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SUMMARY 

A prel iminary theoretical and experimental investigation has been 
made of the supersonic aerodynamic characteristics of blunt- trailing- edge 
airfoil s . Cal culations of the dra g of a famil y of airfoils with fInite 
trail ing-edge thickness are presented for various values of the base pres 
sure . Theoretical expressions for the l ift, pitching moment, and maximum 
l ift-drag ratio are developed using the Busemann second- order theory for 
two -dimensional supersonic flow . In order to compare the theoretical 
estimates with experimental data , measurements were taken of the lift and 
drag on wings of various airfoil sections at Mach numbers of 1.5 and 2 . 0 
and at Reynol ds numbers varying from 0 . 2 to 1 . 2 million . Rectangular 
pl an forms with an aspect ratio of 4 and a thickness ratio of either 10 
or 9 .1 percent were used throughout the experiments. 

The experimental findings are in accord with the theoretical consid
erations in indicating a decrease in profile drag and an increase in lift
curve s l ope for properly designed airfoils with moderately blunt trailing 
edges . As compared to a 10-percent - thick double-wedge airfoil of e~ual 
section modulus, reductions in profil e drag of 15 to 31 percent have been 
measured in the Mach number and Reynolds number range investigated. As 
compared to sharp- trailing-edge airfoil s in general, the experimental 
results showed an increase in l ift - curve slope of 17 percent for a 10-
percent - thick airfoil with the maximum thickness located at the trailing 
edge . 

The mlnlmum drag of bl unt - trailing- edge airfoils depends to a large 
extent on the prof i le shape near the trail ing edge. As a result, the 
improper design of a blunt - trailing- edge airfoil may lead to an increase 
in minimum drag coefficient . It is shown that, in such cases, the maximum 

I Supersedes recently decl ass i fied NACA RM A9Hll by Dean R. Chapman, 
1949 . Subse~uent papers related to this research are NACA Report 1063 
entitled "Airfoil Profiles for Minimum Pressure Drag at Supersonic Vel oci 
ties - General Analysis With Appl ication to Linearized Supersonic FlOW," 
by Dean R. Chapman and NACA TN 3504 entitled "Effect of Trailing-Edge 
Thickness on Lift at Supersonic Velocities," by Dean R. Chapman and 
Robert H. Kester, 1952 (formerl y NACA RM A52D17). 
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2 NACA TN 3503 

lift-drag ratio is not necessarily reduced since the lift-curve slope may 
be sufficiently improved to more than compensate for a small i ncrease in 
minimum drag . 

The trends to be followed in designing airfoils with lower drag and 
improved structural characteristics are briefly discussed in light of the 
present results and existing knowledge about base pressure in two 
dimensional flow . It is concluded that i n many cases the combined struc
tural and aerodynamic advantages offered by blunt- trail i ng-edge airfoils 
are sufficient to warrant their use as a practical wing section. 

INTRODUCTION 

The first experimental measurements at supersonic velocities of the 
aerodynamic characteristics of a blunt - trailing-edge airfoil appear to 
have been made i n 1933 by Busemann and Walchner (reference 1). In this 
supersonic wind- tunnel investigation a wedge airfoil was included among 
the various profiles tested . Since a symmetrical sharp - trailing-edge 
airfoil of comparable thickness was not included among the profiles 
investigated, very little information about the relative drag of sharp 
and blunt - trailing- edge airfoils can be obtained from these early experi 
ments . Both the theoretical and experimental results of this investiga
tion showed, however , that the wedge airfoil produces a greater lift - curve 
slope than sharp- trailing- edge airfoils . 

Subsequent to the work of Busemann and Walchner , and prior to the 
relatively recent investigation of Eggers (reference 2) , practically no 
experimental data have been published on the characteristics of airfoils 
with blunt trailing edges . The investigation of reference 2 was concerned 
wi th the behavior of such airfo.ils at subsonic, rather than supersonic, 
free - stream velocities . The results showed that airfoils with maximum 
thickness located close to the trailing edge have remarkably good lift 
characteristics at subsonic supercritical velocities, but have undesir 
ably high drag coefficients throughout most of the subsonic speed range . 
The high drag at low subsonic speeds has been known for many years and 
explains why very little attention has been paid in the past to the possi 
bilities of blunt - trailing- edge airfoils . 

At supersonic speeds there is no reason to presume that an airfoil 
with moderately blunt trailing edge will have higher drag than an airfoil 
wi th a sharp trailing edge·. On the basis of an estimate made in refer
ence 3 of the base pressure i n two -dimens i onal flow , it has been concluded 
that the opposite, in fact , is probably more often closer to the truth . In 
this reference it was pointed out that the use of properly chosen airfoil 
sections having a blunt trailing edge would substantiall y decrease the 
pressure drag of the airfoil contour forward of the ba§e, but would not 
necessaril y introduce excessive base drag if the boundary layer near the 
trailing edge were relatively thick compared to the base height . The 
approximate numerical calcul ations given therein indicated that in some 
cases a properly designed bl unt - trail ing-edge airfoil coul d have from 
20- to 30-percent lower profile drag than a corresponding airfoil with 
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a sharp trailing edge . The present experimental investigation has been 
conduct.ed in view of the possibilities suggested by these calculations . 
Consequently , the primary purpose of the present investigation is to 
determine experimentall y if a properly designed airfoil with moderat e l y 
bl unt t r ail ing edge can have l ower profil e drag a t supersonic veloc i ties 
than a corresponding sharp - trail ing-edge airfoil . Two additional purposes 
of the present report are : (1) to discuss qual itativel y some of the 
more important parameters that are expected to affect the drag of bl unt 
trailing- edge airfoil s , and (2 ) to make a cursory examination of the lift , 
lift -drag ratio , and pitching-moment characteristics of these airfoils in 
supersonic f l ow . 

