
RESEARCH MEMORANDUM 

INVESTIGATION OF A HIGH-TEMPERATURE SINGLE-STAGE TURBINE 

SUITABLE FOR AIR COOLING AND TURBINE STATOR ADJUSTMENT 

I - DESIGN OF VORTEX TURBINE AND PERFORMANCE 

WITH STATOR AT DESIGN SETTING 



NACA RM E54CI-5 

FOR AIR COOLING AND TURBIEIE SWCB ADJUsm4ENT 

W I T 3  SI'PATQR AT DESIGN SETI?ING 

By Thomas R. Eeaton,  Robert E. Forrette,  and Donald E. Holeski 

The turbojet  engine  for the supersonic  airplane must operate  over a 
wide range of temperature at the compressor i n l e t .  This  variation  in com- 
pressor  inlet  temperature may hpose  severe  engine  operational problems 
over the range of flfght conditions, depending on the  pazticulm mode of 
engine  operation. An investigation was conducted at the WCA Lewis lab- 
oratory  to  study the aerodynamic problems associated  with a turbine de- 
s i g n  fo r  a mode of engine  operation which utilizes turbine stator adjust- 
ment t o  maintain a fixed compressor operating  point. 

An analysis of the  turbine  requirements f o r  a par t icular  compressor 
operating  point over a range of engine  temgerature r a t i o  from approxi- 
mately 6.25 to 3.31 indicated that a feasible  single-stage  air-cooled 
turbine  design  could be obtained within reasonable aerodynamic limits. 
This  range of engine  temperature r a t i o  can represent  engine  operation 
from sea-level take-off to a f l i g h t  Mach n-er of 2.12 i n   t he  strato- 
sphere and requires that the  turbine  operate over a range of i f l e t  equiv- 
a lent  weight flow, equivalent work output, and equivalent t i p  speed. 

A single-stage  aPr-cooled  turbine w a s  designed t o  meet these  require- 
ments, and the performance of a scale d e l  w a s  obtained  with the s ta tor  
at the  design  take-off  setting. A t  the des ign  equivalent sh&t work of 
19.05 Btuper  pound and design  equivalent t i p  speed of 662.6 f e e t  yer 
second, a brake  internal  efficiency of 0.87 was obtained. 

INTRODUCTION 
I 

The turbojet  engine f o r  the  supersonic  airplane must operate over a 
wide range of compressor i n l e t  temperature,  from the take-off  condition 
t o  that of a supersonic  flight Mach nmiber i n  the stratosphere. The 
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compressor i n l e t  temperature varJes as a resu l t  of the anibient tempera- 
ture  v a r i a t i o n  at different   f l ight   a l t i tudes and of the variation of ram 
temperature rise at different flight Mach nuuibers . As an example, the 
t o t a l  temperature at the compressor inlet is 745' R at a f l i g h t  Mach nun- 
ber of 2.12 in  the  stratosphere, and at the sea-level  take-off  condition 
the compressor i n l e t  temperature is 518.4' R.  This variation of compres- 
sor i n l e t  temperature may impose severe problems i n  engine  operation over 
a range of flight conditions. 

The engine of the  sugersonic  airplane mt  have high thrust per  unit 
engine w e i g h t .  One way t h i s  may be  acconqlished is by the use  of  higher 
turbine  inlet  temperatures  than  are  in  current  practice. A t  supersonic 
speeds these high  temperatures  axe  also  required i n  order to  obtain an 
engine  temperature r a t io   ( r a t io  of turbine  inlet   to  compressor i n l e t  tem- 
perature) that is suff ic ient   for  good cycle  efficiency.  Reference 1 shows 
that the performance of a supersonic fighter airplane i s  significantly 
increased when turbine inlet temperatures are increased from  approximately 
2000° t o  2500° R. However, if  high  turbine  inlet  temperatures  are used, 
it will be necessary t o  cool  both  the  turbine  stator and rotor  blades or 
t o  use a high-temperature material capable of withstanding the required 
stresses at these  elevated  temperatures., 

An investigation was conducted a t  the NACA Lewis  laboratory  to  study 
the aerodynamic problems associated w i t h  the deslgn of single-stage tur- 
bines f or a turbo  je t  engine fo r  the sugersonic  airplane. .The variation 
i n  compressor i n l e t  temperature may r e q e e  that ei ther   the compressor 
or  turbine, or both, be capable of operating over a wide range of flow 
conditions. Whether t h i s   f l e x i b i l i t y  i s  required of the compressor or 
turbine,  or  both, is dependent on the  specified mode of engine  Operation. 
Four different modes of operation were considered, and one mode, tha t  
which uses  turbine  stator adjustment and exhaust nozzle area adjustment 
t o  keep the compressor operating  point  fixed, has certain  characterist ics 
which are advantageous fo r  supersonic flight. However, t h i s  mode of 
operation  shifts  the problem of opera t iona l   f lex ib i l i ty   to  the turbine 
and requires that the turbine  operate over an extreme  range of equiva- 
l en t  w e i g h t  flows and equivalent  speeds. No f l e x i b i l i t y  is required  for 
the compressor, as i t a  operating  point i s  fixed. The specific problem 
t o  be considered i n  this report i s  the  design of an air-cooled  single- 
stage  turbine which uses  turbine  stator adjustment t o  operate  over a 
wide range of equivalent weight flow and equivalent speed. 

Reference 2 presents an analysis of the aerodynamic problems en- 
countered i n  the turbine when the  turbojet engine is operated such tha t  
the compressor operating  point remains fixed. This report shows, i n  
general, that the change in   the  turbine flow conditions depends on the 
particular  turbine  application and the  design conditions. Qf required 
compressor work, turbine  inlet  temperature, and range of engine temper- 
ature rat io .  
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For this  investigation,  particular compressor aperating  character- - i s t i c s  were chosen, and the range of engine  temperature r a t i o  considered 
i s  a p p r o x b t e l y  3.31 t o  6.25. An engine  temperature r a t i o  of 3.31 
corresponds t o  a turbine  inlet  temperature of 24600 R a t  a flight Mach 
nuuiber  of 2.12 i n  the stratosphere. If the turbine inlet temperature is  
held  constant a t  24600 R, the  engine  temperature r a t i o  a t  sea-level  take- 
aff i s  4.75. However , if turbine  inlet  temperatures  greater  than 2460' R 
Etre employed to  obtain  additional thrust f o r  take-off, or i f  the engine 

w 
m 0 is  operated w i t h  a turbine W e t  temperature of 24600 R belm a flight 
P Mach number of 1.25 i n  the stratosphere,  higher  engine  temperature 

ratios will result. 

