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By George S. Campbell and W i l l i a m  D. Morrison, Jr. 

An aerodynamic in.vestigation has been  conducted in  the Langley high- 
speed 7- by 10-foot  tunnel in order  to campare the  characteristics of 
wings of "M" and "W" plan f o m  with those of a w h g  ha* coment T o n a l  
sweepback. Three semispan w i n g s  were investigated a t  Mach numbers-from 
0.60 t o  1.08 at  Reynolds numbers of the order of 600,000. The wings 
were of aspect  ratio 6 and taper   ra t io  0.6 and had WCA 6 5 ~ 0 ~ 9  a i r f o i l  
sections; the quarter-chord Unes were swept 45O. Ln addition t o  the 
l i f t ,  drag,  pitching-moinent,  and bending-moment data, m e s  in  local 
wing incidence measured under simulated air loads are presented. Theo- 
retical span loadings were calculated a t  a Mach number of 0.70. 

The M- and W-wings did not exhibit the large forward aerodynamic- 
center shift a t  low lift coefficient s that was found for  the conven- 
t i o n a l  sweptback u%ng near a Mach number of unity. Likewlse, a more 
regular  variation of lift slope w i t h  Mach number was obtained f o r  the 
wings of M and W plan form. Moreover, the W-" showed practically no 
change in l o k l  wing incidence under load; the angular deflection of the . 
"wing was of smaller magnitude and opposite sign from that of the swept- 
back w i n g .  In contrast t o  the -roved s t a b i l i t y  and structural  charac- 
t e r i s t i c s  noted fo r  the M and W plan forms, the l i f t -drag  ra t ios  of 
these w i n g s ,  particularly the W-wing, w e r e  generally lower than the 
values f o r  the sweptback wing. The differences  in   l i f t -drag  ra t io  w e r e  
most pronounced in the vicini ty  of a Mach  n-er of 0.95. The zero- l i f t  
drag r i s e  of  the M- agd .W-wings w a s  ea r l i e r  and s l ight ly  more pronounced 
than f o r  the sweptback whg. A t  low supersonic Mach numbers; the mi- 
drag was about 0.006 higher for the M- and W-wings than fo r  the sweptback win@;. 
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IXFRODUCTIOH 

The use of "M" and "W" plan forms was originally  advanced in 
Germany as one method of minimizing  the  undesirable  pitching-moment 
characteristics  frequgntly  encountered  near etaU on highly  sweptback 
wings, and at  least  one  lox-speed  investigation  (reference 1) conducted 
in this  country has verified  this  idea.  Research on this  type of plan 
form was not pursued further because  It 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, hovever, renewed  inter- 
est bas been  kindled h this  type of plan form as a result of certain 
structural  advantages,  particularly  regarding wing deflection  under load. 

Accordingly, an investigation has been conaucted in the Laagley 
high-speed 7- by IO-foot  tunnel  to  determine  the  transonic  aerodynamic 
characterfstics of an M- and a W-plan-form w i n g  xith panel sweeps of 45' 
and to campme these  characteristics  wfth  those  of a conventional swept- 
backplan form. Static loads were also applied  to  these  wings  to  deter- 
mine the wing twist under load. 

This paper presents force and mcHnent  results  for  the  three wings 
that  were  investigated as reflection-plane  models over a Mach number 
range f r o m  0.60 to 1.08. Estimates of the effect of Xing deformation 
on lift-curve  slope were made f r m  the  static-load  tests. In addition, 
results frcan theoretical  calculations have been ccmq?ared w i t h  experi- 
mental  values . 

