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CHARACTERISTICS OF WING SECTIONS AT SUBCRITICAL S P m S  

By Albert E, von Doenhoff and Laurence K. Loftin, Jr. 

Langley Aeronautical Laboratory 

The character is t ics  of wing sections a t  subcr i t ica l  speeds have been 
the subject of intensive research since the airplane was f i r s t  invented. 
The problem has been attacked both experimentally and theoretically.  As a 
r e su l t  of these investigations, we have today a qual i ta t ive understanding 
of nearly all the flow phenomena associated with the various character- 
i s t i c s  and we are  able t o  calculate many of the character is t ics  theoret- 
ica l ly .  The present payer represents an attempt t o  summarize b r i e f ly  som 
of the more important aspects of our theoret ical  and experimental knowl- 
edge of the flow about a i r f o i l  sections and t o  indicate the way i n  which 
t h i s  knowledge was used i n  the design of NACA 6-series o r  low-drag a i r f o i l s ,  
Acknowledgement is grateful ly  expressed f o r  the expert guidance and many 
original  contributions of Mr. Eastman N. Jacobs, who supervfsed much of 
the experimental work t o  be discussed and the application of the theoret- 
i c a l  methods t o  the design of improved a i r f o i l  sections. 

One of the concepts most useful i n  understanding the behavior of 
a i r f o i l  sections i s  tha t  of the th in  a i r f o i l .  For the purpose of deter- 
mining the chordwise load dis t r ibut ion a t  various angles of attack, and 
hence the angle of zero lift , the slope of the l i f t  curve, and the 
pitching-moment coefficient,  the a i r f o i l  i s  considered t o  be replaced by 
a curved l i n e  tha t  i s  midway between the upper and lower surfaces of the 
a i r f o i l ;  t ha t  is, the a i r f o i l  is  considered to  be replaced by i t s  mean 
l ine .  The usual form of mean-line theory a s  developed by l4tmk, Birnbaum, 
Glauert, Theodorsen (references 1 t o  5 )  ant1 others assumes tha t  the ang le  
of at tack i s  small and tka t  the slopes and ordinates a re  suf f ic ien t ly  
s m a l l  tha t  a l l  e f fec ts  of these quantit ies a re  proportional t o  t h e i r  mapi -  
tude . I n  other words, the mean-line theory is  a l i n e a r i  zed theory. For 
the purposes of the theory, the a i r  is  assumed t o  be nonviscous and 
incompressible. 

The basic relat ions of th in -a i r fo i l  theory are  given i n  f igure 1. 
Abscissas and ordinates are represented by x and y, respectively. 
The ve r t i ca l  component of induced velocity i s  v, the free-stream 
velocity i s  V, and the angle of attack i s  a. Circulation of strength y 
per un i t  length is  assumed t o  be dis t r ibuted along the mean l i n e .  This 
circulation per un i t  length i s  equal t o  the difference i n  tangential  
comgonents of velocity between the upper and lower surfaces. Equation (1) 
i n  figure 1 s ta t e s  tha t  the flow must be tangential  t o  the surface, tha t  
i s ,  there can be no flow through the aean l ine .  Equation (2) f s a f o m 2 a  
f o r  calcxlating the ve r t i ca l  component of induced velocity a t  any 
s ta t ion  xo i n  terms of the dis t r ibut ion of c irculat ion along the chord. 

A problem can be solved by simultaneous solution of equations (1) and (2) 
e i the r  by finding the dis t r ibut ion of y associated with a given man 
l ine  a t  a given angle of attack, or  by finding the mean l ine  f o r  a given 
dis t r ibut ion of y .  
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Most prac t ica l  a i r f o i l  sections a re  suf f ic ien t ly  thin tha t  the 
approximations of mean-line theory hold with good accuracy. Numerous 
comparisons between theoret ical  and experimental r e su l t s  are  available 
i n  the l i t e r a t u r e  f o r  many types of a i r f o i l  sections. (see references 6 
and 7. ) I n  general, good agreement can be expected except i n  cases where 
the flow has separated from the surface of the a i r f o i l ,  as a t  high angles 
of attack, large f l a p  deflections, and so for th.  