M 
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The purpose of this   invest igat ion is t o  determine the effect  of the 
changes of flow conditions due t o   s t a t o r  adjustment f o r  a pmticularr  tur- 
bine  as  the  engine  temperature  ratio varies from approximately 3.31 t o  
6.25. 

Because of the high turbine inlet temgeratures, the turbine stator 
and rotor blades w i l l  be  air-cooled  by means  of air passing  through  in- 
t e rna l  cooling  passages. The turbine  design therefore represents a 
compromise of the aerodynamic design for minimum blade loss t o   s a t i s f y  

and i ts  performance was  obtained as a single-stage  turbine havfng  a t i p  
diameter of 15 incheB and w i t h  entrance  conditions  slightly below at- 
mospheric pressure and 6 8 5 O  R t~rngerature.  In this report, on ly  the  per- 
formance with the  s ta tor  set at i ts  design position,  sea-level take-off 
with a t-tllcbine inlet temperature of 2460° R, i s  presented. The per- 
forfnance data w e r e  obtained  over a range of equivalent  t ip speed from 
45 t o  121  percent of design equivalent  t ip speed and of t o t a l  pressure 
ratio from 1.3 t o  2.4. 

- the  cooling  requirements. A scale model of this turbine was fabricated 

A annulus  area, sq f t  

a l oca l  speed of sound, f t /sec 

1/2 aGr cr i t ica l   ve loc i ty ,  W R T ?  , f t /sec 

b r a t i o  of bleed air flow t o  compressor w e i g h t  flow 

E specific work, Btu/lb 

c f r a t i o  of fuel flaw t o  compressor ex i t  flow 

g acceleration due t o  gravity,  ft/sec 2 

h specific  enthalpy,  Btu/lb 

v - 
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mechanical  equivalent of heat, f't-Ib/Btu 

r a t i o  of leakage flaw t o  compressor inlet flaw 

Mach  number 

turbine speed, r p m  

absolute  pressure,  lb/sq f t  

gas  constant, f t - lb / ( lb) (%)  

radius,  in. 

absolute. temperature, ?R 

blade velocity,  ft/sec 

absolute flaw velocity,  ft/sec 

re la t ive  flow velocity,  ft/sec 

w e i g h t  flow, lb/sec 

angle of absolute flow velocity w i t h  tangential  direction, deg 

angle of re la t ive flow velocity w i t h  tangential  direction, deg 

r a t i o  of specific heats 

r a t i o  of gas pressure t o  NACA standard  sea-level  pressure, p'/pa 

compressor adiabatic efficiency 

turbine brake internal  efficiency based on stagnation  condition 

specific  heat correction  factor 

qquaxe of ratio of cr i t ical   veloci ty  t o  c r f t i c a l  ve1ocit;r at NACA 
s t a n w d  sea-level  temperature, (air/acr, o)2 

torque, lb-ft  
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Subscripts : 

0 

1 

2 

3 

4 

5 

C 

c r  

e 

h 

m 
. 

B 

T 

t 

U 

V 

W 

X 

NACA standard  sea-level  conditione 

compressor inlet  

compressor exit 

turbine s t a to r  inlet 

turbine stator exit, rotm inlet 

turbine  rotor exit 

compressor 

c r i t i c a l  

engine  operating  condition 

turbine hub 

turbine mean 

isentropic 

turbine 

tu rb ine   t i p  

tangential  

absolute 

relative 

axial 

Superscript: 

f t o t a l  state 

ENGINE CETRATION FCR SUPERSONIC FLIGET 
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The mode of engine  operation  determines the range of flow conditions - over which either the compressor or turbine must operate  because of the 
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variation of compressor i n l e t  teMperature. Four possible mode6 of opera- 
t ion  are presented  in the following table; the i r  advantages and disadvan- 
tages   are   br ief ly  disoussed: 

Mode of operation Geometric adjustment 

Fixed  engine  speed None 
Fixed compressor equivalent  speed Exhaust nozzle  area 

Ffxed compressor equivalent speed Hone 

Fixed compressor equivalent  ,speed, Turbine s ta tor  flow area 

and turbine  inlet  temperature 

and engine t q e r a t u r e   r a t i o  

compressor pressure  ratio, and and exhaust nozzle area 
turbine  inlet  temperature 

Fixed  engine  speed. - This is the manner i n  which some current tur- 
bojet  engines  operate and is  adequate for  subsonic flight in   the  s t ra to-  
sphere, as the  variation of the compressor i n l e t  temperature from tha t  
at the  take-off  condition is re la t ive ly  small. This mode of operation 
can be obtained for a fixed turbine  stator area and a fixed e*ut noz- 
z l e  area; thus, it i s  mechanically  aimple  because no change i n  engine 
geometry i s  required as engine  temperature ra t io   var ies .  Bowever, for  
supersonic flight, this mode of operation has several disadvantages. 

A t  the  take-off  condition  approximately a 20 percent  increase  in 
compressor equivalent speed  over that at a flight Mach n W e r  of 2.12 i n  
the stratosphere is required.  Accompmyingthis  increase i n  compressor 
eqyivalent  speea should be increases i n  compressor pressure  ra t io  and 
compressor equivalent w e i g h t  flow. However, a coiupressor which has th i s  
f l e x i b i l i t y  i n  flow conditions w i l l  be large and heavy, since  the opera- 
t i ona l   f l ex ib i l i t y  would normally be obtained by additional compressor 
stages. A t  the supersonic flight condition, on ly  a fract ion of the po- 
t e n t i a l  output of th i s   l a rge  and heavy compressor i s  being  used, and 
consequently,  the performance of the  supersonic  airplane may decrease. 