CL 

Cm pitchin@;-moment  coefficient  referred to 0.2z 
(mice semispan pitching mom?t> . . 

qf= 

CB bending-moment  coeffi  ient about root-chord l ine  
r o t  bending S b  momen) 

%2'2 

drag coefficient due to lift 
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total-pressure loss Fn wake, pounds per square foot 

effective dynamic ressure over span of model, pounds per 
square foot (p$/z 1 

mass density of a i r ,  slugs per cubic foot  

free-stream  velocity,  feet  per second 

twice wing area of semispan model, square  feet 

mean aerodynamic chord of ving using theoret ical   t ip ,  fzet 

l o c a l  wing chord, feet 

spanwise distance from wing root,  feet 

distance above wake center line, feet  

twice span of s d s p a n  model, f ee t  

effective Mach number 0ver.s- of model 

local  Mach rider 

Reynolds nwiber.of w i n g  based on F 

angle of attack, degrees 

hterstl   center of pressure, percent s d s p m  t m  z) 
win@; l if t-curve slope per degree (&/?a) 

section  lift-curve slope per degree (acz/&) 

change in local wing.incidence due t o  wing deflection under 
atr load, measured i n  plane  parallel t o  plane of symmetry, 
degrees 

t o t a l  wfng Ifft, pounds 

change in Ilft from deflectfon,  positive if &in; a first- 
orLtr  correction w t t h  respect t o  LR 
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K span-loading  coefficient ( C Z C / C L C ~ ~ )  

C l  lo& lift coefficient  (l/qc d~/dy) 

Cav m e a n  wing chord, feet (S/b) 

Subscripts : 

R rigid-wing  value 

E elastic  or  experimental  value 

min m-tn-lmum value 

NACA RM L5QH25a 

The steel semispan-wing  models were of aspect  ratio 6 and taper 
r a t i o  0.6 and had NACA 65~009 airfoi l   sect ions parallel t o  tohe f ree  
stream. The quarter-chord lines of the wings were swept 45 and the M 
and W plan forms had sweep breaks at the midsemispan position. A 
drawing of the  plan forms tes ted is  presented  as figure 1. 

The investigation was conducted in  the Langley high-speed 7- by 
10-foot  tunnel. In  order t o  test the semis$an models in a region out- 
side the tunnel boundary layer, a reflection  plane was mounted about 
3 inches from the tunnel wall, as sham in   f igure 2. The reflection- 
p4ne  boundary-layer thickness was such that a value of 95 percent of 
free-stream  velocity was reached at a distance 0.16 inch from the sur- 
fa,ce at, the  balance  center line f o r  a l l  test Mach numbers. This thfck- 
ness represented a distance of 3 percent semispn for   the models tested.  

A t  Mach numbers below 0.93, there w&s pract ical ly  no velocity 
gradient  in  the  vicinity of the r e f l e c t i m  plane. A t  higher Mach numbers, 
however, the  presence of the reflection-plane  setup  created 8 high-local- 
velocity field which allowed test- the s~llallmodels up t o  M = 1.08 
before choking occurred in the  tunnel. The variation of loca l  Mach num- 
ber i n  the  vicinity of the  reflecttan  plane at these  higher Mach numbers 
is  shown i n  figure 3. Effective Mach nuniber.was obtained from contour 
charts similar t o  those of f igure 3 by the relationship 

T.E. 
Mz dx ay 

For the models teated, a Mach number gradient of generally less then 0.02 
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was obtained between Mach nunibere of 0.95'and 1.04, increasing  to about 
0.06 a t   the   h ighes t   t es t  Mach m e r  of-1.08. It w i l l  be  noted that  the 
Mach number gradient is  principally chordwise. 

Force and mament measurements were  made for   the  w i n g s  at Mach num- 
bers from 0.60 t o  1.08; the  variation of average Reynolds number wi th .  
Mach  number for  these t e s t s  is shown in   f igure 4. Data were obtained 
by u s i n g  a strain-gage  balance  system mounted outside'the tunnel. The 
sweptback and W - w i n g s  were. tested with the quarter mea arkoaynamic 
chord located at the  balance  center Une. However, because of mechanical 
limitations,  the  pitching moments of the "wing were measured about the 
53 percent me= akrodynamic chord and w e r e  transferred t o  the  quarter 
mea aerodynamic  chord. The lateral axis of the balance was located a t  
the  root chord, so  t-t t ransfers   to  the bending moment-s were unnecessazy. 
Leakage through a mal1 clearance gap between the  turntable and wing 
root was rest r ic ted by means of a sponge seal  attached t o  the w i n g  butt  
and wiping agakst the inside of the  reflection  plane. 