I n  sp i t e  of the many useful r e su l t s  obtained from th in -a i r fo i l  or 
mean-line theory, the nature of the information required f o r  a par t icu lar  
problem may frequently be beyond the scope of t h i s  simplified approach. 
No information, of course, is  given concerning the actual  dis t r ibut ion of 
pressure over the surfaces of an a i r f o i l ,  and as w i l l  be pointed out l a t e r ,  
such information is necessary f o r  the design of improved a i r f o i l  sections. 
I n  order t o  be able t o  compute the actual  pressure dis t r ibut ion about an 
a i r f o i l ,  as  opposed t o  the calculation of the chordwise loading, the more 
elziborate methods of th ick-a i r fo i l  theory must be used. This theory a s  
developed by Theodorsen and Garrick (references 8 and 9)  i s  a rigorous 
treatment of the problem of finding the perfect-f luid pressure d i s t r i -  
bution about an a i r f o i l  of a rb i t ra ry  shape. The method consists essen- 
t i a l l y  of finding sui table  conformal transformations t o  r e l a t e  the known 
flow about a c i r c l e  t o  the unknown flow about the a i r f o i l .  A n  analysis 
made by Joukowski which permits the d i rec t  transformation of the flow 
about a c i r c l e  i n t o  the flow about a par t icu lar  type of a i r f o i l ,  called a 
Joukowski a i r f o i l ,  has bsen known f o r  a long time. In the Theodorsen 

a2 method, as  shown i n  f igure 2, the Joukowski transformation = Z '  + - 
z ' 

i s  applied, i n  reverse, t o  the a rb i t ra ry  a i r f o i l .  Since a l l  a i r f o i l s  can 
be roughly approximated by a Joukowski a i r f o i l  of about the same thickness, 
the application of the Joukowski transformation t o  the a rb i t ra ry  
a i r f o i l  (c-plane) r e su l t s  in a nearly c i rcu lar  curv i n  the Z1-plane, the 
equation of which i s  given by' the re la t ion  Z ' = ae Tq+le 1. According to  the 
Reimam theorem, any simple closed curve can be transformed in to  a circle.  
Theodorsen found a par t icu lar ly  convenient process f o r  accomplishing t h i s  
r e su l t .  By a process of successive approximations, the f i r s t  one o r  two 
steps of which are  generally suf f ic ien t  i n  practice,  the dis tor ted c i r c l e  

i s  transformed in to  a true c i r c l e  whose equation i s  Z = ae 60'~a) when 
Z 1  [@-'kO)+i(g-pg q0 i s  a constant. The transformation i s  given by 7;-- - e , 
U 

where the quantit ies (q - to) and (9 - 6 )  represent the r ad ia l  and 

angular dis tor t ions between corresponding points i n  the near- and true- 
c i r c l e  planes. The flow about the a rb i t ra ry  a i r f o i l  i s  found by applying 
these transformations i n  reverse order t o  the known f i e l d  of flow about 
the t rue c i rc le .  

A comparison bstween the pressure dis t r ibut ion found e x p e r i ~ n t a l l y  
and tha t  computed by the Theodorsen method a t  a low angle of a t tack i s  
given i n  f igure 3. (See a l so  reference 7. ) The so l id  l i n e  i s  the r e s u l t  
of the theoret ical  calculation and the t e s t  points represent the experi- 
mental resu l t s .  



lll 

A t  higher angles of a t tack  and l i f t  coefficients,  the agreement 
between theory and experiment i s  generally not so close. Tais i s  due 
t o  the formation of a re la t ive ly  thick-boundary layer  primarily along the 
r ea r  portion of the upper surface. Under such conditions, the angle of 
a t tack a t  which a given lift coeff icient  i s  obtained experimentally i s  not 
the same as  the theoret ical  angle of attack. Pinkerton (reference 10) 
found. tha t  it was possible to  obtain nearly perfect  agreement between 
measured and calculated pressure dis t r ibut ions by reducing the theoret ical  
c i rculat ion a t  a given angle of 'a t tack t o  the value corresponding t o  the 
measured l i f t  coefficient and then modifying the trailing-edge shape i n  
such a manner tha t  the Kutta-Joulrowski condition i s  sa t i s f ied .  The nodi- 
f i ca t ion  of the a i r f o i l  shape corresponded closely t o  the estimated change 
i n  the effective shape of the a i r f o i l  caused by the thickening of the 
boundary layer.  