Fixed compressor equivalent  speed and turbine  inlet  temperature. - 
This mode of engine  operation is one which wi .11  circumvent the disad- 
vantage result ing from the  required  increase  in compressor equivalent 
speed. The engine speed is allowed t o  vary as the compressor inlet tem- 
perature varies such that the corqressor  equivalent speed  remains con- 
stant.  This mode of engine aperation is accomplished through the use of 
a variable-area exhaust nozzle. The compressor operating  point moves 
toward the compressor s t d l  limit +I the engine  temperature r a t i o  in- 
creases. Thus, if' the compressor stall l imit  i s  not t o  be encountered 
as the flight  condition changes from that at a Mach number of 2.12 in   the  
stratosphere  to take-off, the compressor must again have the  required .I 

flexibil i ty in  pressure  ratio. The compressor which has this flexibil-l ty 
is again going to be large asd heavy and may adversely  affect the per- 
formance of the supersonic  airplane. 
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Fixed compressor equivalent speed  and engine temperature ra t io .  - 
Using this mode of engine  operation is one way of circumventing the dis- 
advantages associated with the required compressor f l e x i b i l i t y  that pre- 
vailed with  the two previous modes of engine  qperation. In this mode,  
the engine  speed and turbine  inlet  temperature are so varied that the 
compressor equivalent speed and engine  tenperatme  ratio remain constant 
as the comgressor inlet temperature changes. An advantage of this mode 
of operation is  that the compressor and turbine  continue t o  operate at 
the i r  design poin ts   a t   a l l   condi t ions ,  and thus good component perform- 
ance  can  be  achieved. However, t h i s  mode of operation has a serious 
disadvantage i n  that for  engine  operation within a spec i f ied   maxim 
turbine  inlet  temperature, low thrust will be available for  take-off. 
For instance,  operating at a Mach nuniber of 2.12 i n  the stratosphere 
with a turbine inlet temperature of 2460° R would require that the tur- 
bine inlet temgerature  be 1715O R f o r  take-off,  resulting  in a low take- 
off thrust. 

Fixed  compressor equivalent speed,  campressor pressure  ratio,  and 
turbine inlet temperatire. - This mode of engine  qperation keeps the com- 
pressor  operating  point  fixed,  thus not requiring f l e x i b i l i t y  of the com- 
pressor, ana yet- will allow - turbine  inlet  temperatures t o  be used 

take-off, and the  disadvantages of the  previous mode of engine  operation 
are  offset .  This mode of operation  requires  adjustment of the  turbine 
s ta tor   area and of the exhaust  nozzle  area.  Since the s ta tor  flaw area 
and the engine  speed  vary, the turbine must be  capable of operating over 
a wide range of equivalent  weight fluw and equivalent speed.  For in- 
stance, f o r  take-off,  the  turbine  equivalent  speed m u s t  decrease 16.5 
percent from tha t  at a flight %ch number of' 2.12 i n  the stratosphere. 
The turbine inlet equfvalent w e i g h t  flow w i l l  increase  approximately 20 
percent  for  the same change i n  flight condition. The actual amount of 
t h i s  change in  turbine  equivalent w e i g h t  flow is a function of the change 
i n  fuel flow, engine  leakage, and bleed for coollng f r o m  one flight con- 
di t ion   to   the  other. Thus, this mode of operation  transfers  the  engine 
f l e x i b i l i t y  requirement from the compressor t o  the  turbine. 

L at all flight conditions. A high thrust is therefore avai1a;ble f o r  

From the previous  discussion of the different modes of engine  opera- 
t i on  f o r  supersonic flight, it becomes apparent that the last mode, which 
uses  turbine  stator and exhaust  nozzle area adjustment t o  keep the com- 
pressor  operating.  point fixed, does not have the disadvantages  associated 
w i t h  the  compressor flexibility requirement of the f irst  two modes of 
engine  operation, or a low turbine inlet temperature f o r  take-off that 
was present  in the th i rd  m o d e  of engine  operation. However, the turbine 
must be capable of satisfactory  operation over a wide range of flaw con- 
dit ions,  and this problem requires further study. 

m 

Probably none  of these possible modes  of engine  operation w i l l  be 
used exclusively,  but some conibination w i l l  be used. However, fixed-point 
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colqpressor operation has certain advantages for supersonfc flight and re- 
quires maximum f l ex ib i l i t y  of the  turbine. Consequently, th is  mode of 
engine  operation was  chosen for  this  investigation as representing  the 
most extreme turbine problem. 

TURBINE ANALYSIS AND DISCUSSION 

Turbine analysis. - The r a t i o  of the  turbine inlet t o  compressor 
i n l e t  telqperature  (engine  temperature r a t io )  is the basic engine param- 
eter which controls , t o  a large  extent, the range of flow conditions 
over which the  adjustable-stator  turbine must operate. I n  order t o  study 
the  specific  variation of flaw conditions  for a particular  turbine,  it 
is  necessary to  specify the range of engine  temperature r a t i o  and the 
compressor design  point  operating  characteristics. Also necessary are 
certain  assmrptions about factors  which affect  the matching of the com- 
pressor and turbine and the flow conditions  within  the  turbine. 

A turbine inlet temperature of 2460' R was specified at a flight 
Mach  nuuiber of 2.12 i n  the stratosphere. For this  constant  turbine  in- 
l e t  teqerature, figure 1 presents the range of engine  temperature r a t i o  
that w i l l  be  encountered  as  the flight Mach  number i s  decreased  both i n  
the stratosphere and at sea level. Thus the range of engine  temperature 
r a t i o   t o  be considered in this analysis is approximately 3.31 t o  6.25. 
A supersonic  airplane will probably  not f l y  a t  low subsonic Mach numbers 
in  the  stratosphere. Consequently, the engine  temperature  ratios  greater 
than 4.75 (sea-level  take-off with turbine  inlet  temperature of 2460° R )  
were assumed t o  correspond t o  higher turbine inlet temperatures  for  take- 
off ,  sfnce the actual engine rpm and corresponding  centrifugal blade 
stress are lower than  those  for a flight Mack  number of 2.12 i n  the s t ra to-  
sphere. In order t o  maintain  constant  equivalent compressor speed, the 
actual engine rpm is proportional t o  the square  root of the compressor 
i n l e t  temperature.  Therefore  the actual engine rpm is  reduced 16.5 per- 
cent as the flight  condition changes  from 2.12 in  the  Stratosphere  to 
sea-level  take-off. For a given  engine geometry there is a corresponding 
30 percent  decrease in  centrifugal  blade  stress. 

