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ABSTRACT 

Turboprop powered e x e c u t i v e  a i r c r a f t  a r e  c u r r e n t l y  o p e r a t i n g  a t  
c r u i s e  Mach numbers up t o  abou t  Mach 0 .5 ,  and f u t u r e  a i r c r a f t  may 
ex tend  t h i s  speed t o  n e a r  Mach 0.8. These a i r c r a f t  g e n e r a l l - -  o f f e r  
r e l a t i v e l y  low energy consumption c h a r a c t e r i s t i c s .  S t u d i e s  by NASA 
and i n d u s t r y  i n d i c a t e  t h a t  a t  h i g h e r  speeds  (Mach 0.7  t o  0.8) b lock  
f u e l  sav ings  from 1 5  t o  n e a r  40% may b e  p o s s i b l e  w i t h  advanced tu rbo-  
p rop  p ropu l s ion  r e l a t i v e  t o  comparable t u r b o f a n  powered a i r c r a f t .  These 
l a r g e  p o t e n t i a l  s a v i n g s  r e s u l t  from 1 h i g h  i n h e r e n t  p r o p u l s i v e  
e f f i c i e n c y  o f  t h e  f r e e  a i r  p r o p e l l e r .  Achieving t h a t  p o t e n t i a l  r e q u i r e s  
r educ ing  p r o p e l l e r  c o m p r e s s i b i l i t y  l o s s e s  th rough  s e v e r a l  advanced 
aerodynamic concepts .  

To e v a l u a t e  t h e  p o t e n t i a l  of advanced p r o p e l l e r  t echno logy ,  f o u r  h i g h  
speed  p r o p e l l e r  models were des igned and t e s t e d  i n  t h e  Lewis Research 
Cen te r  8x6 f o o t  wind t u n n e l .  R e s u l t s  from t h e s e  t e s t s  show t h a t  t h e  
combination o f :  i n c r e a s e d  b l a d e  number, aerodynamical ly  i n t e g r a t e d  pro-  
p e l l e r / n a c e U e s ,  reduced b l a d e  t h i c k n e s s ,  s p i n n e r  a r e a  r u l i n g ,  and b l a d e  
sweep were impor tan t  i n  a c h i e v i n g  h i g h  p r o p e l l e r  e f f i c i e n c y  a t  t h e s e  h igh  
c r u i s e  speeds .  S e v e r a l  advanced p r o p e l l e r  a n a l y t i c a l  programs a r e  under 
development t o  i n s u r e  t h a t  f u t u r e  p r o p e l l e r  d e s i g n s  w i l l  b e  b o t h  lnilre 
e f f i c i e n t  and o f f e r  a  lower a c o u s t i c  environment.  

L .  



INTRODUCTION 

The requirement f o r  improved energy conservation from a l l  modes of 
t r a n s p o r t a t i o n  i s  a  v i t a l  need of the  United S t a t e s  and f r e e  world 
coun t r i e s .  A s  an important p a r t  of t h i s  t r anspor t a t ion  system, 
execut ive a i r  t r a v e l  w i l l  have t o  ac'hieve improvements i n  the  use of 
energy i n  both the  near and f a r  terms. Advanced turboprop propulsion 
f o r  executive a i r c r a f t  t h a t  c ru i se  i n  t'he Mach 0.G t o  0.8 speed range, 
has  the  p o t e n t i a l  f o r  some s i g n i f i c a n t  advantages compared t o  turbo- 
fan  powered a i r c r a f t ,  I n  addi t ion  t o  a  l a r g e  energy savings p o t e n t i a l ,  
advanced turboprop propulsion has the  p o t e n t i a l  f o r  improved low speed 
a i r c r a f t  performance with reduced a i r p o r t  community noise w'hile achieving 
reduced a i r c r a f t  t o t a l  operat.:ng cos t .  

ADVANCED 'EJRBOPROP POTENTIAL 

The high c r u i s e  speed (Mach 0.6 t o  0.8) and "over-the-weatheru high 
a l t i t u d e  c a p a b i l i t y  of cu r ren t  turbofan powered executive a i r c r a f t ,  
along with a i r l i n e  de-regulat ion,  a r e  some of the  key reasons t h a t  t h i s  
segment of t h e  business a i r c r a f t  industry has  shown s i g n i f i c a n t  growth 
i n  t h e  p a s t  year.  To o f f e r  a v iab le  a l t e r n a t i v e  t o  t h i s  type of pro- 
puls ion ,  an advanced high speed turboprop w i l l  have t o  o f f e r  s i m i l a r  
performance and r i d e  qua l i ty .  Current p rope l l e r  p ~ w e r e d  business a i r -  
c r a f t  a r e  l imi t ed  t o  maximum c r u i s e  speeds near  Mach 0.5 due t o  the  s i z e  
of e x i s t i n g  turboshaf t  engines and t h e  f a l l - o f f  Ln p rope l l e r  e f f i c i ency  
above t h i s  speed f o r  cu r ren t  technology general  av ia t ion  p rope l l e r s .  
These twin-engine a i r c r a f t  a r e  powered by rec iproca t ing  and turboshaf t  
e ~ g i n e s  i n  t h e  150 t o  750 k i lowa t t  (200 t o  1000 horsepower) s i z e  and 
have maximum c r u i s e  speeds t h a t  range from about Mach 0.3 t o  0.5 a s  
shown i n  f i g u r e  1. Higher c ru i se  speeds may be poss ib le  with fu tu re  
improvements i n  t h e  technology of turboshaf t  engines and p rope l l e r s .  
Several  new engines i n  the  1040 t o  1490 k i lowa t t  (1400 t o  2000 horse- 
powe3 range a r e  under development f o r  f u t u r e  commuter a i r c r a f t  and 
NASA and indus t ry  a r e  cu r ren t ly  stxdying t h e  p o t e n t i a l  of f u r t h e r  advances 
i n  turboprop propulsion f o r  t h i s  category of a i r c r a f t  ( reference 1 and 2) .  
This advanced engine technology may have d i r e c t  app l i ca t ion  K O  f u t u r e  
high performance execut ive a i r c r a f t .  I n  addi t ion ,  p rope l l e r  technology 
for  both low and high speed a i r c r a f t  i s  being advanced through the  research 
cu r ren t ly  underway a s  p a r t  of NASA's Advanced Turboprop Pro jec t  and pro- 
p e l l e r  base RcW program. Recent summaries of t h i s  work a r e  given i n  
references 3 and 4. 