It i s  often desirable t o  determine the e f f ec t s  of a i r f o i l  thickness, 
thickness form, and type and amount of camber on the pressure dis t r ibut ion 
f o r  large numbers of a i r f o i l s .  Such calculations could, of course, be 
carr ied out by using the Theodorsen method f o r  each individual case. The 
amount of comput.ational labor involved i n  such a procedure, however, would 
probably be excessive. Great simplification of methods f o r  calculating 
a i r f o i l  pressure dis t r ibut ions approximately was  made possible by the wo& 
of Allen which showed tha t  the e f f ec t s  of thickness form and load distri- 
bution could be considered separately. (see reference 11; ) 

The method i s  based essent ia l ly  on the assumption tha t  the velocity 
dis t r ibut ion a b ~ u t  an a i r f o i l  may be approximated by the following three 
independent components (see f i g .  4 )  : 

(1) The veloefty over the s m t r i c a l  a i r f o i l  a t  zero angle of a t tack 
(thiclmess). This velocity dis t r ibut ion can be obtained by the Theodorsen 
method a s  previously discussed. 

(2) The incremental velocity dis t r ibut ion corresponding to  the loaa 
dis t r ibut ion of the mean l i n e  at the design l i f t  coeff ic ient  (cambsr) . 
The design l i f t  coefficient i s  the l i f t  cosf f ic ien t  a t  which tlis flow 
enters the leading edge of the mean l i n e  smoothly. This type of incre- 
mental velocity dis t r ibut ion i s  a function only of the mean-line geometry 
and can be obtained by the methods cf t h in -a i r fo i l  theory. 

(3 ) The additional type of incremental vsloci t y  d is t r ibut ion  as soci- 
a ted with departure af the angle of a t tack o r  l i f t  coeff ic ient  from the 
design conditions (angle). This type, of velocity distrib-c~tion Is, according 
t o  th in-a i r fo i l  theory, independent of a i r f o i l  geometry and depends only 
on t h i s  departure of the angle of attack. The additional type of velocity 
dis t r ibut ion obtained from th in -a i r fo i l  theory i s  of l imited prac t ica l  
application, however, bgcause t h i s  simple theory leads t o  i n f i n i t e  values 
of the velocity a t  the leading edgz. This d i f f icu l ty ,  together - d t h  the 
s l igh t  dependence of the additional velocity d is t r ibut ion  on aErfoi l  



shape, i s  tsken in to  account by calculating the velocity increlnents f o r  
each symmetrical a i r f o i l  by the methods of th ick-a i r fo i l  theory. 

The f i n a l  pressure dis t r ibut ion a t  an arb i t ra ry  angle of a t tack i s  

f o u t  by summing the three components of velocity: S = 6 2 2 %)2. 
V V 

The plus sign i s  used f o r  the upper surface and the ainus'sign f o r  the 
lower surf ace. The f i n a l  diagram in f'igure 4 shows the r e su l t s  of 
s m i n g  the various components of the pressure distribution. The short- 
dash l i n e  represents the pressure dis t r ibut ion about the symmetrical 
a i r f o i l  a t  zero l i f t .  Tlie long-dash l i n e  gives the pressure dis t r ibut ion 
about the cambered a i r f o i l  a t  the design l i f t  coefficient. Ths so l id  
l i n e  gives the pressure dis t r ibut ion about the cambered section a t  s l i f t  
coefficient higher than the design value. 