In addition  to  the  force measurements, lindted wake surveys k r e  
made at a position 4.2 inches behind the  quarter mean aerodynamic chord 
of the W-wing using a survey rake  with a tube  spacing of l/8 inch. 

Ln v i e w  of the sma31 size of the models relat ive to the  tunnel   tes t  
section,  jet-boundary and blockage corrections were believed t o  be 
insignificant and hence  were. not agplied. 

RESULTS IWD DISCUSSION 

Presentat ion of Results 

Results from the high-speed  wind-tunnel investiga,tion, from s ta t ic -  
deflection measurements and from theoret ical  loading  calculations,  are 
summarized in the following figures: 

. .  
Figures 

Basic  aerodynmic data . . . . . . . . . . . . . . . . . . . .  5 t o  8 
Summary of aerodynamic characteristics . . . . . . . . . . . .  9 
Comparison of aerodynamic characteristics at representative 

Mach numbers . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Effects of w i n g  deformation . . . . . . . . . . . . . . . . .  I1 
Theoretical span loadings . . . . . . . . . . . . . . . . .  : 12 
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L i f t  and Drag Qlasacteristics 

NACA RM L50El25a 

L i f t  and la teral   center  of pressure.- In comparing the lift charac- 
t e r i s t i c s  of the M- and W-wings with those of the  conventional sweptback 
wing (hereafter  referred  to as a A - w i n g ) ,  it can be seen that, in  gen- 
eral ,  a more gl-adual variation of ltft-curve slope near zero l i f t  with 
bch nmber was evident for the.wings of composite plan-form. (See 
f ig .  9.) In fact, the W-plan-form wing showed an almost constant  value 
of lift-curve  slope (0.060) throughout the test  Mach number range. A t  
most Mach numbers, the M-wing Lad an appreciably  higher lift slope  near 
zero lift than e i ther  of the other plan f o m .  

For the A-wing at low l if ts ,  an  inboard movement of the l a t e r a l  
center of pressure-occurred at the higher Mach numbers, apparently as a 
resu l t  of the  tip  separation  frequently observed fo r  the thicker swept- 
back wings at transonic speeds. In comparison, it msy 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 - p b  forms remained practicdly  constant 
throughout the l i f t -coeff ic ient  and Mach number range of the present 
t e s t s  . 

Drag.- The n l u e  of minFmum drag coefficient is essent ia l ly  equal 
for  the A-,  M-, and W-wings up t o  a Mach number of 0.90. (See  fig. 9.) 
An in i t ia l   ze ro- l i f t   d rag   r i se  occurred at about 0.95 Mach number f o r  
the A-wing, and an ea r l i e r  and slightly mre pronounced drag r i s e  was 
observed for   the M and W plan forms. It i s  interesting t o  note that at  
low-supersonic Mach numbers, the minimum drag coefficient was about 
0.006 higher for   the M- and W-wings than for   the A plan form. Never- 
theless, a large proportion of the sweep effect  i s  realized inasmuch as 
estimates made f r o m  unpublished data for a campa;rable  unawept w i n g  with 
the same streamwise thickness  indicate an increment of about 0.040 
a t t r ibu tsb le   to  sweepback. These minimum-drag resu l t s  are i n  qualita- 
t ive  agreement w i t h  those of the recent investigation of reference 2. 

