total-pressure loss a c r o s s  the downstream s ta tor .  This 
increase  in  total-pressure loss is i n a c a t e d  by the rapid divergence of 
the q3 and qx 4 1-s i n  figure  17(e) as the  turbine work output is 
increased from design value. 
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A t  deeign blade speed, a maximum recovery factor  of 0.76 was attained 
at a turbine work of X )  Btu per pound, slightly below the design  value. " 

A t  turbine work outputs lower than 20 Btu  per pound, the  recovery  factor 
dropped sharply,  because the total-pressure loss across  the blade row 
remained practically  constant (compare the difference between q and 

i n   f i g .  17  (e) ) while the energy available  for recovery r a p b y  de- 
creased (compare the difference between q and q3) . The recovery 
factor  becomes zero when .T x,3 equals qx (see eq. (3)). The recovery 
factor  was a large  negative number a t  the h e r  work outputs mainly be- 
cause  of the large  total-pressure l O S 6  across the stator .  Figure 12(a) 
indicates that i n  this turbine  operating range the s ta to r  is operating 5 
w i t h  a highly  negative  incidence angle, which is a possible reason  for 
such high losses. 

qx,4 
x, 3 

Ip 

The variation of the s ta tor  recovery factor  with turbine work is  
similar at the other  blade -speeds. In general, the range of turbine work 
for posLtive s ta tor  recovery factor  decreased w i t h  increaeing blade speed. 
The maximum value of the recovery factor  a t  each blade speed a l s o  decreased 
with increasing  blade  speed. d 

The low value of the recovery factor  at the two highest blade speed6 
is mainly due t o  the f a c t  that the s ta tor  had l i t t l e  whir l  energy t o  
recover  and was operating at a negative angle of incidence a t  all values 
of equivalent work. In  general, the s ta tor  performance was considered 
good in   the  range of turbine  operation w h e r e  there w a s  a fair amount of 
rotor-exit  w h i r l  energy for  the  stator  to  recover.  The s ta tor  did intro- 
duce additional  over-all turbine loss when it had little or no rotor-exit 
whirl energy t o  recover. For almost the whole range of turbine opera- 
t ion,  the downstream stator was effect ive  in   turning the f l o w  out of the 
rotor back t o  the axial-flow  Wection. This ab i l i t y  might be of  impor- 
tance  in  turbojet  engines with afterburner6 where w h i r l  at the entrance 
t o  the burner impairs engine performance. 

SUMMARY OF RESULTS 

The cold-air  experimental  investigation of a high-work-output single- 
stage  turbine  with a damstream  stator  yielded the following  results: 

1. The turbine as designed did not  attain  design work at design 
blade  speed. This diff icul ty  was a t t r ibu ted   to  higher losses in the rotor 
than  anticipated  in design. When the  upstream-stator  throat area was 
reduced 4 percent, the maximum turbine work at design blade speed was 
increased t o  102 percent of design work. 

2. A t  the equivalent  design work output of 22.31 Btu per pound of 
airflow and the equivalent  design  blade t i p  speed of 522 feet   per second, 
the modified turbine  rating  efficiency was 0.830. The  maximum efficiency 
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was 0.857, occurring at design blade speed and a lawer work output. A t  
design work and blade speed, the turbine  equivalent w e i g h t  flow per  unit 
f rontal   area was 2 percent lower than the design  value of 10.5 pounds per 
second per  square foot. 

3. The turbine was designed t o  operate  with the rotor as the choked 
blade row. These flaw conditions were found t o   e x i s t  when the modified 
turbine w a s  operated at design work and blade  speed. 

4.  For almost  the whole range of turbine  operation, the downstream 
s ta tor  w a s  effective  in  turning  the flow out of the rotor back to  the 
axial   direction. 

5. A t  design work and  blade  speed  the energy of the whirl component 
of velocity at the  rotor  exit  corresponded to 5.7 percent in   turbine 
efficiency. The downstream stator  recovered  71  percent of t h i s  energy, 
corresponding t o  4.0 percent i n  turbine efficiency. 

6. The damstream-stator performance was considered t o  be good when- 
ever  there was a fair  amount of negative  rotor-exit whirl to recover. 
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Equivalent  turbine t i p  
speed, ft/sec 