I n practical applicat ions , the many structural and aerodynamic factors 
which affect the sel ection of an airfoil are far too diverse to allow all
incl usive statements to be made about the superiority of one profile shape 
over another . Even if a sel ection is made on the basis of drag considera
tions alone without regard t o lift , moment, or lift -drag ratio, then the 
optimum airfoil will vary with the part icular structural criterion govern
i ng a given design . Not'Ti thstanding these complications, certain simpli 
f ied criteria for making drag comparisons can be used which closely repre 
sent a few of the numerous practical appl ications a.nd approximately repre 
sent many others . The simplified criterion of equal section modulus is 
primaril y used in this report , although in a few cases comparisons are 
made on the basis of equal thickness ratio . I n most practical cases the 
actual drag reduction obtainabl e is bel ieved to be greater than t hat indi 
cated by the criterion of equal thickness ratio, since the structural 
properties of blunt - t railing- edge airfoils are generally superior to those 
of conventional sections . 

I t is emphasized that the airfoil shapes invest igated in these pre 
l iminary tests aim solely a t demonstrating certain principles , and do not 
a im at providing a near optimum airfoil section . The comparisons given 
herein attempt to i llustra te only the approximate magnitude of drag reduc 
t i onthat may be possibl e in some cases . I n considering t he general possi 
b i l ities of bl unt - trailing-edge airfoil s as practical wing sec t ions , the 
structural characterist ics must always be kept in mind . Moreover, in 
viewing the experimental results of this investigation it should be remem
bered that future research undoubtedl y wil l provide means of achieving 
l ower drag whil e still maintaining t he structural advantages of these air
f oil sections . 

SYMBOLS AND NOTATION 

A cross - sectional area of airfoil profile [lC 
(Yu+Y2)dx ] 

c airfoil chord 

Cd section drag coefficient 
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minimum section drag coefficient (prof i le drag at zero lift) 

section friction drag coefficient 

pressure drag coefficient at zero lift for section forward 
of base (wave drag) 

section lift coefficient 

section pitching-moment coefficient taken about midchord 
position 

increment in profile drag for a given thickness ratio 

increment in profile drag for a given section modulus 

wing drag coefficient 

minimum wing drag coefficient 

wing lift coefficient 

constants appearing in Busemann second-order airfoil theory 

trailing-edge thickness 

maximum lift-drag ratio 

Mach number 

local static pressure 

(
p - poo) 

pressure coefficient 2 
~p U 
2 0000 

base pressure coefficient for vacuum ( )'~2 ) 

Reynolds number 

maximum thickness of airfoil 

velocity 

airfoil abscissa 

airfoil ordinate 
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J3 

p 

b 

u 

7. 

co 

angle of attack 

airfoil trailing-edge angle, measured between chord line and 
airfoil tangent line at the base 

ratio of specific heats (1.400 for air) 

ratio of trailing-edge thickness to maximum thickness (hit) 

local angle of inclination of element on airfoil surface 
measured relative to the free-stream direction 

mass density 

Subscripts 

base of airfoil 

upper surface of airfoil 

lower surface of airfoil 

free stream 

THEORETICAL ANALYSIS 

General Considerations 

The high drag of blunt-trailing-edge airfoils at very low Mach 
numbers is easily explained from existing knowledge of subsonic flows. 
At these low velocities the minimum drag of a well-designed airfoil 
consists primarily of skin friction. Any increase in trailing-edge 
thickness will not significantly alter the skin friction, but will 
increase the total drag through the addition of base drag and through 
the elimination of some of the pressure recovery normally obtained over 
the rear portion of a conventional airfoil. Thus, the usefulness of 
blunt-trailing-edge sections appears to be restricted to applications 
where a low drag at subsonic speeds is not of importance. 

At supersonic speeds an increase in trailing-edge thickness will 
not necessarily lead to a drag increase, as some simple physical consid
erations will show. Before presenting these considerations, though, it 
will be advantageous to clarify one particular concept. Throughout this 
report the shape of a blunt-trailing-edge airfoil will be thought of 
qualitatively as being formed from a sharp-trailing-edge airfoil by 
increasing the trailing-edge thickness while maintaining the same chord 
length, rather than by simply cutting off the trailing edge. This latter 
viewpoint (removing part of the trailing edge) would needlessly complicate 
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matters because of the accompanying changes in the reference area on 
which force coefficients are based. 

A double-wedge airfoil and a corresponding blunt--trailing~dge air
foil of equal chord are illustrated in figure 1. For simplicity, a 
common angle is used between all flat surfaces of the blunt--trailing-edge 
airfoil and the chord line. In comparison with a double-wedge airfoil of 
the same thickness ratio, the surfaces of the airfoil with a thick trail
ing edge are inclined at a smaller angle with respect to the chord line, 
thereby reducing the pressure drag of the profile contour forward of the 
base. On the other hand, it is apparent that considerable base drag may 
be introduced by employing a blunt trailing edge. Since the skin-friction 
drag is essentially the same for blunt-- and sharp-trailing~dge airfoils, 
it follows that the profile drag will be lowered if the increase in base 
drag is less than the afore-mentioned reduction in pressure drag. 