A comparison of drag due t o  l i f t  at a moderate l i f t  coefficient, 
0.3, ( f ig .  9 )  indicates that the W-wing had the highest value of drag 
due t o   l F f t  throughout most  of the test Mach number range. After con- 
sideration of probable  boundary-layer drain,  especially i n  the light 
of theoretical  loadings  presented in  figure 12, a region of separated 
flaw in  the  vicini ty  of the panel  juncture  of  the W-wing might be 
suspected as the c a s e  of the high drag due t o  lift for  this k n g .  
Total-pressure  surveys a t  an angle of attack of 4' ( f ig .  8) provided 
evidence of pronounced separation  in the vicini ty  of the juncture for 
the W-wing. 

L i f t  -drag ra t io .  - Although both  the A- and M-wings had 8 maxFmum 
l i f t -d rag   r a t io  of about 16 at lower Mach &bers, thed4-wing showed a 
substantial  reduction in (L/D)- above Mach number of 0.85, and 
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a t  M = 0.95, the maximum l i f t -drag r a t i o  of the "wing was approxi- 
mately 30 percent lower than that of the A plan form. The W-wing had 
the  lowest  value of (L/D)- throughout the Mach number range,  appar- 
ently as a result of the juncture  separation  indicated by the wake sur- 
vey. l4axinnun l i f t -drag ratios were about 20 percent lower f o r  the wings 
of composite plan form than for the sweptback wing at  the  highest test 
Mach numbers. 

Pitching-Moment Characteristfcs 

A t  the lower Mach numbers (0.60 t o  0.80) and ne= zero lift, 
aerodynamic-center locations of 20, 23, and 31. percent mean aerodynamic 
chord were realized  for  the M-,A-,  and W-plan-form wings, respectively 
(f ig .  9 ) .  The aerodynamic center for the A-wfilg in the  low-lift range 
shifted forward about 50 percent of the mean aerodynamic  chord between 
Mach numbers of 0.93 and 1.03 ( f ig .  9 ) .  This significant  trend, which 
is  prokably a t t r ibu tab le   to  the previously  discussed t i p  separation, 
was not observed t o  any appreciable  extent f o r  either  the M or  W plan 
form. 

Moreover, the extreme irregular i ty  of the pitching moment with lift 
for  the A-wing at the higller Mach numbers was considerably  reduced  with 
the "wing, and s t i l l  further improvement was indfcated f o r  the W-wing. 
(See  comparison in f ig .  10,) For the Reynolds numbers of the  present 
tests,   the W-wing generally appeared t o  have the most stable tendencies 
at  the  higher lifts. 

Effects of W i n g  Deformation 

In order. t o  determine the re la t ive   f lex ib i l i ty  of the  three plan 
forms as mounted in , the  present  tests, the w i n g s  of this  investigation 
were s ta t ica l ly  loaded a t  two spanwise point$ on the  quarter-chord line, 
and the  result ing change . in  local wing Incidence was measured at  seve rd  
spanwise stations. The concentrated  loadings were  &tosen t o  approxi- 
mate the theoretical  span loadtngs which are presented  subsequently. 

( f ig .  U)  i n  camparison with  the  deflection of the  conventional swept- I 
back w i n g .  The  "wing exhfbited a deflection of smaller   maetude and I 
opposite s i g n  f r o m  that of the sweptback wing. i 

The W-wing showed relat ively l i t t l e  angular deflection W e r  load 

In order t o  obtain a first-order estimate of the  effects of w i n g  
deformation on the lift remlts previously  discussed,  the  following 
expression  for  rigid-wing lift in terms of e la s t i c  (measured) wing l i f t  
has been derived in the appendix: 
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It has been  found that the e f fec t  of the loading term fn equation (1) 
is suff ic ient ly  small that reliable l i f t  corrections may be obtained 
throughout the test  Mach number range by using the theoretlcal  incm- 
pressible  loadlng. It i s  seen (f ig .  11) that f o r  the 9-percent-thick 
s t ee l  wings tested, the maximum elastic lift correction was less than 

.- l if t-curve slopes closer together at each test Mach number (fig. Il), 
. about 8 percent.  Appli.cation of the  elastic  corrections brought the 

. but the trends with Mach number were not  materially  affected.  Theoret- 
j ical  values of lift slope shown subsequently were essentially  equal  for 

the three w f n g ~  so that the  aeroelastic  corrections have helped t o  con- 
firm this theoretical  observation. 