The convenience of t h i s  method of calculating the pressure d i s t r i -  
bution i s  primarily due t o  the ava i l ab i l i t y  of tabulated values of the 
necessary component velocity dis t r ibut ions f o r  large numbers of synrmet- 
r i c a l  a i r f o i l s  and mean l ines .  (see reference 7. ) 

Although the theories just  discussed permit the calculation of a 
number of a i r f o i l  character is t ics  with good accuracy, since they are  
essent ia l ly  based on the concept of a perfect f lu id ,  they give no d i rec t  
information about one of the most important a i r f o i l  characteristics,  
nanely, the drag. A s  w i l l  be shown l a t e r ,  however, these theories have 
prove6 invaluable in the design of low-drag a i r f o i l  sections. Another 
inportant character is t ic  about which no d i rec t  theoret ical  information 
has been obtained i s  the maximum l i f t  coefficient. Some discussion of 
the m a x i m  l i f t  coefficient w i l l  be given i n  a paper by Sive l l s  en t i t l ed  
"~aximuzn-Lif t and S ta l l ing  Characteristics of Wings. " The present 
discussion i s  concerned primarily with the drag. 

From 1929 t o  1937, extensive experimental investigations were made 
of families o? re la ted  a i r f o i l  sections i n  the NACA variable-density 
wind tunnel. (See references 6 ma 12 t o  15. ) A large amount of infor- 
mation on the drag was  accumulated i n  these investigations. I n  figure 5 
are  shown typical. drag data at a low l i f t  coefficient f o r  one of the a i r -  
f 011s tested.  (see reference 14. ) The drag coefficient cd is plotted 

as  a function of Reynolds number R. The upper l i n e  i s  the drag coef- 
f i c i en t  f o r  a f l a t  plate  with completely turbulent boundary-layer flow. 
The lower l i n e  i s  the drag coefficient f o r  a f l a t  plate  wi.th completely 
laminar flow. The comparison between the a i r f o i l  drag data and the f l a t -  
plate  skin f r i c t i o n  indicates tha t  nearly a l l  the prof i le  drag i s  a t t r i -  
butable t o  skin f r i c t ion .  Comparisons, such a s  th is ,  made it apparent 
tha t  any pronounced reduction of the prof i le  drag must be obtained by a 
reduction of the skin f r i c t i o n  ,through increasing the re la t ive  extent of 
the laminar boundary layer.  Theoretical and experimental work on t h i s  
problem was begun l a t e  i n  1937. 



The basic requirement f o r  obtaining extensive regions of laminar 
flow i s  tha t  the pressure continuously decreases i n  the direction of flow 
throughout the region i n  which laminar flow i s  expected. This requirement 
necessitated the development of methods which wculd permit the design of 
a i r f o i l  sections having specified ty-ges of pressure dis t r ibut ion.  The 
method developed consists of a process of successive approximations in 
which the ordinates and corresponding pressure dis t r ibut ion are  calculated 
with a high degree of accuracy. The pressure-distribution character is t ics  
thus obtained are  compared with the character is t ics  desired. The nature 
of the Theodorsen relat ions (shown i n  f i g .  2) f o r  thick a i r f o i l s  i s  such 
tha t  it i s  not feas ib le  t o  express the a i r f o i l  velocity dis t r ibut ion 
d i rec t ly  as  a function of the a i r f o i l  coordinates. There are, however, 
re la t ive ly  simple relat ions between the dis tor t ion parameters (6. - to) 
and ( 8  - 9) r e l a t ing  the near and t rue c i rc les  and the a i r f o i l  coordi- 
nates on one hand, and between these dTstoaPtion parameters and the a i r -  
f o f l  velocity d$stribution on the other hand. (see reference 3 . )  The 
a i r f o i l  coordinates and corresponding velocity dis t r ibut ion were, there- 
fore,  calculated from assumed values of the dis tor t ion parameters. The 
choice i s  subject t o  cer tain simple conditions tha t  insure closed symmet- 
r i c a l  shapes f o r  the basic thickness forms. (see reference 7.) Approxi- 
mate relat ions were found by means of which it i s  possible t o  modify 
successively the or iginal  choice of parameters so as t o  y ie ld  a i r f o i l s  
having the desired type of velocity dis t r ibut ion.  (See references 7 
and 16. ) Another method of solving t h i s  problem has been developed by 
Goldstein and was described i n  h i s  recent Wright Brothers lecture.  (See 
reference 17. ) 

