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SUMMARY 

An a n a l y t i c a l  s tudy  has been conducted t o  p r e d i c t  t h e  aerodynamic 

c h a r a c t e r i s t i c s  o f  two he1 i c o p t e r  r o t o r  a i r f o i  1 s, ve rs ions  o f  t h e  

FX69-HL-083 and FX7i-H-080. Documentation o f  t h e  p r e d i c t i v e  process covers 

t h e  development o f  e m p i r i c a l  f a c t o r s  used i n  c o n j u n c t i o n  w i t h  computer programs 

f o r  a i r f o i l  ana lys i s .  Tables o f  l i f t ,  drag, and pitching-moment c o e f f i c i e n t  

f o r  each a i  r f o i  1 were prepared f o r  two-dimensional , s teady - f l ow  c o n d i t i o n s  a t  

6 Mach numbers from 0.3 t o  0.9 and Reynolds numbers o f  7.7 t o  23.0 x 10 , 

r e s p e c t i v e l y .  

INTRODUCTION 

Tables o f  a i r f o i l  aerodynamic c h a r a c t e r i s t i c s  must be prepared i n  o r d e r  

t o  use r o t o r c r a f t  computer programs t o  eva lua te  new r o t o r  a i r f o i l s .  These 

t a b l e s  may be f i l l 4  w i t h  r e s u l t s  f rom wind-tunnel  t e s t s  o r  a n a l y t i c a l  methods 

u s i n g  computer programs f o r  a i r f o i l s  i n  two-dimensional,  s teady f l o w .  

A n a l y t i c a l  methods can be u w d  i f  t h e  r e s u l t s  o f  r o t o r c r a f t - p e r f o r m a n c ~  

programs a r e  i n t e r p r e w d  c a r e f u l l y ,  p a r t i c u l a r l y  when " low-conf idence"  p o r t i o n s  



o f  the  a i r f o i l  t ab les  have been u t i l  i r e d .  Ana l y t i ca l  methods gene ra l l y  o f f e r  

an advantage i n  t ime, manpower, and cos ts  when compared t o  wind-tunnel t e s t s .  

However, wind-tunnel i n ves t i ga t i ons  s t i l l  appear super io r  f o r  t h e  determinat ion 

o f  parameters such as maximum l i f t  c o e f f i c i e n t  a t  moderate Mach number. 

Th is  r e p o r t  conta ins t he  r e s u l t s  o f  an a n a l y t i c a l  study t o  develop t ab les  

o f  the  aerodynamic c h a r a c t e r i s t i c s  o f  mod i f ied  FX69-HL-083 and FX71-H-080 

a i r f o i l s .  The subcr i  t i c a l  and t ranson ic  a i r f o i l  programs o f  re ferences 1 

and 2, respec t i ve ly ,  were used t o  p rov ide  bas ic  c o e f f i c i e n t  values which were 

sometimes modi f ied w i t h  emp i r i ca l  f ac to r s .  As w i t h  prev ious s tud ies,  t he  

task  proceeded i n  t h ree  steps: f i r s t ,  eva lua t ion  o f  a i r f o i l  computer programs 

through con -e l a t i on  s tud ies  w i t h  e x i s t i n g  experimental data ; second, t he  

development of emp i r i ca l  c o r r e c t i o n  f a c t o r s  ; and t h i r d ,  t he  appl i c a t i o n  o f  

the  new t o t a l  method. The on l y  o the r  documented case o f  such an a n a l y t i c a l  

study f o r  r o t o r  a i r f o i l s  i s  g iven i n  re ference 3; t h i s  work on the  NLR 7223-62 

a i r f o i l  can be evaluated w i t h  in format ion f rom references 4 ,  5, and 6. 

SYMBOLS 

c a i r f o i l  chord, cm 

Cd sec t ion  drag c o e f f i c i e n t  

G sec t ion  l i f t  c o e f f i c i e n t  

'm sec t ion  pitching-moment c o e f f i c i e n t ,  referenced t o  sec t ion  quar te r  

chord 

P - P, 
pressure c o e t f i c i e n t ,  - 

9, 

C * pressure c o e f f i c i e n t  corresponding t o  l o c a l  Mach number o f  1.0 
P 