A model of ax advanced high speed turboprop a i r c r a f t  and i t s  mlique 
propulsion system i s  shown i n  f igu res  2 and 3 ,  respec t ive ly .  This a i r -  
c r a f t  includes a  number of advanced airframe and propulsion system con- 
cepts.  A high aspec t  r a t i o  wing t h a t  incorporated winglets  and advanced 
s u p e r c r i t i c a l  a i r f o i l s  i s  shown along with a  l rT-tai ln  empenage configura- 
t i o n  ( f o r  minimizing any p o t e n t i a l l y  adverse s l ips t ream i n t e r a c t i o n ) .  
The advanced p r o p e l l e r  would be powered by a  modern turboshaf t  engine 
and gear  box t o  provide t h e  maximum power t o  t h e  p r o p e l l e r  wit'h a  minimum 



engine f u e l  consumption. Propel le r  e f f i c i ency  would be kept high by 
minimizing o r  e l iminat ing  compressibi l i ty  lo s ses .  This would be 
accomplisl~rd by u t i l i z i n g  t h i n  swept blades t h a t  would be i n t e g r a l l y  
designed with an area  ru led  spinner  and n a c e l l e .  Blade sweep would 
a l s o  be used t o  reduce noise  during both take-off/landing and duping 
high speed c ru i se  f l i g h t .  A i r c r a f t  operat ions a t  high a l t i t u d e s  and 
Elach 0. G t c  0.8 requi res  much higher po16;cr than used on cur rent  p x -  
p e l l e r  a i r c r a f t .  A power loading ( s h a f t  horsepower divided by p rope l l e r  
diameter squared) about 5 times higher  than c u r ~ l e n t  business turbo- 
props would h e  needed t o  minimize p rope l l e r  d i a m e t e ~  a ~ d  weight. Eight 
o r  ten  blades a r e  required t o  increase  i d e a l  e f f i c i ency  a t  these  higher  
d i s k  loadings.  I n  add i t ion  t o  these advanced concepts,  a modern blade 
f a b r i c a t i o n  technique i s  needed t o  cons t ruc t  t he  t h i n ,  highly swept and 
twisted b lades .  

The i n s t a l l e d  ef f ic iency  t h a t  i s  p ro jec ted  f o r  t h e  advanced high speed 
turboprop compared t o  cu r ren t  low speed turboprops and high bypass 
r a t i o  turbofans i s  shown i n  f igu re  4 over a  range of c ru i se  speeds. 
I n s t a l l a t i o n  los ses  t h a t  a r e  accounted f o r  i n  t h e  data  of t h i s  f igu re  
include: nace l l e  drag f o r  the  turboprop systems; and fan  cowling 
ex te rna l  drag and the  i n t e r n a l  fan  a i r f low l o s s e s  assoc ia ted  with i n l e ?  
recovery and nozzle e f f ic iency  f o r  t h e  turbofan systems. Current tech- 
nology turboprops have a  l e v e l  of i n s t a l l e d  e f f i c i ency  t h a t  i s  s l i g h t l y  
over  80 percent  a t  c r u i s e  speeds up t o  Mach 0.5.  Above t h i s  speed, 
e f f i c i ency  f a l l s  of f  s i g n i f i c a n t l y  due t o  l a rge  p r o p e l l e r  compressibi- 
l i t y  lo s ses .  These cu r ren t  turboprops genera l ly  incorpora te  general 
a v i a t i o n  p r o p e l l e r s  t h a t  use blades with thickness  t o  chord r a t i o s  
( a t  75 percent  radius)  t h a t  range from 5 t o  7 percent .  These r a t h e r  
thiclc blades a r e  the  main cause of low e f f i c i ency  a t  Mach numbers 
above 0.5. 

The advanced high speed turboprop has  t h e  p o t e n t i a l  f o r  delaying these  
compressihi l i ty  l o s s e s  t o  inuch higher  c r u i s e  speeds. With t h i s  pro- 
puls ion  system, performance can remain high t o  a t  l e a s t  Mach 0.8 c ru i se .  
A t  Mach 0.8 the  i n s t a l l e d  e f f i c i ency  of turbofan systems would be 
approximately 65 percent  compared t o  about 75 percent  f o r  t h e  advanced 
turboprop. This l a r g e  performance advantage may o f f e r  some a t t r a c t i v e  
energy savings f o r  f u t u r e  high performance executive a i r c r a f t .  

A number of s tud ies  have been conducted by hot11 NASA and industry t o  
eva lua te  the  p o t e n t i a l  of advanced high speed turboprop propulsion f o r  
bo th  c i v i l  and m i l i t a r y  app l i ca t ions .  Numerous re ferences  t o  s p e c i f i c  
s t u d i e s  and summary r e s u l t s  a r e  l i s t e d  i n  re ference  5. The t r i p  f u e l  
savings t r end  shown i n  f i g u r e  5  p l o t t e d  versus opera t ing  range i s  a  
summary of these  s tud ies .  I n s t a l l e d  e f f i c i ency  l e v e l s  s i m i l a r  t o  
those  shown i n  f igu re  4 f o r  comparable technology acvanced turboprops 
and turbofans were used i n  most of these  s t u d i e s .  A s  shown i n  f igu re  5,  
t r i p  f u e l  savings i s  dependent on a i r c r a f t  c r u i s e  speed and range. 
A t  t h e  bottom of t h e  band, assoc ia ted  with Mach 0 .8  c r u i s e ,  f u e l  savings 



rlange from about 15 t o  30 percent f o r  advanced turboprop a i r c r a f t  com- 
pared t o  equivalent  technology turbofan a i r c r a f t .  The l a r g e r  f u e l  
savings occurs a t  the  shor t e r  operat ing ranges where the  mission i s  
climb and descent dominated. Because of the  lower opera t ing  speeds 
encountered during climb and descent,  turboprops have an even l a r g e r  
performance advantage than  the  advantage a t  Mach 0.8 c r u i s e  condi t ions.  
I n  a s i m i i a r  manner, a l a r g e r  f u e l  savings is  poss ib le  a t  Mach 0.7 
c ru i se  (represented Sy t h e  top of the  band i n  f i g u r e  5 ) .  A t  t h i s  
lower c r u i s e  speed f u e l  savings range from about 25 t o  near  40 percent .  

The advantages o f  an advanced turboprop powered execut ive a i r c r a f t  over 
a comparable tuzbofan technology a i r c r a f t  were examined i n  a mission 
ana lys i s  f o r  an 8 passenger,  1700 n a u t i c a l  mile execut ive a i r c r a f t .  
Deta i l s  of the  assumed a i r c r a f t  can be found i n  t h e  appendix. NASA's 
General Aviation Synthesis  Program (GASP) ( r e f .  6) was used t o  calcu-  
l a t e  the  a i r c r a f t  performances f o r  c r u i s e  speeds of Mach 0.6 and 0.7 
and c r u i s e  a l t i t u d e s  of 7 .6 ,  10.7,  and 13.7 k i lometers  (25, 35, and 45 
thousand f e e t ) .  The a i r c r a f t  were r e s i zed  f o r  each c r u i s e  speed and 
a l t i t u d e .  Figure 6 presents  the  t r i p  f u e l  savings f o r  an advanced 
turboprop compared t o  a comparable high bypass r a t i o  turbofan over 
the  range of c r u i s e  a l t i t u d e s  t h a t  were s tudied .  The f u e l  savings 
p o t e n t i a l  ca l cu la t ed  f o r  the  executive turboprop a t  Mach 0.7 range 
from 19 t o  25 percent  with the  l a r g e s t  savings occuring f o r  t h e  35,000 
f o a t  a i r c r a f t .  For the  Mach 0.6 turboprop the  f u e l  savings p o t e n t i a l  
was about 5 percent  l a r g e r .  