A typical  pressure dis t r ibut ion f o r  one of the low-drag a i r f o i l s  
derf ved i s  shown i n  P i  gure 6. It was noted previously that the type of 
loading resul t ing from changes i n  angle of a t tack  tends t o  znake the pres- 
sures along one of the a i r f o i l  surfaces increase i n  the direction of' flow. 
Because of the des i rab i l i  t y  of obtaining low drag over a range of l i f t  
coefficient,  the magnitude of the favorable pressure gradient over the 
forward par t  of the basic thickness form a t  zero l i f t  should, therefore, 
be greater than that of the unfavorable gradient corresponding t o  the 
additional type of loading throughout a reasonable range of l i f t  coefficient 
The requirements of a wide low-drag range, good character is t ics  a t  high 
subsonic speeds, and good m a x i m - l i f t  character is t ics  a re  somewhat con- 
f l i c t i n g .  Theee conflicting requirements place an upper limit on the mag- 
nitude of the low-drag range of l i f t  coefficient f o r  which the a i r f o i l  
should be designed. The optimum form f o r  the pressure dis t r ibut ion i s  such. 
t ha t  a t  the extremities of the low-drag range of l i f t  coafficient,  the 
pressure gradient on the suction side of the a i r f o i l  becomes substantially 
f l a t  from a point near the leading edge t o  the or iginal  posit ion of mini- 
mum pressure. For the a i r f o i l  shown i n  f igure 6, t h i s  condition ex i s t s  a t  
a l f f t  coefficient of 0.22. A more complete discussion of the problem of 
finding the proper type of pressure dis t r ibut ion i s  given i n  reference 7 .  

The des i rab i l i ty  of obtaining low drag corresponding t o  extensive 
laminar flow a t  l i f t  coefficients higher than those possible with the basic 



thickness form alone indicated the necessity f o r  mean camber l ines  which 
would s h i f t  the low- drag range t o  higher value s of the l i f t  coef f i cient , 
but which woxCLd not a t  the same tim decrease the range of l i f t  coeffi-  
c ient  f o r  low drag. These requirements define a type of mean l ine  t h a t  
has, a t  design conditions, a uniform chordwise dis t r ibut ion of load a t  
l e a s t  as f a r  back as the posit ion of minimum pressure on the basic thick- 
ness form. The method of deriving mean l ines  to  have such prescribed 
load dis t r ibut ions employs the previously discussed th in -a i r fo i l  theory, 
and is  r e l a t ive ly  simple compared with the more usual problem of finding 
the load dis t r ibut ion corresponding t o  a given mean l ine .  

By the use of the theoret ical  methods discussed, a large number of 
re la ted  a i r f o i l  sections designed f o r  extensive laminar flow were derived. 
Som method of designating members of t h i s  group of a i r f o i l s  i s  necessary. 
The NACA method can be explained by the designation shown in f igure 6: 

The f i r s t  d i g i t  i s  merely a ser ies  designation. The second digit gives 
the posit ion of minimum pressure on the basic thickness form a t  zero l i f t  
i n  tenths of the chord measured from the leading edge. The subscript 
gives the range of l i f t  coefficient on e i the r  side of the design l i f t  
coeff ic ient  through which the pressure gradients on both surfaces are  
favorable f o r  laminar flow. The f i r s t  d ig i t  following the dash gives the 
design l i f t  coefficient i n  tenths. (1n t h i s  case, since the a i r f o i l  i s  
symmetrical, the value i s  Q . )  The l a s t  two d ig i t s  give the thickness 
r a t i o  i n  percent of the chord. 

