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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

A SMATI.-SCALE INVESTIGATION OF "M" AND "W" WINGS
AT TRANSONIC SPEEDS

By George S. Campbell end Williem D. Morrison, Jr.
SUMMARY

An serodynamic Investigation has been conducted in the Langley high-
speed T- by 1l0-foot tunnel in order to compare the characteristics of
wings of "M" and "W" plan forms with those of a wing having conventionsl
sweepback. Three semlspan wings were investlgated at Mach numbers. from
0.60 to 1.08 at Reynolds numbers of the order of 600,000. The wings
were of aspect ratio 6 and taper ratic 0.6 and had NACA 65A009 airfoil
sections; the quarter-chord lines were swept 45°. In addition to the
1lift, drag, pltching-moment, and bending-moment deta, changes in local
wing Incidence measured under simulsted air loads are presented. Theo-
retical span loadings were celculated at a Mach number of 0.70.

The M- and W-wings did not exhibit the large forward aserodynamic-
center shift at low 1ift coefflicients that was found for the conven-
tional sweptback wing near a Mach number of unity. Likewlise, a more
regular varlation of 1lift slope with Mach number was obtalned for the
wings of M and W plan form. Moreover, the W-wing showed practically noc
chenge in local wing incidence under load; the angular deflection of the
M-wing was of smaller magnitude and opposite sign from that of the swept-
back wing. In contrast to the improved stebility and structural charac-
teristics noted for the M and W plan forms, the lift-drag retios of
these wings, particulerly the W-wlng, were generally lower than the
values for the sweptback wing. The differences in lift-drag ratio were
most pronounced in the vicinity of a Mach number of 0.95. The zero-1lift
drag rise of the M- and W-wings wes earlier and slightly more pronounced
than for the sweptback wing. At low supersonic Mach numbers; the minimum
drag was sbout 0.006 higher for the M- and W-wings than for the sweptback

wing.
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INTRODUCTION

The use of "M" and@ "W" plan forms was originally advanced in
Germany as one method of minimizing the undesirable pitching-moment
characteristics frequéntly encountered near stall on highly sweptback
wings, and at least one low~-speed investigation (reference 1) conducted
in this country has verified this ldea. Reseaxrch on this type of plan
form was not pursued further because 1t was thought that the many wing-
panel Junctures inherent in this type of wing would diminish the favor-
able effects of sweep at high speeds. Recently, however, renewed inter-
est has been kindled in this type of plan form as a result of certain
structural advantages, particularly regarding wing deflectlon under loed.

Accordingly, an investigatlion has been conducted 1in the Langley
high-speed T~ by 10-foot tunnel to determine the transonic aerodynamic
characteristics of an M- and a W-plan-form wing with pasnel sweeps of 45°
and to compare these characteristics with those of a conventicnal swept-
back.plan form. Static loads were aslso spplied to these wings to deter-
mine the wing twist under load.

This paper presents force asnd moment results for the three wings
that were investigated as reflectlion-plane models over a Mach number
range from 0.60 to 1.08. Estimates of the effect of wing deformation
on lift-curve slope were mede from the static-load tests. In addition,
results from theoretical calculations have been compared with experi-
mental values. ' ' '

COEFFICIENTS AND SYMBOLS

Cr, - 1ift coefficiemt (L¥iCe Se’;ésl’an lift)
Cp drag coefficient <T.ice sezéspgp drag)
Cm pitching-moment coefficlent referred to 0.25¢
waice semispan pitching moment)
asSe '
Cy bending-moment coefficient about root-chord line
Root bending momen
R
22
AL drag coefficlent due to 1lift (CD - CDmin)
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total-pressure loss in wake, pounds per square foot

effective dynamicvgressure over span of model, pounds per
square foot (pVe/2)

mess density of air, slugs per cubic foot
free-stream velocity, feet per second
twice wlng erea of semispan model, square feet

mean aerodynsmic chord of wing using theoretical tip, fzet
b/2
G%t/q c2d;>
SJo

local wing chord, feet

spanwise dilstance from wing roct, feet

distance gbove wake center line, feet

twice span of semispan model, feet

effective Mach number over . span of model

local Mach number

Reynolds number of wing based on <¢T

angle of attack, degrees

lateral center of pressure, percent semispan (D@O g%)

wing lift-curve slope per degree (OCL/dx)

section lift-curve slope per degree (dci/dax)

change In local wing incidence due to wing deflectlon under
air load, measured In plane parallel to plane of symmetry,
degrees

totel wing 1ift, pounds

change in 1ift from deflection, positive if gain; a first-
orcar correction with respect to Ly