It will be illustrative to consider a particular example in order to 
demonstrate that, in certain cases at least, the profile drag can be 
reduced by increasing the trailing-edge thickness. A comparison of the 
drag of a 10-percent-thick double-wedge airfoil and a 10-percent thick 
wedge airfoil at a Mach number of 5 will serve to establish this point. 
By employing the customary shock-expansion method to calculate the wave
drag components of these two profiles, and by making the obviously con
servative assumption that a vacuum exists at the base of the wedge, the 
following drag coefficients are obtained; 

Airfoil 

Double wedge 

Wedge(blunt trailing 
edge) 

Wave drag of profile 
forward of base 

0.0091 

.0024 

o 

Base 
drag 

Profile 
drag 

0.0091 + cdf 

.0057 .0081 + cdf 
(vacuum at base) 

This simple example showing lower drag for the wedge airfoil clearly 
illustrates two facts: First, at relatively high Mach numbers the con
ventional double-wedge section is not the optimum section for a given 
thickness ratio, and, second, the use of a blunt trailing edge can reduce 
profile drag by a SUbstantial amount in this Mach number range. By using 
a more indirect method and by considering the characteristics at a Mach 
number of 8, these same two results have previously been pointed out by 
Ivey in reference 4. 

If the above calculation were performed for an airfoil with thickness 
ratio much less than 10-percent or for a Mach number much less than 5, then 
the overly crude approximation of a vacuum at the base would ind~cate a .. 
higher drag for the wedge profile. In order for the use of a thlck tralllng 
edge to reduce the profile drag of thinner airfoils, or of airf~ils in the 
lower supersonic Mach number range, the base drag must necessarlly be con
siderably less than that represented by a vacuum. 
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Calculation of Profile Drag for Various 
Base Pressure Coefficients 

7 

Because very little is known about the base pressure in two
dimensional flow, the subsequent theoretical analysis will consist 
primarily of calculating the drag reduction that is possible for various 
base pressure coefficients. By comparing these results with the small 
amount of experimental data that are available, some indication can be 
obtained of the actual profile-drag reductions that may be expected. 

In order to obtain a simple expression for the wave drag of the 
profile forward of the base, the linearized supersonic airfoil theory 
will be employed at present. If desired, a slightly more refined drag 
analysis could be made by using the conventional second-order theory of 
Busemann. Such an analysis, however, is not necessary for drag calcu
lations since the drag coefficients of blunt- and sharp-trailing-edge 
airfoils differ even when only first-order terms are considered. The 
local pressure coefficient is then 

(1) 

where 

(2) 

and B, the local angle of inclination, is measured positive for elements 
facing the oncoming wind. The particular airfoil sections that will be 
used in the drag calculations consist of straight-6ide symmetrical con
tours, as illustrated in figure 1. At present only conditions at zero 

angle of attack will be considered, so that by symmetry B = dy = -8 Z u ax 
and the pressure drag of the contour forward of the base becomes 

The profile drag is the sum of the base drag, skin-friction drag, and 
pressure drag of the profile forward of the base. For an airfoil of 
thickness ratio tic and trailing-edge thickness h = ~t, the pressure 
drag from equation (3) becomes 

(4 ) 

and the profile drag is 

J 
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Here a minus sign is needed for the term involving Pb since a negative 
value of Pb corresponds to positive base drag. Equation (5) assumes 
that the flow does not separate at any point forward of the base. The 
subscripts 1 and 2 will be used to denote the double-wedge and the blunt
trailing-edge airfoil, respectively. It follows from equation (5) that 

(6) 

and 

The fractional difference in drag between the two ~irfoils is defined as 

D.Cd = cd2 - cdl 
cdl cdl 

(8) 

With this definition, negative values of D.Cd correspond to a decrease in 
profile drag of the blunt-trailing-edge airfoil as compared to the double
wedge airfoil. If the two airfoils (fig. 1) are compared on the basis of 
equal thickness ratio t2=tl=t and, if it is assumed that cdfl = cdr

2
' 

then SUbstitution of equations (6) and (7) into (8) yields 

The subscript t indicates that the thickness ratio is the same for both 
airfoils . If the airfoils are compared on the basis of equal section 

2 2 2-f\ 
moduius t2 = tl ---- and equation (8) becomes 

2--f13 
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-1 + 

Cdf"; M002-l 
1+ 4(tJC)2 . 

( 10) 

It can be seen from equations (9) and (10) that the value of ~ 
which gives the greatest reduction in profile drag will depend only on 

the parameter (-Pb~;:Moo2-1 Hence, the magnitude of the drag reduc

tion wi~l increase if the product IPbI ..;M002-1 is decreased, or if the 
thickness ratio tic is increased. The vacuum pressure coefficient 
Pbv and the product Pbv JMoo2-1 are shown in figure 2 as a function of 
the Mach number. The maximum drag reductions possible in comparison to a 
lo-percent-thick double-wedge airfoil have been calculated for Pb/Pbv=O, 
1/4, 1/2, 3/4, and 1, and for cdf=0.0028. This value of the skin
friction coefficient corresponds to laminar flow at a Reynolds number of 
1 million. The results are shovn in figures 3 and 4. Figure 3 repre
sents the case of equal thickness ratiO, and figure 4 the case of equal 
section modulus. For each curve in these figures the corresponding range 
of ~ is indicated. Beyond a Mach number of about 2 the value of ~ 

producing the greatest drag reduction increases as the Mach number is 
increased, and decreases as the base drag is increased. Moreover, for a 
fixed value of ~ the greatest drag reductions are obtained at rela
tively high Mach numbers. This is to be expected since the quantity 
IPbv I '/M«J2- 1 decreases with increasing Mach number, as shovn in figure 2. 