The design point compressor operating  characteristics  selected  for 
the analysis are as follows: 

Conpressor pressure  ratio,  pk/pi . . . . . . . . . . . . . . . . . .  3.96 

Compressor equivalent  speed, N/',, rpm . . . . . . . . . . . . .  11,500 
Compressor adiabatic  efficiency, vc . . . . . . . . . . . . . . .  0.70 
Compressor equivalent w e i g h t  flow, W T / ~ ~ ,  lb/sec . . . . . . . .  75.00 
These compressor operating  characteristics were assumed t o  remain constant 
for all engine operating conditions. 
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Because of the high turbine  inlet  temgeratures, it i s  necessary t o  
estimate  the  blade cooling air flaw variation  with  engine  temperature 
ratio.  Figure 2 presents the variation of the  blade  cooling air (bled 
a t  the compressor ex i t )  with engine  temperature r a t i o  that fs specified 
i n  this analysis. At the  low engine  temgerature r a t io ,  which corresponds 
t o  a flight Mach umber of 2.12 i n  the stratosphere,  zero cool-lng air 
bleed was specffied because ram air could possibly be  used f o r  turbine 
blade cooling  provided that  the  cooling air was aischarged at mibient 
pressure. A t  a tenqlerature r a t i o  of 4.75 or above (sea-level take-off) , 
the values epeclfied  should be capable of satisfactorily  cooling  the 
turbine blades. Other factors  which a f fec t  the matching of the com- 
pressor and turbine w e r e  specified as follows: 

w 
0 

Engine ledsage, 2 . . . . . . . . . . . . . . . . . . . . . . . . .  0.02 
B u r n e r  pressure r a t io ,  pgp; . . . . . . . . . . . . . . . . . . .  0.95 

g Fuel air r a t io ,  f (approximate) 0.013 t o  0.040 
cu 

I . . . . . . . . . . . . .  
With these  specifications and assumptions, the  turblne  variables of 

equivalent speed, equivalent work, inlet equivalent flow, and ex i t  equiv- 
alent flow were determined as described i n  the following paragraphs. 

” Turb€ne equivalent speed variation. - Since  the compressor and tur -  
bine  are coupled together, the following equation may be written: 

This eqyation can be transformed t o  

The known value of the compressor equivalent speed E/& can be s d -  
s t i t u t e d   i n  equation (2)  , and the  variation of the turbine  equivalent 
speed w i t h  the engine  temgerature r a t i o  can be calculated. The results 
of the  calculations me presented  in  figure 3, which shows that the  tur-  
bine  equivalent speed must decrease as the engine  temperature r a t i o  
increases . 

Turbine equivalent work variation. - Since the compressor and tur- 
bine power m e  equal if’ the turbine work done on the cool ing air as  it 
flaws through the turbtne blades i e  neglected, at follows that - 
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This equation can be transformed t o  

The va lue  of the compressor equivalent work %/e:, which i s  constant, 
can be  substituted  in  equation (4). U s i n g  the  specified compressor bleed 
b, the   fuel-air   ra t io  f ,  and the le-e 2 for  each engine  tempera- 
tu re   ra t io ,  the variation of the  turbine  equivalent work with  the engine 
tenperatme  ra t io  can be found. The results of these  calculations  are 
presented in   f i gu re  4, which shows that the turbine  equivalent work must 
decrease as the engine  temperature ratio  increases. 

Variation of turbine inlet eqyivalent weight flow. - Again using 
continuity between the comgressor and the  turbine,  the following equation 
can be written: 

Thie equation can be transformed t o  

i n  which the compressor equivalent weight flow  IT^^^^^, the compressor 
pressure  ratio p;/pi, and the  burner  pressure drop pj/pk remain con- 
stant. The resu l t s  of these  calculations  are  presented  in  figure 5, 
and show that the  turbine  equivalent weight flow a t  the s ta tor   in le t ,  
OT the " swallowing capacity" of the  turbine, must increase a8 the engine 
temperature ratio  increases. This i s  accomplished by increasing  the 
s ta tor  flow mea a6 the engine  temperature ratio  increases.  

Variation of turbine  exit  equivalent weight flow. - Again using con- 
t inui ty ,  the turbine  exit  equivalent flow i s  obtained from the  following 
e quat ion : 

- 
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This equation can be transformed t o  

In equation (8), the compressor equivalent  weight f low wc FJ61, the 
coqressor  pressure  ratio p;/pi, and the  burner  pressure drop pgp; 

are  constant. The compressor bleed and fue l -a i r   ra t io   for  each  engine 
temperature r a t i o  m y  be substitubed i n  the  equation t o  determine the 
variation of the  turbine  exit  equivalent weight flow w i t h  engine t e m -  

pressure  ratio ygp; were determined  by  using the charts of reference 
3 and the  required  turbfne work, and assuming an internal efficiency of 

t ions   me 'shown i n  figure 6. As the engine  temperature ratio  decreases 
from 6.25 t o  3.31 (Mach 2.12 in  the  stratosphere),   the  turbine  exit  
equivalent w e i g h t  flow increases. Theref ore, f o r  a constant  annulus 
area at the  turbine  exit ,  the turbine  exit  Mach  nlzmbers are  increasing 
and the  turbine  exit flow conditions become  more c r i t i c a l .  If the en- 
gine  teqerature  r a t i o  continues t o  decrease below 3.31, the  turbine 
will ultimately reach  the  condition of limiting blade loading. Thus, 
if the  turbine i s  t o  be designed for  the  take-off  condition 
{Ti  = 2460° R), the   ex i t  annulus  axe& must be selected so aa t o  avoid 

limiting blade loading at  the  supersonic flight condition. 

% 
cd 
P 
cu 

6 perature ra t io .  The turbine  temperature r a t i o  TS/T3 and turbine 

c 0.94 f o r  all engine  temperature  ratios. The resu l t s  of these calcula- 

TURBIJXE DESIGN 

Design Velocity D i t q p m s  

Take-off with a turbine  inlet  temperature of 2460° R was selected 
as the-  turbine  design  condition, and the resulting  turbine design w a s  
investigated over the range of requlred flow conditions t o  determine 
whether reasonable aerodynamic limits are  exceeded. The design take- 
off condition  results  in the follcwing  specifications for the turbine: 
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Turbine inlet temperature, Ti, % . . . . . . . . . . . . . . . . .  2460 

Turbine  equivalent w e i g h t  flaw, wT pd63, lb/sec . . . . . . . . .  41.83 
Turbine  equivalent shaft work, E-,,,$, Btu/lb . . . . . . . . . . .  19.05 