Approximately 100 of these re la ted  a i r f o i l s  were investigated 
experimentally. (see reference 7. ) I n  order actual ly  t o  achieve exten- 
sive 1arnina.r flow a t  high Reynolds numbers, it i s  necessary tha t  the 
turbulence l eve l  of the wind-tunnel a i r  stream be extremely s m a l l  so as  
to  simulate f l i g h t  conditions correctly. A description of the develop- 
ment of low-turbulence wind tunnels i s  given i n  recent papers by Dryden 
and Sehubauer (reference 18) a.nd Von Doenhoff and Abbott (reference 19). 

Some of the r e su l t s  obtained from the experimental investigation 
OF NACA 6-series a i r f o i l s  are presented i n  the next few figures.  The 
t-due of the drag coefficient in the low-drag range f o r  smooth a i r f o i l s  
is  mainly a function of the Reynolds number and the re la t ive  extent of 
the laminar layer  and i s  moderately affected by the a i r f o i l  thickness 
r a t i o  and camber. The e f fec t  on minimum drag of the posit ion of minimum 
pressure, which determines the possible extent of laminar flow, is  shown 
i n  f igure 7 f o r  some NACA 6-series a i r f o i l s .  (see reference 7.) The data 
show a regular decrease in drag cosff ic ient  with rearward movement of min- 
imum pressure. Also shown i n  t h i s  f igure i s  the minimum drag coefficient 
of the older NACA 2415 a i r f o i l  section. Comparison shows tha t  savings i n  
m i n i m  drag of f ron  20 percent to  50 percent, depending upon the position 
3f minimwn pressure, are  possible by the use of the newer NACA 6-series 
a i r f o i l s .  



The e f fec t  of Reynolds number upon the minimum drag of the 
NACA 654-421 a i r f o i l  section i s  i l l u s t r a t e d  i n  f igure 8. Tne data show 
tha t  the drag f i rs t  decreases x i t h  increasing Reynolds number, a f t e r  
which it levels  off,  then increases, and f i n a l l y  leve ls  off again as the 
Reynolds number i s  fur ther  increased. The behavior of the minixum drag 
with increasing Reynolds number can be a t t r ibuted  t o  the variation i n  
re la t ive  strength of two interact ing boundary-layer changes. Tne i n i t i a l  
decrease i n  minimum drag coefficient can be explained by the usual 
decrease i n  skin-fr ic t ion coefficient which accompanies an increase i n  
Reynolds numbsr. After a cer tain Reynolds number i s  reached, however, 
the t rans i t ion  posit ion begins t o  move forward along the a i r f o i l .  The 
forward movelnent of t ransi t ion,  of course, decreases the re la t ive  extent 
of low-drag laminar flow on the a i r f o i l ,  and hence, the drag increases. 
The Reynolds nwnber range i n  which the data i n  the f igure show the drag 
to  be re la t ive ly  constant i s  a region i n  which the general decrease i n  
skin f r i c t i o n  and forward mo-rement of t rans i t ion  are  balanced with respect 
t o  t h e i r  opposite e f fec ts  upon the drag. The subsequent increase of drag 
with Reynolds number indicates tha t  forward movement of t rans i t ion  i s  
predominating i n  t h i s  region. The drag ceases t o  increase when the 
t rans i t ion  posit ion comes f a i r l y  close t o  the leading edge. The data i n  
the chart  f o r  the highest Reynolds number correspond t o  t h i s  condition. 
Further increases i n  Reynolds number should cause the drag coefficient 
t o  decrease. The scale-effect curve shown i n  the f igure i s  character- 
i s t i c  of those obtained f o r  NACA 6-serieu a i r f o i l s .  The Reynolds number 
a t  which the t rans i t ion  posit ion moves forward, however, depends upon the 
degree t o  which the pressure gradients on the a i r f o i l  are  favorable. The 
Reynolds number a t  which the different  e f fec ts  occur depends, therefore, 
upon the d e t a i l  design of the par t icu lar  a i r f o i l .  