Thus, the greater drag reduction at high Mach numbers is explained 
qualitatively by the fact that under the assumed conditions the base drag 
coefficient decreases more rapidly with increasing Mach number than does 
the pressure drag coefficient of the airfoil contour forward of the base. 
It should be remembered that in an actual case the ratio Pb/Pbv 
probably will change considerably as the Mach number is changed. 

From the curves in figure 4 it is apparent that, for airfoils of 
approximately lo-percent-thickness ratio, significant reductions in 
drag can be achieved, provided the ratio Pb/Pbv is less than about 
one-half at Mach numbers near 1.5, or less than about three-fourths at 
Mach number s near 2.5~ At Mach numbers near and beyond about 4, appre
ciable drag reductions can be achieved for these relatively thick ai~ 
foils even if a vacuum exists at the base. The experimental measurements 
of references 1, 5, and 6 indicate a value of approximately 0.6 for the 
ratio Pb/Pbv • These tests, however, were conducted in the low super-
sonic Mach number range on wedge airfoils with predominately laminar 
boundary layers which were relatively thin compared to the thickness 
of the trailing edge. If the boundary layer were very thick compared 
to the trailing-edge thickness, then the base drag would have been 
virtually zero. Hence, by using a moderate amount of bluntness it is 

--~---
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to be expected that the ratio Pb/Pbv can be held considerably belov 
0.6. It is concluded, therefore, that the proper use of a blunt trailing 
edge on lo-percent-thick airfoils will enable drag reductions to be 
achieved in the lcnr range as well as in the high range of supersonic 
Mach numbers. 

For thinner airfoils the preceding conclusion is still valid, 
although the percentage drag reductions are less for a given base pressure 
coefficient. Thus, for airfoils of 5-percent-thickness ratio, Pb/Pbv 
would have to be a little less than one-fourth in order to achieve the 
same percentage drag reduction that is possible for lo-percent-thick 
airfoils with a Pb/Pbv of one-half. Experiments are needed to answer 
the question of whether or not this ratio can be held to values of approx
imately one-fourth at the Reynolds numbers encountered in practical appli
cations. 

In addition to illustrating the conditions under which the use of 
bluntness will decrease the profile drag, equations (9) and (10) also 
illustrate the conditions under which the improper use of bluntness may 
lead to an increase in drag. For example, with Pb/Pbv= 1/2, a wedge 
airfoil of lo-percent-thickness ratio at a Mach number of 1.5 will have 
approximately 13-percent higher drag than a double-wedge airfoil of the 
same thickness ratio. In general, airfoils with excessive thickness at 
the trailing edge will have considerably higher drag at low supersonic 
Mach numbers than airfoils with sharp trailing edges. 

Lift and Pitching Moment 

Apart from the effect of trailing-edge bluntness on profile drag, 
the accompanying effect on the lift characteristics at supersonic vel
ocities can also be of practical importance. The conventional considera
tions of two-dimensional perturbation theory applied to sharp-trailing
edge profiles show that the lift-curve slope is independent of the air
foil shape even if second-order terms are considered. This statement, 
however, must be modified in order to apply to blunt-trailing-edge 
airfoils. Although the foregoing analysis of drag characteristics was 
restricted to symmetrical profiles of straight-line segments, the sub
sequent analysis of lift and pitching-moment characteristics is not 
restricted to any particular airfoil contour. 

To the second order in angular deflections the pressure coefficient, 
according to the Busemann second-order airfoil theory, is 

(11) 

where e and C1 are as previously defined and 
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(12) 

The coordinates used in the calculations are shown in figure 5. Inte
grating the pressure coefficient over the airfoil contour yields the lift 
coefficient 

(13) 

In this equation the small negative contribution of the base pressure to 
the lifting forces has been neglected, since it amounts to less than 
about 1 percent for t/c=0.05 and less than about 2 percent for t/c=O.lO. 
The variable x is measured along the chord line which is arbitrarily 
defined as passing through the leading edge and bisecting the base at 
the trailing edge. On the upper surface the local angle of inclination 
is 9u=(dy/dx)u-a., and on the lower surface it is 97,=- (dy/dx) 7,+0.. 
Substituting equation (11) into (13) and carrying out the detailed 
integration yields 

c7, 2C 1a. + C2l1 {(:): -(:X -2« [ (~)l -(~~ J} d(~) (14) 

C211 [ (:): - (~): ] d (~) 
x=c 

= 2C 1a. + + 2 c~a.l ( dYu-dy7,) 
x=o 

2C 1a. + h 
C211 [ (:)7,2 -(~1J d(~) ( 15) 2C2a. - + c 

Since the last term in this equation is independent of angle of attack, 

(16) 

The effect of trailing-edge bluntness for any airfoil contour, therefore, 
is simply to increase the section lift-curve slope by the factor 
1+(C2 /C 1) (h/C). This expression was, in fact, given many years ago by 
Busemann (reference 1) for the case of a wedge airfoil. The above 
analysis simply brings to light a fact which is implicit in Busemannts 
equations, though not explicitly stated; namely, equation (16) expressing 

- _.----- ------_ . 
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the increase in lift due to bluntness does not depend on the airfoil 

shape forward of the trailing edge. 

This increase in lift ~y be qUite appreciable, particularly at 

relatively high Mach numbers, as is indicated by the curves in figure 6. 