Turbine inlet  pressure,  pi,  lb/sq f t  abs . . . . . . . . . . . . .  7963 

Turbine  equivalent speed, N/ @, rpm . - . . . . . . . . . . . . . .  5347 

The first physical dimension selected for this turbine was the annu- 
lus mea. This area i s  c r i t i c a l  as it controls  the flow Mach nmbers 
throughout the turbine,  especially at the rotor  exit .  If the annulus are8 
were too small, the  rotor blade exit Mach numbers would be  high and the 
turbine might reach limiting  blade  loading  before  attaining the design 
work output. For this   par t icular   turbine,   the   select ion of the annulus 
is especial ly   cr i t ical   in  that blade limiting loading m t  be avoided 
not only a t  the  take-off  condition  but  also a t  the  supersonic flight 
condition where the rotor   exi t  Mach nmibers are highest. For this reason, 
the  rotor blade exit bbch  nmiber m u s t  be conservative at the take-off 
condition. However, the blade centrifugal stress i s  a function of the 
turbine annulus area and the  square of the  rotative speed. Thus, the 
amulus area cannot be so lmge that the  turbLne blade  stress limit is  
exceeded. For the design  condition,  an  absolute rotor ex i t  Mach number 
of 0.48 was specified. Using the  turbine  exit  equivalent w e i g h t  flaw 
and the  specified  rotor Mach  number results i n  a calculated  annulus a r e a  
of approximately 2.06 square f ee t  and an  untapered  centrifYgal blade 
stress of approximately 47,900  pounds per scpYe"fnch. If a taper  factor 
of 0.7 E r e  sgecified,  the  take-off  centrifugal stress would be reduced 
t o  33,500 pounds per square inch end the stress at Mach  nundber 2.12 i n  
the  stratosphere would be 48,200 pounds per  square  inch. It is believed 
that operation at this blade stress would be feasible if the blades were 
adequately  cooled. Consequently,  an  annulus area of 2.06 square fee t  was 
specif ied  a t  the turbine exit and was assuned t o  remain  constant through 
the  turbine. 

m 

In addition, a turbine  t ip   radius  of 14.2 inches and a negative  exit 
whirl  of 10 percent of the mean r o t o r  speed were specified  together  with 
the following assumgtious  about the flow through the  turbine : 

1. The absolute  total  pressure and temperature are uniform over the 
blade height at the  eutrance t o  the s ta tor  and the  rotor.  

2. Free-vortex, simplified radial  equilibrium  conditions  exist at 
the s ta tor  and rotor exi ts .  

3. The expansion i n  the turbine is adiabatic. 

4. The total-pressure  ratio  across  the  stator  pt/pl is 0.98. 
4 3  
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5. The r a t i o  of the effective  annulus area t o  the  actual annulus 
mea at the s t a t o r  exit is 0.98. 

6 .  The effective annulus area equals  the  actual  annulus area at the 
rotor exit. 

7. The design  internal  efficiency is 0.94. A high efficiency is 
assumed because the veloci ty   diagram  at  the ro tor   ex i t  will be used t o  
determine the turbine  rotor blade throat  area and it is  assumed t h a t  no 
losses occur  between the r o t o r  throat  and the turbine exit. 

m e  detail design  velocity diagrams w e r e  then  calculated and the 
resu l t s  are summarized in   f igure 7. 

Off -Des ign  Operation 

The estimation of the off-design  velocity diagrams is based on the 
use of continuity and the  required  turbine work t o  determine the  velocity 
diagrams at the mean section of %he turbine f o r  a specified  off-design 
operating  condition. The same assqt ions w i t h  respec t   to  flow coeffi- 
cients and internal  efficiency as those used to   calculate  the design 
velocity diagrams were used. The ro to r  th roa t  area at the  mean section 
uas determined from the design velocity diagrams. The r a t i o  of this 
throat area t o  the  rotor  pitch at the mean section w a s  computed and 
used t o  estimate the rotor exit re la t ive  flaw angle  through the use of 
references 4 and 5. This flaw angle was assumed t o  yary w i t h  the rotor 
ex i t   re la t ive  Mach  number i n   t h e  same manner as recommended in reference 
5. The velocity diagrams a t  the rotor exit w e r e  estimated through the 
use of the  required  specific w e i g h t  flaw, wheel speed., and assum& angle 
a t  the mean section. The rotor exit absolute whirl was determined at 
which the rotor exit relative flow angle  calculated from the  velocity 
diagram equals  the  rotor  exit  relative flow angle specified by the geo- 
metric  considerations  previously  discussed. This rotor  exit  absolute 
whirl and the required turbine work are  employed in   calculat ing the 
stator exit  absolute w h i r l  at the mean section. The velocity diagram 
for   the  s ta tor   exi t  and rotor inlet at the mean section  are  then  calcu- 
la ted  by use of the  stator  exit   absolute w h i r l ,  the  specific weight flow, 
and the wheel  speed. The result ing  velocity diagrams at an engine t e m -  
perature   ra t io  of 3.31 are sunmarlzed in   f igure 8. This velocity dfagram 
W a s  then used t o  calcula;te  the  stator  throat area a t  the mean section. 
The stator throa t  area at the supersonic flight condition is 17 percent 
less than the s ta tor   throat  area a t  the design  take-off  condition. 

The preceding  calculations w e r e  also carried  out at severa l  other 
engine  temgerature r a t io s  corresponding t o  different flight conditions 
at which this engine might be required t o  operate, and the more m o r t a u t  
of the  velocity diagram parameters axe plotted  against  the  engine 

- 
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temperature r a t i o   i n   f i g u r e  9. AB the flight condition changes from 
t a e - o f f  (engine  temperature r a t i o  of 4.75) t o  flight at a ~ a c h  n d e r  
of 2.12 in  the  stratosphere (engine  temperature r a t i o  of 3.31), the tur- 
bine inlet  equivalent weight flow decreases and the  turbine  equivalent 
WQrk and equivalent  sgeed  increase. This results i n  the fol lar ing changes 
in   the  turbine flow conditione between take-off and the  supersonic flight 
condition: I 

c 

; 
1. The statar  exit Mach n M e r  at the mean section  increases from 

0.83 t o  1.06. 

2. The rotor inlet re la t ive  Mach  number at the  rotor hub increases 
from 0.57 t o  0.74. 

3. The rotor exit absolute Mach number at the mean section  in- 
creases from 0.48 t o  0.53.. 

4. The rotor   exi t  relative Mach n m e r  at t h e   t i p  increases f r o m  
0.85 t o  0.97. This indicates that the  rotor   exi t  flow condltions are 
becoming c r i t i c a l  at the  supersonic flight condition,  especially at the 
t i p  radius. 

