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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

AERODYNAMIC CHARACTERISTICS AT SMALL SCALE AND 


.A MACH NUMBER OF 1.38 OF UNTAPERED WINGS


HAVING M AND W PLAN FORMS 

By William B. Kemp, Jr. 

SUMMARY 

An investigation was made at a Mach number of 1.38 and a Reynolds 
number of 390,000 to determine the supersonic aerodynamic characteristics 
of several wings having M and W plan forms. The wings had panel sweep 
angles of 600 and NACA 65AO06 airfoil sections and were untapered. The 
basic aspect ratio was 11, but several tip plan-form modifications which 
increased the aspect ratio were examined. The results are compared with 
approximately equivalent results for sweptback wings. The wings were 
tested as semispan models mounted from the tunnel wall with no provision 
made for removing the tunnel boundary layer. The test results, therefore, 
were undoubtedly influenced by interaction of the models with the tunnel 
boundary layer. 

Alterations of wing-tip plan form caused significant changes in the 
characteristics of the W-ikLng but seem to have changed only the localized 
tip loading of the M-wing. The M-wings experienced higher lift-curve 
slopes than the W-wings but values of maximum lift-drag ratio were com-
parable for the two types of plan form and fell between those of the 450 
and 600 swep-tback wings. Values of lift-curve slope and minimum drag 
coefficient for the M plan forms were about equal to those of the rigid 
600 sweptback wing. The serious pitching-moment nonlinearities observed 
with the 6o° swept wing were considerably reduced by use of the M plan 
form and were essentially eliminated with the W plan form. 

INTRODUCTION 

The use of wings having M or W plan forms has been proposed as one 
possible method of obtaining the drag benefits of sweepback at transonic 
speeds without the undesirable stability characteristics frequently 
encountered at high lift coefficients on highly sweptback wings. Experi-
ments reported in reference 1 indicated that at transonic speeds much of 

CONFIDENTIAL



2	 CONFIDENTIAL	 NACA RN L54D15a 

the drag effect of sweepback was realized by M- and W-wings and the 
aerodynamic-center movements in the transonic range were much less severe 
than for the conventional sweptback wing. Certain structural and aero-
elastic benefits of M- and W-wings are also discussed in reference 1. 
A low-speed stability investigation of a model having a W-wing (ref. 2) 
indicated stability characteristics superior to those of a corresponding 
sweptback wing. The use of M- and W-wings on a complete model having 
various tail locations has been investigated at high subsonic speeds and 

reported in reference 3. 

The supersonic characteristics of M and W wing plan forms have been 
essentially neglected except for the determination of zero-lift drag at 
Mach numbers up to 1.4, reported in reference 4. The purpose of the 
investigation reported herein was to provide more complete longitudinal 
characteristics of M- and W-wings at a low supersonic speed. As a part 
of this investigation, the effects of several tip plan-form modifications 
to these wings were determined. 

The tests reported in the present paper were made during the summer 

of 1970 but the results were not published because of their small scale 
(Reynolds number of 390,000) and because they were undoubtedly influenced 
by interaction of the model with the tunnel boundary layer. Inasmuch as 
no other results on lifting characteristics of M- and W-wings at super-
sonic speeds have become available, the small-scale results are published 
at this time.

COEFFICIENTS AND SYMBOLS 

CL 

CD 

CD 

Cm 

013
Bending moment


S  
bending-moment coefficient about root chord, 

V2 
dynamic pressure, 	 ----, lb/sq. ft 

lift coefficient, Lift
qS/2 

drag coefficient, Drag
qS/2 

drag coefficient due to lift 

pitching-moment coefficient about 0.27, Pitching moment 
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S	 twice area of semispan model, sq ft

Ib/2 
mean aerodynamic chord of wing, 
	

cdy, ft 
S 

c	 local wing chord, ft 

b	 twice span of semispan model, ft 

y	 lateral distance from root, ft 

P	 air density, slugs/cu ft 

V	 airspeed, fps 

M	 angle of attack, deg 

Ycp	 lateral center-of-pressure location, fraction of semispan, CB/CL 

pb/2 
Yca	 lateral distance to centroid of area, - J 	 cy dy, fraction 

Sb o 
of semispan 

L/D	 ratio of lift to drag 

CL

MODELS AND APPARATUS 

Drawings of the seinispan wings of M and W plan form are given in 
figures 1(a) and 1(b), respectively. One wing of M plan form and one 
of W plan form were constructed of solid steel for this investigation. 
Each wing was made originally with the longest tip shown for that wing 
in figure 1. The tip airfoil sections were similar to those of the main 
wing. During the test program, the tips were cut back successively and 
tests were made with each of the other tip plan forms shown in figure 1. 
Each wing and tip configuration was tested with smooth leading edge and 
with very fine-grain roughness applied to the forward 10 7percent chord 
on upper and lower surfaces. 