Turbine centrifugal 
s t ress ,   ps i  

Equivalent  turbine work, 
Btu/lb 

Compressor bleed air for  
cooling, % compressor 
w e i g h t  flaw 

Fuel-air rat i o  
Compressor equivalent 

rotat ional  speed, % 
design 

efficiency 

w e i g h t  flow per  unit 
f ron ta l  area, 
(lb/sec) /sq f t  

Compressor adiabatic 

Compressor equivalent 

Flight condition or flight 

Takeoff[ 0.6 I 0.9 I 1.136 

30, OOC 

22.06 

7.5 
0 .ox9 

97 .e 

0.840 

34.14 

25,550 30,OOO 27,120 

19.98 22.31  21.15 

I 

7.5 
0.0351 0.0357 0.0371 

7.5 7.5 

loo loo loo 

0.815 0.8E 0.815 

35.00 35.00 35.00 

Mach number 

522 522 

30,000 

21.60 21.98 

30,000 

0 
0.0265 0.0313 

0 

83.6 70 

0.875 0.850 

27.68  20.19 

Turbine-inlet  temperature, ?R . . . . . . . . . . . . . . . . . .  3023 
Turbine  hub-tip radius ratio . . . . . . . . . . . . . . . . . . .  0.7 
Ratio of tapered  to  untapered blade centrifugal stress . . . . . .  0.7 
Ratio of specific heats for turbine . . . . . . . . . . . . . . . .  
Total-pressure  ratio  across burner . . . . . . . . . . . . . . . .  0.95 
Ratio of compressor t o  turbine  tip-diameter area . . . . . . . . . .  0.99 
Rotor  blade materlal density,  lb/cu f t  . . . . . . . . . . . . . .  500 
A i r  leakage between compressor and turbine, % compressor 

w e i g h t  flow 1.5 
Duwnstream-stator hub diffusion  factor . . . . . . . . . . . . . .  0.4 
Downstream-stator mean-radius solidity . . . . . . . . . . . . . .  1.5 
Equivalent  turbine weight flaw per   uni t   t ipdiameter  area, 

(lb/sec)/sq f t  . . . . . . . . . . . . . . . . . . . . . . . . .  10.5 

413 

. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



22 

TABLE 11. - BLADE PROFILE COc[RDINATES 

(a) Ups tream-stator blade 

[Rad. 1 = rad. 2 = o.a12".) 

t 
r o t a t i o n  

rxl /' 
X T 

0 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.714 
1.719 
1.781 

YO 

Blade coordinates, in. 

Hub 
(dim., 10.50") 

YZ 

0.012 
.072 
.140 
.189 
.223 
.244 
.257 
.261 
.259 
.250 
.236 
.216 
.190 
.162 
.130 
.097 
.062 
.026 ""_ 

""- 
.012 

YU 

0.012 
.160 
.255 
.320 
.360 
.382 
.391 
.388 
.373 
.351 
.323 
.289 
.251 
.212 

.133 

.093 

.OS3 

.173 

""_ ""_ 
.012 

4_5O28 

(aim. 

YZ 

0.012 
.056 
.118 
.166 
.201 
.224 
.238 
.245 
.244 
.236 
.223 
.205 
.la0 
.150 
.117 
.079 
.041 

.012 
""_ 
""_ ""_ 

12.75") 

YLl 

0.012 
.128 
.236 
.310 
.353 
.377 
.386 
.384 
.370 
.345 
.313 

.240 

.199 

.158 

.114 -. 070 

.012 

.27a 

""_ 
""_ 
""- 

40°58 I 

y2 

0.012 
.051 
.116 
.166 
.205 
.233 
.251 
.260 
.262 
.255 
. a 2  
.223 
.198 
.166 
.128 
.088 
.045 ""_ ""_ 
.012 ""_ 

yu 

0.012 
.113 
.205 
.281 
.340 
.377 
.395 
.394 
.378 
.353 
.322 

.246 

.204 

.161 

.117 

.073 

.2a6 

"-" ""_ 
.012 ""_ 

37043 ' 

c 
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TABLF, IC. - Continued. BLAD[E P R O F I I E  COORDINATB 

(b) Rotor blade 

[Fhd. 1 = Rad. 2 = 0.012". 1 

t 

1 
yu 

- x -  
X r 

0 
.1 
= e  
.3 
.4 
.5 
.6 
07 
.8 
.9 

1.0 
1.1 
1.2 
1.251 
1.3 
1.308 
1.368 

rO 

Blade coordinates, in. 

Hub 
(dim. 

yl 
0.012 

.os9 

.193 

.262 
311 
.343 
.355 
.348 
.322 
.277 
.213 
.130 
.034 
.012 ""_ ""_ ""_ 

J - 
" 

10.50") 

yU 

0.012 
.193 
.327 
.423 
.484 
.514 
.520 
.498 
.449 
.373 
.276 
.173 
.070 
.012 ""_ ""_ ""_ 

2021 

yl 
0.012 
.083 
.159 
.214 
.254 
.276 
.285 
,279 
.25a 
.226 
.182 
.126 
.063 