SR
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X span-loading coefficient (cic/Cr.cev)
cy local 1ift coefficient (1/qc aL/dy)
Cav mean wing chord, feet (S/b)
Subscripts:

R rigid-wing value

E - elastic or experimental value

min minimum valﬁe

MODELS AND METHODS

The steel semispan-wing models were of aspect ratic 6 and taper
ratio 0.6 and had NACA 654009 airfoil sections parallel to the free
stream. The guarter-chord lines of the wings were swept 45° and the M
end W plan forms had sweep breaks at the midsemispen position. A
drawing of the plan forms tested 1s presented as figure 1.

The investigation was conducted in the Langley high-speed 7- by
10-foot tunnel. 1In order to test the semispan models in a reglon out-
side the tunnel boundary layer, a reflection plane was mounted about
3 1nches from the tunnel wall, as shown 1n figure 2. The reflection-
Plane boundary-layer thickness was such that a value of 95 percent of
free-stream velocity was reached at & distence 0.16 inch from the sur-
face at the balance center line for all test Mach numbers. This thick-
ness represented a distance of 3 percent semispan for the models tested.

At Mach numbers below 0.95, there was practically no velocity
gradient in the vicinity of the reflecticn plane. At higher Mach numbers,
however, the presence of the reflection-plane setup created a high-local-
velocity field which allowed testing the small models up to M = 1.08
before choking occurred in the tunnel., The varistion of local Msch num-
ber 1n the vicinity of the reflection plemne at these higher Mach numbers
is shown in figure 3, Effective Mach number was obtalned from contour
charts similar to those of figure 3 by the relationship

- b/2 T.E.
S
o L.E. :

For the models tested, a Mach number gradient of generally less than 0.02
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was obtained between Mach numbers of 0.95 and 1.0k, incressing to about
0.06 at the highest test Mach number of 1.08. It will be noted that the
Mach number gradient i1s princlpally chordwlse.

Force and moment measurements were made for the wings at Mach num-
bers from 0.60 to 1.08; the variation of average Reynolds number with -
Mach number for these tests is shown in figure 4. Data were obtained
by using a strain-gage balarice system mounted outside the tunnel. The
sweptback and W-wings were tested with the guarter mean aerodynamic
chord located at the balance center line. However, because of mechanical
limitations, the pitching moments of the M-wing were measured about the
53 percent mean aerodynamic chord asnd were transferred to the guarter
mean serodynamic chord. The lateral axis of the balance was located at
the root chord, sc that transfers to the bending moments were unnecessary.
Leakage through a small clearance ggp between the turnteble and wing
root was restricted by means of a sponge seal attached to the wing butt
and wiping against the inside of the reflection plane.

In addition to the force measurements, limited wake surveys were
made at a position k4.2 inches behind the quarter mean aerodynamic chord
of the W-wing using & survey rake with a tube spacing of 1/8 inch.

In view of the small size of the models relative to the tunnel test
section, Jet-boundary and blocksge corrections were belleved to be
insignificant and hence were.not applied.