A comparison of t o t a l  operat ing c o s t  (TOC) f o r  t h e  advanced turboprop 
and turbofan executive a i r c r a f t  is  shown i n  f igu re  7. The TOC equation 
t h a t  was used i n  the  GASP program can be found i n  t h e  appendix, and 
includes t o t a l  c o s t s  over a 5 year per iod with a 500 hour pe r  year 
u t i l i z a t i o n  r a t e .  Resul ts  a r e  presented f o r  bot'h Mac'h 0.6 and 0.7 
c ru i se  speeds f o r  f u e l  c o s t s  t h a t  vary from $1 t o  $5 pe r  gallon.. With 
a fue l  c o s t  of one d o l l a r  pe r  ga l lon  t'he t o t a l  operat ing c o s t  of the  
turboprop powered a i r c r a f t  ranges from 79 t o  82 percent  of t h e  opera t ing  
c o s t  of  a turbofan a i r c r a f t  f o r  crui,se Mach numbers of 0.6 and 0.7 
respec t ive ly .  A t  a i a e l  c o s t  of $5 per  gal lon t h e  r e l a t i v e  opera t ing  
c o s t  of t h e  turboprop decreases t o  only 75 and 78 percent  of t h e  
turbofan l e v e l  f o r  t h e  same speeds. For the  Mach 0.7 design turboprop, 
t h e  f i v e  year  projected ,TOC saving over a comparable -turbofan ranges 
from about $140,000 t o  $320,000 a s  f u e l  p r i c e s  inc rease  from $1 t o  $5 
pe r  gal lon.  

ADVANCED DESIGN CONCEPTS 

The high e f f i c i ency  s'hown i n  f igu re  4 f o r  t h e  advanced high speed 
turbprop can be achieved by aerodynamically designing t o  minimize 
compress ib i l i ty  l o s s e s .  Some of these  design concepts a r e  shown i n  
f i g u r e  8 .  I n  t h e  blade t i p  region compressibi l i ty  l o s s e s  a r e  reduced 
by using t h i n  a i r f o i l  s ec t ions  and by sweeping the  blade t i p s ,  a s  
i l l u s t r a t e d  by t h e  t w o  sketches a t  t h e  top of  t h e  f igu re .  Sweep 



i s  a l s o  an e f f e c t i v e  means of  reducing p rope l l e r  noise a s  some l a t e r  
f i ~ q r e s  w i l l  show. I n  the  hub region, .the blockage of the  nace l l e  
behind t h e  p r o p e l l e r ,  and an area  ru led  spinner  a r e  used t o  reduce 
compress ib i l i ty  l o s s e s .  These concepts a r e  i l l u s t r a t e d  by the  next  
two sketclles i n  f igu re  8 .  Advarlcecl a i r f o i l  technology f o r  high pep- 
forlmance and low no i se  sigrla.ture have no t  ye t  been appl ied t o  high 
speed turboprop designs but  may provide fu tu re  improvements. 
Since a l l  o f  these  advanced concepts a r e  i n t e r r e l a t e d ,  an in t eg ra t ed  
procedure i s  used t o  design high speed p r o p e l l e r s  and nace l l e s  
( re ferences  5 and 7 ) .  Some advanced aerodynamic ana lys i s  programs 
a r e  cu r ren t ly  being developed t o  b e t t e r  model t h e  complicated 
propelLer/nacelle flow f i e l d .  This work i s  described i n  reference 8. 

The e f f e c t s  of applying these advanced concepts t o  a  p rope l l e r  
design a r e  shown i n  Eigure 9 .  This f i g u r e  is  based on a  c r u i s e  
condi t ion of Plach 0 . 8  and shows the propel le r  blade FIach number 
a s  i-t v a r i e s  from hub t o  t i p .  The l o c a l  blade I\fach number includes 
both  the f r e e  stream component and t h e  r o t a t i o n a l  component, and 
i s  represented by curve A .  A t  t he  llub t h e  l o c a l  Mach number i s  
s l i g h t l y  h igher  than t h e  c r u i s e  speed of Mach 0.8. A s  t he  
r o t a t i o n a l  ve loc i ty  component becomes l a r g e r  a t  increased r ad ius ,  
t h e  r e l a t i v e  Plach number increases  u n t i l  it reaches Flach 1 . 1 4  a t  
t h e  blade t i p .  This FIach number must be compared t o  the  drag r i s e  
Nach number of each blade a i r f o i l  sectS,on t o  eva lua te  t h e  pro- 
p e l l e p  performance p o t e n t i a l .  The p red ic t ed  drag r i s e  Mach number 
(Figure 4,  Curve B) was obtained from i s o l a t e d  two-dimensional 
a i r f o i l  da t a  f o r  a  high-speed p rope l l e r  having thickness-to-chord 
r a t i o s  of about 15 percent  a t  t h e  hub and 2 percent  a t  t he  blade 
t i p .  Across the  e n t i r e  blade r ad ius  t h e  l o c a l  Mach number 
(Curve A) i s  higher  than the  drag r i s e  Mach number (Curve B ) .  
This  represents  a  p o t e n t i a l l y  l a rge  compress ib i l i ty  l o s s .  