In this figure the increment (C2 /C 1 ) (h/c) is plotted as a function of 

Mach number for two cases: h/c=0.05 and h/c=O.lO, which represent, 

for example, fully blunt (h/t=l) airfoils of 5- and lo-percent thickness 

ratios, respectively. From the curves in figure 6, it can be seen that 

at a Mach number of 5, for example, the theoretical increase in lift

curve slope amounts to as much as 30 percent for a fully blunt airfoil 

of lo-percent-thickness ratio. Hence, at these relatively high Mach 

numbers the effect of trailing-edge bluntness on lift-curve slope can be 

of considerable practical importance. 

As far as the section pi tching-moment curve is concerned, an equally 

simple result is obtained using the second-order theory. The pitching 

moment about midchord is 

(17) 

The algebraic details of substituting equation (11) into (17) and 

integrating will be omitted, as they are the same as encountered in 

calculating the lift coefficient. The resulting expression, which 

applies to an arbitrary airfoil shape, is 

dCm = 2C2 (A- hC) 
da. c 2 \:' 2 

(18) 

where A is the cross-sectional area of the blunt-trailing-edge airfoil. 

Thus, the derivative dCm/d~ is simply proportional to the difference 

between the cross-sectional area of the blunt-trailing-edge airfoil and 

the area of a simple wedge having the same trailing-edge thickness. 

Since most airfoils have a greater area than a simple wedge of the same 

base height, it follows from equation (18) that the effect of bluntness 

is to move the center of pressure closer to the midchord position. In 

the special case of zero thickness at the trailing edge the moment-curve 

slope is proportional to the airfoil cross-section area, as was pointed 

out in reference 7. 

Maximum Lift-Drag Ratio 

The preceding analysis has shown t hat the minimum drag coefficient 

can be reduced by properly using bluntness at the trailing edge , and 

that by so doing the lift-curve slope always is slightly increased. 

Consequently, the accompanying change in maximum lift-drag ratiO would 

-~ _ _ ---1 
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also be expected to be of importance. Since the lift-curve slope of 
sharp- and blunt-trailing-edge airfoils differs only when second-order 
terms are considered, the analysis which follows must consider terms of 
equal order throughout. Only profiles symmetric about the chord line 
will be considered here, as the algebra would otherwise become unduly 
involved without significantly affecting the final result. 

The section drag coefficient to second order in angular deflection 
terms is 

Substituting equation (11) and noting that for symmetrical airfoils 

For simplicity, the base drag coefficient will be taken as being approxi
mately independent of ~, then 

(20) 

Since 

the drag-lift ratio is approximately 

(21) 

The minimum of this function occurs when 
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(22) 

and the maximum lift-drag ratio for small values of hlc is, accordingly, 

- 1 1+ ~ 
( 

C )1/2 ( 1 C h) 

2cdmin 4 C1 c 

If the changes in minimum drag are small, this leads to the following 
approximate result: The percentage improvement in maximum lift-drag 
ratio is equal to one-half the percentage improvement in minimum drag plus 
one-fourth the percentage improvement in lift-curve slope. Consequently, 
it is possible for a blunt-trailing-edge airfoil to have a higher minimum 
drag coefficient, yet still have a higher maximum lift-drag ratio than a 
corresponding sharp-trailing-edge airfoil. For such a case to occur, it 
is necessary that the percentage increase in lift-curve slope exceed 
twice the percentage increase in minimum drag. 

Parameters Affecting the Theoretical Characteristics of 
Blunt-Trailing-Edge Airfoils 

The preceding theoretical calculations apply strictly only for two
dimensional flow. On the basis of existing knowledge it would be expected 
that the calculations of lift-curve slope would represent actual condi
tions reasonably well as long as three-dimensional effects, such as tip 
effects, are not large. In general, variations in airfoil-thickness 
ratiO, type of boundary-layer flow, or shape of the airfoil contour 
forward of the base should not have an appreciable effect on the lift 
characteristics in two-dimensional flow. Such variations, however, may 
have a pronounced effect on the drag. The calculations made earlier, 
which illustrated lower drag for blunt-trailing-edge sections, were con
cerned only with specific flow conditions; namely, airfoil contours of 
straight Sides, thickness ratio of 10 percent, and laminar flow in the 
boundary layer. Since the analysis has shown that sizable drag reduc
tions may result under these specific conditions, the question immediately 
arises as to what may be expected when other conditions exist. 

One parameter that is expected to have a significant effect on the 
drag of blunt-trailing-edge airfoils is the condition of the boundary 
layer just forward of the base. A change from laminar to turbulent 
boundary-layer flow is known to have a large effect on the base drag of 
bodies of revolution. In fact, negative base drag coefficients have 
actually been measured (reference 8) on certain highly boattailed bodies 
having a turbulent boundary layer approaching the base. This phenomenon 

l 
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is accompanied by marked changes in the schlieren photographs of the 
axially symmetric flow. (See reference 8.) The trailing shock wave, 
which normally stands downstream of the boattailed base for laminar flow, 
moves upstream as transition is effected and attaches to the rim of the 
base, thereby reducing the base drag. The condition of the boundary
layer flow, therefore, should definitely be viewed as an important 
variable. 

Another parameter that is expected to be important is the airfoil 
thickness ratio. If the thickness ratio is decreased, equations (9) and 
(10) indicate that the percentage drag reduction will also decrease sub
stantially. This is easily explained on physical grounds since the drag 
reduction ultimately is obtained by a decrease in wave drag. The 
pressure drag, of course, progressively becomes a smaller fraction of 
the profile drag as the thickness ratio approaches zero. For very thin 
profiles, however, the boundary layer becomes thick compared to the 
trailing-edge height, and this should tend to reduce the base drag. The 
extent to which the profile drag can be reduced for airfoil ratios of, 
say, 5-percent-thickness ratio will have to be determined by fUture 
experiments. 