Tne developmnt of mean l ines  designed t o  s h i f t  the lov-drag range 
t o  d i f fe rent  values of the l i f t  coefficient has already been discussed. 
The e f fec t  of the addition of camber on the experimental drag polar is  
shown i n  f igure 9. (see a l so  reference 7.) The so l id  curve represents 
the polar f o r  a symmetrical 6-series a i r f o i l  section. The "bucket" i n  
the curve is  the low-drag m g e ;  tha t  is, tlis range of l i f t  cosff i c i en t  
through which extensiva laminar flow is obtained on both surfaces. A s  
shown by the dash-line curve, the primary ef fec t  of the addition of cambsr 
is  t o  s h i f t  the low-drag range. The center of t h i s  range corresponds t o  
the design lift coefficient.  T?te width of the lox-drag range increases 
w i t h  increasing a i r f o i l  thickness r a t io .  

The r e su l t s  discussed have been obtained from a i r f o l l  t e s t s  i n  which 
the model surfaces were smooth and f a i r .  Unfortunately, the surfaces of 
airplane wings are  oftentimes both rough and unfair .  Since laminar flow 
cannot be maintained a t  prac t ica l  values of the Reynolds number unless 
the a i r f o i l  surfaces are aerodynamically smooth, it seemed desirable t o  
investigate the character is t ics  of NACA 6-series a i r f o i l s  with surfaces 
roughened suf f ic ien t ly  near the leading edge tha t  f u l l y  develo;?ed turbu- 
l e n t  layers  would ex is t .  Results corresponding t o  such a surface condi- 
t ion  would give the most pessimistic view of what might be expected from. 



an airplane wing under any conditions short  of physical damage or  heavy 
accretions of ice  or  mud, whereas the r e su l t s  f o r  the smooth condition 
would correspond t o  an optimum f o r  which t o  s t r ive .  The e f fec t  of 
roughness on the l i f t  and drag character is t ics  of a typical  RACA 6-series 
aiYfoil  section i s  shown i n  f igure 10. (see also reference 7. ) It i s  
apparent tha t  the roughness causes large decreases i n  the mximum l i f t  
and large increases Fn the drag. Similar data from t e s t s  of various 
types of a i r f o i l  sections show tha t  the l i f t  and drag character is t ics  of 
a i r f o i l s  of a given thickness r a t i o  are  re la t ive ly  insensit ive to  the 
shape of the basic thickness dis t r ibut ions when the leading edges a re  
rough. 

The ent i re  discussion so f a r  has bsen limited t o  Mach numbers 
suff ic ient ly  low so tha t  the flow could be considered incompressible. As 
the Mach number i s  increased, the f i r s t -order  e f fec ts  of compressibility 
are  given by the Prandtl-Glauert re la t ion  (reference 20) which s t a t e s  
essent ia l ly  that ,  i n  two-dimensional flow, the values of a l l  pressure 
coefficients formed from differences between loca l  s t a t i c  pressure and 

1 free-stream s t a t i c  pressure are  increased by the re la t ion  , 
1 - %* 

where Mg i s  the free-stream Mach number. This means, of course, t h a t  

the l i f t -curve  slope i s  theoret ical ly  increased by the sane factor ,  thus, 

where the subscript c indicates coqress ib le  flow and the subscript i 
indicates incoqress ib le  flow. A comparison of tke theoret ical  and experi- 
mental values of the l i f t -curva slope f o r  an NACA 6-series a i r f o i l  secticn 
of 10-percent thickness i s  shown i n  figdre U. (see also reference 21.) 
The expression f o r  the f i r s t -order  e f fec ts  of compressibility appears to  
be val id  f o r  th in  a i r f o i l s  up t o  surprisin@.y high values of the Mach 
number. A sec~nd-order correction developed by Kaplan (reference 22) g i w  
resu l t s  in  be t t e r  agreement with experiment a t  high subcr i t ica l  values of 
the Mach number. I n  general, the increase of l i f t  coefficient with Mach 
n m ' e r  becomes l e s s  as the a i r f o i l  thickness r a t i o  i s  increased, and the 
agreemeat be tween theory and experiment f o r  the thicker sections i s  l e s s  
sat isfactory.  