M f rees  tream Mach number 

P l o c a l  s t a t i c  pressure a t  a  p o i n t  on a i r f o i l ,  N/m 
2 
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p, f reestream s t a t i c  pressure, ~ / m ~  

freestream dynamic pressure, N/m 2 
qm 

Rc Reynolds number based on t o t a l  chord and freestream cond i t i ons  

t a i r f o i l  th ickness, cm 

x a i r f o i l  abscissa, cm 

Y a i r f o i l  o rd inate,  cm 

" c o rd i na te  o f  a i r f o i l  mean l i n e ,  cm 

a angle of a t t ack  of a i r f o i l  re ference l i n e ,  deg 

Subscri p t s  

1 2  number o f  drag c a l c u l a t i o n  method 

R lower sur face 

SeP p o i n t  o f  upper-surface separat ion 

t p o i n t  o f  t r a n s i t i o n  t o  t u r b u l e n t  f l o w  

u upper sur face 

A I RFO I LS 

Modif ied versions o f  the  FX69-HL-083 and FX7l -H-080, evaluated i n  t h i s  

repor t ,  a re  i d e n t i f i e d  as a i r f o i l s  A and B, r espec t i ve l y .  The mod i f i ca t i ons  

t o  each o f  t h e  o r i g i n a l  shapes cons i s t  of changes t o  t he  leading-edge contour 

and the  a d d i t i o n  o f  t r a i l i ng -edge  r e f l e x .  Coordinates f o r  a i r f o i l s  A and B 

are  l i s t e d  i n  tab les  I and 11; p r o f i l e s  a re  shown i n  f i g u r e  1. Thickness 

d i s t r i  bu t  

geometric 

the  NLR-1 

s tud ies w 

ons and mean 1 ines a re  shown i n  f i g u r e  2. For comparison, some 

data a re  inc luded f o r  t he  NLR 7223-62 a i r f o i l ,  a l so  designated as 

Th is  a i r f o i l  was se lected as t h e  pr imary shape f o r  c o r r e l a t i o n  

t h  compute r -~ red ic ted  cha rac te r i  s t i  cs  and experimental data.  



Calcu la ted pressure d i s t r i b u t i o n s  f o r  these t h ree  a i r f o i l s  a re  presented 

f o r  se lected cond i t i ons  i n  f i gu re  3. These cond i t i ons  a re  represen ta t i ve  of 

combinations o f  Mach number and 1 i f t  c o e f f i c i e n t  t h d t  a re  reached by a i r f o i l  

sect ions near t o  t he  outboard end o f  a r o t o r  blade. S i m i l a r i t i e s  i n  t h e  

pressure d i s t r i b u t i o n s  f o r  the  NLR-1 and B a i r f o i l s  can be a t t r i b u t e d  t o  t he  

comonal i t y  o f  design emphasis: both  were developed t o  achieve h i gh  values 

o f  drdg-divergence Mach number a t  low 1 i ft c o e f f i c i e n t s .  The pressure 

d i s t r i b u t i o n  o f  a i r f o i l  A i n  f i g u r e  3(a) has a l a r g e  reg ion  o f  favorab le  

pressure g rad ien t  t h a t  r e f l e c t s  a design emphasis on laminar  f l ow.  Another 

major d i f f e rence  between a i r f o i l s  A and B i s  t he  d i f f e r e n c e  i n  leading-edge 

suc t ion  peaks reached a t  h i gh  l i f t  c o e f f i c i e n t s .  Th is  d i f f e r e n c e  i s  c l e a r l y  

seen i n  f i gu re  3 (b ) ;  i n  f i g u r e  3(c),  t he  lowest  C value on a i r f o i l  B i s  
P 

1.0 lower than t he  lowest  on a i r f o i l  A.  Thus, a t  t h e  same l i f t  c o e f f i c i e n t  

and Mach number, a i r f o i l  B w i l l  have h igher  l o c a l  induced v e l o c i t i e s ,  which 

make t h a t  a i r f o i l  more suscep t ib le  t o  shock s t a l l .  

ANALYTICAL METHODS 

Computer 

Two computer programs f o r  a i r f o i l  

subcr i  t i c a l  , v i  scous- f l  ow program deve 

Programs 

ana lys is  were used. One was t he  

loped a t  Nor th  Caro l ina S ta te  Univers 

and descr ibed i n  reference 1 ; t h i s  program w i l l  be r e f e r r e d  t o  as the  NCSU 

program. It i s  an improved, s ingle-element vers ion of t he  program descr ibed 

i n  re ference 7. The second major computational t o o l  was t he  viscous, t ransonic-  

f l ow  program developed a t  New York Un i ve r s i t y ;  t h i s  program, which i s  descr ibed 

i n  reference 2, i s  r e f e r r e d  t o  as t h e  NYU program. Both programs c a l c u l a t e  

pressure d i s t r i b u t i o n  and c o e f f i c i e n t s  of l i f t ,  drag, and p i t c h i n g  moment; 
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both require i t e r a t i o n s  between potent ial  flow solut ions f o r  a " f lu id"  a i r f o i  1 

and boundary-layer calculat ions f o r  each t e s t  condition. 