The models were tested in the Langley 6-inch supersonic tunnel which 
is described in reference 5. The models were mounted through the tunnel 
side wall so that the wall served as a reflection plane. The gap around 
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the wing root was sealed with sponge rubber to prevent air leakage. Aero-
dynamic forces and moments were measured by a 7-component electrical 
strain-gage balance. The tunnel air temperature was kept above 1800 F 
during the tests to avoid the effects of moisture condensation in the 
test section. The resulting test Reynolds number was about 390,000. 
During the tests, the pressure distribution along the top of the tunnel 
was observed to insure that the tunnel normal shock remained downstream 
of the test section.

RESULTS AND DISCUSSION 

Effects of tunnel boundary layer . - Inasmuch as the tunnel boundary 
layer undoubtedly influenced the test results, the possible boundary-
layer effects will be discussed briefly before the test results are pre-
sented. Measurements have indicated that at the model position the total 
boundary-layer thickness was about 0.25 inch and the displacement thick-
ness was about 0.035 inch. Although previous experimental studies indi-
cated that good agreement was obtained between tests of semispan trian-
gular wings in this tunnel and full-span triangular wings in other 
facilities, the possibility remains that the M and W plan forms may inter-
act with the boundary layer in a more serious manner. 

In the case of the W-wing the pressure disturbances at the wing root 
would be propagated forward in the boundary layer and the resulting 
boundary-layer thickening would create a shock originating on the tunnel 
wall appreciably ahead of the model root. This shock would cross the 
outer wing panel well ahead of the Mach line from the root leading edge. 
Under lifting conditions this shock would be expected to cause changes 
in both flow direction and velocity and thus would alter the load distri-
bution over the wing. 

With the M-wing the tunnel-boundary-layer effects may be even more 
severe because the boundary layer is acted on by pressure disturbances 
not only from the wing root but from the entire leading edge of the 
inboard panel. It is conceivable that the shock from the thickened bound-
ary layer and the shock from the leading edge of the midsemispan juncture 
may interact to form a choked region ahead of the inboard part of the 
wing.

Although the magnitudes of the effects of the tunnel boundary layer 
are not known, the comparison of wing plan forms presented probably illus-
trates at least qualitatively the relative merits of the plan forms con-
sidered. Certain phases of the results such as the effects of the tip 
extensions on the W-wing are probably nearly unaffected by the tunnel 
boundary layer.

CONFIDENTIAL



NACA RN L514 D15a	 CONFIDENTIAL	 5 

Basic data. - The basic aerodynamic characteristics of the various 
wing and tip configurations investigated are presented in figures 2 to 6. 
Each figure contains results obtained on a given configuration with and 
without leading-edge roughness. The addition of roughness generally pro-
duced an appreciable Increase in minimum drag and in some cases an improve-
ment in the linearity of the variation of pitching-moment coefficient with 
lift coefficient at low values of lift coefficient. 

Various aerodynamic parameters determined from the test results are 
summarized In table I. Slope measurements to determine these parameters 
were made over a lift-coefficient range from -0.2 to 0.2. Values of 
CmfrCL for the smooth-leading-edge cases are not presented because of 

the departure from linearity which occurred at low lift coefficients for 
some configurations. Values of 

Dmin 
and (L/D )max are not presented 

with leading-edge roughness because of the probability that drag compar-
isons were compromised by differences in applied roughness. 

In the absence of leading-edge suction, the resultant force produced 
by angle of attack is directed normal to the chord plane. For this case 
the drag-rise factor ECD/ L2 would be equal to the reciprocal of the 

lift-curve slope in radians. The presence of leading-edge suction is 
therefore indicated by a value of drag-rise factor less than the lift-
curve-slope reciprocal. Values of the lift-curve-slope reciprocal are 
included in table I for comparison with the drag-rise factor. 