RESULTS AND DISCUSSION
Presentgtion of Results
Results from the high-speed wind-tunnel investigation, from static-

deflection measurements and from theoreticasl loading celculations, are
surmerized in the following figures:

Figures

Basic aerodynsmic data . . . . . . . s+ st 4 e e e a4 e e e 5to8

Summary of aserodynamic characteristics e e o e & ¢ e & e o ¢ s 9
Comparison of aerodynemic characteristics at representative

Moch numbers . . ¢« & & & o ¢« ¢ « « o « s o s o ¢ « s s « & 10

Effects of wing deformation . .« « ¢ & ¢ ¢ ¢ ¢ o o« ¢ o ¢ o o o 11

Theoretical span loadings . . . ¢« & ¢ ¢ o ¢ ¢ o ¢ o o o« & o & 12
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Lift and Drag Characteristics

Lift and laterel center of pressure.- In comparing the 1i1ft charac-
teristics of the M- and W-wings with those of the conventionsl sweptback
wing (hereafter referred to as a A-wing), it can be seen that, in gen-
eral, a more gradual variation of lift-curve slope near zero lift with
Mach number wes evident for the wings of composite plan form. (See
fig. 9.) 1In fact, the W-plan-form wing showed an almost constent value
of lift-curve slope (0.060) throughout the test Mach number range. At
most Mach numbers, the M-wing Lad an appreclasbly higher 11if{ slope near
zero 1ift than either of the other plan forms.

For the A-wing at low lifts, an inboard movement of the lateral
center of pressure occurred at the higher Mach numbers, apparently as &
result of the tip separation frequently observed for the thicker swept-
back wings at transonic speeds. In comparison, it may be seen from the
bending-moment data of figures 6, 7, and 9 that the lateral center of
pressure for both the M- and W-plan forms remained practically constant
“throughout the lift-coefficlent and Mach number range of the present
tests. ' :

Drag.- The value of minimum drag coefficient is essentially equal
for the A-, M-, and W-wings up to a Mach number of 0.90. (See fig. 9.)
An initial zero-lift drag rise occcurred at about 0.95 Mach number for
the A-wing, and an earlier and slightly more pronounced drag rise was
observed for the M and W plan forms. It is interesting to note that at
low-supersonic Mach numbers, the minimum drag coefficlent was about
0.006 higher for the M- and W-wilngs than for the A plan form. Never-
theless, a large proportion of the sweep effect 1s reslized lnasmuch as
estimstes made from unpublished data for a comparable unswept wing with
the same streamwise thickness indicate an increment of about 0.040
attributable to sweepback. These minimum-drag results are Iin qualita-
tive agreement with those of the recent investigation of reference 2.

A comparison of drag due to 1lift st a moderate 1ift coefficient,
0.3, (fig. 9) indicates that the W-wing had the highest value of drag
due to 1ift throughout most of the test Mach number range. After con-
slderation of probable boundary-layer drain, especially in the light
of theoretical loadings presented in figure 12, & region of separated
flow in the vicinity of the panel juncture of the W-wing might be
suspected as the couse of the high drag due to 1ift for this wing.
Total-pressure surveys at an angle of attack of 4° (fig. 8) provided
evidence of pronounced separation in the vicinity of the Jjuncture for
the W-wing.

Lift-drag ratlo.- Although both the A- and M-wings had e maximum

lift-drag ratio of about 16 at lower Mach numbers, the M-wing showed a’
substantial reduction in (L/D)max above & Mach number of 0.85, and

S
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at M = 0.95, the maximum lift-drag ratio of the M-wing was approxl-
mately 30 percent lower than that of the A plen form. The W-wing had
the lowest velue of (L/D)p,, throughout the Mach number range, appar-

ently as a result of the juncture separation indicated by the wake sur-
vey. Maximum lift-drag ratios were about 20 percent lower for the wings
of composite plan form than for the sweptback wling &t the highest test
Mach numbers. ' ) '

Pitching-Moment Characteristics

At the lower Mach numbers (0.60 to 0.80) and near zero 1lift,
aerodynamic-center locations of 20, 23, and 3! percent mean serodynamic
chord were reglized for the M-, A -, and W-plan-form wings, respectively
(fig. 9). The aerodynamic center for the A-wing in the low-lift range
shifted forward gbout 50 percent of the mean serodynamic chord between
Mach numbers of 0.95 and 1.03 (fig. 9). This significant trend, which
is prolably attributable to the previously discussed tip separation,
was not observed to any appreclable extent for either the M or W plan
form. -

Moreover, the extreme irregularity of the pitching moment with 1i1ft
for the A-wing at the higher Mach numbers was considerebly reduced with
the M-wing, and still further improvement wes indicated for the W-wing.
(See comparison in fig. 10.) For the Reynolds numbers of the present
tests, the W-wing generally appeared to have the most stable tendencies
at the higher lifts.