5. The static-pressure  ratio  across  the  rotor hub decreases From 
1.13 t o  1.015 at an  engine  temperature r a t i o  of  3.68 and then  increases 
t o  1.03 at the supersonic flight condition. 

2 
6. The leaving loss (Vu,5 /ZgJET), at the mean section  decreases 

from 0.003 t o  zero. 

7. The turning  across  the  rotor hub increases from 96O t o  104O. 

8. The r e l a t i v e  flow angle w i t h  respect  to  the  rotor at the mean 
blade  section  decreases from 62.8O t o  52.8O. This corresponds t o  a 100 
increase  in  angle of incidence relative t o   t h e  rotor blades. 

The results of the  calculation of the estimated  velocity diagrams 
show that reasonable  turbine aerodynamic limits aze not exceeded fo r  the 
range of engine  temperature r a t i o  over which this engine m i g h t  operate. 
However, the  turbine flow conditions are more c r i t i ca l  at the  sqersonic  
flight condition  than at the take-off  condition. 

Blade Profi le  Design 

The final s tep  in   the  turbine design is the  geometric  design of the 
s ta tor  and the rotor  blade  profiles. The velocity diagram f o r  the take- 
off  condition, which  were  summarized in  figure 7, were used for  the  pro- 
f i l e  design. A problem i n  the aerodynamic design of an air cooled 
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turbine  blade, whether a s ta tor  or a ro to r  blade, i s  the problem of de- 
signing  the  trail ing edge section so that adequate  cooling can be pro- 
vided. Adequate cooling of the trailing edge i s  dependent upon propor- 
t ioning  the  t ra i l ing edge cooling air passage with the  other  cooling  air 
passages such tha t   the  trailFng edge of the  blade w i l l  be suff ic ient ly  
cooled. The use of as small t r a i l i n g  edge radii as possible i s  con- 
sistent  with  the aerodynamic requirements for  minimum blade loss. Ref- 
erence 6 indicates that the blade proff le  loss is a function of t he   r a t io  
of blade  t ra i l ing edge thickness t o  blade  pitch. Thus, the aerodynamic 
design of these  blades i s  a compromise between the  cooling  requirements 
and the aerodynamic requirements for minirmrm loss at the  blade trailing 
edge. 

Before the  blade  profile can be designed,  the axial chord must be 
determined. The so l id i ty  (based on axial chord)  depends on choosing a 
suitable loading  for each blade. The blade loading that is specified at 
the t i p  section of the stator and the hm section of the  rotor is based 
on the   resul ts  of reference 7. With the use of 48 blades in   the   s ta tor  
and 56 blades  in  the  rotor,  the  specified  blade  loading  results  in  an 
axial chord for   the  s ta tor  of 1.890 inches and for   the  rotor ,  2.270 inches. 

N e x t ,  the  throat area a t  each section of the  s ta tor  and rotor  blade 
was calculated. The  method used to   calculate   the  throat  area at each 
blade  section was the same and w i l l  be briefly  described. Through the  
use of the velocity diagram, a specific w e a t  flow based on the  actual 
flow area  within  the  blade  passage Fmmediately upstream of the   t ra i l ing  
edge i s  calculated. The blade t r a i l i n g  edge  blockage is accounted for  
i n   t h i s  manner. Constant tangential   velocity is assumed between the 
point dawnstream of the blade at which the velocity diagram is calcu- 
l a t ed  and the  point  within  the blade passage. The flow Mach  nuaiber with- 
i n   t he  blade passage is then  calculated and, assuming the same  Mach nun- 
ber at the throat ,  continuity is  used to  calculate  the required throat 
area. If the  calculated flav Mach nmiber within the blade  passage is  
greater  than  unity,  the flaw Mach rider at  the  blade throa t  i s  assumed 
t o  be  unity and the throa t  area is then calculated. 

A t  th is   point   in   the  design procedure, the  actual  blade  profile i s  
determined. The same procedure I s  used fo r  the s ta tor  and rotor  blades. 
A minimum blade  t ra i l ing edge diameter i s  specified  by  the  cooling  re- 
quirements.  For this turbine  the  ra t io  of t he   t r a i l i ng  edge diameter t o  
the  blade  pitch at the mean section w-as 0.04 for the   s ta tor  and 0.06 f o r  
the  rotor. A straight  l ine  tangent t o  t he   t r a i l i ng  edge c i r c l e  is drawn 
a t  an  angle such that the  correct t h r o a t  area exis t s  between adjacent 
blades.  This straight l i n e  i s  the  suction  surface of the blade in the 
unguided portion of the  flaw passage. Next, the remaining part  of the 
suction  surface and the  entire  pressure  surface are drawn such that the 
cooling  requirements are   sat isf ied,  The velocity  distribution of the 
flow on these surfaces i s  then determined  according t o   t h e  method pre- 

1 

- sented  in  reference 8 t o  f ind whether any adverse  pressure  gradients 
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exis t  which might cause flow separation. If such is  the  case, the blade 
profiles are a l te red   to  avoid this trouble. The resulting  blade  profiles - 
are then stacked radially such that the  coolant  passage can be  incorporat- 
ed within the blade. 

The resulting  blade  proffles and flow passage shapes of this tur- 
bine  are sham i n  figure 10 fo r  the hub, mean, and t i p  sections of the 
stator  and rotor  blades. 

The turbine used i n  this investigation was  a 0.528 scale model which 
could  be accommodated i n  an exis t ing   tu rb ine   t es t   fac i l i ty .  The mrange- 
ment of the experimental equipment i s  sham diagrammatically i n  figure 
U. Ambient aYr was drawn from the test c e l l  through  an electrostat ic  
precipi ta tor   to  remove  most  of the dust perticles.  The air was then 
heated i n  passage  through a steam heater. This w&s necessaryto  avoid 
water condensation when the air was expanded through the turbine. Con- 
stant  turbine  inlet  temperature was maintained  by an automatic  control 
which regulates the amount  of air  bypassing the steam heater. After 
passing  through the turbine,  the air was exhausted by the laboratory low 
pressure exhaust system. An automatically  controlled butterfly valve 
downstream  of the  surge  tank  in  the low pressure exhaust l i ne  maintained 
the desired pressure  ratio  across  the  turbine. 