Tha e f f ec t  of compessibi l i ty  on the drag a t  speeds below -the 
c r i t i c a l  is  rather  d i f f i c u l t  t o  evaluate. This d i f f icu l ty  a r i ses  from the 
f a c t  tha t  most high-speed t e s t  equipment i s  incapable of separating the 
e f f ec t  oflncreasing Reynolds number which accompanies an increase i n  Mach 
number. Soae indication of the re la t ivs  im2ortance of t'ne e f f ec t  of Mach 



number on the drag a t  subcr i t ica l  speeds, however, may be gained from 
f igure 12. (see a l so  references 23 and 24.) The drag of the 
R A C A 0 0 1 2 - 3 4 a i r f o i l s e c t i o n a t z e r o l i f t i s  u e d a g a i n s  Machnumber eoLt 8 f o r  a range of Reynolds number from 0.34 x 10 t o  0.42 x 10 and f o r  a. 

range of Reynolds number f ram 2.3 x lo6 t o  4.6 x lo6. The large incre- 
ment i n  drag between the high- and low-scale data in  the subcr i t ica l  
region i s  of about the magnitude tha t  would be expected f o r  such a change 
in the Reynolds number. The data f o r  the higher Reynolds number range 
are  in agreement with recent low-speed t e s t s  (M < 0.2) of a similar 
a i r f o i l  which show a negligible scale e f fe5 t  on the minimum drag between 

Reynolds numbers of 3.0 x lo6 and 6.0 x lob. From t h i s  hiscussion, it 
would seem. t h a t  the e f fec t  of Reynolds number i s  f a r  more inportant a t  
subcr i t ica l  speeds than the e f f ec t  of ivaach number. Since in  any case 
the pressure drag i s  a small pa r t  of the t o t a l  drag, it would not be 
expected tha t  changes in  local-pressure coefficients in  accordance with 
the Prandtl-Glauert :relation would have any d i r ec t  e f f e c t  upon the drag. 

Tne rather  br ief  summary of the s t a tus  of the a i r f o i l  problem jus t  
presented indicates tha t  we have a f a i r l y  complete understanding of the 
behavior of a i r f o i l  sections a t  subcr i t ica l  speeds. The attainment of 
l a m i n a r  flow on airplane wings remains a problem bscause the surfaces of 
such wfngs are  usually not suf f ic ien t ly  f a i r  and smooth. Methods of 
reducing the sensitivity of the laminar layer  t o  surface imperfec-tions 
are  now being investigated. The flow phenomena about an a i r f o i l  a t  
m i m u m  l i f t  a l so  remain a problem. We have a qual i ta t ive understanding 
of t h i s  problem, but research is needed before our ideas can be extended 
t o  quantitative calculation. 
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Figure 1. - Basic relations of thin-airfoil theory. 
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Figure 2. - Transformations used to calculate pressure distributions. 
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Figure 3. - Comparison of theoretical and experimental pressure distributions. 
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Figure 4. - Synthesis of pressure  distribution. 
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Fi.gure 5.- Section drag coefficient cd of airfoil and flat plate plotted a s  
function of Reynolds nupber  R. 
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Figure 6. - Pressure  distribution for  NACA 642-015 airfoil sent '  c. lon. 
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Figure 7. - Variation of minimum drag coefficient c with position of 
dmin 

minimum pressure x/c. 

-,. :.l,sur.e 8.- Effect of Reynclds number on the minimurri drag  of tLe NACA 
6s4 -421 airfoil section. 



Figure 9.- Effect of camber on the experimental drag polar. 

Figure 10.- Effect of roughness on the lift and drag characteristics of a 
typical NACA 6-series airfoil section. 



Figure 11.- Comparison of the theoretical and experimental yalues of the 
lift-curve slope for an NACA 6-series airfoil section of 10 -percent 
thickness. 

Figure 12. - Effect of Mach number on drag of NACA 0012-34 airfoil section 
a t  zero lift. 