Effects of Wing Deformation

In order to determine the relative flexibility of the three plan
forms as mounted in the present tests, the wings of this Investigation
were statically loaded at two spanwise points on the quarter-chord line,
and the resulting change in local wing incidence was measured st several
spanwise stations. The concentrated loaedings were chosen to approxi-
mate the theoretical span loadings which are presented subsequently.

The W-wing showed relatively little angulaer deflection undger load /
(fig. 11) in comparison with the deflection of the conventional swept-
back wing. The M-wlng exhibited & deflection of smaller megnitude and |
opposite sign from that of the sweptback wing. ; /

In order to obtain & first-order estimate of the effects of wing
deformation on the 1lift results previously discussed, the following
expression for rigid-wing lift in terms of elastic (measured) wing 1lift
has been derived in the appendix:
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CIg = Cig l"-_ q.-g-.CI@E _/;l kR %d(ﬁgﬂ N (l).q

It has been found that the effect of the loading term in equation (1)
is sufficiently small that relisble 1ift correctione may be obtained
throughout the test Mach number range by using the theoretlical incom-
pressible loading. It is seen {(fig. 11) that for the 9-percent-thick
steel wings tested, the meximum elastic 1ift correction was less than
about 8 percent. Application of the elastic corrections brought the
lift-curve slopes closer together at each test Mach number (fig. 11},
but the trends with Mach number were not meterially affected. Theoret-
ical values of 1ift slope shown subsequently were essentlially equal for
the three wings so that the seroelastic corrections have helped to con-
firm this theoretlical observation.

Strip-theory estimates of riglid-wing lateral center of pregsure and
aerodynamic center for the A-wing at 0.90 Mach number indicated aero-
elastic corrections of 2 percent semispan and 5 pércent mean aerodynamic
chord, respectively. However, it has been shown in reference 3 that
while strip theory provides a satisfactory prediction of elastic 1lift
corrections, the shift in center of span loading is considerably over-
estimated. In the light of the general unrelisbility of such correc-
tlons, rigld-wing centers of pressure have not been estimated for the
wings tested. . B '

COMPARISON WITH THEORY

In order to calculate the serodynmemlc characteristics of the A-,

M-, and W-wings at a Mach number of 0.70, each wing wae replaced by a
system of 20 equally spaced horseshoe vortices placed along the guarter-
chord line of an equivalent Iincompressible plan form obtalned from the
Prandtl-Glauert trensformetion. Application of the tangent-flow bound-
ary condition at 20 control points located =slong the three-quarter chord
provided & set of 10 simultanecus equations in the 10 unknown circulsa-
tion strengths. - Solution of the equations provided theoretical values
of lift-curve slope, lateral center of pressure, and sercdynamic center
at Mach number 0.70 that are compared with the experimental values in
the following table: . = - L TR o -
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Parsmeter Wing Experimental Theoretical

x A 0.060 0.069
oCr,/da M .06k 071
W .060 ' . .07

A ﬁg 11:'{

¥ M ' 3

P W Jh Wiy
' A .02 -.03
3Cm/3Cr, M .05 -.02
W -.09 -.07

*
Experimentgl 1ift slopes corrected for wing
deformetlion.

It is seen that the theoretical lift-curve slopes are conslderably
larger than the experimental wvalues. However, a section slope of 0.110
(2 per radien) was asssumed by means of the three-quarter-chord con-
cept in the theoretlcsl method. The best avallable estimate of the low-
speed section slope for sectlions normal to the quarter chord of the
A-wing appears to be sbout 0.092 at & Reynolds number of 600,000. (See
reference 4.) Results presented in reference 5 indicate that such a
difference of section lift-curve slope would reduce the theoretical 1ift
slope for the A-wing to 0.060, which is equal to the experimental value.
A similar reductlion in theoretical 1ift slope resulting from low
Reynolds number might be expected for the M and W plan forms.