The s ta tor  blade ring assembly of the model turbine is shown fn f ig-  
ure 12. Figure 13 shows the  rotor of the  scale model turbine mounted i n  
the  rotor-blade wheel a s sed ly .  The base of the rotor  blades is cylindri- 
c a l  and the blades are mounted i n  a ring as shown in  f igure 14. 

The parer  output w a s  absorbed by a water brake that was  cradle- 
mounted for  torque measurements  which  were made with a commercial spring- 
less scale. The turbine speed was indicated by a calibrated  electric 
tachometer. A i r  flow was measured by means of a standarrd f la t  p la te  
orifice  located between the precipitator and the steam heater and in- 
s t a l l ed   i n  conformance with A.S.M.E. specifications. 

A cross-sectional view of the turbine showing the  location of the 
instrumentation is  presented  in  figure 15. The inlet total   pressures 
and temperatures were  measured by eight stagnation-type  probes  (four 
for   total   pressure and four f o r   t o t a l  temperature)  located at e q d  c i r -  
cumferential  stations 0.52 inch upstream of the  stator  blade  leadlng 
edge. These probes were so located radially as t o  be a t  the  area  centers 
of equal  annular  areas. The s ta tor   ex i t  static pressures were  measured 
with 1 2  static wall taps located 0.25 inch downstream of the stator  blade 
t r a i l i ng  edge, s ix  on the outer w a l l  and six on the  inner wall. The 
rotor   exi t   s ta t ic   pressures  were measured with 1 4  s t a t i c  w a l l  tap's 
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located 0.41 inch downstream of the  rotor blade t r a i l i n g  edge, s ix  on the 
outer and eight on the  inner w a l l .  The ro to r   ex i t   t o t a l  temperature was 
measured with four stagnation-type  temperature  probes  located at  the down- 
stream end of the exhaust housing. The probes were so located r ad ia l ly  
as t o  be at the area  centers of equal  annular areas. Although radial v q -  
iat ions of the temperature may have prevented the thermocouples from indi- 
cating an accurate mass-averaged temperature,  the  effect on turbine 
performance is sma l l  because this temperature -6 used on ly  t o  compute 
the available ro tor  exi t   to ta l   pressure.  An error of 5O i n  temperature 
w o u l d  change the computed efficiency less than 0.3  percent. This method 
of obtainlng  rotor exit total   pressure is described in the  section 
PROCE3W AID PERFORMANCE CALCULATIONS. 

The instruments used in determlning the turbine performance were 
read with the following precision: 

Absolute pressure,  in.  tetrabromoethane . . . . . . . . . . . . . .  f0.5 
Orifice  pressure drop, in.  water . . . . . . . . . . . . . . . . .  M.5 
Temperature, deg . . . . . . . . . . . . . . . . . . . . . . . . .  -r;l 
Torque load, lb  . . . . . . .  .- . . . . . . . . . . . . . . . . . .  -+o. 2 
Rotational speed, rpm . . . . . . . . . . . . . . . . . . . . . . .  510 

For a total-pressure  ratio of 2.00 or  greater,  the  probable e r ror  i n  
reproducing  the  turbine efficiency was 0.5  percent. 

Data were taken at nominal d u e s  of total.  pressure ra t fos  from1.3 
t o  2.4. A t  each of the  pressure  ratios, the turbine wa.s aperated at con- 
stant  equivalent  t ip speeds  ranging from 300 t o  800 f e e t  per second, 
which correspond t o   t u r b i n e   t i p  speeds of  645 t o  1721 feet   per  second 
f o r  a turbine  inlet  temperature of 2460° R. This is  a range of 45 t o  
121percent of design  speed for  the  turbine. For all tests points,  the 
i n l e t   t o t a l  temperature w a s  maintained between 683' and 687O R. The in- 
let total pressure w i e d  between 24 and 27 inches of mercury absolute, 
depending on the a i r  flow and the anibient air pressure. 

The brake  internal  efficiency, which is  based on the  expansion be- 
tween the inlet and exit total   pressure,  was  used t o  express the per- 
formance of the  turbine.  This  efficiency is defined  as 

where E;r i s  the  turbine shaft work. This shaft work includes  the 

setup. This mmner of measuring the work output 1s indicative of 
D losses of t he  as t i f r ic t ion  bear ings which w e r e  used i n  the test 
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the  parer  available  to  the compressor of a Jet  engine. The ideal  drop 
in  enthalpy  (hi - was computed by  using  the inlet total   pressure 
and temperature and the  available  exit total pressure. The available 
exi t   to ta l   pressure was  computed  on the  assmption that one-dimensional 
flow  exists and occqies   the  f u l l  annulus area and that the  tangential  
velocity is zero at t h i s   s t a t i o n  by  using  the fo l lmfng  formula i n  which 
a l l   quant i t ies  are known except 

Because of the assumption of-  zero  exit  tangential  velocfty,  this method 
of computing the  available  exit  total  pressure  gives a conservative 
value of turbine  efficiency. The weight flow of a i r  was determined from 
the  or i f ice  measurements and the data of reference 9 .  

A l l  the  turbine performance data were reduced t o  NACA standard sea- 
l e v e l  conditions at   the  turbine  stator  entrance.  The performance was 
expressed in  terms of the following variables: brake  internal  effi-  
ciency 7, total-pressure  ratio p;/p;, equivalent t i p  speed U t / G ,  

equivalent  shaft work %/e3, and product of equivalent  weight flow and 
equivalent t i p  speed  (Wt/S3) c .  