' Strip-theory  estfmates of rigid-wing lateral   center of preqsure and 
aerodynamic center far the A-wing at 0.90 Mach  number indicated  aero- 
elastic  corrections of 2 percent semispan and 5 percent mean aerodynamic 
chord, respectively. However, it has been'shown in reference 3 tha t  
while strip  theory  provides a satisfactory  prediction of e l a s t i c  lift 
corrections,  the shift in  center of span loading i s  considerably  over- 
estimated. In the light of the g e n e r a l   m e l i a b i l i t y  of such correc- 
tions,  rigid-wing  centers of pressure have not been estimated for the 
wings tested.  . .  . 

COMPARISON WITH THEORY 

In order t o  calculate the aerodynamic characterist ics of the A-, 
M-, and W-wings at a.Mach number of 0.70, each wing wae reglaced by a 
system of 20 equal lyqaced  horseshoe  vortices  placed  along  the quarter- 
chord l ine  of an equivalent  incompressible plaq form obtained fran the 
Prandtl-Glauert  transformation.  Application of the  tangent-flow bound- 
ary condition a t  20 control points located along the  three-quarter chord 
provided a set of 10 simultaneous  equations in the 10 unknown circula- 
tion  strengths. - Solution of the'equations  provided  theoretical  values 
of lift-curve  slope,  lateral  center of pressure, and aerodynamic center 
at Mach  number 0.70 tha t  axe canpared w i t h  the  experimental vahes i n  
the  following  table : . .  . .. . .  
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Parameter Experimental 

0.060 
.064 
* 060 

47 
46 
44 

.02 
05 -*w 

Theoretical 

47 
43 
44 

- .03 

-.07 
- .02 

* 
Experimental l i f t  slopes corrected for w i n g  

deformation. 

It is seen that the theoretical l if t-curve slopes are considerably 
larger  than the experimental  values. Hawever, a section slope of  O.ll0 
( 2 ~  per radian) was assumed by means of the three-quarter-chord con- 
cept i n  the theoretical  method. T h e  best available estimate of the l o w -  
speed section  slape for sections-normal t o  the quarter chord of the 
A-wing appears t o  be about 0.092 at a Reynolds number of 600,000. (See 
reference 4.) Results  presented i n  reference 5 indicate that such a 
difference of section lift-curve slope would reduce the theoretical  lift 
slope-for  the &wing t o  0.060, which is equal t o  the experFmenta.1 value. 
A sFmilar reduction In theoretical  lift slope result ing f r o m  low 
Reynolds nmber might be eqected fo r  the M and W plan forms. 

The agreement of theoret ical  and experfmental lateral centers of 
pressure i s  satisfactory. Although the t rend ' in  aerodynamic-center 
position is  indicated  qualitatively by theory, the magnitude of the 
difference i s  underestimated. 

The theoret ical  span-load dfstributions  for the A-, M-, and W-wings  
a t  a Mach  number of 0 .TO are presented in figure 12. The load distri- 
bution f o r  the W-wing i s  of a type that is  particularly conducfve t o  
the  pile-up of boundary-layer air mar the plan-form break; for  the 
"wing, a similar pile-up would be expected at the root  section. h e -  
viously  discussed wake surveys made behind the w-wing  have shown that 
this boundary-layer  accumulation resulted i n  a severe separation in the 
vicinity of the pasel juncture. 
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The resul ts  of a small-scale  investtgation of a sweptback w i n g  and 
two  wings having "M" and "W" plan forms a t  Mach mmibers between 0.60 and 
1.08 indicate that: - 

1. The M- and W - w i n g s  did not  exhibit  the  large forward aero- 
dynamic-center movement at low l i f t  coefficients that was found for the 
conventional sweptback w i n g  near a Mach number of unity. Likewfse, a 
more regular variation of' lift slope with Mach number was obtained for 
the wings of M and W plan forms. 