The advanced aerodynamic concepts shorn i n  f i g u r e  8 a r e  e f f e c t i v e  
i n  minimizing o r  e l iminat ing  these  l o s s e s .  I n  the  outer  por t ions  
o f  t h e  p r o p e l l e r ,  t h e  blades a r e  swept t o  reduce the  component of 
ve loc i ty  normal t o  the blade a i r f o i l  s e c t i o n ,  s i m i l a r  t o  swept wing 
fheory.  IVith a  s u f f i c i e n t  amount of sweep the  l o c a l  Mach number 
(Curve A) can be reduced t o  an e f f e c t i v e  Plach number (Curve C) 
t h a t  is below t h e  drag r i s e  Mach numbe- (Curve B) i n  t h e  outer  
po r t ions  of t h e  blade. This procedure s f g n i f i c a n t l y  reduces the  
compress ib i l i ty  lo s ses  i n  the  blade t i p  region and can a l s o  be 
e f f e c t i v e  i n  reducin; noise.  I n  the hub region,  the spinner- 
n a c e l l e  body i s  t a i l o r e d  t o  increase  t h e  e f f e c t i v e  nace l l e  blockage 
behind the p rope l l e r  and reduce the  l o c a l  FIach number through the  
p rope l l e r  plane.  This e f f e c t  i s  sl~own by t h e  l o c a l  sur face  Mach 
number d i s t r i b u t i o n  p l o t t e d  i n  f i g u r e  9 and t h e  r e s u l t i n g  e f f e c t i v e  
s e c t i o n  Mach number of Curve D. Near t h e  hub the  e f f e c t i v e  sec t ion  
Mach number i s  suppressed f a r  below the  drag r i s e  Mach number. With 
a  l a r g e  number of blades (8 i n  t h i s  example), t he  hub blade sec t ions  
opera te  a s  a  cascade and the  add i t iona l  Mach number suppression 
is  necessary t o  prevent blade-to-blade choking, Area r u l i n g  
the  spinner  between the  blades gives f u r t h e r  p ro tec t ion  from choking 
by opening t h e  flow a rea  between the  blades a t  t h e  spinner.  



I'ROJ'ELLER PIOIEEL DESIGNS 

I n  a  cooperative program between NASA-Lewis Research Center and 
1Iamilton Standard t h e  concepts described above were used t o  design 
a  s e r i e s  of  p rope l l e r  models Ear wind tunnel  t e s t i n g .  The t h r e e  
b a s i c  blade planforms pictuped in  f igu re  10 represent  t h e  four  pro- 
p e l l e r  designs.  Al.1  of t h e  p rope l l e r s  have a  blade t i p  speed of 2411 
m/sec (800 f t /sec)  , c ru i se  power loading of 301 kw/m2 (37.5 hp/ft2) 
and 8  blades.  The planforms a r e  identified by sweeps of 0 ,  30' 
and 45'. IIere the  t i p  sweep is  approximately the  angle of t h e  . t ip 
of the  blade measured back from a r a d i a l  l i n e  normal t o  the  a x i s  
of r o t a t i o n .  

The straig11.t blade and one of th,s 30' swept blades (SR-1) were 
i n i t i a l  designs using e s t a b l i s l ~ e d  analyses  (reference 8) t h a t  l acks  
a  re f ined  methodology t o  design the  t w i s t  o:F a  swept blade. I n i t i a l  
t e s t s  of t h e  30' swept design (SR-1) ind ica ted  a  r e t w i s t  was required 
(which was a c t u a l l y  a  r e d i s t r i b u t i o n  of t h e  blade load from hub t o  
t i p ) .  That became t h e  second 30' swept desigil (SR-LM). The 45' 
swept blade (SR-3) was designed f o r  acous t ic  suppression a s  wel l  
a s  improved aerodynamic performance by t a i l o r i n g  t h e  sweep and plan- 
form shape. EIore de ta i l ed  discussions of the  aero/acoustic design 
methodology a r e  p r e s e n ~ e d  i n  re ferences  4 ,  9 and 10. 

The ef f ic iency  and noise  l e v e l  t h a t  were p red ic t ed  a t  t h e  time t'hese 
b lades  were designed ape l i s t e d  i n  f i g u r e  10 and i n d i c a t e  improved 
performance witli increased weep.  The noise  p red ic t ions  ind ica ted  
some reduct ion f g r  30' of sweep and s i g n i f i c a n t  reduct ion f o r  the  
aero/acoustic 4.5 swept design. 

The photographs i n  f igu re  11 show the  o O ,  30°, and 45', swept, 62.2 
cm (24.5 i n )  diameter p rope l l e r  models i n s t a l l e d  on the P rope l l e r  
Tes t  Rig (PTR) i n  t h e  NASA-Lewis 8-by-6 f o o t  wind tunnel .  The 
tunnel  ( r e f  11) has  a  porous wall  t e s t  s ec t ion  t o  minimize any 
wa l l  i n t e rac t ions .  The PTR i s  powered by a  54.6 kW (1000 hp) a i r  
t u rb ine  using a  continous flow 3.1 X 1 . 0 ~  N/m (450 p s i )  a i r  system 
routed througl~  the  support s t r u t .  Axial force  and torque on t h e  
p r o p e l l e r  a r e  measured on a  r o t a t i n g  balance loca ted  i n s i d e  of an 
axisymmetric nace l l e  behind the p rope l l e r .  

PROPELLER AERODYNAMIC PERFORMANCE 

Typical t e s t  r e s u l t s  from the  45' swept design a r e  shown i n  f igu re  1 2 .  
The data a r e  presented i n  t h e  conventional p rope l l e r  performance 
p l o t  format. Net t h r u s t  e f f i c i ency  and a  dimensionless power 
c o e f f i c i e n t  a r e  p l o t t e d  a s  ord ina tes .  The absc issa  i s  advance r a t i o  
which i s  propor t ional  t o  fhe r a t i o  of f l i g h t  o r  advance speed t o  
b l ade  t i p  speed. A s  t i p  speed increases  from windmill (no power), 
t h e  advance r a t i o  decreases a s  shown by the  two hor i zon ta l  s c a l e s .  



Blade angle i s  s e t  and data  a r e  taken from windmill t o  higher  power 
shown by t h e  da ta  symbols on t h e  power c o e f f i c i e n t  p l o t ,  The 
blade angle ( P 3/Y) , measured a t  3/4 of t h e  p rope l l e r  r ad ius ,  
becomes 90' when the  chord of t h a t  a i r f o i l  sec t ion  i s  al igned d i r e c t l y  
with t h e  f l i g h t  d ipec t ion .  A s  power i s  increased .the t h r u s t  i nc reases  
and, a s  seen i n  the  upper da ta  curves,  t h e  n e t  t h r u s t  e f f i c i ency  
inc reases .  reaches a peak, and fhen begins t o  drop o f f .  A l l  blade 
angles  y i e l d  s i m i l a r  power and ef f ic iency  curves.  