Since the ambient air can flow laterally around the wing tip and 
into the dead-air region behind the base, there probably is a tip
relieving effect of a finite span. This inflow would be expected to 
reduce the base drag, particularly at high supersonic Mach numbers, and 
hence it would appear that a finite aspect ratio would be more favorable 
for blunt-trailing-edge wings than an infinite aspect ratio. Again, 
experiments are needed to establish the importance of this variable. 

Some of the foregoing is, of course, conjectural in nature. The 
discussion of the various parameters that may affect the drag of blunt
trailing-edge wings has been given in order to emphasize the fact that 
there is as yet no simple answer to the question of whether blunt
trailing-edge airfoils can always be designed to have significantly 
lower drag than corresponding sharp-trailing-edge airfoils. 

TEST METHODS 

A description of the apparatus and the general procedure for testing 
wing models in the Ames 1- by 3-foot supersonic wind tunnel No. 1 may be 
found in reference 9. In order to simplify model construction as well 
as test methods, constant-chord wings of finite span were employed 
throughout the experimental phase of the present investigation. Each 
wing had an aspect ratio of 4 and was sting supported from the rear in 
the manner shown by the photograph in figure 7. The profile shape was 
the sole variable for the different wings tested. The dimensions of 
the various airfoil contours are given in figure 8. Wings 1, 2, 3, and 
4, which have essentially the same section modulus, were tested only at 
zero angle of attack; whereas wings 5, 6, and 7, which have the same 
thickness ratio, were tested through the available angle-of-attack range. 
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Drag and lift forces were measured by means of a strain-gage balance 
which was shrouded from the external flow. Since the pressure in the 
balance chamber was greater than the free-stream static pressure, an 
appropriate correction for the "piston effect" has been applied to each 
drag measurement . This correction is based on the measured value of the 
pressure in the balance chamber and normally amounted to about 10 percent 
of the uncorrected force data. In reducing the profile drag data to 
coefficient form, an estimated correction of 0 . 0025 has been applied in 
each case to approximately account for the tare drag of the sting 
support. Because of imperfect alinement of the wings with the oncoming 
flow, a small lift force was measured on the symmetrical profiles with 
the wings nominally at zero angle of attack. Consequently, a correction 
based on the measured lift and linearized wing theory has been applied 
to the drag measurements in order to account for the small amount of 
drag due to lift. This latter correction usually amounted to 1 or 2 
percent of the profile drag. 

Since the Reynolds number of each wing is about 1 million at the 
highest tunnel pressure, laminar flow would be expected over the entire 
wing surface. This expectation was verified by the liquid-film technique, 
the details of which have been described in reference 10. Hence, in 
order to simulate the ca se of a turbulent boundary layer approaching the 
base, it was necessary to add artificial roughness to the wing surfaces. 
This was done by applying a narrow band of salt crystals on both sides 
of the wing at apprOXimately the 25-percent-chord pOSition. It is known 
that the addit ion of artificial roughness at supersonic speeds invariably 
produces a certain increment of wave drag which must be accounted for if 
the measured drag is to correspond apprOXimately to conditions of natural 
transition. This incremental wave drag was estimated from the measured 
increase in profile drag caused by the addition of roughness to the 
double-wedge profile (wing 1). The accompanying change in friction drag 
was approximately accounted for by assuming low-speed skin-friction 
coefficients and the existence of turbulent flow over the rear half of 
the chord . The wave drag due to roughness, as estimated in this manner, 
has been subtracted from all data representing cases where artificial 
roughness was used. 

The data presented have not been corrected for nonuniformities in 
the free stream. The small inaccuracies in the experimental technique, 
together with the fact that in the present tests no corrections have 
been applied for the stream nonuniformities, may introduce errors of the 
order of ±5 percent in the absolute value of the lift-curve slopes and 
drag coefficients. Such uncertainties, however, will not introduce any 
significant error in the difference between the force coefficients of 
two wings of identical plan form that have the same sting support, the 
same artificial roughness, and are tested in same position along the 
nozzle axis. In view of these common test conditions the measured 
increments in lift and in minimum profile drag of the various wings are 
believed to be practically unaffected by the possible experimental errors 
discussed above . 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Drag Measurements at Zero Lift 

The results of drag measurements at zero lift for wings 1 and 2 at 
a Mach number of 1.5 are shown in figure 9. These data were taken with 
the wing surfaces smooth and represent the case of laminar flow in the 
boundary layer. In accordance with the theoretical expectations, the 
measurements at this Mach number show that the blunt-trailing-edge air
foil has a significantly lower drag than the double-wedge airfoil of the 
same section modulus. The drag reduction varies from 15 to 23 percent 
over the Reynolds number range encountered in the tests. The results of 
measurements on wings 1 and 2 at a Mach number of 2.0 are shown in 
figure 10. Also shown in this figure are the results for wings 3 and 4, 
which were obtained from wing 2 by modifying the base contour. At this 
Mach number, wing 2 has from 17- to 25-percent lower drag than wing 1. 
Wing 4 has from 25- to 31- percent lower drag than wing 1. The measured 
reductions in minimum drag with laminar boundary-layer flow approaching 
the base, therefore, are in satisfactory agreement with the theoretical 
considerations both at a Mach number of 1 .5 and 2.0. 