NCSU Program 

The NCSU program i s  generally appropriate f o r  u t i l i z a t i o n  in  cases where 

the local flow f i e l d  remains subcri t i c a l  . A1 thoagh t h i s  program cannot 

ca lcula te  through separated-flow regions (bubbles o r  t r a i  1 ing-edge separa t ion) ,  

i t  indicates  t h a t  various types of separation may occur and then completes 

calculat ions f o r  attached flow. This program was run a t  appropriate Reynolds 

numbers w i t h  f r e e  t r ans i t i on .  The resu l t ing  ca lcula t ions  of laminar-to- 

turbulent  t r ans i t i on  point influenced the  select ion of the  t rans i t ion-poin t  

inputs fo r  t he  N Y U  program. 

N Y U  Program 

The N Y U  program was u t i l i zed  a t  conditions with Mach numbers equal t o  o r  

greater  than 0.4. This program i s  very useful f o r  predicting a i r f o i l  

cha rac te r i s t i c s  e i t h e r  a t  the low-1 i f t ,  high Mach number conditions o r  near 

t o  the s t a l l  boundaries f o r  moderate Mach numbers. Upper- and lower-surface 

t r ans i t i on  pcints  specif ied by the  user a re  the  s t a r t i n g  points f o r  the  purely 

turbulellt boundary layer .  This program a l so  gives indicat ions of conditions 

t h a t  could induce separation but i t  ca lcu la tes  as  i f  no separated flow existed.  

A t  l e a s t  two features  of the biYU program a re  s ign i f i can t  f o r  use with 

ro to rc ra f t  a i r f o i l s .  F i r s t ,  a prograz option must be used t o  allow u t i l i z a t i o n  

of the same boundary layer  equations fo r  upper and lower surfaces. (This i s  in 

cont ras t  t o  the  needs of a correlat ion study, such a s  t h a t  of r ~ f e r e n c e  8 ,  

which i s  concerned with a supercr i t ica l  a i r f o i l  . )  The second fea ture  i s  the 

calculat ion scheme t h a t  "marches" around the a i r f o i l  in one continuous path: 

5 
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t r a i l i n g  t o  lead ing  edge on the  lower surface, fo l lowed by lead ing  t o  t r a i l i n g  

edge on the  upper surface. For cases w i t h  negat ive l i f t  a t  h igh Mach numbers, 

the  NYU program sometimes requi red t h a t  an i nve r ted  se t  o f  coordinates were 

inpu t :  the  equations then aoved through the  s t rong shocks, loca ted  on the 

t r u e  lower surface, i n  the  numer ica l ly  des i rab le  d i r e c t i o n .  

Co r re l a t i on  Studies 

Co r re l a t i on  w i t h  experimental data and the  a p p l i c a t i o n  o f  r e s u l t i n g  

empir ic ism are  requ i red  when us ing the  NCSU and NYU programs a t  the  cond i t ions  

requi red f o r  r o t o r  a i r f o i l s .  I n i t i a l  s tud ies  were completed w i t h  data f o r  a 

wide v a r i e t y  o f  such a i r f o i l s  ( r e f s .  5, 6, 9, 10, and 11).  The f i n a l  work 

re1 i ed  more on r e s u l t s  from we1 1 -documented t e s t s  o f  t he  NLR-1 a i  r f o i  1. Only 

a small sample o f  the c o r r e l a t i o n  r e s u l t s  are presented i n  t h i s  repor t .  Also, 

some appropr ia te  comparisons betwzen theory and experimental data are c m t a i n e d  

i n  references 1 and 2. 