Power loading  (~D/D') can be wr i t t en  i n  terms of p rope l l e r  c o e f f i c i e n t s  
and free-stream condit ions as :  3 
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From t h i s  r e l a t i o n s h i p  a  l i n e  of constant  power loading has been 
added t o  Fig. 1 2  and r ep resen t s  the  design loading parameter C /J 3 P 
(= 0.05933) corresponding t o  P / D ~  = 301 k~/m* (37.5 hp/ f t 2 )  a s  
determtned a t  t h e  design operat ing condit ion of  J =  3.06 and C = 1 . 7 .  
This l i n e  r ep resen t s  the  design power a t  d i f f e r e n t  p rope l l e r  t Y p  
speeds. The e f f i c i ency  a t  t h e  design power can be found f o r  each 
blade angle ,  ind ica ted  by each ver t ica l .  dot-dash l i n e .  Then t h e  
v a r i a t i o n  of n e t  e f f i c i ency  wit11 advance r a t i o  ( i . e .  , t i p  speed) 
a t  design power car1 be p l o t t e d  a s  shown i n  f i g u r e  13.  This p l o t  
i s  f o r  models with area-ru1.d sp inners ,  a t  t h e  design power loading 
a t  Mach 0.8. Curves of n e t  e f f i c i ency  versus advance r a t i o  a r e  
compared f o r  d i f f e r e n t  sweep angles .  S i g n i f i c a n t  improvement can 
be seen i n  going from 0' t o  30" of sweeg. The 45' swept blade shows 
s t i l l  more improvement, e spec ia l ly  a t  low values of  advance r a t i o  
correspbnding to  high t i p  speeds. The o v e r a l l  irnprove~nent a t  t h e  
design advance r a t i o  of 3.06 is about 3 percent .  

Other important design v a r i a t i o n s  were inves t iga ted  using t h e  30' 
swept designs.  A s  noted i n  the  desc r ip t ion  of t h e  blade designs,  
t h e r e  wgre two d i f f e r e n t  t w i s t  o r  loading d i s t r i b u t i o n s  with t h e  
same 30 swept planform. The blade design with t h e  revised (reduced) 
t w i s t  was t e s t e d  wirh both a  conic  and an area-ruled spinner.  The 
performance comparison of these  v a r i a t i o n s  i s  shown i n  f igu re  14;  
aga in  a t  t h e  design Mach number and power loading. The o r i g i n a l  30' 
sw2pt ppopel ler  design (base l ine  twi s t )  was t e s t e d  only with a  
conic  sp inner .  The performance of t h i s  configurat ion i s  represented 
by t h e  lowest of t h e  th ree  data  curves i n  f i g u r e  14. Retwisting 
t h e  blade t o  increase  t h e  load a t  t h e  t i p  improved the  performance 
a t  a l l  but  t h e  lower advance r a t i o s .  Peak performance was obtained 
a t  t h e  design advance r a t i o  of 3.06.  The re twis ted  design w a s  a l s o  
t e s t e d  with an area- ru led  spinner .  That change improved t h e  per- 
formance abuut L percent  over t h e  f u l l  range of t i p  speeds t e s t e d .  
Thus, the  proper  t w i s t  t o  obtain a  more optimum loading and the  
technique o f  a rea - ru l ing  t o  a l l e v i s t e  near-hub compressibi l i ty  
problems a r e  important f a c t o r s  i n  obtaining high p rope l l e r  per- 
formance a t  c r u i s e  speeds near  Mach 0 .8 .  



Figures 1 3  and 14 have sho\n~ p rope l l e r  performance a t  t h e  design 
power loading and Mach number. S imi lar  p l o t s  a t  other  free-stream 
Mach numbers can then y ie ld  propellell  n e t  e f f i c i ency  a t  t h e  design 
power coefEic:ient and advance r a t i o  f o r  otllei. c ru i se  speeds. Figure 
15 was generated i n  t h i s  manner and shows n e t  e f f i c i ency  versus 
Plach number f o r  the  0°, 3oC, ar?d 115' swept hlade designs with area- 
ru l ed  spinners .  Bccause the  power c o e f f i c i e n t  and advance ra ' t io  a r e  
constant  i n  .tllis f i g u r e ,  t h e  i d e a l  e f f i c i ency  i s  a l s o  constant  a s  
i s  shown by t h e  upper dashed l i n e .  The i d e a l  e f f i c i ency  represents  
t h e  performance o f  an op-timumally loaded p rope l l e r  wlth no blade 
drag ,  The gap i n  f igu re  15 i-lekde~n t h e  i d e a l  e f f i c i ency  l i n e  and 
t h e  experimental performance curves represents the  viscous and 
compress ib i l i ty  l o s s e s .  A s  t h e  data  curves show, kllase l o s s e s  inc rease  
a t  t h e  higher speeds due t o  i n c r e a s i ~ l g  compress ib i l i ty  l o s s e s .  
However, t h e  performance of t h e  4.5' swept blade decreased a  smal le r  
amount with increas ing  speed than t h e  performance of p r o p e l l e r s  with 
l e s s  sweep. A t  llach 0.85 t h e  11.5~ swept blade achieved a  476 per- 
formance ga in  over t h e  s.traigh't blade. The ga in  a t  Mach 0.8 was 
about 3% a s  previously shown i n  f i g u r e  13.  A t  t h e  lower speeds of 
Mach 0.6 t o  0.7 both swept blades had approximately a  2 t o  3 percent  
e f f i c i ency  advantage cver t h e  s t r a i g h t  blade and t h e  h ighes t  per-  
forming design had an e f f i c i ency  t h a t  exceeded 81 percent .  The 
study l e v e l  (shown on f igu re  15) of 79.5 percent  e f f i c i ency  a t  Mac'h 
0 .8 ,  was t h e  value used i n  p r o j e c t i n g  t h e  i a r g e  f u e l  e f f i c i ency  and 
operat ing c o s t  advantages of an advanced turboprop over an equivalent  
technology turbofan powered a i r c r a f t .  The LlsO swept p r o p e l l e r  a t  
t h i s  speed had an e f f i c i ency  of 78.75': which was c lose  t o  t h i s  study 
l e v e l .  

By opera t ing  the  4.5O swept p rope l l e r  a t  of f  design lower power load- 
ings  higher  e f f i c i e n c i e s  can be obtained a t  Mach 0.8. This i s  
shown i n  f i g u r e  1 6  ~ilillera n e t  e f f i c i ency  i s  p l o t t e d  aga ins t  advance 
r a t i o  f o r  seve ra l  l e v e l s  of power loading. The t y p i c a l  v a r i a t i o n  
of e f f i c i ency  with advance r a t i o  a t  a  cons tant  power loading i s  a  
peaked curve. The reduct ion from t h e  peak with increas ing  advance 
r a t i o  i s  due t o  a  combination of lower i d e a l  e f f i c i e n c i e s  due t o  
increased s w i r l  and lower b lade  s e c t i o n a l  l i f t  t o  drag r a t i o s  
(from increas ing  l o c a l  angles  of a t t a c k ) .  T ~ F ,  f a l l - o f f  with decreasing 
advance r a t i o  i s  due t o  increased  compress ib i l i ty  l o s s e s  assoc ia ted  
wi th  the  higher  t i p  r o t a t i o n a l  speeds and/or again lower blade 
s e c t i o n a l  l i f t  t o  drag r a t i o s  (from decreasing l o c a l  angles  of attaclc).  