Some indication of the effect of finite span is given by the data 
for wing 1. The sum of the theoretical wave drag of this wing as calcu
l~ted by the shock-expansion method, and the laminar skin-friction drag 
as calculated from low-speed values, is shown by the dotted lines in 
figures 9 and 10. These lines representing the theoretical values for 
two-dimensional flow are several percent higher than the corresponding 
measured values for the double-wedge profile. The direction of this 
discrepancy is the same as would occur if the flow separated from the 
surface downstream of the maximum thickness location. Such separation, 
which would tend to reduce the profile drag, was clearly shown to exist 
near the wing tips by the liquid-film technique. 

The experimental values of minimum profile drag for wings 1 and 2 
with artificial roughness added are shown in figure 11. These data, 
which have been corrected for the wave drag due to roughness, are for a 
Mach number of 2.0 and are representative of the case of turbulent flow 
approaching the trailing edge . The data for M=1.5 are not presented as 
they show essentially the same characteristics as the curve s in figure 11. 
It is apparent from this figure that the drag reduction of wing 2 as 
compared to wing 1 is not as great as for the case of laminar flow 
approaching the base. This result indicates that on wing 2, which does 
not have appreciable boattailing, the base drag for turbulent boundary
layer flow is greater than for laminar boundary-layer flow. 

As was discussed earlier, the experimental results for axially 
symmetric supersonic flow (reference 8) have shown that, with turbulent 
flow approaching the base, the base drag is greatly reduced by employing 
a moderate amount of boattailing. In view of this known result for 
bodies of revolution, the angle of boattailing at the base of wing 2 was 
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progressively increased to form wings 3 and 4. 'The measured values of 
minimum drag for the revised base shapes at a Mach number of 2 . 0 are 
also shown i n figure ll . The observed reduction in profile drag as com
pared to wing 2 clearl y indicates t he importance of properly deSigning 
the airfoil contour near t he trailing edge . 

Measurements a t Angl e of Attack 

Airfoil sections composed of circular- arc segments, as illustrated 
in figure 8 by wings 5 , 6, and 7 , were used for measuring the character 
istics of the blunt - trailing-edge airfoils at angle of attack . The ratio 
of trailing-edge thickness to maximum thickness for these three wings is 
0, 0 . 5 , and 1 . 0, respectively . The measured lift curves and the drag 
polars a t a Mach number of 1 . 5 with smooth wing surfaces are shown i n 
figures 12 and 13 . 2 The corresponding characteristics at M=2 . 0 are not 
shown as they are similar to the results for M=1 . 5 . I t may be noted 
from figure 12 that wing 7 , with the fully blunt trailing edge , has approx
imately a 17-percent greater lift - curve slope than wing 5 . The theoreti 
cal increase, according to figure 6, is 12 percent . The difference between 
the theoretical and the measured increase in lift - curve slope is attribu
ted to the difference in viscous effects between blunt - and sharp-trailing
edge airfoils . I t is known from the experimental results of Ferri (ref 
erence 11) that , even at small angles of attack, the actual lift - curve 
slope of a sharp - trailing- edge airfoil is less than theory indicates 
because of f l ow separation ahead of the trailing edge . At l ow angles of 
attack the flow over an airfoil with maximum thickness at the trailing 
edge would not separate at any point on the airfoil surface . Thus it 
would be expected that the l ift- curve s l ope of blunt - trailing- edge airfoils 
would approach the theoretical values more closely than sharp - trailing
edge airfoils . Hence it also would be expected that the measured increase 
i n lift - curve sl ope due to bluntness woul d be greater than the theoretical 
increase calculated from second-order effec ts in an inviscid flow . 

The effect of bluntness at the trail ing edge on the drag polars is 
illustrated by the curves in figure 13 . As i n figure 12, the various 
curves in this figure are for airfoils with a common thickness ratio of 
10 percent , and for smooth wing surfaces . The principal experimental 
results for wings 6 and 7 , in comparison to wing 5, are summarized in the 
following table : 

2 The lift curves in figure 12 do not pass through the orlgln of coor
dinates becau~e the measured dat a are not corrected for the small stream 
angle existing in the test section . Although the observed angles for 
zero lift of the various wings should coincide, these curves show a slight 
dipcrepancy because of small constructional differences between the wings . 
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Change in I ncrease in LID increase Observed 
Bluntness minimum l ift- cu rve according to increa se in 

Wing hi t drag sl ope equation ( 23 )3 (L/D) max 

5 0 0 0 0 0 
6 . 5 - 8% +13% +7% +8% 
7 1.0 +4% +17% +2% +3% 

As is evident from these data , the theoretical expectations are again 
substantiated by the experimental measurements . In particular, the experi 
mental results for wing 7 prove that even in those cases where a blunt
trail ing- edge wing may have higher profile drag than a conventional sec 
tion , it nevertheless is possibl e for it also to have a higher maximum 
lift-drag ratio . This , of course , is attributed to the improvement in 
lift - curve slope , and is evident graphicall y in figure 13 by the inter
section of the two drag pol ars at a lift coefficient below that which 
yields maximum lift -drag ratio . 