Figures 4 and 5 present a t y p i c a l  comparison o f  computer-program pred ic -  

t i ons  and wind-tunnel r e s u l t s  f o r  Mach numbers o f  0.4 and 0.5. I n  f i g u r e  4 ,  

pitching-moment c o e f f i c i e n t  p red ic ted  f o r  t he  NLR-1 i s  too p o s i t i v e  i n  

comparison t o  wind-tunnel r esu l t s ;  a lso,  the  l i f t - c u r v e  slope appears t o  be 

s l i g h t l y  high. I n  f igu re  5, r e s u l t s  from the  NYLJ program a re  comp3red t o  

data from reference 10. (Data from reference 5 are a l so  inc luded even though 

taken a t  a higher  Reynolds number. ) The t rends noted i n  t he  preceding f i g u r e  

are seen here : a t  constant Reynolds number, theory p r e d i c t s  p i  tching-moment 

c o e f f i c i e n t s  t h a t  are too  p o s i t i v e  and l i f t - c o e f f i c i e n t s  t h a t  are too  large.  

The d rag-coe f f i c ien t  comparison i s  t y p i c a l  o f  o ther  comparisons n o t  presented 



here. R o t o r - a i r f o i l  data genera l l y  showed b e t t e r  c o r r e l a t i o n  w i t h  the  "o l d "  

drag values (denoted i n  the  f i g u r e  as cd ) o f  t he  NYU program. 
1  

F igure 6 presents t he  r e s u l t s  o f  both  NYU program c a l c u l a t i o n s  and wind- 

tunnel  t e s t s  o f  the  NLR-1 a i r f o i l  a t  Mach numbers o f  0.6 and 0.7. The 

c o r r e l a t i o n  between theory  and experiment i s  bette, '  f o r  1  i f t  and p i t c h i n g -  

moment c o e f f i c i e n t  a t  these h igher  Mach numbers. However, the  t rend  f o r  

d rag -coe f f i c i en t  c o r r e l a t i o n  i s  t h e  same as i n  f i g u r e  5: 
C d l  

, "o ld "  drag 

computed w i t h  a  "crude" (80 by 15 p o l n t )  c a l c u l a t i o n  g r i d ,  produced b e t t e r  

c o r r e l a t i o n  w i t h  experimental data. 

P red i c t i ve  Analys is  

A se t  o f  a n a l y t i c a l  methods were es tab l i shed  as a  r e s u l t  o f  t he  t o t a l  

c o r r e l a t i o n  s t ud j .  The NCSU program was u t i l i z ? d ,  w i t h  f r e e  t r a n s i t i o n ,  f o r  

Mach numbers o f  0.3 and 0.4. For these cond i t i ons ,  t h e  va lue of p i t c h i n g -  

moment c o e f f i c i e n t  i n  the  t ab les  i s  a  maximum o f  0.01 g rea te r  than the  

ca lcu la ted  value. The NYU program was used f o r  Mach numbers g rea te r  than 0.4. 

Below a  Mach number o f  0.7, program-computed r e s u l t s  were ad justed by fac to rs  

der ived through c o r r e l a t i o n  w i t h  t he  NLR-1 a i r f o i l  : t he  angle o f  zero l i f t  

remained unchanged, l i f t - c u r v e  slope was decreased s l i g h t l y ,  and p i t c h i n g -  

moment c o e f f i c i e n t  was decremented by a  maximum o f  0.02. Drag c o e f f i c i e n t s  i n  

the  t a b l e  from the NYU program are  t h e  "o l d "  drag values computed w i t h  a  

"crude" g r i d .  Since no r e l i a b l e  method o f  s t a l l  p r e d i c t i o n  was developed, t h e  

l i f t  c o e f f i c i e n t  data est imated f o r  angles o f  a t t ack  beyond i n d i c a t i o n s  o f  

s t a l l  a re  labe led  as "low-confidence" data. 

The a n a l y t i c a l  methods described above were app l ied  t o  a i r f o i l s  A and B. 

The se lec t i on  of a  1.07 m chord and nominal sea- level  atmospheric cond i t i ons  
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CONCLUDING REMARKS 

6  resu l t ed  i n  a  r a t i o  of Reynolds number t o  Mach number o f  25.5 x 10 . This  

gives a  Reynolds number o f  17.1 x l o 6  a t  a  :epresentative hover t i p  Mach 

number o f  0.67. 