2. Moreover, the W - w i n g  ehowed practically no change in local wing 
incidence under load; angulaz deflection of the "wing was of smaller 
magnitude and opposite  sign fram that of the sweptback wing. 

3. In  contrast to the improved s tab i l i ty  and structural  charac- 
t e r i s t i c s  noted f o r  the M and W plan forms, the Iff%-drag  ratios of 
these wings, particularly  the W-wing, were generally lower than the 
values  for  the sweptback wing. The differences i n  l i f t -drag  ra t ios  
were most pronounced i n  the vicinity of a Mach number of 0.95. 

4. The ze ro - l i f t  drags rise of the M- and W-winge WBB ear l ie r  w d  
sl ight ly  more pronounced than f o r  the sweptback wfng. A t  low-supersonic 
Mach numbers, the minimum drag was about 0.006 higher for  the M- ,and 
W-wings than for the sweptback wing. 

Langley Aeronautical  Laboratory 
National Advisory Ccrrmnittee for Aeronautics 

Langley A i r  Force Base, Ve.. 
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APPENDIX 

'- DERIVATION OF EXPRESSION FOR RIGID-WING LIFT 

R i g i d - w i n g  lift is  .related t o  the eqer-ntal  value by the 
expression 

L R = L E - L g  

where 

The product cz,c i n  terms of the span-loading  coefficient K i s  

For a  f i rs t -order   correct ion  to   e las t ic  l i f t ,  the  elastic-loading 
parameter KE may be replaced by the  theoretical  rigid-wing  value I@. 
Substitution of equations (a) and (A3) into (Al) provides a formula 
for the  rigid-wing lift in term of the  e las t ic  (measured) value: 
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Figure 2.- Photograph of reflection-plane instalZatlon w i t h  W-xlng mounted. 
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.6 .7 .8 .9 f .  0 /. f 

Mach number,M 

Tigure 4.- Variation of average test R e p o l &  number with Mach nuniber for  
the A-, M-, and W-wings. 
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Figure 5.- Aerodynamic characteristics of a 45O sweptback w i n g  having * 

aspect  ratio 6, taper r a t io  0.6, and NXA 63~009 a i r fo i l .  
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Figure 5.- Conc&uded. 
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Figure 6.- Aexodynaml c characteristics of an M--KLng having 45O g&er- N 
chord-panel. sweep, aspcct ra t io  6, taper ratio 0.6,. and W A  65~009 
a i r fo i l ,  
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Flgqe 7.- Aerodyaamic characteristics of a W-xlng having 45O quarter- 
chord-panel sweep, aspect ra t io  6, taper ratio 0.6, and NXA 65A009 
airfoil.  
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Figure 7.- Concluded. 
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4 PIACA RM ~ 5 0 ~ 2 5 a  0 

M =.80 
.1 

Figure 8.- Reaults of total-pressure 6urveyB 4.2 inches behind quarter 
mean aerodynamic chord of W-wing. a = bo. 
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F i g u r e  9.- of aerodynamic characteristics of the A- , M-, 
and w-vings. 
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Figure 10.- Comparison of aerodynamic  characteristics of A-, M-, and 
W-wings at representative Mach nuhers. 
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Figure 11.- Effect6 of wing deformtion of A-, M-, and W-wings uader 
s t a t l c  load. 
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Figure 12.- Theoretical apan loadings at a Mach number of 0.7 for  A-, M-, 
and W-WB having 450 swept panele, aspect ratio 6 ,  and 0.6 taper 
ratio. ul m 
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