Effect of tip extensions.- Addition of the tip extension to the 
M-wing resulted in a movement of the center of pressure rearward relative 
to the mean aerodynamic chord and outward relative to the centroid of 
area together with a small increase in lift-curve slope. These effects 
are particularly noticeable with the rough leading edge. At a Mach num-
ber of 1.38 the change in tip plan form should affect the loading only 
over a small region at the tip of the M-wing. It may be concluded, there-
fore, that the tip region of the M-wing carried considerably more load 
with the extended tip than with the streamwIse tip. 

The M-wing with the streanwise tip and smooth leading edge experi- 
enced a drag-rise factor 	 D/tL2 which was noticeably greater than the 
lift-curve-slope reciprocal in radians. This is probably indicative of 
the existence of flow separation even in the low lift-coefficient range 
over which the parameters were measured. Inasmuch as the addition of 
leading-edge roughness essentially eliminated the effects of the separa-
tion, the separation was probably the result of extensive laminar boundary 
layer and would not be expected to occur at high Reynolds number. For 
this reason, little significance should be attached to the increase in 
(L/D )max resulting from addition of the tip extension to the M-wing. 
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Changes in the tip plan form of the W-wing could produce loading 
changes over a considerable part of the wing because, at a Mach number 

of 1.58, the entire outer panel and part of the inner panel lie within 
the tip Mach cone. The results in table I show that appreciable increases 
in lift-curve slope were produced by either tip extension on the W-wing. 
The lateral center of pressure of the W-wing with streamwise tip was well 
inboard of the centroid of area, but the addition of tip extensions 
brought these points closer together until they essentially coincided 
for the longest tip. Both tip extensions produced considerable forward 
movement of the aerodynamic center. 

Appreciable reductions in drag-rise factor were produced by both 
tip extensions on the W-wing but increases in minimum drag also occurred 
so that the resulting values of (L/D)max were about equal to or less 

than that for the wing with streamwise tip. 

Comparison of M, W, and swept plan forms.- A comparison of the M and 
W plan forms shows that the M-wings had considerably higher lift-curve 
slopes than the W-wings. The lowest minimum drag coefficient was experi-
énced by the W-wing with streamwise tip. Addition of the tip extensions 
to the W-wing, however, increased the minimum drag coefficient to values 
greater than those for either M-wing. 

Examination of the values of drag-rise factor and lift-curve-slope 
reciprocal in table I indicates that the W-wing with all tip configura-
tions exhibited appreciable leading-edge suction; whereas the M-wing 
showed essentially none. For this reason, the values of (L/ D ) inax for 

the W-wings were comparable to those for the M-wings in spite of the 
lower lift-curve slopes of the W-wings. 

It is of interest to compare the results of the present investiga-
tion with the data of reference 5 which presents the characteristics of 
a series of sweptback wings having the same airfoil sections and tested 
in the same test facility at the same Mach number as the wings of the 
present investigation. The sweptback wings had an aspect ratio of 1 and 
a taper ratio of 0.6. 

The 600 sweptback wing had a lift-curve slope 'uncorrected for flexi-
bility about equal to that of the W-wings with extended tips. When cor-
rected to the rigid condition, the sweptback-wing lift-curve slope became 
about equal to that of the M-wings. The lift-curve slopes of the M- and 
W-wings should be much less affected by flexibility than that of the 
600 sweptback wing for comparable wing structures. (See ref. 1.) 

Before comparing drag characteristics, account should be taken of 
the end-plate drag included in the sweptback-wing data. As stated in 
reference 5, the end-plate drag coefficient was 0.002 for the 45 0 swept 

wing at zero lift. If this value is assumed tobe independent of angle 
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of attack and sweepback, the corrected values of minimum-drag coefficient 
become 0.019 and 0.010 for the 450 and 600 swept wings, respectively. 
Similarly, the corrected values of (L/D)max become 6.3 and 9.6 for 
the 150 and 600 swept wings, respectively. 

The values of C	 given in table I for the M- and W-wings with 

streainwise tips are about equal to that of the 60 0 swept wing. Although 
some increase in minimum drag resulted from addition of the tip exten-
sions, all values of Ci for the M- and W-wings were much less than 

that of the 450 swept wing. All the values of ( L/D )max for the M- and 
W-wings fell between those of the 450 and 600 swept wings. 