The e f f e c t  of operat ing the  p rope l l e r  a t  reduced power loading 
was an improvement in  e f f i c i e n c y .  A t  80 p e w e n t  design power loading 
an e f f i c i ency  near  80 percent  was obtained a t  an advance r a t i o  of 
3.3. This power loading would r e s u l t  i n  a  1 2  percent  l a r g e r  por- 
p e l l e r  diameter; 'however, p rope l l e r  noise  would probably be lower 
due  t o  the  decreased t i p  speed. In  an a c t u a l  a i r c r a f t  i n s t a l l a t i o n ,  
t h e  Lower no i se  and increased performance must be balanced aga ins t  



the innreasecl p1.iop~11~11 s i z e  wllicll can a f f e c t  .the o v e r a l l  airplarle 
design and may c!ausc inc?reased weig1;ll.t- and c o s t  p e n a l t i e s .  The 

increased performance may more than make up f o r  t h i s  penal ty ,  bu t  
t h i s  w~ 11 dcpcnd 011 I-lle speoif.ic appl ica t ion .  A thorougll a i rp l ane  
rnission arlalysls s t ~ l d y  W O L I ~ ~  11e reqilired .to deterniine tlle c1csl~al~i.-  
l i t y  oY motliI'y8i~l:$ kilo p ~ ~ o p e l l c l i  "cIc?sig~~ point1' t o  optimize tile 
ovellall aircji7alt  pcrlf:ollnlanc*e. Adclit-ional p rope l l e r  performance 
d e t a i l s  f'liom L-he wind 'I-tmnel t e s t s  n1.c give11 i n  reference 5. 

I n  order 1.01) all advanc.erl tur l~oprop ai~7tlcr.n P t  t o  be  cortipe'titive w i t 1 1  
an advallcctl 'tl~l?l~oEal~ n i rc l ra f t ,  the tur~boprop c a l ~ i n  i n t e r i o r  ~1uiG.ng 
c-~ruise slloulcl 11e eqilivalexlk i n  comYo~*t ( l o w  l e v e l s  01 rloise and 
vibrat ion ' )  t o  t h a t  of the  turbofan aircl?al'.t. A q u i e t  cabin inte17i.op 
w i l l  be more d i f f i c u l t  t o  ;ichieve i n  the  turboprop a i r c r a f t .  This 
i s  because i t s  fusc->lago rnay be i n  t h e  diljec.l- noise  r i e l d  of t-he 
p rope l l e r  wllerleas t!le i n l e t  duct of a turbofan s l ~ i e l d s  the fuse lage  
f r o m  Ean noise.  Advanced tecllnologies a r e  being appl ied t o  reclucing 
p rope l l e r  source no i se  and irnppoving Susclage wall  no i se  a t t enua t ion  
t o  meet t h e  t ~ l r b o f a n  o a l ~ i n  con1for.t l e v e l s .  Lockheed and Bol-t 
Beranek and Newma11 study pesu l t s  have sllown improved wal l  a t t enua t ion  
p o t e n t i a l  fa? x1educed weight penal ty by using a  double wal l  fuse lage  
cons t ru r t ion  and l ig l l t e r  composite ma te r i a l s  (refepences 1 2  and 13) .  
licduced p rope l l e r  source no i se  i s  being s tudied  with p rope l l e r  sweep 
and new acoust i  c  ana lys i s  techniques.  

I n  add i t ion  t o  t h e  performance data shown e a r l i e r .  acous t i c  measure- 
ments were rnade i n  the  Lewis 8-by-G foo t  wind tunnel  on the  high- 
speed turboprop models. The noise da ta  were obtained from pressure  
t ransducers  loca ted  on the  s ide-wall  and ceil-ing of t h e  tunnel .  
TIloug11 the porous-walled tunnel  does no t  have acous t ic  damping 
ma te r i a l  on any of i t s  wal l s  and absolu te  noise l e v e l s  may be sub jec t  
t o  quest ion because of r e f l e c t i o n s ,  t h e  r e l a t i v e  acous t ic  data  
obtained indica ted  .that inforrliation about the  noise d i f f e rences  
among the  prope?.lers was usable.  De ta i l s  of z l ~ e s e  acous t i c  t e s t s  
a r e  presented i n  reference 5 ,  and a d d i t i o n a l  high-speed p rope l l e r  
acous t i c  r e s u l t s  aye presented i n  re ferences  14  and 15. 

The wave shapes of t h e  measured nea r - f i e ld  pressure generated by the  
blades opera.ting near  the  design condit ions ape shown i n  f igu re  17. 
These a r e  pressure-time t r a c e s  f o r  both the s t r a ig l l t  blade and .the 
aero/acoust ical ly  designed ~ 1 5 ~  swept blade. They were obtained fyom 
t h e  t ransducer  on t h e  tunnel  wall  n e a r e s t  t o  t h e  p rope l l e r  plane.  
The ~ t ~ a i g l 1 - t  blade p rope l l e r  produced a  high amplitude, s teep  wave 
shape which approaclled the  c1assi.c N wave shock p a t t e r n .  IIoweve~-, 
'the qu ie t e r  LcSO swept blade produced an almost s inuso ida l  wave 
which was a l s o  of considerably bess amplitude. These d i f f e rences  
i n  the cha rac te r  of t h e  noise  i n d i c a t e  t h a t  t he  aero/acoust ical ly  
designed planforrli of t h e  1 1 5 ~  swept blade was successfu l  i n  reducing 
t h e  s l ~ a r p  pressure  r i s e  t h a t  would normally be assoc ia ted  wi.tl-i 
supersonic  h e l i c a l  t i p  speed pvopel le rs .  
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Tllc ll,agni.tudc 0 [' Llic noise redutj.l.ion aclli c v ~ n  w i:Lh tile 11.5' swept 
pllopcLle1- is  mow appnrlent i n  f i g u r e  I 6 ,  T1.zt3 n~tixim~ana blacle passage 
tone measured on L-ho tcumcl n e i l i n g  i s  p l o t t e d  ~ g e a i n s t  tllc h e l i c a l  
t i p  ( t o t a l ,  irlclludjng F l i g l ~ t  and r o t a t i o n a l )  lrlacl~ nimlbei?. The data  
welje o l ~ t n i ~ i e ~ l  a t  approxiniately t h e  design powel! c~ae.i-'L'icien~l: and 
atlva~lce ~ l a t i o ,  and t l ~ e  I ~ e l i c a l  t i p  blacll n u m l ~ e ~  was tallied 11y changing 
t-urmel alld prop ell el^ rtota.tional speecl. Tn genera l ,  L-lle noise  of b o t l ~  
the  s t~ .>a igh t  and l l j O  swept blade increased rap id ly  a s  t he  l l e l i ca l  t i p  
speed approaclled PIach 1.0.  A t  higher l ~ e l i c a l  t i p  speeds t h e  no i se  
l e v e l  was approxiniate&y constant .  Over t h e  comp~e te  t e s t  range, t h e  
no i se  Level of t h e  115 swept blade was coilsistoil t ly lower than tha t  
LIT the s t i l . a ig l~ t  blade. A t  the  design t i p  Plach n ~ r n l ~ e ~  i t  was 5 t o  0 
dl3 lower. A t  lower hlacll n~unbers .the no i se  reduction was o l ig l l t ly  
lapgep ( 7  .to !I dT3). 