General Discussion 

The foregoing comparison of theory and experiment shows that the 
theoretical predictions are qual itatively substantiated by the wind- tunnel 
measurements conducted on airfoils of approximately 10-percent t hickness 
at Mach numbers of 1 . 5 and 2 . 0 . I n accordance with the theoretical cal 
culations it is expected t hat the improvement in lift of blunt-trailing
edge airfoils over conventional sections will progressively increase as 
the Mach number is increased beyond about 2 . 0 . Unfortunately, an analo 
gous statement about the reduction in drag cannot be made because of the 
present l imited knowledge about base pressure in tWo -dimensional flow . 
As regards thickness - ratio effects , however, simple physical considera
tions make it apparent that the improvement in lift and drag must approach 
zero as the airfoil thickness ratio approaches zero. 

The failing of theoretical calculations which indicates that the 
biconvex and the double -wedge profiles are optimum for specific conditions 
is, of course , attributed to the assumption of a sharp trailing edge which 
has been made in previous analyses . The inadequacy of such analyses 
becomes even more apparent when it is recalled that in the present experi 
ments no attempt has been made either to develop the optimum airfoil shape 
f orward of the base or to use the optimum amount of bluntness at the trail
i ng edge . I t is apparent from the present results that extensive experi 
mental work is needed before optimum airfoil shapes can be specified which 

~e observed change in mlnlmum drag has been used in t he evaluation 
of the i ncrea se in LID from equation ( 23 ). 
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are satisfac tory for engi neering purposes . As an exampl e of this , the 
results show that at moderate supersonic Mach numbers the optimum airfoil 
for a given section modulus is not approximately a biconvex section . This 
is i llustrated by the bl unt - trail ing- edge profile of wing 6 which has 
about 15 percent greater section modulus than the biconvex profile of 
wing 5 , yet has l ess drag . (See f i g . 13 . ) As another example , it also 
may be deduced from the experimental results that the double -wedge sec 
tion is not cl ose to the optimum for a given airfoil thickness ratio even 
at moderate supersoni c Mach numbers . I n particular , a doubl e -wedge pro 
file of the same thickness rati o as wing 4 (9 . 1 percent ) would have about 
18 percent l ess drag than wing 1, since the latter wing has a doubl e -wedge 
profil e of 10-percent thickness ratio . At some Reynolds numbers, however, 
wing 4 has as much as 30 percent less drag t han wing 1 (fig . 10 ), which 
would mean about 12 percent l ess drag than a double -wedge profile of equal 
thickness ratio . 

From the viewpoint of immediate practical appl ication , an important 
engineering probl em is that of determining how to avoid l arge drag 
increases when considerabl e bl untness is used on rel ativel y thin airfoil s 
in the low super sonic Mach number range . As was noted earlier, el ementary 
considerations show that it wil l be difficult to achieve large drag reduc 
tions for very thin airfoils since the pressure drag is not a l arge por 
tion of the profile drag . I t is the thin sections , however , which are 
particularl y cri tical as regards structural difficulties . For example , 
the depth of the airfoil at the hinge l ine of a flap is an important struc 
tural consideration . I n this regard a significant improvement obviously 
can be obtained even with onl y a moderately bl unt trailing edge . Hence , 
rather than to concentrate solel y on determining optimum airfoil contours 
for minimum profil e drag , it appears to be of equal practical importance 
to determine how to prevent an appreciabl e drag increase when employing 
considerabl e bluntness on rel atively thin airfoil sect ions . 

The fact t hat airfoil s with b l unt trailing edges have higher subsonic 
drag than conventional sections is a consideration that should be remem
bered in viewing the possibil ities of applying blunt trailing edges to 
highly swept -back wings . The f l ow over the outboard regions of a highly 
swept wing is essential l y of the subsonic type, even though t he free 
stream Mach number is' supersoni c . In such a case , a blunt - trailing- edge 
airfoil might increase the profil e drag of t he outer regions . 

I n discussing the possibilities of blunt - trail ing- edge airfoil s as a 
practical w~ng section , incidental advantages can be listed which may be 
of significance in some designs . For example, t he improved structural 
characteristics near the trailing edge might allow a Fowler- t ype flap to 
be used in cases where it could not be used if a conventional airfoil 
section were employed . The control charact eristics a t high speeds can 
also be cited as a possible advantage . Recent experimental investigations 
on a swept -back wing have indicated that the control effectiveness i n t he 
transonic range may be improved considerably by empl oying a blunt- trailing
edge aileron . (See , e . g . , reference 12 . ) 
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The various miscellaneous advantages mentioned , taken together with 
the general structural advantages and the improvement in certain aerody
namic characteristics, leave littl e doubt as to the practical usefulness 
of blunt - trailing- edge airfoil s . Like many other exampl es of departure 
from conventional design , however, care must be exercised in designing 
airfoil s with thick trailing edges . I n this regard it is to be remembered 
t hat the highest Reynolds number i n the present investi gation is 1.2 mil
lion , and that additional experiments are needed before conclusions can 
be drawn about conditions at much higher Reynolds numbers. 

CONCLUSIONS 

The following conclusions have been obtained from a preliminary 
theoretical study and from an experimental investigation conducted with 
airfoil s of approximately 10-percent - thickness ratio at Reynolds numbers 
between 0 . 2 and 1 . 2 million , and at Mach numbers of 1.5 and 2 . 0 : 

1 . At supersoni c velocities a properl y designed airfoil having a 
blunt trail ing edge produces a l ower drag and a greater lift- curve slope 
than a conventional sharp - t railing- edge airfoil . 

2 . Further theoretical and experimental study of blunt - trailing.
edge airfoils is needed before it is possible to specify the airfoil shape 
that is nearl y optimum for a given structural requirement. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Fiel d , Calif ., Aug . 11, 1949 
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Figure 7. - Typical model installation. 
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