RESULTS 

The r e s u l t s  o f  t h i s  study a re  t h e  p r e d i c t i o n  o f  a i r f o i l  c h a r a c t e r i s t i c s  

f o r  a i r f o i l s  A and B i n  steady, two-dimensional f low. These r e s u l t s  a re  l i s t e d  

i n  tab les  I 11  and I V  f o r  a i r f o i l s  A and B, respec t i ve ly .  The same values a re  

presented i n  f i gu res  7, 8, and 9. The boundary f o r  low-confidence l i f t  data 

i s  ind ica ted  i n  f i g u r e  7. No est imates were prepared on the  e f f e c t s  o f  the  

three-dimensional , unsteady-f l  ow environment o f  t he  r o t o r .  

The tab1 es were formatted t o  f a c i l i t a t e  t h e i r  use i n  rotor-performance 

programs. Most r o t o r c r a f t  p rog ram requ i re  a i r f o i l  t ab les  t o  extend from 

Mach 0.0 t o  1.0 and angles o f  a t t ack  from -180 degrees t o  +I80 degrees. 

It i s  suggested t h a t  the remainder o f  ,he a i r f o i l  tab les  f o r  t he  programs can 

be f i l l e d  w i t h  NACA 0012 data ad justed as i nd i ca ted  i n  re ference 9. 

Tables o f  aerodynamic c o e f f i c i e n t s  f o r  two r o t o r c r a f t  a i r f o i  1  s  , versions 

o f  the FX69-HL-083 and FX7l -H-080, were prepared w i t h  a n a l y t i c a l  methods. 

Cor re la t ion  work ind ica ted  t h a t  co r rec t i on  factors  should be app l ied  t o  the  

r e s u l t s  o f  ca l cu la t i ons  o f  aerodynamic c h a r a c t e r i s t i c s  by a i r f o i l  -analys i  s  

computer programs. These f ac to r s  were developed and app l ied  t o  programs fo r  

a i r f o i l  analys is  t o  ob ta in  the  p red ic ted  a i r f o i l  cha rac te r i s t i c s .  
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TABLE I .- DESIGN COORDINATES FO!? AIRFOIL A 

Leading-edge radius: 0.00578 c 



TABLE 11.- DESIGN COORDINATES FOR AIRFOIL B 
,I-.___ 

Leading-edge rad ius :  0.00718 c 
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TABLE 111. - AIRFOIL A CHARACTERISTICS 
---- 

a L 
a (Y 

-- 
Cd 

0.0 0.11 0.0 0.0055 0.0 -0.013 
10.0 1.08 3.0 0.0048 5.0 -0.017 
11 .O 1.10 5.0 0.0058 9.0 -13.019 

10.0 0.0105 10.5 -0.0:9 
11.0 0.120 11.5 -0.016 

13.0 -0.023 
-- 

I 
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, . 

TABLE I V .  - A I R F O I L  B CHARACTERISTICS 
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Airfoil A (FX69-HL-083 modified) 

Airfoil B ( F X I l - H 4 8 0  modified) 

NLR -1 

Tigure 1. - A i r f o i l  p r o f i  1  es. 
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/ I ,- Airfoil contw rs 

Airfoil A 
- , , -, Airfoil B 

- NLR-1 

6 
( a )  M = 0.8; c, = 0 .0 ;  R, = 2C.4 x 10 .  

F igure  3. - Pressure d i s t r i b u t i o n s  and sonic-flow boundaries 
o f  H, B ,  and NLR-1 a i r f o i l s  ca lcu la ted  w i t h  
NYU program. 



Airfoil A 
- - - - - Airfoil B 

- NLR-1 

Figure 3 . -  Continued. 



- AiflojJ A - - -- -- Airfoil 0 
--'- - NLR-I 



Figure 4. - Calculated and experimental val ues of aerodynamic 
characteristics o f  NLR-1 airfoil at M = 0.4, 



(a )  M = 0.4. ( b )  M =  0.5. 

F i g u r e  5. - Ca lcu la ted  and exper imenta l  va lues of aerodynamic 
c h a r a c t e r i s t i c s  o f  NACA 0012 a i r f o i l .  



( a )  M = 0.6 
6 Rc = 9.6 x 10. 

(b )  M = 0.7 
6 Rc = 10.4 x 10. 

F igure 6. - Calculated and experimental values o f  aerodynamic 
c h a r a c t e r i s t i c c  o f  NLR-1 a i r f o i l  a t  h igh  speed. 
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a, degrees 

Figure 8.- Predicted drag coef f i c ien t .  
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0 2 4 6 

a, degrees 

Figure 8. - Concluded. 



a, degrees 

Figure 9.- Predicted pitching-moment coefficient. 



- 4 -2  0 2 4 

a, degrees 
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