* 

However, the  turbine w-as designed fo r  an i n l e t  temperature of 2460' R 
and was  tes ted as a scale model a t  an in l e t  temperature of 685O R. Thus, 
it is necessaryto  correct some of the  design  yarameters  presented i n  the 
T U R B m  DESIGN for   the change i n  temperature and turbine  size. According 
t o  an analysis  presented  in  reference LO, the design parameters are as 
follows  for  the  scale model turbine: 

Equivalent t i p  speed, Ut/ f t /sec . . . . . . . . . . . . . . . .  .662.6 

Equivalent  weight flow, (W&/s3) 8 ,  lb/sec . . . . . . . . . . .  1-2 018 
Equivalent shaft work, %/e:, Btu/lb . . . . . . . . . . . . . . .  19.05 
Turbine t i p  diameter,  in. . . . . . . . . . . . . . . . . . . . . .  15.00 

The performance of the scale model of this   turbine with the  s ta tor  
set  for  the  design  take-off  .condition is presented in   f igures   16 and 17. 
FigWe  16 is a plot  of the  equivalent  torque and .equivalent  weight flow 
against  the  total-pressure  ratio  for  constant values of equivalent t i p  
speed. The data   in  figure 1 6  were used to  obtain  the data- for  f igure 17, 
which gives  the  over-all performance of this  turbine.  This  figure I s  i n  
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the form of a composite plot  where parameters of brake  internal  effi-  
ciency,  equivalent t i p  speed, and total-pressure  ratio are plotted  against 
the  equivalent shaft work as  the  ordinate and the  product of the equiva- 
lent  weight f l o w  and equivalent t i p  speed as  the  abscissa. 

In  figure 16( a)  the  equivalent  torque is plotted  against   the  total-  
pressure  ratio  for  constant values of equivalent t i p  speed.  For  each 

0.1 equivalent t i p  speed, the  equivalent  torque  increases -as the t o t a l -  
0 pressure  ratio Lncreases, but  the  slope of the  curve.is decreasing. A t  
P the  high  equivalent t i p  speeds, it can be  noted that  the  equivalent cn 

torque no longer  increases,  but remains constant  after a total-pressure 
r a t io  of 2.46. A t  this  pressure r a t io ,  the turb ine  has reached  limiting 
loading, and the  equivalent work remains constant f o r  each  speed when 
the  pressure  ratio i s  increased. It is these  equivalent works which are 
lsbeled "limiting loading" on f m e  17. Figure 16 (b ) i s  a  plot of the 

values of equivalent t i p  speed. A t  all total-pressure  ratios above 1.9, 
the value of the equivalent  weight f lm does not change as  the  total-  
pressure  ratio  increases for each value of equivalent t i p  speed.  This 
indicates that choking i s  occurring in  the  turbine.  The value of chok- 
ing equivalent weight flow is constant  for  equivalent  tip speeds from 
300 t o  450 feet   per second, which indicates that choking in   the  turbine . 
stator is  limiting  the  equivalent w e i g h t  flow i n   t h i s  speed range.  For 
equivalent t i p  speeds from 500 t o  800 f e e t  per second, the value of 
choking weight flow decreases as the speed increases.  This  indicates 
that choking i n  the turbine  rotor is  now limiting  the  eqdvalent weight 
flaw i n   t h i s  speed  range.  Figure 18 shcsws the  effect  of the  turbfne 
to t~ l -p res su re  r a t i o  on the  total-to-static  pressure ratio across  the 
s ta tor  a t  the design. value of the  equivalent  t ip speed, 662.6 feet  per 
second. Above a total-pressure  ratio of 2.0, the  total- to-s ta t ic  pres- 
sure r a t i o  across the  turbine  stator i s  constant at both  the hub and t i p  
radii. This i s  another  indication  that choking occurs i n  the  turbine 
rotor and limits the  equivalent weight flow at the  design  equivalent  tip 
speed for  total-pressure ratios above 2.0.  The value of the  equivalent 
weight flow at the  design values of equivalent  shaft work and equivalent 
t i p  speed, 19.05 Btu  per pound  and 662.6 feet  per second, respectively, 
IS ll.96 pounds per second. This is 1.8 percent less than  design  equiva- 
l en t  flow. 

% 
P equivalent w e i g h t  flow against  the  total-pressure  ratio for constant (d 

: 
- 

The over-al l  performance of the  scale m o d e l  turbine is shown i n  
figure 17. A maxirmrm brake  internal  efficiency of 0.89 was obtained i n  
the performance of this  turbine  with  the stator a t   t h e  design take-off 
position. A t  the  design  equivalent shaft work, 19.05 Btu per pound,  and 
design  equivalent speed, 662.6 fee t  per second, a  brake  internal  effi- 
ciency of 0.87 was obtained. It should be noted tha t  because of the 

operating  point of the engine on this turbine -kp is the  design  point. 
A t  other  operating  conditions  the  stator chord angle i s  changed and other 

the turbine. 

i specified mode of operation f o r  the  turbojet  engine, the only equilibrium 

- performance maps me necessary t o  determine the  off-design  operation of 
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From an analj t ical   investigation of the  operational  requirements of 
a particuler  turbojet  engine suitable for supersonic f l i gh t  which u t i -  
l i z e s  turbine  stator adjustment t o  maintain a fixed compressor operating 
point, it was found that R single-stage  air-cooled  turbine  could  be de- 
signed w-ithout exceeding reasonable aerodynamic limits. The range of 
engine  operating  conditions  considered wag far  sea-level  take-off t o  a 
f l i g h t  Mach  nuuiber of 2.12 in  the  stratosphere and f o r  a range of engine 
temperature r a t i o  from approxim&ely 6.25 t o  3.31. This  range of engine 
temperature ra t io   required a variation  in  turbine inlet equivalent f l o w  
from110 t o  85 percent of the  design  take-off  value and a corresponding 
variation  in  equivalent  turbine work from 80 t o  14l percent. The results 
of the  analysis  indicate that the  inter- flaw conditions  within the 
turbine  are most c r i t i c a l  and the  centrifugal  blade  stress is highest at 
the  high  f l ight Mach  number. 

An adjustable  stator  turbine was designed with these  operatfonal 
requirements i n  view, and the  experimental performance of a scale model 
wfth  the  stator set at the design  take-off  value WRS obtained i n  a cold- 
air test  fac i l i ty .  A t  the design equivalent work and t i p  speed, 19.05 
Btu per pound  and  662.6 feet   per second, respectively, a brake  internal - 
efficiency of 0.87 was obtained. The maximum brake internal  efficiency 
w a s  0.89 and the  over-all performance was  good fo r  a wide range of equiva- 
lent  shaft  work and t i p  speeds. 

National Advisory Committee fo r  Aeronautics 
Lewis Flight Propulsion  Laboratory 

Cleveland, Ohio,  March 17, 1954 
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Figure 13. - Scale model of rotor blade wheel assembly. E 
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(b) Equivalent weight flaw. 

Figure 16.  - Concluded. Variation of equivalent torque M d  eQuiva1er.t wel.ht flow ulth presmun 
ratio ror varioue equivalent t i p  speed8 or s c u e  model turblne. 
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