This noise  reduct ion a t  t i le design p o i n t  agrees  wel l  with t h e  pre- 
d ic ted  value shown i n  f igu re  10,  and ind ica te s  the.? by u t i l i z i n g  
advanced acous t ic  a n a l y s i s  programs t o  properly sweep his11 speed 
p r o p e l l e r s  it i s  poss ib le  t o  tichieve s i g n i f i c a n t  noise  reduct ions.  

TEST S1PlPIARY 

The noise reduct ions  discuss$:^ ;zbove and t h e  high performance t h a t  
was measured show t h a t  t he re  a r e  a t t r a c t i v e  aerodyilamic and acous.tic 
b e n e f i t s  from t h e  advanced concepts t h a t  were investj.ga.ted i n  the  
r zcen t  NASA p rope l l e r  t e s t s .  TIf gh aerodynamic performance was 
obtained a t  I\Iacll 0.8.  A t  t h i s  speed, t he  h i g l ~ e s t  performing p rope l l e r  
( ~ 1 5 ~  sweep) had an e f f i c i ency  of 78.7% which was within about 1 per- 
c e n t  of t h e  study value used t o  p r e d i c t  a  l a r g e  p o t e n t i a l  f u e l  savings 
f o r  advanced Ilig1-1 speed turboprops.  Eff iciency near  SO percent  was 
obtained a t  a  power loa~iling only 20 percent  lower than the  design 
value.  A t  speeds i n  the  Elach 0 . 6  t o  0 . 7  range the  h ighes t  perfopming 
design hacl an e f f i c i ency  t h a t  exceeded 81  percent  a t  t h e  design C, 

C 

and J. Nacelle blockage was an important design concept, and spinner  
a r e a  r u l i n g  increased e f f i c i ency  about 1 percent .  Blade t i p  sweep 
improved e f f i c i ency  about 3 percent  and reduced c r u i s e  noise about 
G dB a t  Nach 0.8 f o r  the  1lS0 swept model t h a t  was based on an aero/ 
acous t i c  design approach. 

FUTURE PERFOP3tANCE POTENTIAL 

The performance r e s u l t s  achieved with the  receii't high speed p rope l l e r  
t e s t s  show t h a t  an advanced turboprop may be an a t t r a c t i v e  energy 
e f f i c i e n t  a l t e r n a ~ i v e  f o r  f u t u r e  high speed executive a i r c r a f t ,  
I n  acldition, f u r t h e r  e f f i c i ency  improvements and no i se  reduct ions 
may be poss ib le  w i t 1 1  some of advanced experimental and a n a l y t i c a l  
technology work t h a t  i s  underway o r  planned a s  p a r t  of NASA's high 
speed p rope l l e r  r e s e a r c l ~  program. Figure 1 9  i r ldicates  t h e  f u t u r e  
of high speed turboprop improvements. The e f f i c i ency  envelope f o r  



t he  recent  tunnel  t e s t s  shows t h a t  performance near 80 percent  was 
poss ib le  f o r  models t h a t  were designed using e s t ab l i shed  analyses  
and seve ra l  advanc5.e; concepts. Three fu tu re  models a r e  cu r ren t ly  
beiytg designed o r  a r e  planned f o r  design. These models w i l l  include 
suc.1 f c a t u r e s  as :  LO bladed designs,  enhanced t i p  sweep and lower 
t i p  speeds t o  improve acous t ic  a s  wel l  a s  aerodynamic performance. 
Both re f ined  ana lys i s  methods, whic1-1 a r e  cu r ren t ly  a v a i l a b l e ,  and 
some more advanced ana lys i s  methods, which a r e  under development, 
w i l l  be used i n  t h e  design of these  models. The more advanced methods 
w i l l  be used a s  t h ~ y  become ava i l ab le  f o r  the  designs planned f u r t h e r  
i n  the  future.  I t  i s  an t i c ipa ted  t h a t  these  fu t l - re  models w i l l  be 
about 2 percent  higher i n  performance than t h e  mc.:,Ls t h a t  were 
recent ly  t e s t e d .  Another approach rvhich i s  being s tud ied  t o  f u r t h e r  
improve performance i s  t o  recover t h e  t h r u s t  Lost i n  t h e  s w i r l  of 
the  p r o p e l l e r  s l ipstream. This l o s s  f o r  l i ighly loaded p rope l l e r s  
can be a s  much a s  6 t o  8 percent .  Methods being considered f o r  
swirl recovery a r e  coaxia l  counter-rotat ion,  wing contouring, and 
t h e  in t roduct ion  of s t a t o r s  behind the  p rope l l e r .  

The advanced aerodynamic ana lys i s  methods t h a t  a r e  b ing  deveLoped 
t o  b e t t e r  model t h e  complica'ted flow f i e l d  of high speed p r o p e l l e r s  
a r e  shown i n  f i g u r e  20. Both l i f t i n g  l i n e  and l i f t i n g  surface 
representa t ions  of t h e  p rope l l e r  blades a r e  under development and a  
summary of  these  analyses  i s  given i n  re ference  8.  Most cu r ren t  
business  a i r c r a f t  p rope l l e r s  a r e  designed based on t h e  es tab l i shed  
l i f t i n g  l i n e  analyses of Goldstein (reference 16) and Theodorsen 
(reference 17) .  These analyses cannot properly account f o r  blade 
sweep, t h e  inf luence  of t h e  spinr.2- and n a c e l l e ,  and t h e  mixed 
subsonic and superson2c flow over t h e  blades.  Because of these  
l i m i t a t i o n s  two advanced l i f t i n g  l i n e  analyses  a r e  being developed. 
A curved l i f t i n g  l i n e  ana lys i s  has  been developed by Sul l ivan  
(reference 18) which remaves some of these  l i m i t a t i o n s .  This 
ana lys i s  can p resen t ly  analyze blades of any planform i n  the  presence 
of  a  c y l i n d r i c a l  nace l l e .  The o ther  l i f t i n g  l i n e  ana lys i s  handles 
the  p r o p e l l e r  and nace l l e  i n  an i n t e r a c t i v e  approach (reference 19) .  
With t h i s  a n a l y s i s j t h e  p rope l l e r  wake flow conforms t o  ?he n a c e l l e  
~ h a p e .  I n  add i t ion ,  supersonic t i p  speed co r rec t ions  a r e  included 
t h a t  modify the  induced ve loc i ty  t h a t  i s  ca lcula ted  i n  t h i s  region,  
and a l s o  three-dimensional Mach cone co r rec t ions  a r e  made t o  the  
a i r f o i l  da ta  used wit11 t h e  ana lys is .  