.oo.l 

.OX 

""- 

""_ 

yU % 
I 
0.012 0.012 
.230 .CEO 
.342 . u 9  

.441 .191 

.449 .210 

.436 .220 

355 .208 
.294 .188 

.160 122 

.092  .077 

1 .025 .028 
-012 ""_ .012 

1 .407 .162 

~ .404 .220 

1 .228 .159 

""_ ""- 
""_ 

1 

yU 

0.012 
.238 
.320 
,363 
.382 .384 
.370 
. x 2  
,302 
.255 
.204 
.154 
.lo4 

.E4 

.OB 

""- 
""_ 
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TABLE 11. - Concluieil. BLADE P R O F I L E  COQRDINATES 

(c) Downstream-stator blade 

[Rad. 1 = Rad. 2 = O.o075''.j 

X 

0 
.1 
.2 
.3 
.4 
.5 
.6 
.7 
.8 
.9 

1.0 
1.1 
1.2 
1.265 

Y O  

T B l a d e  coordinates, in. 

Hub 
(diam., 10.50" ) 

Y l  

0.0075 
.020 
.039 
.053 
.064 
.070 
.073 
.073 
.069 
.061 
.049 
.033 
.013 
.0075 

YU 

3.0075 
.053 
.086 
. l l 2  
.131 
.143 

.146 . . E59 

.125 

.lo4 

.075 

.038 

.m75 

. u a .  

12O32 ' 

Mean (diam., l2.75") 

Y b  

0.0075 
.016 
.om 
.042 
.050 
.055.. 

.057 

.OS3 

.048 

.038 

.026 

.010 

.a375 

-058 

YU YU 

1.0075 0.0075  0.0075 
.048 .013 .045 
.077 .024 .071 
. lo1 .034 ,092 . u7 .040 .lo7 
.I28 . O M  ,117 
.133 .047 .122 
,132 .a6 .121 
.125 .043 .1L4 
.1l2 -038 .lo3 
,092 .031 .086 
.069 .021 .063 
.037 .008 .034 
.(X75 .0075 .0075 

1oo16 ' 8'34 
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I 
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Compressor equivalent  weight flaw per  unit   ' frontal  
area, (lb/sec)/sq ft 

Figure 1. - Compre~s~r operating llne for takeoff and flight In the 
stratosphere. 
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= 0.273 

- 0.856 
=cr 2,te 54 * 78Q 

7 -0.431 
%or 2 , t t  

- 0.410 
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( c )  Tip-radiue blade section. 

F i p r e  3. - Deslgn upstream-etator velocity dist r ibut ion.  
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k 

f 

(c) Tipradius blade section. 

Figure 4. - Design rotor velocity dietribution. 

29 
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(c )  Tip-radius  blade section. 

Figure 5. - Design downstream-stator velocity dietributiolr - 

- . .. - -  ". 
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percent aes im 

Design flow angle 
at m e a n  radius 

(a) Flow angle at exit  of r o t o r  (s ta t ion 3) . 
8 

0 

-8 

/ 
~ 

C 
-16. 

0 4 8 12 16 20 24 
Equivalent turbine work, ah/@,,, Btu/lb 

(b) Flow angle at  exit of dowtream statqr (s ta t ion 4 ) .  

Figure 12. - Variation of f l o w  angle with turbine work for value8 of 
constant equivalent  blade speed. 
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12.6 

12.2 

12.0 

11.8 

11.6 
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39 

10 .o 

9.8 

9 -8  

9.4 

9.2 

9.a 
1 

Rating total-pressure  ratio, pi/p:, , 
Figure 14. - Variation  oP  equivalent  weight flon uith rating pressure ratio for values 

of constant equivalent blade speed. 
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(c) Equivalent  blade sped,  &parcent  design.  (a)  Equivalent blade speed, 9Gpercent design 

Figure 16. - Variation of s t a t i c  pressure w i t h  turbine  rating total-pressure r a t i o  a t  two axial 
meaauring stations. 
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(f) Eguivalent blade speed, IlGpercent design. (g) Equivalent blade w e d ,  l ape rcen t  d0sign. 

Figure 16. - Concluded. Variation of &tic pressure with turbine rating total-preeaure ratio at 
two axial measuring stations. 



F 

~ 

(a)  Equivalent bllaae sgieed, Kl-perent &%sign. 

Equivalent  turbine work, &/e,..,, Btu/lb 

(b)  Equivalent  blade  speed,  70-percent deeign. 

Figure 17. - Variation of turbine efficiency  with  turbine work output. 
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" 

(c)  Equivalent bla& speed, 80-percent design. 

(d) Equivalent blade speed, 90-gercent desippl. 
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. 

I Equivalent  blade  speed, I 

8 12 16 20 24 
Equivalent  turbine work, Ah/8,,, Btu/lb 

Figure 18. - Variation of recovery factor with 
turbine work output. 

NACA - Langley Reld, VI. 
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