The agreement of theoretical and experimentsl lasteral centers of
pressure l1s satisfactory. Although the trend in aserodynsmic-center
position is Indicated gqualitatively by theory, the magnitude of the
difference is underestimated.

The theoretlcal span-load distributions for the A-, M-, and W-wings
at a Mach number of 0.70 are presented in figure 12. The load distri-
bution for the W-wing is of a type that is particularly conducive to
the pile-up of boundary-layer alr near the plan-form break; for the
M-wing, a similar pile-up would be expected at the root sectlon. Pre-
viously discussed wake surveys made behind the W-wing have shown that
this boundary-leyer accumulation resulted In a severe separsticn in the
vicinity of the panel Juncture.
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CONCLUSIONS

The results of a small-scale investigation of a sweptback wing and
two wings having "M" and "W" plan forms at Mach numbers between 0.60 and
1.08 indicate that: -

1. The M- and W-wings 4id not exhibit the large forward aero-
8ynamic-center movement at low 1lift coefficlents that was found for the
conventional sweptback wing near e Mach number of unity. Likewise, a
more reguler varlation of 1lift slope with Mach number was obtained for
the wings of M and W plan forms.

2. Moreover, the W-wing showed practically no change in local wing
incidence under load; angular deflection of the M-wing was of smaller
magnitude and opposite sign from that of the sweptback wing.

3. In contrast to the improved stability end structural charac-~
teristics noted for the M and W plan forms, the lift-drag ratios of
these wings, particularly the W-wing, were generally lower than the
velues for the sweptback wing. The differences 1n lift-drag ratios
were most pronounced in the vicinity of a Mach number of 0.95.

L, The zero-lift drag rise of the M- and W-winge was earlier and
slightly more pronounced than for the sweptback wing. At low-supersonic
Mach numbers, the minimm drag was about 0.006 higher for the M- and
W-wings than for the sweptback wing.

Langley Aeronautlcel Laboratory
National Advisory Committee for Aeronautics
Langley Alr Force Base, Ve.
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APPENDIX
- DERIVATION OF EXFRESSION FOR RIGID-WING LIFT

Rigid-wing 1ift is related to the experimental wvalue by the
expression

Iy = Iy - Ip (a1)
where
: b/2
Ip = qf-b/a c1,opC 4y (a2)

The product €4S in terms of the span-loading coefficient K 1s

For a first-order correction to elastic 1lift, the elastic-loading
parsmeter Ky may be replaced by the theoretical rigid-wing value KR.
Substitution of equations (A2) and (A3) into (Al) provides a formula
for the rigid-wing lift in terms of the elastic (measured) value:

CLR"'CLEE'IQ:ECLQE\/;IKR%d(g}gﬂ (ak)
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Tabulaied Wing, Data , /- Wing Tabulated Wing Data | M- Wing Tobuked Wing Data , W - Wing
Sweep 45° Sweep of Inboard panel -45° Sweep of hboord panel  45°
Aspact ratio 6 Swoesp of oufboard ponel 45 Sweep of outboard panel 45
Taper ratio 0§ Aspect 'zﬁ" O% Aspact mtio 6
Akrioll section parallel Teper ratb . Toper ratio 06

fo free sfream NACA 654009 Airfod section paratie/ Airfoil section poraliel MR
Armoa(twice semispan) 01255q ft o fres sireom NACA 654009 fo free stream NACA 654009

Ara(twice semispar)  0.1255q ft Arsa(twice semispan) .26 sq

Figure 1.~ Plan-form drawing of the A~ s M-, and W-winga.
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Figure 2.- Photograph of reflection-plane installation with W-wing mounted.
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chord-panel sweep, aspect ratio 6, taper ratio

alrfoil,

Q.6,. and NACA 65A009
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