Since t h e  blades of advanced high speed p rope l l e r s  w i l l  have 
r e l a t i v e l y  low aspect  r a t i o s ,  l i f t i n g  surface analyses  should give a  
much c l o s e r  representa t ion  of the  a c t u a l  blade flow f i e l d .  Two 
a n a l y t i c a l  programs a r e  planned f o r  t h i s  a rea .  A so lu t ion  t o  t h e  
three-dimensional Euler equations f o r  p rope l l e r  flow f i e l d s  i s  
under development. These eqmt ions  descr ibe t h e  flow o f  an i n v i s c i d  
compressible f l u i d  and can accura te ly  determine the  l o s s e s  due t o  
shock waves. A s impl i f i ed  approach i s  obtained when l o s s e s  due t o  
shock waves a r e  neglected. This approach so lves  t h e  Transonic 
p o t e n t i a l  equation i n  th ree  dimensions and g ives  both b e t t e r  flow 
f i e l d  r e so lu t ion  and f a s t e r  computing time. An e f f o r t  I n  t h i s  
area i s  planned f o r  the  fu tu re .  

11 
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TIP 

3 5 power coeff i (1ient  = P/pon D 

blade t i p  diamcter , c.m(in.) 

decibel  

advance r a t i o ,  vo/nn 

Plach number 

l o c a l  PIac11 numbep 

free-styeam PIach number 

rotat ional-  speed, revolut ions pe r  second 

power1, I<\\' (11~) 

blade t i p  r ad ius ,  cm ( i n . )  

rad ius ,  cm ( in . )  

sound pressure  l e v e l ,  dB 

s ing le  r o t a t i o n  

t h r u s t  , newtons (1.b) 

t o t a l  operat ing c o s t ,  turboprop 

t o t a l  operat ing c o s t ,  turbofan 

free-stream ve loc i ty ,  m/sec (ft /sec) 

blade r n t a t i o n a l  t i p  ve loc i ty ,  m/sec 
(f t /sec)  

a x i a l  d is tance ,  cm (in.)  

blade angle  a t  7576 rad ius ,  deg 

n e t  e f f i c i ency  = (T 
n e t  . v0) /P 

free-stream dens i ty ,  kg/m 3 
(slugs/f t3) 
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Appendix - Executive A i r c r a f t  and Tota l  Operating Cost 
Def in i t ion  

The 8 passenger (including crew) executive a i r c r a f t  t h a t  wepe 
s tudied w i t 1 1  t h e  General Aviation Synthesis  Program (GASP) 'lad a  
7120 newton (1600 pound) design payload over a 3150 ki lometer  
(1700 n a u t i c a l  m i  e  range. A constant  wing loading of 2670 
~ / m ~  (60 l b s . / f t .  '>)and aspect  r a t i o  10 wing with f u l l  span Fowlfr 
f l a p s  was used t o  provide a  r e l a t i v e l y  s h o r t  runway c a p a b i l i t y  with 
good low speed performance. Advanced airframe technology was assumed 
by reducing the  m p t y  weight and zero l i f t  drag by 15 percent  over 
cu r ren t  technology l e v e l s  f o r  both the  turboprop and turbofan 
powered a i r c r a f t .  Comparable l e v e l s  oE advanced technology were 
used wi&h both ropulsion systems. Maximum tu rb ine  i n l e t  temperature 8 of 1520 I< ,(2100 F) was used. The turbofans had bypass r a t i o s  of 
about 5;  and t h e  turboprops used c r u i s e  p rope l l e r  e f f i c i e n c i e s  of 
85 and 83 percent f o r  Mach 0.6 and 0.7, respec t ive ly .  The advanced 
turboprop was penalized f o r  a  1 percent  gross  weight increase  due 
t o  add i t iona l  fuselage acous t ic  a t t enua t ion  weight. Also, t h e  
turboprop acqu i s i t i on  c o s t s  were sca led  up t o  b e t t e r  r e f l e c t  the 
a n t i c i p a t e a h i g h e r  cos t s  of the  advanced p ~ o p e l l e r s .  

The t o t a l  operat ing cos t  (TOC) over a f i v e  year  per iod  of ownership 
was determined from the  following equation: \ 

1 

TOC = AC + OC + I - RV 

WERE : 

AC = Acquistion Cost i s  t h e  t o t a l  r e t a i l  p r i c e  of t h e  a i r c r a f t  

OC = Operating Cost i s  based on 500 hr/yr u t i l i z a t i o n  and includes 
f u e l ,  o i l ,  inspec t ion  and maintenance, overhaul 
r e se rve ,  insurance,  s to rage  and FAA t a x  

I = I n t e r e s t  i s  based on a 5 year loan with a  20% down payment an3 
a  10% i n t e r e s t  r a t e  

RV = Resale Value i s  assumed t o  be 70% of a c q u i s i t i o n  c o s t  



Figure 1. - Executiv~ aircraft cruise hlach number trend. 
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Figure 4. - Installed cruise efficiency trends. 
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Figure 5. - Fuel  savings t rends of advanced turboprop 
a i r c ra f t  over comparable turbofan a i r c r a f t  

- 
TWIN ENGINE 

RANGE = 1700 n. mi. (3151 km) 
PAYLOAD * 1600 Ib (7117 i d )  

I 
I 

5 10 15 20 
CRUISE ALTITUDE, k m  

Figure 6. - Effect of design c ru i se  a l t i tude o n  executive 
a i r c ra f t  f ue l  savings. Advanced turboprop over com- 
parable turbofan. 
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Figure 8. - Advanced aerodynamic concepts for CS-79-1472 
improving h i gh  speed propeller performance. 
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Figure 9. - Effects of advanced aerodynamic concepts o n  blade 
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Figure 10. - Design characterist ics and  planforms of h i g h  speed pro- 
pel ler  models. 



gure 12. - Basic mea!atnrfd prrlorrannr.r! lor ',I(- i, 4 
swept propeller. 
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Figure 13. - Effect of blade sweep on  measured 
net  efficiency. 
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Figure 14. - Effect of twist and area r u l i n g  on  
ne t  efficiency. 
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Figure 15. - High speed propeller performance 
summary. 
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Figure 17. - Effect of sweep on measured near f ield acoustic 
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Figure 19. - Summary of h i g h  speed propeller per for-  
mance potential. 
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Figure 20. - Advanced analysis methods for improving propeller performance. 
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