Figure 7 presents a comparison of the aerodynamic characteristics 
of the M-. and W-wings with streamwise tips with those of the 600 swept-
back wing of reference 5. The comparison is for the smooth-leading-edge 
condition and no corrections have been applied for flexibility or for the 
end-plate drag of the sweptback wing. The 600 sweptback wing exhibited 
severe nonlinearjtjes in the variation of Cm with CL. These nonlin-
earities were considerably reduced by use of the M or W plan form and 
were essentially eliminated with the W plan form with roughened leading 
edge (figs. ii- to 6), in the range of lift coefficients investigated. 

CONCLUDING REMARKS 

An investigation was made at a Mach number of 1.38 and a Reynolds 
number of 390 , 000 to determine the supersonic aerodynamic characteristics 
of several wings having M and W plan forms with panel sweep angles of 600. 
The results have been compared with approximately equivalent results for 
sweptback wings. The results were undoubtedly influenced by interaction 
of the model with the tunnel boundary layer. 

Alterations of wing-tip plan form caused significant changes in the 
characteristics of the W-wing but seem to have changed only the localized 
tip loading of the M-wing. The M-wings experienced higher lift-curve 
slopes than the W-wings, but values of maximum lift-drag ratio were com-
parable for the two types of plan form and fell between those of the 450 
and 600 sweptback wings. Values of lift-curve slope and minimum drag 
coefficient for the M-wing plan forms were about equal to those of the 
rigid 600 sweptback wing. The serious pitching-moment nonlinearities 
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observed with the 600 swept wing were considerably reduced by use of the 
M plan form and were essentially eliminated with the W plan form. 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics,


Langley Field, Va., April 1, 1954. 
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TABLE I


SUMMARY OF RESULTS 

M-wings W-wings 

Smooth leading edge 

0
o.oi. 6o O.o!4. 65 0.0330 0.0392 0.0380 c	 ..........

.0105 0.0115 0.0095 0.0120 0.0130 

(L/D )max 7.15 7.55 7.50 7.55 6.90 
CL	 for	 (L/D )	 . 0.190 0.215 0.150 0.175 0.180 

O.42O 0.366 0.11.82 0.373 0.376 
zCD/CL2 ........
1/C, radians	 .	 • 0.380 0.376 0.529 0.445 O.1t6o 

0.1198 0.1155 O.14611 0)417 Ycp •	 ......

Yca ..........0.500 0.56 0.500 0.69 o.16 

Rough leading edge 

0.0450 0.01173 0.0315 0.0360 0.0370 
0.390 0.371 0.518 0.11.02 0.1123 

1/CL , radians	 .	 .	 . 0.388 0.369 0.5511. 0.1185 0.1172 

LCD/CL2	 ..........

O.91 o.87 O.73 O.52 O.51 Ycp ..........
Yea 0.500 0.1156 0.500 o.1169 o)446 ..........
Cm/.CL ........-0.102 -0.169 0.249 0.175 ...O.165
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-.8	 -6	 -4	 -2	 0	 .2	 4	 .6	 .8 

Lift coefficient,CL 

Figure 2.- Aerodynamic characteristics of M-wing with streamwise tip. 
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-8	 -6 -4	 -2	 0	 .2	 4	 .6	 .8

Lift coefficient,CL 

Figure 3.- Aerodynamic characteristics of M-wing with tip extension. 
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-8	 -.6 -4	 2	 0	 2	 4	 .6	 .8


L ift coeff ic ient, CL 

Figure ii. .- Aerodynamic characteristics of W-wing with streamwise tip. 
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-I -
-8 -6	 -4 -2	 0	 .2	 4	 .6	 .8 

Lift coefficient, CL 

Figure 5.-. Aerodynamic characteristics of W-wing with small tip extension. 
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-8	 -.6	 -4	 -2	 0	 .2	 4	 .6	 .8 

Lift coeff/c/ent,CL 

Figure 6.- Aerodynamic characteristics of W-wing with large tip extension. 
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Lift coefficient, CL 

Figure 7.- Comparison of aerodynamic characteristics of 600 sweptback 
wing and M- and W-wings with streamwise tips and smooth leading edge. 
All data uncorrected for flexibility. 
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